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Abstract—We analyze limited-wavelength translation in requirement of wavelength continuity increases the probability

regular all-optical, wavelength division multiplexed (WDM) of call blocking and can be avoided by the use of wavelength
networks, where up to W wavelengths, each of which can carry translation.

one circuit, are multiplexed onto a network link. All-optical Alth h full | tht lation is desirable b it
wavelength translators with a limited translation range permit ougn idifwaveiengin transiation IS aesirabie because |

an incoming wavelength to be switched only to a small subset Substantially decreases blocking probability ([2], [9]), it is diffi-

of the outgoing wavelengths. We focus on the wraparound mesh cult to implement in practice due to technological limitations.
and hypercube WDM networks, and analyze the case where an Since all-optical converters are still being prototyped in lab-
incoming wavelength can be switched to one ok (k = 2, 3)  atries and are likely to remain expensive, researchers have

outgoing wavelengths (called thefeasible wavelength spt Our . . - . .
analysis captures the state of a feasible wavelength set at a networkturned their attention to searching for suitable alternatives. The

node, which allows us to obtain the probability that a session analysis by Subramaniaet al. [14], found, for instance, that
arriving at a node at a random time successfully establishes a there is no significant degradation in network performance even

connection from its source node to its destination node in each when only a few (as opposed to all) of the network nodes have
of these topologies. Based on this probability, we quantify the 5 f,|.yavelength translation (conversion) capability. A natural

throughput and blocking performance of limited wavelength tion that ari . heth t simil f d
translation, and compare it to that of no wavelength translation question that arises IS, whether or not simiiar performance ad-

and full wavelength translation. We demonstrate that in regular Vantages can be obtained by using switches that have only a
networks it can obtain most of the performance advantages of limited wavelength translationapability, where an incoming

full translation at a fraction of the cost, and we present a simple, \avelength can be translated to only a small subset (as opposed
economical switch architecture to effect limited wavelength ;. all) of the available outgoing wavelengths. This problem as-
translation at a cost that is effectively independent of the number tical signifi h id that all-obtical
of wavelengthsW in the system. sumes practical significance when one considers that all-optica
wavelength translators demonstrated in laboratories to date are,

in general, capable only of limited translation (e.g., [22] and
[20)).

Realizing this limitation, researchers have begun studying
limited wavelength translation in a systematic way to quantify
. INTRODUCTION its advantages vis-a-vis no wavelength translation and full

ECENT interest in all-optical networks (e.g., [5], [3]) hasyvavelength. translation. Yateet al. [ZQ]. were the_ﬁrst tq
Rfocused attention on wavelength division multiplexingrésent a simple, approximate probabilistic analysis for single
(WDM) as a promising technique for utilizing in a natural Wa)paths in isolation, while Gerstedt al. [23] were the first to
the terahertz bandwidth of optical fiber. A critical functionalityexamine limited wavelength translation for ring networks under
for the scalability and improved performance of multihof nonprobabilistic model. Recently, Wauters and Demeester
WDM networks iswvavelength translatiorthat is, the ability of [21] have provided new upper bounds on the wavelength
network nodes to switch data from an incoming wavelength reduirements for a WDM network under a static model of
to an outgoing wavelength;, j # i. Two different classes of the net_vvork Ipad an.d_ have al_so looked at the problem _under
wavelength-routing nodes important in this context are: nodd¥namic traffic conditions, while Ramaswami and Sasaki [13]
with a full-wavelength translatiorcapability, which translate Nave provided a nonprobabilistic analysis of the problem for
an incoming wavelength to any outgoing wavelength arf#ld networks and, under certain restrictions, for tree networks
nodes withno-wavelength translatiocapability, which map and networks of arbitrary topology. Although their models are
each incoming wavelength to the same outgoing Wave|engyﬁl,luable and make no assumptions about traffic behavior, they
the so called wavelength-continuity constraint (e.g., [4]). THECUS most often on the static (one-time) problem, where there

is a set of source—destination pairs that have to be connected
and the objective is to serve as many such connection requests
as possible. Such a model does not capture the dynamic nature
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simpler to build and implement than the crossbar switches ushe wrapped butterflynetwork) and in Section IV-B, we con-
ally assumed for the hypercube. We consitlexdjacent wave- sider the hypercube network wittross-barswitches. In Sec-
length switchingwhere an incoming wavelength can be trangion V, we present a simple, cost effective implementation of a
lated only to a subset consisting lobf the W outgoing wave- limited wavelength translation switch. Our conclusions appear
lengths (i.e., td: — 1 wavelengths in addition to itself), and wein Section VI.

call the set of output wavelengths tfeasible wavelength set.

We wish to answer the following question: For a given network ||, L iMITED WAVELENGTH TRANSLATION IN THE TORUS
topology, how much of the performance improvement provided NETWORK

by full-wavelength translation over no wavelength translation,

can we achieve by using switches with only a limited transla—tWO dimensional (2-D) wraparound mesh network, more pop
tion capability? Namely, for a given probability of success, hoularly known as the¢orus network. We focus on the mesh be-

much of the improvement in sustainable load provided by a n%%use we expect the results obtained for it to be representative
work with full wavelength translation does a network with Iim—0 f the erforrrr)1ance obtainable from oractical netwoF;ks which
ited wavelength translation provide? P P '

Our analysis for the torus and hypercube topologies demﬁi?:é%l?vt%gs\ézcsiznsﬂhgsgizzsiaitsigxerz?ilrp(g?r?e?;?t?g?sr (1'3'
strates thak-adjacent wavelength switching with ority= 2, 3 pair. €.9.,

suffices to give performance significantly superior to that otg?] and [17], have also verified the accuracy of their analyses by

tained with no wavelength translation, and close to that obtain%%?hgng it to the particular case of mesh and hypercube net-
with full wavelength translation. The results that we obtain ard

very close to the corresponding simulation results, and predi tA p x p wraparound mesh consists pf nodes arranged

network performance over a wider range of network loads thgiong the points of a 2-D space with integer coordinates, with

previous works. We find that the extent of translatiotioes not Nodes along each dimension. Two nodeg, 1) and(ys, y1)

have to be a function of the total number of wavelengthis Qre connected by a (bidirectional) link if and only |f‘ for s‘ome
i = 1,2 we havelz; — ;| = 1 andz; = y; for j # 4.

In this section, we examine limited wavelength translation in

as argued in previous works. This is because the models u ﬁaerlddition to these links, wraparound links connecting node
by previous works are based either on trying multiple optio ' P 9

S
simultaneously, or on using backtrackinghen establishing

22, 1) with node(zs, p), and nod€1, x;) with node(p, z1)
the connection [20], [14], so that the improvements obtained e also present. Theuting tagof a session with source node
those cases increased both witand withW. When a more re- *

= (x2, x1) and destination node = (y2, v1), is defined as

alistic scenario is considered, where at each hop a setup paéﬁ%ttl)’ where

examines only the outgoing wavelengths at that hop, instead of

examining all possible paths from that hop onward, it turns out Y — Tj if ly; — ;] < FJ
(see Sections Il and Ill) that the relative improvement in perfor- ¢; = 2
mance whetk is increased does not dependiéh Our results Yy — o —p-Sgn(y; —xy)  if Jy; — x| > LSJ

show that in this case relatively small valuesiofield perfor-
mance close to that of full wavelength translation.

We also look at an implementation of a limited wavelength
translation switch, which is based on the concepbuik fre- forall j € {1, 2}, and sgnf) is the signum function, which is
quency conversiorid], where several wavelength translationgqual to+1 if z > 0, and equal to-1, otherwise.
can be performed in parallel. We show that the switch is com-In what follows, we analyzé: = 2-adjacent wavelength
posed of simple components with a cost that depends mainly®#itching,where each wavelengthy, j =0, 1, ---, W —1o0n
the extent: of translation, and depends only weakly Bh an incoming link can be switched on the outgoing link, either to

The remainder of the paper is organized as follows. We focti same wavelength; or to the next higher wavelengiy ;.. .
first on the torus as a representative network and analyze it(f Similar analysis exits for the case of 3-adjacent wavelength
detail in Section I1. In particular, in Section 1I-A, we explain theswitching [16].) We call the sef¢;11, ¢;} of output wave-
node model used, while in Sections II-B and II-C, we discuss thngths, thdeasible wavelength set input wavelengtfp;. For
auxiliary queuing system that we use for the cask ef 2-ad- Symmetry, we assume that the boundary wavelepgth; can
jacent wavelength switching. In Section II-D, we derive the edee switched to wavelengtfisy _, and¢o. Note that this is not
pression for the probability that a session arriving at a randdierely an analytical convenience, but is also essential for per-
time successfully establishes a circuit. In Section Ill, we confermance so that the total load is distributed equally among all
pare our analytic results for the success probability with tho¥é@velengths on a link.
obtained by simulations for the torus, and discuss our results.

In Section IV, we extend our previous analysis to hypercubft: The Node Model

networks. Specifically, in Section IV-A, we consider the hyper- |n our model, connection requests or unidirectional sessions
cube network with simplelescending dimensiossvitches (or arrive independently at each node of the torus over an infi-
_ . nite time horizon according to a Poisson process of rasnd
"Here, backtracking refers to the case where, at a given node, the setup pagkgir destinations are distributed uniformly over all nodes, ex-
of a session attempts to make a reservation, one by one, along each of the gos- h de. Each . ish blish .
sible wavelength choices, until it finds a sequence of wavelengths along whicfPt th€ source node. Each session wishes to establish a cir-

it is able to establish a circuit all the way to its destination. cuit (or connection) to its destination node for a duration equal

1)
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Fig. 1. (a) Relationship of the set of incoming wavelengths to the set of outgoing wavelengths atefittenetwork when 2-adjacent wavelength switching
is used. (b) The auxiliary syste@ (see Section II-B), which consists of two subsystafisand Q,, each consisting of one server and no waiting space. The
ratesy* (o) are chosen so that rate at which customers of typlepart from the subsystehis v;(o), 1 = 0, 1.

to the holding timeX of the session, which is exponentiallyimum throughput achievable, by favoring connections that re-
distributed with mean¥, and does so by transmitting a setujguire fewer hops.
packet along a path to its destination. Setup packetslinsen- In 2-adjacent wavelength switching, the switching of a new
sion-orderrouting to establish the circuit, that is, they either trasession arriving on a wavelengg) on an incoming link of a
verse all links along dimension 1 (horizontal) followed by alhode (or a new session originating at the node that wishes to use
links along dimension 2 (vertical) or visa versa. In our modelyavelengthg; on its first outgoing link) depends only on the
links are bidirectional, so all incident links of a node (and theavailability of wavelengthg); and¢,,, on the outgoing link,
wavelengths) can be used simultaneously for transmission amuce those are the only wavelengths thatan be switched to.
reception. Our routing scheme is oblivious, or nonadaptive; traecause of symmetry, we focus, without loss of generality, on
is, the path followed by the session is chosen at the source, amdincoming session that arrives over a particular wavelength,
the setup packet insists on that path as it progresses fromsiy ¢y, and wants to use outgoing link of a node. Such a
source to its destination. If the setup packet of a session is sgession can only be switched to wavelengthsor ¢, on link
cessful in establishing the circuit, the wavelengths required By Since our eventual goal is to evaluate the probability that a
it are reserved for the duration of the session. Otherwise, thession arriving on wavelength, on an incoming link finds
session is reinserted randomly into an input queue for the nodlavelengthg, and¢g; on the outgoing link busy, we proceed by
(which is ordered as per the times at which the sessions ireitumerating all the possible ways in which these wavelengths
must retry), and tries again when its turn arrives. Thus, a sesan be busy. Therefore, as depicted in Fig. 1(a), we concentrate
sion may try several times before it is finally successful. Thenly on all those wavelengths on the remaining incoming links
interarrival time between sessions inserted in the input quethat can be switched either to wavelengihor ¢; on link L.
is several times the interarrival time between external arrivalBhis allows us to characterize the state of the wavelengghs
so that the combined arrival process of the new sessions amtl¢; on outgoing linkLZ, by the incoming (link, wavelength)
the reinserted sessions can still be approximated as a Poigsains that are at any time using wavelengthsnde; on link L.
process. Observe that this is an analytical convenience that sirhe following development, in essence, formalizes the approach
plifies modeling and our subsequent analysis (see Sections IbAtlined above.
to 11-D), without detracting from our goal of obtaining the prob- As shownin Fig. 1D1, D?, andD? denote wavelength, on
ability that a new session arriving atandomtime is successful the incoming linksD?, D?, andD?, respectively, which can be
in establishing a lightpath. In a practical system, however, it ssvitched to wavelengti; on link L. Similarly, D* ;, D?,, and
expected that blocked sessions will be allowed to try more fré&?2 ;| denote wavelengtt_; on links D!, D?, andD?, respec-
guently. As we argue later, such a system would not affect ttieely, which can be switched to wavelengtfon link L. (In our
blocking probability for new sessions arriving at a random timeptation, wavelengtlp_; corresponds to wavelengthy _1.)
even though it would of course have smaller delay and would Benally, D§, D2, andD§ denote wavelengti, on the incoming
preferable. links D, D?, andD?, respectively, which can be switched ei-
By contrast, in the call dropping model used in other analysdber to wavelengtlpy or to wavelengthp; on link L.
sessions with longer path lengths are dropped with a highetWe define the joint state of a pair of outgoing wavelengths
probability. The call dropping model, in addition to treatingiccording to whether they are being used or not by ongoing con-
long connections unfairly, also tends to overestimate the marections and, if they are being used, according to the incoming
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link and wavelength over which these connections arrive. TlBe The Auxiliary System
state of the outgoing wavelengtids and¢, is therefore repre-
sented by the paif = (51, So), whereS; andsS, denote those To develop our analysis further, we focus on setup packets
wavelengths on the incoming links that are being switched &Mitted on wavelengti, or ¢, oflink L, and we define theype
wavelengths); andey, respectively on link.. A wavelengthon © of a setup packet (and of the corresponding session) according
link L may also be idle or be used by a new session originati#gyWhether it belongs to a session originating at the node or ac-
at nodes. We denote byG the state in which a wavelength iscording to the incoming link and wavelength, i = 1, 2, 3,
being used by a newly generated session at a node, ahthey J = 1, 0, —1, upon which it arrives. Therefore, the set of pos-
state in which a wavelength is idle. Based on this, the possii§i®le typeScf is So U Sy — {I}. We also lety, (o) denote the
states of wavelengths, andé, of link L are rate at which setup packets of typare emitted on an outgoing

wavelengthl, I = ¢, ¢1, at a hode of the torus. Our problem
So€{DL,, D}, D>, D2, D>, D3, I,G} 26, (2a) NOW isto callculater(_g),. S € Q.Todosowe approxjmate_(?)

as the stationary distribution of an auxiliary systehdefined

A as follows [see Fig. 1(b)].

S1 €{Dg, D1, D§, D}, D§, D}, I, G} =81. (2b)  The systemQ consists of two subsystem§,; and Qp,

each of which has a single server and no waiting space.
We denote by the set of states of a feasible wavelength setstomers of types arrive at the systenQ according to

and

where a Poisson process with ratg (o). Customers of typer =
Di i =1,2, 3 (that is, those arriving on wavelength on

Q ={(51, S0)|A1 € S1, So € So, So # 51 either one of the three incoming links) ask for the server
orSo=51=G,0rSo=5, =1} of Qi, while those of typesc = D’ |, i = 1, 2, 3 (that is,

those arriving on wavelengtth _; on either one of the three
and we denote by (S) the steady-state probability that a feaincoming links) ask for the server @,, and these customers
sible wavelength set on link is in stateS. The state$D}, D}), are lost if the corresponding server is busy. Customers of type
(D3, D3), and(D§, D?), where two outgoing wavelengths arer = Dj, i = 1, 2, 3 (that is, those arriving on wavelength
being simultaneously used by a session arriving on awavelengtf) ask for serverQ, or Q; with equal probability. If the
on an incoming link, are infeasible, since we only consider urserver they ask for is busy, they proceed to the other server,
cast communication, where an incoming session is switched tarad are dropped only if both servers are busy.
single outgoing wavelength. The statds I) and(G, G) how- Finally, we require that the rate at which customers of type
ever are feasible, and correspond to both outgoing wavelengéine accepted in the auxiliary syst@be the same as the rate
being idle or to both being used by originating sessions, respegto) at which setup packets are emitted from an incoming (link,
tively. We use the convention that the probabitiyS) of anin-  wavelength) pair to the outgoing wavelengt; in the actual
feasible staté is zero. The number of states§infor ad-dimen-  system. For this to hold, we must have (3), shown at the bottom
sional mesh can be found to béd? — 2d + 1 whenk = 2-ad- of the page. Equation (3) basically says that the fate) at
jacent wavelength switching is used, for a total of 61 states favhich setup packets arriving on an incoming (link, wavelength)
the torus networkd = 2). The caseé: = 3, where an incoming pair o aresuccessfu(that is, they obtain their required wave-
wavelength can be switched to two wavelengths in addition length ¢; on the outgoing link) is equal to the rat€ (o) at
itself is also examined in [16]; in that case the number of feasibihich they arrive on the incoming (link, wavelength) pair times
states of a-dimensional mesh i&d — 1)* — (30d—7)(2d—1), the probability that their required outgoing wavelength is avail-

for a total of 1172 states for a torus network. able.
( 2vi(o)
. foro e {Dg, D§, D3};
oo, D+ >« §)—w(I, D)
€8y, iFo JESo, jFT
o) foro € {DL,, D2,, D3, };
> (i, I)
. =
¥ (o) = : ©) 3
7 for o € {D}, D2, D3};
> 7l 4)
1€So
Yo(o) = (o) foro =G
o, D) Y (I, )

. i€S1 Z‘ESO
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C. Calculation of Arrival Rates for the Auxiliary System and

To complete our development, what remains is that we ob- p1 =71(G). (6¢)
tain the ratesy; (o) at which setup packets that arrive over the
incoming (link, wavelength) pais are emitted over outgoing Using the symmetry of the rates on the wavelengths of in-
wavelengthyp;. We do so in this section. coming links, we obtain

To calculate the rates;(o), we observe that each wave-
length of a network link can be in one of four states [16]:

State 0, which corresponds to the case where the wavelength @, foro € {Di, D}, D', D? D3, D*}
is idle; State 1, which corresponds to the case where a wave- 4
length on the outgoing link. at a nodes is used by a session (o) = %, foro € {D3, D§, D?,}

originating at nodes, that is, a session of type = G (or a
class 1session); State 2, which corresponds to the case where
a wavelength orL is used by a session that is going straight ™
at nodes, that is, a session of type = D;”?’, j=0,1, -1 (or
a class 2session); and S_tate 3, which corr_esponds_to the_caS%quation (7) when substituted into (2) and (3) gives us the
where a wavelength pﬂ is usec_i by a session that is making,rival rates for the auxiliary system of Fig. 2(b).
a turn at nodes, that is, a session of type = Dj, i = 1,2 Tpe steady-state probabilitiess), S € €, of the auxiliary
andj = 0, 1, —1 (or aclass 3session). Analogously, setupsystem (which can be obtained numerically without approx-
packets that place a link in state 1, 2, or 3, will be referred {pyations) are used to approximate the probability that the
as being of class 1, 2, or 3, respectively. . wavelengthsp, and ¢; (or, more generallyp; and ¢;1) of

In our routing scheme, destinations are distributed uniformjj; outgoing linkL are in stateS. We are now very close
over all nodes (excluding the source node) and no sessions@reyr final goal of obtaining the probability that a setup
dropped (recall that blocked sessions are randomly reinserfﬁgket arriving on a certain wavelength on an incoming link
into the input stream). Thus, wavelength utilization is uniforfy,gs the wavelengths of its feasible wavelength set (on the
across all wavelengths of the network, and the probabiliies oytgoing link) busy. In the following section, we use the state
q1, g2, andgs that a wavelength is in state 0, 1, 2, or 3 can bﬁrobabilitiesﬂ?), S € Q just obtained to derive an expres-

obtained simply by counting all possible ways in which a wavg;jon for the probability that a session successfully establishes
length can be in each of these states and normalizing approgrizircuit to its destination.

ately. (Their calculation is given in the Appendix.) We denote
by p the total rate at which setup packets that are finally sugy probability of Successfully Establishing a Circuit

cessful are emitted on an outgoing wavelength of a link, and . ) . )
The probability that a new session arriving at a random time

by p;, ¢ = 1, 2, 3 the total rate at which clagssetup packets : L . ;
that are finally successful are emitted on a given outgoing Wa\%lccessfully establishes a circuit from its source node to its des-

length of a link. Clearlyp = p1 + p» + ps. Applying Little’s tination node depends on its routing tég, ¢;), which is es-

Therem to the system that consists of classssions, and againsentially the number of hops that a session has to traverse along
to the entire network. we obtain ’ the vertical and horizontal axes to get from its source node to

its destination node, and was formally defined in Section Il. We
denote byFs,..(t2, t1) the probability that a new session will
succeed in establishing a connection on a particular trial, given
that it has a routing tadt-, ¢;). Using the approach in [16],
in this section we will first find an approximate expression for
al'Elum(tQ, t1), and from it an expression f@s,.. the probability
that a new session trying to establish a circuit at a random time
is successful.
) 5) The path followed by a session with routipg teg, tl_) will
(p/2) 21’ . if pis even. make!(¢2, t;)— 1 turns along the way, and will go straight _for a

p—-1 total of |£o| 4|t |—I (2, 1) hops, wherd (., 1) € {0, 1, 2} is

the number of nonzero entries (ty, ¢1). Thus, the probability

Referring once again to the actual system depicted ip that a wavelength on the first link of the path is available is

Fig. 1(a), we see that the ratego), at which setup packets the probability that the chosen wavelength on the outgoing link
of type o are emitted on wavelengtfy, I = 0 or 1, of an s idle, and is given simply by

outgoing link L, can be related in the following way to the

ratesp;, i = 1, 2, 3 at which class setup packets are emitted

on outgoing wavelength(we write the equations for outgoing o = Z (i, I). (8)
wavelengthp; ; the case of wavelength, is similar) i€S

p1, foro=dG.

q1 q2 q3 vh
=p1+ptp==+=+=-= 4
p=pP1TP2TP3 e e e W 4)

whereh is the mean internodal distance of the torus, which ¢
be calculated to be

/2, if pis odd

=
|

ps =71(Dg) + 71 (D]) +n(Dg) +m(D?)  (68) At each hop at which a session does not make a turn, the
po =v1(D3) + v1(D?) (6b) probability that a wavelength; or ¢,,; on the next linkL is
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available given that a wavelength on the previous linkk — 1  For uniformly distributed destinations, we havé,.. =
used by the session was available, is th’ “ Pace(ta, t1)/(p* — 1), which after some algebra, yields
Pr(¢; or ¢;4+1 on L available|¢, on vertical link oo 71— aP\\?2
L — 1 availablg Poce = 5077y <1 +28 < - )) - 1] (11)
= Pr(¢, or ¢,41 on L available|
neither¢; nor¢,,, on L used byp;

for p odd, and

on vertical link L — 1) o 1—aP
R Psucc:7|:<1+ﬁ< )
Sowli, D+ Y w(I, ) - (I, 1) B(p? —1) -«
.7'6813 16503 1— aD—l 2
_ 7¢D0 l;ﬁr)o é . (9) + [3 <ﬁ>> — 1‘| (12)
1- Zﬂ(iv DS’) - ZW(ng l)
€St IS

for p even, whereD = |p/2], andao, « and g3 are given by
The numerator in the above equation is the sum over all sta8% (9), and (10), respectively. The probability that a session is
where either wavelength; or ¢;,; is idle, excluding states blocked is therefore given by

where either wavelength is in use by a session arriving on wave-

length ¢; on a vertical link. The denominator is simply one P = 1 — Pyyee- (13)
minus the sum over those states where either wavelefjgon ) , , )

¢;+1 is in use by a session arriving on wavelengghon a ver- .As mentioned in Section II-A, two possible models for re-
tical link. The latter case must be excluded since the sessifi!s are: our model or theelayed retriamodel, where blocked
under consideration is arriving on wavelengthof a vertical S€SSIONs try again after a random time, aregsistent retrial

link, implying that wavelengths on the outgoing link could nofnodel, where blpcked s_essions retry continuogs_ly. Since in the
already be in use by a session on wavelergth current formulation retrials have zero (or negligible) cost, the
Similarly, at each hop at which a session makes a turn tpetwork or link utilization will be similar in both cases implying
probability that a wavelength; or ¢;41 on the next linkL is that the blocking probabilty, ;. for new arrivals will also be the
available given that a wavelength on the previous link. — 1 same in the two cases. The delay for the persistent retrial scheme

used by the session was available, is would be better, so this scheme could be expected to be used in

practice.
Pr(¢; or ¢;4+1 on L availablég; on horizontal link
L — 1 availablg [ll. RESULTS AND DISCUSSION
= Pr(¢, or ¢; 41 on L availablé In this section, we present simulation and analytical results

for the torus network for three different cases: the case of no
wavelength translation (or 1-adjacent wavelength switching);
the case of limited wavelength translation usihedjacent

neither¢; nor¢,,1 on L used by,
on horizontal linkZ — 1)

Sowli, D+ Y w1, ) = (I, 1) wavelength switching, wheré = 2, 3; and the case of full
€5 1€5g wavelength translation (di/-adjacent wavelength switching)
_ D P 23 (10) inaWDM network withi wavelengths per link (fiber). We
1-— Zw(i, D}) — Zw(Dé, Iy note that full-wavelength translation provides the best achiev-
icSy eS8, able performance (in terms of the realizable probability of

dsuccess for a given arrival rate per wavelength, or in terms of the

The logic for the above equation is exactly the same as that T . o
. alizable throughput per wavelength for a given probability of
cussed for (9). In writing (9) and (10) above, wernliat assume success) for a given number of wavelengtfiger fiber. When

that the probabilities of acquiring wavelengths on Successifg wavelength translation is used, the different wavelengths
links of a session’s path are independent. Instead, we account ’

. " H'a link do not interact with one another. Thus, an all-optical
p_artlally for the dependence_be’tween the acqwsmon of SUCCHR work with W wavelengths per fiber is essentially equivalent
sive wavelengths on a session’s path by using the approxina
tion that the probability of acquiring a wavelength on lihk

depends on the availability of the corresponding wavelength
link L — 1 (in reality this probability depends, even though ve

weakly, on the availability of corresponding wavelengths on

W disjoint single-wavelength networks operating in parallel.
To obtain the probability of success in this case, it is therefore
8H0ugh to focus attention on any one of e independent

rj?larallel networks, for which the analysis given in [16] applies.

We define the degree of translatiérof a £-adjacent wave-

links 1, 2, ---, L — 1 preceding linkL). As the simulation re- length switching system witi#” wavelengths per fiber to be
sults presented in the next section demonstrate, our approxima-
tion is a very good one, however. E—1
S o _— 5= x 100%
The (conditional) probability of successfully establishing a T W -1 o

connection is then given by
Thus,é = 100% corresponds to the case of full wavelength

Payec(ta, t1) = ap - alf2lTlhl=102.00) g7 G2, t)—1 translation (oW -adjacent wavelength switching), white =
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0% corresponds to the case of no wavelength translation |

1-adjacent wavelength switching). Mosh s&ep=;1,Wavdeﬂ;ﬂS w=8 3

We define Psuc(A, k) to be the probability of success in  oe : : p
a k-adjacent wavelength switching system when the arriv
rate A per node per wavelength is equal g, and we o8
define A(Psuce, k) to be the throughput per node per wave 30,7
length of ak-adjacent wavelength switching system whe %
the probability of success is equal ... To quantify the 2 0
performance of limited wavelength translation vis-a-vis full g o5
or no-wavelength translation we also define theoughput 32
efficiency AN Ps,ec, k) Of a k-adjacent wavelength switching §0-4
scheme withW wavelengths per fiber, for a given probability 03
of succesSycc, to be )

02 : :
_ )\(Psucca k) - )\(Psucca 1) O : : : :
A Pruce, ) = A Pauces W) — M Pances 1) X 100% - (14) 0% 008 01 018 02 028 03 o35
Arrival rate per wavelength A=v/W

and thesuccess efficiencik P, (A, k) of a k-adjacent wave-
length switching system, for a given arrival rate per node p (@)
wavelength), to be 1

APace(N, k) = Poncel A, £) = Pruce(A 1) 100%. (15)

Psucc()‘v W) - Psucc()‘v 1) 0.8

The throughput and success efficiencies represent tr ‘g""’
degree of improvement (over no wavelength translation) ir gos
the throughput and in the probability of success respectiveh 3
that is obtained when limited wavelength translation with %""‘"
k-adjacent wavelength switching is used, as a percentage o4
the improvement obtained when full wavelength translatior
is used. Fork = W (full wavelength translation), we get
AM Psyce, k) = 100% and A Psyec( A, k) = 100%, while for 02
k = 1 (no wavelength translation), we gat\( P, ., k) = 0% : : : : : :
andAP,,..(\, k) = 0% or no improvement. o 0 o1 ot 02 0% o5  oss

In Fig. 2 we present the results comparing our analysis an v e per wavelongth heviW
simulations for the probability of succes),.. plotted versus
the arrival rate per node per wavelength= »/W when lim- ®)
ited wavelength translation to only one or two additional an('e:—ig 2. Success probabilf,... versus the arrival rate per wavelengtffor
lengths (i.ex = 2, 3) is permitted. The analytical results for, yeqh of size = 11, for 77 = 8 andW = 20 wavelengths per link. Al
k = 3-adjacent wavelength switching shown here, were obalculations and simulations have been performed with session holding times
tained using the analysis presented in [16]. Each point in ogfPonentially distributed with meali = 1.0.
simulation was obtained by averaging ogex 10° successes.

Observe that limited translation to only one or two adjacettie network will result in only a negligible increase in the prob-
wavelengths provides a considerable fraction of the improvability of success.) Our results have recently also been corrobo-
ment that full wavelength translation provides over no waveated by Tripathi and Sivarajan [17], who found that for arbitrary
length translation. These benefits are summarized in Tablddpology networks also, translation to= 2, 3 adjacent wave-
where we illustrate the throughput and success efficiencies fengths gave almost all of the benefits of full wavelength trans-
ap x ptorus p = 11) for a few selected points. lation. The difference between their work and ours, however,

Also the benefits of wavelength translation diminish as the eis that the analysis in [17] still uses the “blocked calls cleared”
tent of translatiork increases, and eventually appear to saturateodel, and involved modified reduced-load approximations and
We see therefore that our analysis and simulations predict thatis tractable only for small networks in the regime of very low
limited translation of small range, i.6;,= 2 or 3, gives most blocking probability.
of the benefits obtained by full wavelength translation, where By contrast, using the model that they had considered, Yates
k = W. See for instance Fig. 2(b), which also illustrates thet al.[20] had predicted based on their simulations that limited
network performance fok = W = 20 wavelengths. As is evi- wavelength translation of degre€0% [which corresponds ap-
dent from the plots, increasing the extent of translakibeyond proximately tok = (W — 1)/2 in our notation, since Yatest
some value leads to diminishing returns. (In fact, based on alr define the degree of translation by the number of transla-
observations, we feel that increasihdpeyond the diameter of tions allowed oreither sideof the input wavelength] would be

0.3
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TABLE |
QUANTIFYING THE BENEFITSOBTAINED WITH LIMITED WAVELENGTH TRANSLATION, WITH & = 2, 3

p w APp(0.25,2) AP;(0.25,3) AX0.7,2) AX0.7,3)
11 5 51% 86% 61% 87%
11 20 47% 79% 49% 76%

needed to give performance nearly equal to that of full wave
length translation. Yatest al., however, obtained improved re- : : : mﬂ;p_“'w;vaw .
sults by using a model where a new session attempts to ¢ 08\ N R C s resentmoden
tablish a connection by trying different starting wavelengths o8l " Apalysis fncdo.
and, in fact, by examining all alternate routes emanating fror 5
each of those wavelengths. Such improvements are based es:
tially on trying multiple options simultaneously, or alternatively
on using backtracking while establishing the connection, whic
would not be practical in many cases in view of roundtrip de
lays and the blocking of other sessions that will occur durin
the setup phase, if it is done through multiple setup packet
(This is because, when multiple wavelengths are tried in pa
allel, capacity must be held on multiple paths, until the nod
initiating the multiple setups Iearns_ which of 'Fhe alternate patf o5 o - o v s - i
was successful, and removes partial or possibly complete res Arival rats per wavelength A=v/W

vations along other paths. The longer the roundtrip delays, tt..

longer this takes and the longer the capacity reserved on the mul-
9 9 P y 0 . 3. Comparing the probability of success,.. for the torus network,

) . : . .Fig
tiple path_s bIO_CkS futL_Jre_sessmns. Th|S_ could be partla_lly m'ﬁbtained by using the link independence blocking assumption and the present
gated by intelligent, distributed reservation and connection caimalysis. For small degree networks like the mesh the independence assumption

trol schemes [11], [19].) The improvements obtained by tryin‘ seen to break down at larger loads, whe(e as the present analysis accurately
. . . L . . ptures network performance over the entire range of loads.
different options increase with increasifmg andk. They in-
crease withk because at each node a session examinésoph
tions (which would be impractical when the roundtrip delay iBmited wavelength translation at a cost that is effectively inde-
comparable to session holding time, but could be practical ofrendent ofiv.
erwise), and they increase wilii because at the firsthop ases- In Fig. 3 we compare the probability of success obtained
sion examines al” wavelengths on its outgoing link. Indeed ifvia our analytical and simulation results with that obtained by
the link utilization information available at a source is accuratgsing the link independence blocking assumption, for the torus
and connection setup takes zero time (that is, the roundtrip def@twork. As is evident from the plots, the present analysis is
~0), then the results of Yatest al.correspond to finding a path very accurate for a large range of networks loads, including
when running the routing algorithm, and it would be possible ineavy loads; the independence blocking assumption, however,
this case to gain even further by trying not only alternative wavbecomes inaccurate at heavy loads. The significant difference
lengths, but also alternative topological paths from the sourceftw the mesh between the present analysis and an analysis using
the destination. the independence blocking assumption can be attributed to the
Our model, on the other hand, considers the more practicahall node degree and large diameter (and mean internodal dis-
(in many cases) situation, where, at its first hop, a hew sesstance) of the mesh. A small degree leads to less mixing of traffic
selects a wavelength upon which to attempt and at each sulead therefore a nonnegligible dependence between the proba-
quent hop looks only at the availability of the wavelengths #iflity of acquisition of successive wavelengths on the path fol-
that hop and not of those beyond, and therefore does not trydaed by the setup packet of a session. A large diameter tends
“see the future,” as it were. Our analysis illustrates that a fae amplify the inaccuracy in the probability of acquisition of
vorable trade-off may result between the extent of transldtioneach link, since some paths are long. By contrast, as we will
and the fraction of the performance of full wavelength translaee in Section IV-B, the large node degree of the hypercube
tion that is achievable by using limited wavelength translatioand its smaller diameter (and average hop length) enable the
Furthermore, as is evident from the results presented in Figirjependence blocking assumption also to predict the perfor-
for a large range of network loads, limited translation of relanance accurately in that case, though not as well as the present
tively small degree suffices to give performance comparablermodel. Similar observations about the accuracy of the indepen-
that obtained by full wavelength translation. In Section V, wdence blocking model for hypercube networks vis-a-vis torus
will present a simple switch architecture capable of performimgetworks were also made in [14].

e o
@0 *»

Probability of Success P,
¢ n
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dxd crossbar switch dxd descending simple 2 : 2 switch/merge modules, which also have the advan-
dimensions switch tage of being the basic building blocks for several wavelength
F routing networks (such as wavelength-interchanging cross
— s M- connect networks (WIXC); [1]).
! I The nodes and the links (external and internal; see Fig. 4)
: . of a 2¢-node hypercube network with descending dimensions
—of SM > switches map in a 1-1 fashion to the nodes and links of a
I = d2¢-nodewrapped butterflynetwork [10]. We will henceforth
|- refer to them simply as the wrapped butterfly. T#¢-node
_Jl.- SM |+~ wrapped butterfly network haslevels and2¢ nodes per level
1 ¢ and is obtained by merging the first and the last levels of an
(I ordinary butterfly [Fig. 4(b)]. All nodes of the wrapped but-
—t= SM |~ terfly are seen as potential sources and destinations; however,
N7 sessions have a destination at the same level with the source,

{

S0 a circuit always traverses exactlly hops. The analysis
presented here for the wrapped butterfly applies (with simple
modifications) to other regular networks with two input links
(@) and two output links per node. It is therefore applicable to
other multistage banyan networks like the perfect shuffle and
Debruijn networks that are important choices for wavelength
routed networks [12], [15].

The analysis for the wrapped butterfly parallels the develop-
ment for the wraparound mesh network, which we have pre-
sented in detail in Section Il. In the wrapped butterfly network,
each session always uses exadthops to reach its destination,
so the probability of success is independent of the routing tag,
and may be written directly as

S:1:dswitch M:d:1 merge  S/M: 2x2 crossbar

Poyce = qo - ad_l (16)

wherea and ¢y can be calculated in a way similar to that in
Section Il. The detailed calculations appear in [16].

Fig. 5(a) illustrates analytical and simulation results for the
probability of succes$’,.. for a 64-node butterfly network,
with W = 8 wavelengths per link, for various Fig. 5(b) illus-

() ' trates how the probability.... obtained by using the link in-
dependence blocking assumption differs from that obtained via

Figd- 4H (@) (ﬁ xd CrOfSSbr?f ﬁWri:Chv dxd descen‘éi“?t;?ime“Sionst‘l')VitChvfthe present analysis, which is very accurate for a large range of
and the modules out of which they are constructed. (b) A wrapped butter & . .
The straight links of the wrapped butterfly correspond to the internal links in etwork loads. The accuracy of the mdependence blOCkmg as-

descending dimensions switch, which we have shown with dashed lines ab&@mption for the butterfly network is somewhat better than that
The cross links of the wrapped butterfly correspond to the external links of thgr the mesh for the cage= 1, and2, and is quite good for the
descending dimensions switch. casek = 3. This is because for the butterfly network there is a
tradeoff between the opposing effects of its node degree (which
IV. LiIMITED WAVELENGTH TRANSLATION IN THE HYPERCUBE being small, accentuates the difference between the actual per-
formance and that predicted by the independence assumption)

In this section, we focus on limited wavelength translatiopynd its diameter (which being small, mitigates this difference).
usingk = 2-adjacent wavelength switching, in24-node hy-

percube network. In Section IV-A we consider a hypercube net- Hypercube with Cross-Bar Switches
work that uses simpléescending dimensioswitches, whilein

Section IV-B we consider a hypercube network with crossbarIn this section, we examine 2-adjacent wavelength switching
switches. in a2¢-node hypercube network with cross-bar switches at the

nodes. While the wrapped butterfly network, analyzed in the

previous section, is an example of a sparse topology, the hy-

percube network, considered here, is an example of a dense
For the2¢-node hypercube network, the descending dimetepology, with an average hop length about half that in a but-

sions switch (see Fig. 4) usé¥(d) wires as opposed to theterfly network of the same size.

©(d?) wires of a crossbhar switch, and is simpler, faster, and The relationship between the incoming and outgoing wave-

cheaper than a crossbar switch ([18]). Furthermore, it udesgths for the hypercube network, is similar to that illustrated

A. Hypercube with Descending Dimensions Switch
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Fig. 5. (a) Probability of successfully establishing a connecitan. versus  rig g probability of successfully establishing a connecfog.. versus the
the arrival rate per wavelength, for a butterfly of 64 nodes, folV" = 8  njya) rate per wavelength, for an eight-dimensional (8-D) hypercube, with
wavelengths per link and for various (b) The probabilityP...c. as obtained - ¢rosshar switches, hypercube of dimensios 8, for 17 = 8 wavelengths per
by the independence blocking assumption and the present analysis. link and various values df.

in Fig. 1, except that each outgoing link is feddy 1 incoming
links. For the hypercube network too, the average probability obtained by using the link independence blocking assumption
success can be calculated to be [16] differs from that obtained via the present analysis.

Psuccess = ﬁ Z Psuccess(tdfltd72 e tO)
. ta—1ta—z - to V. IMPLEMENTATION OF A LIMITED WAVELENGTH
—__ 4% d_ TRANSLATION SWITCH
= @ D) [(1+a)?—1] (17) SLATION SWITC
In this section, we provide a simple, economical implemen-
where« and gy can be calculated in a way similar to that irtation of a switch capable of performing up to = 3-adja-
Section Il, and appear in [16]. cent wavelength switching. We will see shortly that the cost of
Fig. 6(a) illustrates the probability of succdis.. foran 8-D our switch depends mainly on the exténof translation and is
hypercube, havingV = 8 wavelengths per link, for various, largely independent of the total numb@éf of wavelengths in
while Fig. 6(b) illustrates how the probability of succddg.. the system; a significant fact, considering that we have already
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Fig. 7. (a) Parametridifference frequency generatigpFG) wavelength convertor. The DFG convertor can perform bulk wavelength conversions. (b) The
arrangements of the wavelengths and the corresponding frequency values for réatizitgadjacent wavelength switching with™ = 9 wavelengths.

shown that the performance of limited wavelength translatidtig. 8 [frequencies in the horizontal axis of Fig. 8(b) are relative
compares favorably to that of full-wavelength translation.  to a given freqency]. If the wavelengths are arranged as shown
The architecture that we present makes use oflifierence in Fig. 7(b) (forW = 9) and their corresponding frequencies
frequency generatiofDFG) wavelength convertors of Yatal. are assigned the values shown (wherés some constant),
[1], which utilize the parametric wavelength conversion proceiscan be seen that the mirror-image mapping about the two
to realizebulk conversionsthat is, to perform several wave-pump wavelengthg, and —¢, enables each wavelengih,
length translations at once. In particular, if we considerthe DFG = 1, 2, ---, 9 (with the exception ofp, and ¢5) on an
convertor as a black-box [Fig. 7(a)] that is pumped at a punipcoming link to be mapped on the outgoing link either to
wavelengthyp,,, the incoming signal on wavelenggh,; is con- itself, or to the wavelength®;, or ¢;_; that lie above or
verted to a wavelegtioui1, wherel/¢oun = 1/¢p — 1/¢in1.  below it, respectively. To interchange wavelengghsand ¢;,
The bulk conversion property implies that a second input signak require a separate single-pump wavelength converter, or
at a wavelengthp,» is simultaneously converted to anothetwo variable-input fixed-output wavelength converters (see
wavelengthpou2, Wherel/dou2 = 1/¢, — 1/¢pima. As shown Fig. 8). Although we have depicted the cd8e= 9, it is easy
in the figure, whenp,,t1 = ¢ andoout2 = din1, the conver- to see that the pattern of Fig. 7(b) can be extended for any
sion process is equivalent to interchangifigy and¢;,» about (odd) W (a parallel implementation exists for evé¥), due
a virtual wavelengti2¢,, whose frequency is set to be in theo the bulk conversion propertyyithout any corresponding
middle of the corresponding frequenciesdgf; and¢;,»; this increase in the complexity of the wavelength convertors of the
is themirror image mappingroperty of the DFG wavelength switch. (The complexity of the multiplexers and demultiplexers

convertor. depends oW, but that is essentially the same for either a
The bulk conversion and mirror-image mapping propertidall-or-limited-wavelength translation system.) Thus, the cost
can be exploited to realize & = 3-adjacent wavelength of our switch (which requires only three single-pump DFG

switching system withiW wavelengths, which is shown inwavelength convertors; alternately, one double pump [1] and



SHARMA AND VARVARIGOS: ANALYSIS OF LIMITED WAVELENGTH TRANSLATION 1617
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Fig. 8. Switch architecture for performirg = 3-adjacent wavelength switching. The cost of the switch is essentially a constant (three single-pump bulk
wavelength converters), which is independent of the number of waveleHgtimsthe system.

one single pump wavelength convertor), is largely independentOur results also indicate that the network performance im-
of the total number of wavelengthi& per link or fiber. The proves as the extent of translatibrincreases, but that the rate
3-state switching element for each wavelength is set at connetimprovement decreases with increasingnd becomes neg-
tion setup time, depending on the particular translation desirdidible whenk is equal to the diameter of the network.

We observe finally that the same architecture can also effeciye also presented the design of a simple switch architec-
k = 2-adjacent wavelength switching. (We do not presentgre for performingt = 2, 3-adjacent wavelength switching.
separate architecture for the cdse= 2, since its complexity Qur switch uses DFG bulk wavelength converters, which un-
turns out to be close to that of the architecture just given for thige four-wave mixing converters do not create additional cross
casek = 3.) terms that interfere with other WDM channels [1]. The cost of

our switch was seen to be a function only of the extenittrans-
VI. CONCLUSION lation.

We examined the case of limited wavelength translation in Our analysis also answers partially a question raised in [16],
several wavelength routed, all-optical, WDM regular networksamely, would the throughput of a circuit-switched regular net-
and demonstrated that limited wavelength translation of fairlyork with & (k > 1), circuits per link be expected to improve
small degree is sufficient to obtain benefits comparable to thdsg more than just a factor df? Since in our case the success
obtained by full wavelength translation. An important conclysrobability depends on the extent of translatioand is inde-
sion of our analysis was that tledficiencywith which capacity pendent of the number of wavelengiisper link (W > k), we
is used depends on the extent of translaioand not on the can also view thé%,,.. curvesin Figs. 4-6 fok = 2, 3asrepre-
total number of wavelength8” per fiber, as long a8V > k&  senting the probability of successfully establishing a connection
(equivalently, the throughput of the network for a given blockingn a circuit switched network with a capacity &fcircuits per
probability increases with, and increases only linearly, and notink. We observe that witk = 2, 3 circuits per link, the im-
superlinearly, with the number of wavelengihy). provement in throughput over a network with a capacity of only

IncreasingW” with k fixed does not increase the probabilityone circuit per link is considerably greater than by just a factor
of successl.,,.. for the same valué. = /W of admissible of k. (If the improvement obtained was only a factorigfthe
throughput per node per wavelength. This seems at first viewdorves fork = 2 andk = 3 would overlap the curves fér = 1,
contrast with the observation made in [14], where the authosich is not the case.) However, increasinfurther, say, from
had found that for sparse wavelength conversion, convert@rgo 3, gives diminishing returns. This observation agrees with
help more (in improving efficiency) the more wavelengths thetée result obtained by Koch [8], who proved that the maximum
are per fiber. The model used in [14], however, essentially rstal throughput of @2¢-node butterfly with a capacity df cir-
lies on backtracking or trying multiple options simultaneouslyuits per link is®(2¢/d/¥), and, therefore, that the increase in
which may not be a feasible option in WAN’s with large propathroughput (or efficiency) obtainable by using links with larger
gation delays, as discussed in Section IlI. capacity diminishes as the capaditper link increases.
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Finally, our analysis was based on the use of fixed shortestd
path routing to establish a connection. The effect of alternate
or dynamic routing (or deflection routing) when combined with
limited wavelength translation is a possible area for future work.
Furthermore, our focus was on a circuit-switched optical path
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(A.5c)

layer. Castanoret al. [6] have rece_ntly_ looked at th_e perfor-,here |z is the largest integer less than or equal:toand
mance of full wavelength translation in packet-switched nem is the smallest integer greater than or equal.tEquations
work; a corresponding analysis for limited wavelength tra”%A.Sa)—(A.Sc) hold for bothy odd andp even.

lation in packet-switched networks remains to be done. Also,
the success probability is only one measure of network perfor-
mance. A study that looks at other measures of network per-
formance, such as the input queuing and connection delays, t?l]
evaluate the benefits of limited wavelength translation, in both
circuit-switched and packet-switched networks, would also be
useful. (2

APPENDIX [3]

DERIVATION OF WAVELENGTH STATE PROBABILITIES
A. Probabilitiesg;, i = 1, 2, 3 for the Torus

The probabilitygs that a wavelength on an outgoing lidkis
used by a turning session is given by

[4]

(5]

lp/2] lp/2] (6]
=K > 1=K@p-1)> (A1)
to=—|p/2] t1=—L|p/2]
1970 1170

[71
Similarly, the probabilityg. that a wavelength on an outgoing
link L is used by a straight-through session is given by

Lp/2] Lp/2]

Yo (] + 12l = 2)

tg=—|p/2] t1=—|p/2]

@ =K [9]

19 #0 1170
N [10]
() X tmi-v
1 ty=—Lp/2] [11]
to#£0
p—2||p=-2
=K |=—=|[==]|. A.2 2
[ 5 W { 5 J (A2) n2
The remaining probability, thatawavelengthonlink isused |13
by a session originating at a node is given by
@ =K@ -1). (A3) 14
Finally, a simple application of Little’s Theorem gives [15]
vXh
1-— qdo = W . (A4) [16]
Equations (A.1)—(A.4) together with the condit@jf’=0 q; can
be used to calculat®, so that we finally get [17]
vXh p?—1
T A8 g
P
Eules
v Xh 2 2
! (A5b) 20

2= 21
p-
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