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Abstract— Traffic grooming in optical networks employing networks, the source-destination pairs are connectdybtx
wavelength division multiplexing has gained prominence due to paths Connections between a source and destination are mul-
the prevailing sub-wavelength capacity requirements of USers. ynjaveqd onto the lightpath. If the bandwidth required by a new
One approach to achieving wavelength sharing is through time di- t at de i t ilabl fth isting liaht-
vision multiplexing. Connection requests can have varying nhum- request at a no g 1S no avalla Q on any or the exis .'ng.'g ;
ber of time slot requirements. Analytical modeling for comput- Paths to the destination, a new lightpath to the destination is
ing blocking performance of establishing multi-rate connections in  established. On the other hand, in SWG networks, if a request
WDM grooming networks involves extensive combinatorial com- cannot be accommodated on an existing lightpath to the des-
plexity thus requires prohibitively large state-space for solution. tination, it is multiplexed onto an existing lightpath to an in-
In this paper, we develop an analytical model that employs an ap- termedi’ate node. The connection is then switched at the inter-
proximation to the exact distribution of number of calls of a cer- . : g oo ; .
tain bandwidth requirement on awave|ength_ We validate the ap- mediate node to the final destination either dll’ecﬂy or thl’ough
proximation through simulation results for two different networks ~ other nodes. The performance of WDM grooming networks
that have high and low link-load correlation. Itis observed thatup  depends on the efficient merging of the fractional wavelength
to an order of magnitude performance improvement is obtained o4 jirements of the requests into full or almost-full wavelength
by improving the grooming capability in the network for calls that .
require two time slots. requwe_ments. o . .

Traffic grooming in SWG networks can be either static or dy-
namic. In static grooming, the source-destination pairs whose
|. INTRODUCTION traffic requirements will be combined are pre-determined. In

dynamic grooming, connections of different source-destination

PTllfl_“TAlL qomrwgll\c;latlhon employlr:jg w?;]/elengtp (.j“gls'cﬂaairs are combined based on the existing lightpaths at the time
multiplexing ( ) has emerged as the most viable in-. request arrival.

frastructure for wide-area backbone networks. WDM divides | | [1], a single-fiber multi-wavelength TDM-switched net-

the available fiber bam_jwidth into a set of W:_:lvelengths (WDM/ rk has been analyzed for blocking performance, as an exten-
channels). The bandwidth on a wavelength is close to the p %0 of the link-independence model proposed for wavelength-

electronic transmission speed and has been steadily increa§ ; ; ; :
. ed network in [2] and [3]. The equivalence of single-fiber
from OC-48 (2.5 Gbps) to OC-192 (10 Gbps), and is eXpectﬁﬂﬁti-wavelength TDM-switched network to multi-fiber multi-

to increase up to OC'7€.’8 (40 Gbps) in the near fu_ture. HO\O(/'avelength wavelength-routed networks has been shown in [4].
ever, this large granularity of wavelength capacity is too Iarg&

multiple time slots and multiplex traffic on the wavelength. Th
resulting multi-wavelength time-division multiplexed network
are referred to 28/DM-TDM network®r WDM grooming net-

affic with shortest-path routing has been studied in [5] by an-
%Iyzing path blocking performance for one wavelength and ex-

ks Nodes | h network ble of multivlexi /dtending it for multiple wavelengths. The analytical model re-
Works NOGES In SUch NEWOrks are capablé of mMUlliplexing/oey, .« higher estimates for blocking probability than the simu-

multiplexing lower rate traffic onto a wavelength and switchingation values. In [6], an analytical model is developed for eval-
them from onelightpath to another, where a lightpath is de- '

fined ll-optical tion bet t d o t.u ting blocking performance of establishing dual-rate calls as-
ined as an a ;joptma cortmer:: |o|n etween two n% es.t P It ming statistical independence of link loads.

processing and storage technologies are currently not maturg,yeq i 5 WpMm grooming network can be classified into
enough to achieve run-time routing decisions at high-spee

. . . . garious categories depending on the level of grooming capabil-
Thterefore, WDM grooming networks amrcuit-switchedin ity available [7]. If a node can switch connections across dif-
nature. ferent lightpaths but cannot convert from one wavelength to an-

WDM grooming networks can be classified into two Cate(Sther, it is termed as wavelength-level groomingVG) node.

gories [1] dedicated—wavelength grooming (DWG) ne‘tWO”ﬂWG nodes have dedicated ADMs for every wavelength on ev-
and shared-wavelength grooming (SWG) networks. In DWgPy link. Connections are dropped at these nodes even if they
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level grooming networks is developed assuming link load corre-
lation. The wavelength-level grooming network considered in
this paper is modeled as a homogeneous Trunk Switched Net-
work (TSN) [8]. An analytical model for multi-rate analysis

is developed. The analytical model is shown to be accurate by
comparing the values with the simulation results. The rest of
the paper is organized as follows: Section Il describes WDM
grooming networks. The analytical model for multi-rate traf-
fic is developed in Section Ill. The blocking performance of
establishing multi-rate connections is evaluated on two differ-
ent networks and the results are compared with the simulation
studies in Section IV. Section V concludes the paper.

II. NETWORK MODEL

We consider a WDM grooming network with wavelength-
level grooming nodes.
nected using links. Each link is assumed to cdfrijbers, each
fiber carryingl’” wavelengths. Each wavelength is divided int?
frames which are further sub-divided infotime slots. Every
slot within a frame is denoted by a 4-tupl@, f, w,t), where
1<I<L1IL<f<F,1<w<W,andl <t<T. For
example, the tuplél, 1,2,1) (read from right to left) denotes
first time slot in a frame on the second wavelength of the first
fiber on the first link. Achannelon a link is defined as a collec-
tion of a particular time slot across successive frames. Hence,

1 Swi tch 1

2 2

3 3
Trunk

The nodes in the network are cofi9- 1. Node architecture in a Trunk Switched Network.

irst link that can be switched by the nodeitéree channels in
the second link, subjected to the constraints of the switch. For
a full-permutation switch, if a trunk is available on a two-link
path if the trunk is free at the input and the output of the switch.

1. ANALYSIS

the number of channels in a link is the same as the number ofVe develop an analytical model for wavelength-level groom-
slots in a frameF’ x W x T. Each channel is also representelild networks by viewing them as a homogeneous TSN where

by a 4-tuple /1, f,w, t), similar to the representation of a slot. €Very wavelength is a trunk. The analytical model is based on
the following assumptions:

A. Node architecture o

A WDM grooming network with wavelength-level grooming
nodes is modeled as a homogeneous Trunk Switched Network
(TSN) [8]. A TSN is a two-level network model in which every
link in the network is viewed as multiple channels. .

A node in a TSN groups the channels with similar charac-
teristics in a link into groups callettunks Fig. 1 shows the
node architecture in a TSN. The node in the figure is assumed
to have three links attached to it and views each link as a set
of four trunks. The trunks are first de-multiplexed from the
link. The trunks from different links are then sent to their re- ¢
spective trunk switches where the channels are switched. We
impose trunk-continuity constraint at a node, i.e., a channel in a*
trunk on a link can be switched to a channel that falls within the ¢
same trunk on another link. Such a restriction stems from the

The call arrival at every node follows a Poisson process
with rate \,, and is equally likely to be destined to any
other node. The choice of Poisson traffic is to keep the
analysis tractable.

The probability that a call requires for capadityas inte-
gral number of time-slots) is assumed tofgeHence, the
arrival rate of a call request for bandwidthat a node is
)‘nfb-

The holding time of every call follows an exponential dis-
tribution with mean/%.

The path selection is pre-determined (fixed-path routing),
eg: shortest-path.

Blocked calls are not re-attempted.

A call is assigned a channel randomly from a set of avail-
able channels.

architectural point of view. The complexity of having a switch The call arrival rate at nodes are converted into link arrival
architecture that would switch the channels across all the linkates as described in [9]. This approach is similar to the one em-
is very high. Therefore, switch design for the near future apoyed in [8] but accounts for multiple capacity requirements of
likely to be based on simple architectures that would work ortlae requests. The analysis is developed in three stafeq 1:
restricted set of channels from every incoming link. In this parhe channel distribution on a two link path that describes the
per, itis assumed that a full-permutation switch is employed faumber of busy channels on the two links of the path is com-
every trunk in a node, i.e., a free channel of a trunk at the inpatited with the knowledge of the link arrival rateStep 2: The

of the switch can be switched to any free channel of the samlannel distribution is translated into trunk distribution that de-
trunk at its output. In case of a homogeneous network wiitribes if a trunk is available on a two-link path for a call with
wavelength-level grooming nodes, every wavelength is treatedapacity requirement oéftime slots. The information regard-

as atrunk.

ing the exact number of calls that require a certain bandwidth

Consider a trunk on a two-link path. The trunk is said to bis neglected in this step, thus leading to an approximation in
availableon the two-link path for a call with capacity require-the trunk distribution.Step 3: The blocking probability on a
mentp if there are at leadi free channels in the trunk on thez-link path is computed recursively from that of the two-link



path. Each of these steps are described in detail in the follothie trunk distribution is computed as described in [8] with nec-
ing subsections. essary modifications to accommodate multi-rate connections.
Consider a two-link path model as shown in Fig. 2. LeRecall that a trunk on a path is said to be busy if the number
AP AP and A denote the arrival rate for calls that re-of channels available on the trunk on the path is less than that
quest for capacityb to the first link, the second link, andrequired by the call request. The equations that are described
those that continue from the first link to the second. Note th@elow are for call requests that have a requiremertt tfne
AP < min()\z()b), )\l(b)). The Erlang loads corresponding to thélots.
calls that occupy the first link, second link, and that which con- Let V;,, Vi, andV,. denote the number of trunks busy on the
tinue from the first to the second can be writtenpé@ _ Ay firstlink, number of trunks busy on the sgcond link, and num-
o o ' # ' ber of trunks that are busy on both the first and second links,
o = A andpl?) = *; , respectively. respectively. It can be observed thHat < min(V,,V;). The
number of trunks free on both the links is given Ky, =
up uI K — (V, + Vi — V,). Note that with the assumption of full-
\ \ permutation switching employed per truri, trunks are avail-
N N able for establishing the connection on the two-link path. The
@ [ @ [ @ state-space of the trunk distribution is captured by the 3-tuple
] ] (V, V1, V) whose steady-state probability is computed by con-
\ w/ ue V ditioning on the channel distribution as:

KS KS min(up,u)
Fig. 2. A two-link path model. V(Vp, Vi, Ve) = Z Z Z PV, Vi, Velup, ur, ue)

up=0u;=0 ue=0 H(UP,U[,UC)

S where P(V,,, V}, V. |u,, u;, u.) denotes the probability that the
A. Channel distribution trunk distrﬁ)ution is Zipn statél},, V1, V) given that the channel
Letw,, u;, andu, denote the number of channels busy on th@stribution iS(tp, ).
first link, number of channels busy on second link, and numberThe trunk occupancy probability for a given a channel distri-
of channels occupied by calls that continue from the first linytion, is computed as:
to the second, respectively. Note that< min(u,, u;).
The channel distribution on a two-link path can be charac-P(V,, Vj, Ve|up, w) =
terized to a limited extent as a 3-dimensional Markov chain. Ni—rie (Vo Vi, Vi, K — (Vi 4+ Vi = Vo) |up, i, ue)
The state-space is denoted by the 3-tplg u;, u.). Note that
such a representation of the state of the two-links does not take

into account the number of calls that require a certain speci-
fied bandwidth. The steady-state probability for the states |1er€ Ni(Vy, Vi, Ve, Talup, w, uc) denotes the number of
pys of arranging acrosk trunks, u,, busy channels on the

computed recursively by considering the number of calls th . . .
P y by 9 irst link, «; busy channels on the second link, with chan-

require a certain capacity, C, as: nels among them being occupied by calls that continue from
the first link to second, such th&j}, trunks are busy on the first
553 (up, ur, ue) link, V; trunks are busy on the second link withamong them
busy on both the links, and, trunks being available on the
where0 < w, < KS,0 < w < KS, and0 < uc < two-link path. As the switching at every node is assumed to
min(up,u;). G is the normalization constant and is define@e fy|l-permutation, the number of available truriks is ex-
as: pressed a§, = K — (V, +V; — V;). The additional infor-
KS KS min(up,u) mation of T, is employed to compute the number of combi-
G- Z Z €5 (up, w, ue) natl_ons of busy channel a}rrangements that would result in an
available trunk. If the switches employed per trunk at nodes
are not full-permutation switches, th&j) can be smaller than
&y (up, uy, u.) is recursively computed as shown in Fig. 3. K — (V,, + Vi — V), as a trunk can be free on both the links
but the free channels at the input cannot be switched to the free
L channels at the output due to the blocking nature of the switch.
B. Trunk distribution A (up, ug, u.) denotes all possible ways of arranging across
From the channel distribution, the trunk distribution is comg trunks,u, busy channels on the first link; busy channels on

puted. This computation could be carried out by consideringe second link Ay (w,, ;) is recursively computed as:
the exact number of calls of a certain bandwidth requirement

Ap—r (up, ug, uc)

H(upa ur, uc) -

up=0u;=0 ue.=0

that is present on a two-link path. However, this computation min($,uc) min(S,up) min(S,u)
would require a large state-space. In this paper, it is assumetk (up, ug, uc) = Z Z Z
that the total number of channels occupied by calls are known z=0 =2 y=z

and the exact distribution is neglected. With this assumption, Ai(z,y,2) Ag—1(up —,u — Y, ue — 2)



(1) _ (02 (B)yz (p(b) () yy—2 _
ZL w1 Z Z (pp (Iicz)z (PCZ!) (pp (yicz)') fb—l(up _ bx,ul _ by7 Ue — bZ) ifh>1
Eo(up, ui,ue) = 3 (o —plM)ymn e (p®yue (p)—p(®)yui—ve i h—1
Cup—uo)! ! (i —uo)! mo=
0 otherwise

Fig. 3. Equation to comput®, (up, u, uc).

where0 < u, < kS,0 < <kS,and0 < u, < min(u,,u;). The starting point of the recursion (fé&r = 1), denoted by
The definition of4; (z, y, z) depends on the nature of switch. N1(V,, Vi, V., T, |up, w, u.) is computed as:
N (Vi Vi, Ve, Ty lug, ug, ue) (Written asNy(.) for short due

to space constraints) is computed recursively under one of the A (up, uue) i Ty =1, maz(up, w) < S —b
following four cases assuming that the bandwidth requwemert( )
of the call ish. Note that a trunk ha§ channels in total, hence 0 otherwise.

the trunk is available on a link only when there are at Ie&zast,;or a full-permutation switch, a trunk busy on a two-link path
channels free. if either the trunk at the input or at the output has less than

Case L:If V. >0 . . . )
¢ apacity available. Therefore, a full-permutation switch can be
The required probability is obtained by conditioning on a trung pacty P

min(S,uc) min(S,up) min(S,u;) Up/ UL

_ k Ay (g, g, 1) = ue < min(uy, uy)
[Ax(z,y,2) X
Nea(Vp =1,V = 1,Ve = 1, T4 |up — 2,up — y,ue — 2) ] C. Path blocking performance
The blocking probability of establishing a call requesting for
Case 2:If V, = 0, V, > 0 capacityb over az-link is evaluated with the trunk distributions

The required probab|I|ty is obtained by conditioning on a trunkoMPuted in the earlier section as the basisz-#nk path is
being busy on the first link but free on the second link. treated as a two-hop path with the fiest- 1 links in the first
hop and the last two links as the second hop as shown in Fig. 4.

0 otherwise.

min(S—b,u.) min(S,up) min(S—>b,u;)

k
Nk() = 7 Z Z Z [ Al(x7 Y, Z) X First hop with (z-1) links : Second hop
P =S b1 y=s T
Nk_l(‘/;—1,V1%,Ta\up—x,uz—y,uc—z)} ,,,,,,,,, o — O— 0
B e h—>‘ Tf
Case3:fV,=0,V,=0,V, >0 s m
The required probability is obtained by conditioning on a trunk _
being free on the first link but busy on the second link. Fig. 4. Az-link path model.
min(S—b,uc) min(S—b,up) min(S,u;) Let P,(T) denote the probability df’; trunks being avail-
k / .
Ni() = v > > > [Ai(z,y,2) x able on a-link path as viewed by the last node on the path
! 2=0 =z y=8—b+1 (nodez). The definition of the trunk is as viewed by the node
Nie1(Vp, Vi = 1, Ve, Tuluy — 2w — yyue — 2) | denoted by the suffix foP. P,(T; = 0) denotes the blocking

probability over thez-link path. The ensemble average of the

network blocking probability, denoted b, is obtained as:
Case4:f V., =0,V,=0,V,=0

In this case, a trunk can be made available with different pos-
sible arrangements for the busy channel distribution. The re- Py= ) P.(T; = 0)P(z)
quired probability is obtained on the condition that a trunk is =
free on both the links, considering one at a time. where P(z) denotes the probability of selectingzdink path.
min(S—byue) min(S—byup) min(S—byuy) Pl(z) ((jjepenhds onthe rlletw%rk topc;)logy ar_1|d routing st(rja]tcegy em-
_ ployed in the network, and can be easily computed for most
N() = Z Z Z [ Ay, 2) X regular network topologies and routing strategies.

2=0 r=z y=z

N1 (Vp, Vi, Ve, T — 1wy — @, up — y, ue — 2) | 1The destination is not considered as the last node in the path.



Let P,(Ty,T;) denote the probability off; trunks being  The variables that remain to be computed B(d;|7,,) and
available on a-link path with 7; trunks free on the last link. P(7;). These are computed from the steady state trunk distri-
It can be seen that the last link should have at-l€astrunks bution as defined below:
free, thereford; > T. P.(Ty) can then be written as:

) P@IT) =
z min(K—-T,,K—T,
P.(Ty) = Z P.(Ty,T) Zvczfr(nam(O,KprllTl) YK =Ty, K =T, vc)
= KS min(K—T,,K—T,
e t;=0 Zvczfnam(OfoTplle) dJ(K - Tpv K —1, Uc)

where K, denotes the number trunks in the link as viewed by

nodez.
A z-link path is analyzed as a two-hop path by considerin K - min(K—ty K=T1)
the firstz — 1 links as the first hop and the last two links as%(Tl) - Z Z V(K —tp, K =T, vc)
the second hop, as shown in Fig. 4. gtand7, denote the =0 ve=maz(0,K—t,~T)
number of trunks available on the first hop and that which are
free on the last link of the first hop (link — 1), respectively, IV. PERFORMANCEEVALUATION

as viewed by the last node on the first hop (nede 1). Let  The blocking performance of establishing multi-rate traffic
Ty andT> denote the number of trunks free on the first hop angbnnections are evaluated on 25-node bi-directional ring and

number of trunks free on the last link of the first hop as se&x5 pi-directional mesh-torus networks. The choice of these

by the node in the second hop (node P, (7', 7;) can then be two networks are due to the high and low link correlation, hence
recursively computed as: the accuracy of the model can be established at both extremes.

A 25-node bi-directional ring network has a correlation ratio

K K of 0.84 while a 55 bi-directional mesh-torus network has a

P,(Ty,T)) = Z Z P, (T}, T,) P(T¢, T)|Th, T)) correlation ratio of 0.20 when shortest path routing is employed.
T,=T; T,=T) The calls are generated at a node according to Poisson distri-

) ) _ bution and are equally likely to be destined to any other node in
where K" denotes the number of trunks in a link as viewed by,o network. The bandwidth requirement of a call is assumed to

the n_odes in the netwqu: The.computanorflt{ﬂ“l, T3|Th, Tp) be either 1 or 2 timeslots with equal probability. Every link is
for different trunk definitions is being studied by the authorsissmed to have a capacity of 20 timeslots with three different
Hence, the scope of the analysis presented in this paper is l{fiiy elength and time-slot combinations: (1) 4 wavelengths with
ited to homogeneous TSN's. o 5 timeslots each; (2) 2 wavelengths with 10 timeslots each; and
The starting point of the recursion, fer= 1, is defined as: (3) one wavelength with 20 timeslots. Each node has a full-
PT,T)) — { P(T) Ty =T, permutation switch for every Wayelength. _
fr 4l 0 otherwise. Figs. 5 and 6 show the blocking performance for establish-
ing calls that require one time slot on ring and mesh networks,
whereP(T}) denotes the probability df; trunks being free on respectively, with different wavelength and timeslot combina-
alink. The computation oP(7;) is discussed in Section lll-A. tions. The blocking performance for establishing calls requir-
P(Ty,T)|Th, T,) is computed by conditioning on the num-ing two timeslots are shown in Figs. 7 and 8 for ring and mesh-
ber of trunks free on the last link. The number of trunks fre@rus networks, respectively. It is observed from the figures that
on the last link depends on the number of trunks free on thge analytical model closely approximates the simulation. Note
previous links. The correlation of traffic on a link is assumeghat the approximation employed in the analytical model affects
to be only due to its previous link, referred to as tarko- networks with more wavelengths.
vian correlation With the assumption of Markovian correla- |t is observed that blocking performance of establishing calls
tion, P(Ty, Ti|Ty, T,) is written as: requesting for one time slot decreases in the simulation results
P(T). TY|Th, T,) = with in.crease in_t_he number of wavelepgths, ie., dgcreasing
fr 2SRy p grooming capability. This phenomenon is due to the increased
P(Ty|Ty, Ty, ) P(Ti|T,) i Th > Ty plocking of calls that require two timeslots. It is intuitive that
. as the grooming capability is decreased, the blocking probabil-
0 otherwise ity of higher capacity calls increase. As a result, networks that
block more of higher capacity calls have lower blocking prob-
ability for lower capacity calls. This behavior can be obtained
from the analytical model to some extent through iterative com-
putation of blocking probabilities of calls of different rates.

P(T¢|Ty,T,,T;) is computed as given below for a full-
permutation switch to grooming traffic on a wavelength.

() (1) It is observed that increasing the grooming capability in the
P(T4|Th, T, Ty) = (K) network results in an order of magnitude improvement in the
T,

blocking performance of two time slot requests. This improve-
For other kinds of wavelength-level switch architecturesnent is expected to be even more pronounced for higher capac-

space switch for example, one could use the framework in [B} requests. However, it is an expensive solution to implement

to consider generic trunk mappings. full grooming at all the nodes in the network. Hence, other
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