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Blocking performance of time switching in TDM wavelength
routing networks✩
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Abstract

Advances in optical WDM technology have paved the way for high-capacity wavelength channels capable of c
information at Gb/s rates. However, with current traffic streams requiring only a fraction of a wavelength’s bandwid
becomes necessary to groom these independent low rate traffic streams on to higher capacity wavelength channel
optical approach to grooming is to allow many connections to time-share a wavelength. Accordingly, in a TDM wave
routing network, the establishment of a connection requires the assignment of time slots in addition to routing and wav
assignment. One of the primary challenges in such networks is the need for quick reconfiguration at the routing n
this paper, we investigate the effects of switch reconfigurability, wavelength conversion and time slot interchangers (T
the blocking performance of connections with multiple rates. Heuristics for time slot assignment that consider con
imposed by six different node architectures are proposed, and the blocking performance of the TDM wavelength
network is evaluated through simulations. Results indicate that limited reconfigurabilityat the nodes is sufficient to attain th
performance obtained with full reconfigurability, especially when connections occupy only a small fraction of the wavelength
capacity. Furthermore, the blocking performance is not seen to benefit significantly with the introduction of wave
converters and TSIs, thus signifying that the improvement in blocking is largely dependent on the switch reconfigurab
the nodes.
© 2005 Elsevier B.V. All rights reserved.
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bandwidth capacity is beginning to apply brakes
the limits of conventional networking technology
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In an effort to resolve thebandwidthcrisis, network
providers are looking to leverage the services of
optical networks, networks based on the emergence
of optical layer in transport networks, for reduced
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costs and higher capacity. Recent advances in op
switching and in particularwavelength division
multiplexing (WDM) have enabled next generatio
networks to be able to operate at several terabit
per second. The shortcomings of electronic
optoelectronic networks can be overcome by us
all-optical or wavelength routed networks, whi
maintain the signal in optical form throughout t
transmission.

Wavelength-routing optical networks consist
optical switching nodes interconnected by one
more fiber links. Data is transported in the netwo
over lightpaths, which are all-optical communicatio
paths. The procedure of setting up a lightpath betw
any source-destination pair involves choosing
appropriate route, and then reserving a wavelen
on each link of the selected route. This is refer
to as Routing and Wavelength Assignment(RWA).
There are certain drawbacks with such a lightpa
based approach. Firstly, if there is no direct lightp
between two nodes, there needs to be intermed
store and forward node(s). However, these no
limit the maximum throughput obtainable, due
the electronic processingand the buffer manageme
involved. Secondly, most of the traffic stream
supported by the network are expected to requ
only a fraction of the per-wavelength capacity. It
hence, imperativethat these low-rate traffic streams
multiplexed on to high-capacity wavelength chann
and provisioned as a single lightpath, to impro
resource utilization. The second issue gives rise
the concept oftraffic grooming, which encapsulate
techniques designed to efficiently groom low-ra
traffic streams on to available wavelengths so as
increase the network throughput and utilize resources
efficiently.

An all-optical approachto traffic grooming is to
use TDM to divide time into frames of slots on ea
wavelength and multiplex several low-rate streams
to the high-capacity wavelength channel. The rout
nodes here must be capable of routing wavelength
well as time slots, i.e., the routing patterns of nod
must be configurable to switch on a time slot basis
[1,2]. In addition, the complicated optical bufferin
l

Fig. 1. Performance improvement with TDM wavelength rout
networks.

and optical contention resolution schemes are no
needed at the nodes [2]. All-optical routing avoids any
O/E/O conversion and offers transparency within
time slots assigned to a connection. This scheme thu
overcomes the drawbacks of traditional wavelen
routing networks and avoids the difficulty involved
in implementing optical packet switches. Routing
now done on the basis of the time slot a sig
arrives on, along with the input port and waveleng
Hence, in addition to RWA (as done with tradition
wavelength-routed networks), time slot assignme
for each connection should also be performed. T
problem has been referred to as Routing, Wavelen
and Time slot Assignment (RWTA) [3].

1.1. Motivation and contributions

We consider a circuit-switched time division
multiplexed (TDM) wavelength routing network[1]
in which time is divided into frames of slots o
wavelengths and the number of time slots per fram
T , is the sameon all the wavelengths.Fig. 1 gives an
illustration of the performance improvement possi
with such networks. Each fiber link is assumed
have two wavelengths and time on each wavelen
is assumed to be divided into frames of four sl
each. The figure shows two lightpaths that use a
AB. Each of the lightpaths is assumed to request
slots. With traditional wavelength routing, this would
require two wavelengths on the linkAB. However,
by using TDM wavelength routing to route the
lightpaths, only one wavelength would be requir
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as shown in the figure. It is quite obvious that the
latter is more likely to utilize the resources efficiently.
However, the improved performance is obtained at
the expense of increased network cost caused by
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conversionand (iii) time slot interchangers(TSIs)
on the blocking performance. We only consider
permutation switches, i.e., switches that can be
configured to route one input at a time to each output.
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the added flexibility and complexity at the routin
nodes. Our goal is to determine if the improvem
in performance is worth the additional cost.

The main contributor to the added complexi
and therefore the additional cost, relates to
design of the routing nodes that would allow qui
reconfiguration of the switches at the nodes.
the worst case, the switches may be required t
reconfigure after every time slot. Related work on
RWTA [1–4] has assumed the switching node to
able to reconfigure after every slot in the wavelen
frame. Such a switch will contribute more to the
increase in cost and complexity of the routi
nodes than a switch that can, say, reconfigure o
once or twice within the frame. We defineswitch
reconfigurability (R) as the number of times th
switch at the node needs to reconfigure within
single wavelength frame. It not only determines t
speed at which the optical switch at each node ne
to operate but is also an indicator of the increas
in switch cost and complexity required to impro
the blocking performance.R = 0 implies that the
switches are reconfigured only at connection setu
time. On the other extreme,R = T − 1 corresponds
to the most flexible case in which the switches m
be reconfigured at the end of each time slot. Th
the motivation behind this paper is to identify th
amount of reconfigurability required at the routing
nodes that would improve the blocking performan
with a modest increase in cost. In short, we investig
the trade-off between the performance offered by
reconfigurability and the cost involved in buildin
such a routing node architecture.

The performance improvement with the availab
switch reconfigurability depends on the RWT
algorithm, and in particular the slot assignme
algorithm used. With much work done in routin
and wavelength assignment, we focus on time slo
assignment in TDM wavelength routing networ
to study the effect of reconfigurability provide
by the routing nodes on the blocking performan
of the network. Besides reconfigurability, we al
study the effect of (i) the constraint on number
of wavelengths used per connection, (ii) wavelength
Towards this goal, we propose six different netwo
models for time slot assignment and use discrete e
simulation to analyze their blocking performance. T
models differ in the amount of flexibility offere
to time slot assignment. Simulation results indic
that the time slot based approach would give
marked improvement in network throughput throu
decreased blocking probabilities. More importantly
limited amount of switch reconfigurability is seen
be sufficient to obtain significantly improved blocking
performance, indicating that full reconfigurabilit
is not necessary at each node to obtain the
performance. The blocking improvement with the
introduction of time slot interchangers is seen to
more pronounced when the average number of s
required by the connections is higher.

The rest of the paper is organized as follow
Section 2presents the architecture of a TDM wav
length routing network with a summary of relat
work. The proposed models for time slot assig
ment and their performance benefits are presente
Section 3. Section 4contains the performance evalu
tion of the proposed schemes andSection 5concludes
the paper.

2. Network architecture and related work

This section describes the architecture of a TD
wavelength-routed network followed by a summary
previous research efforts in this area.

2.1. Network architecture

The network architecture consists of TDM wav
length routers interconnected by bidirectional lin
The performance improvement with TDM waveleng
routing networks is made possible by equipping
crossconnects with switches that are capable of q
response to inputs, i.e., switches that can reconfig
at the granularity of a time slot. As far as setting
lightpaths is concerned, this network performs si
larly to a circuit switched wavelength routing network
in that the lightpaths are set up prior to transmiss
However, each connection request now contains
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required bandwid
slot along with the
architecture of anN
shown inFig. 2[2].

ve the flexibility of
t on different slots of
he node has a time
Fig. 2. Network architecture of a TDM wavelength routing node [2].

th in terms of the number of time
source and destination nodes. The
× N TDM wavelength router is
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The input ports are provided with waveleng
demultiplexers that separate the wavelengths. Th
wavelengths are sequentially concentrated at anN×N
optical time division switch. TheN outputs of the
switch are thenconnected toN N × 1 multiplexers,
respectively, before finally being combined on to
output port. There is a control unit that sets up
connectivity between the input and output ports a
is capable of doing so on a time slot basis. The ex
number of slots on the wavelength frame on wh
different connections can be multiplexed depe
on the reconfigurability of the switch at the route
The control unit is also responsible for tracking a
calibrating the local signal for synchronization. W
assume that the total synchronization and propaga
delay experienced by the slot traffic is an integ
multiple of the frame length and is taken care of
the synchronizers. As a result, we ignore the delay
this study. Furthermore,due to the connections bein
circuit switched, the possibility of two slots needin
to be switched to the same output slot at a node d
not arise.
improvement in the network throughput at the expe
of the TSI.

2.2. Related work

A detailed survey of work on the electronic traffi
grooming problem that has gained significant attent
in recent times can be found in [5]. In the TDM
wavelength routing network we consider, along wi
the route and the wavelength, time slots should a
be assigned to the connection. Due to time be
slotted on each wavelength, the space switching
one input port of the node should be synchroniz
with the others, i.e., the incoming time slots must
aligned before space switching. The possibility of su
a synchronizer was described in [6], where the authors
give an input synchronizer to align incoming slot da

There has also been considerable work d
on routing node architectures required to achi
reconfigurability. It is said that allowing guard time
between time slots and increasing the duratio
of slots can be used to mitigate the effects
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slow reconfiguration times [7]. In [8], the authors
demonstrated the feasibility of the TDM wavelength
routing network with tunable transceivers and a
non-reconfigurable wavelength router. Addressing is

ate
as

ace
M-
lso
ng
or
he
he

ns
od-
c-

al

ec-
af-
e-

gth

ng

of
h-
he

hs
in
e-

e
,

e
ot
lot.
n
lot

algorithm selects the least loaded time slots over all the
links of the path. Discrete event simulations showed
the superiority of the least loaded RWTA algorithm in
terms of the amount of traffic supported for a given

ns
r of

de

er,
in

he
rth
ing
ks

dy

h a
ity
re
is
at

or

of

rk
gn-
ch
d
e

er
e at
the

lly

n of
ks
achieved by launching the data on an appropri
wavelength where each wavelength frame w
assumed to be 250 µs long with capability to
accommodate 128 slots. In [2], the authors came up
with a new architecture for optical transport networks
based on their proposed Time–Wavelength–Sp
Routers (TWSRs) which are the same as the TD
based wavelength routers we consider. They a
proposed a heuristic for the problem of establishi
the set of efficient time slot based lightpaths f
a given set of connection requests and studied t
effectiveness of such a network in terms of t
throughput obtained.

The blocking performance of dual-rate connectio
(one and two slot requests) has been analytically m
eled in [9,10]. The authors presented several archite
tures for channel switching, and developed analytic
models for computing blocking probabilities for the
various architectures. In [4], blockingprobabilities are
calculated for single-rate connections (i.e., all conn
tions require one slot in a frame) under dynamic tr
fic, with random assignment of time slots and wav
lengths. They also studied the effects of wavelen
converters and TSIs on blocking probability. In [11], a
fast, greedy, slot scheduling heuristic for transmitti
packets is presented.

In [1], the authors considered the problem
scheduling multirate connections in TDM wavelengt
routing networks. In particular, they addressed t
off-line multirate connection scheduling problem, i.e.,
the problem of assigning time slots and wavelengt
to a given static set of multirate connections,
ring topologies. They showed that the off-line singl
rate connection scheduling problem is similar to
the off-line wavelength assignment problem and
find bounds on the frame length to maximiz
the network throughput. The problem of routing
wavelength and time slot assignment (RWTA) in TDM
wavelength routing networks was studied in [3] with
a goal of maximizing the overall throughput in th
network. They proposed two algorithms for time sl
assignment, namely, first-fit and least loaded time s
While first-fit selects the first available free slot o
each link of the lightpath, the least loaded time s
target blocking probability. Furthermore, the gai
were seen to improve with increase in the numbe
fibers per link.

To the best ofour knowledge, all earlier work
on RWTA has assumed that each switching no
is capable of reconfiguring after every time slot
(fully reconfigurable nodes). As mentioned earli
such a node architecture would be expensive
terms of the cost and complexity involved, and t
performance improvement obtained may not be wo
the additional cost. In this paper, we study the block
performance of TDM wavelength routing networ
with limited node reconfigurability with a view to
study the cost-performance trade off. We also stu
time slot assignment and the effect of wavelength
conversion and TSIs on the performance of suc
network. As will be seen, the node reconfigurabil
tends todominate the blocking performance and, mo
importantly, limited reconfigurability at each node
sufficient to obtain similar performance benefits to th
provided by fully reconfigurable nodes.

We next present the various network models f
time slot assignment and the wavelength and slot
assignment algorithms evaluating the performance
a TDM wavelength routing network.

3. Network models and slot assignment algorithms

In this section, we describe the various netwo
models we consider for wavelength and slot assi
ment (WSA) in studying the effects of factors su
as node reconfigurability, wavelength conversion, an
time slot interchanging on the blocking performanc
of TDM wavelength routing networks.

3.1. Assumptions and definitions

We consider circuit-switched networks und
dynamic traffic where the connection requests arriv
a node according to a Poisson process and exist in
network for a random amount of time (exponentia
distributed). During thistime, an all-optical circuit
is set up between the source and the destinatio
the lightpath request. For any two successive lin
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of a lightpath, the same wavelength must be selected
if the intermediate node does not have a converter
and a different wavelength may be selected if the
intermediate node has a wavelength converter. There
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• Free Block (FB): A block is said to be free if
none of the slots of the block is allocated to any
connection. There is an exception to this condition.
Assume that a portion of a block is allocated to a
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areN nodes andL links in the network and each lin
has the same number of wavelengthsW (numberedλ1
throughλW). The path for a lightpath request betwe
a given pair of nodes is fixed and assumed to b
shortest path between the nodes. All the waveleng
have a fixed number of time slots(T). Thenumber of
time slots required by the lightpath requests(treq) is
assumed to beuniformly distributedwith meant and
defined as follows.

• For 1≤ t ≤ T/2, we havetreq ∼ unif(1, 2t − 1).
• ForT/2 ≤ t ≤ T , we havetreq ∼ unif(2t −T, T).

We combine wavelength and slot assignme
and use the first-fit algorithm explained later
this section. The slot assignment strategy depe
on the network model used and the amount
reconfigurability available at the nodes and is desig
to make use of the flexibility provided by eac
model. The following definitions will be used in th
illustration of the time slot assignment algorithm.

• Frame Length (T): Thenumber of slots in a single
wavelength frame (numbered from 0 toT − 1).

• NumSlotsReq (treq): The number of slots neede
for a given randomly generated connection.

• Switch Reconfigurability (R): The number of
times the switch at a node can reconfigure with
a single wavelength frame.R takes values betwee
0 andT − 1 and is provided as input.

• Block (b): Set of contiguous slots between tw
points in a wavelength frame where the swit
can reconfigure. For instance, if for a waveleng
λ1, T = 10 and the switch is designed
reconfigure after slot 3 and slot 6, [0–2], [3–5], a
[6–9] would constitute its blocks. The cardinality
of a blockb (|b|) is the number of slots withinb.

• BlockSet (B): Set of blocks in a wavelength
All the blocks within a wavelength are chosen
contain approximately the same number of slo
This value depends on the frame length(T) and
switch reconfigurability(R). For instance, ifT =
20 and R = 1, the switch will be designed t
reconfigure after slot 9 andB will contain the
blocks [0–9] and [10–19]. The blocksets for th
wavelengths are calculated offline.
connection between nodesx and y. Now, if there
is a new connection request between the sames–d
pair (x, y) and the block has a sufficient number
free slots to accommodate it,then the block is sai
to be free. This is because connections betwee
sames–d pair can share a block on a wavelen
since they do not require the switch to reconfigu
within the block.

• FBl (i ): The set of free blocks for wavelengthi on
link l .

• NSl (i ): The number of slots that are free f
wavelength i on link l . If there are no TSIs in the
network,

NSl (i ) =
∑

b∈FBl (i )

|b|,

and if every node has TSIs, this is just the num
of free slots1 for wavelengthi on link l .

• FBp(i ): The set of free blocks for wavelengthi on
path p.

FBp(i ) =
⋂

l∈p

(FBl (i )).

• NSp(i ): The number of slots that are free f
wavelength i on pathp. If there are no TSIs in the
network,

NSp(i ) =
∑

b∈FBp(i )

|b|,

and if every node has TSIs,

NSp(i ) = min
l∈p

(NSl (i )).

We first present the proposed network models w
the corresponding wavelength and slot assignm
strategies and then illustrate with examples
potential benefits from thesearchitectural solutions.

3.2. Proposed network models

We consider six different models of a TDM
wavelength routing network and examine their effe
on the blocking probabilityof connection request

1 A slot is free if it is notallocated to any connection.
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The models differ in the flexibility they provide to
wavelength and slot assignment. Note that the models
considered are in increasing order of network cost
and complexity. The switch reconfigurability,R, is a
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are set to be busy on all the links of the path. If no such
wavelength is found, the connection is blocked.

2. Single wavelength with full wavelength conver-
sion (SWFC):
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variable parameter in the first four models.

1. Single wavelength with no wavelength conver-
sion (SWNC):
Under this scenario, the lightpath requests
restricted to a single wavelength in each link of th
path, i.e., all the slots required by a lightpath requ
are to be allotted on a single wavelength. Moreov
due to lack of wavelength converters, every lightp
needs to be established on the same wavelengt
all the links of its path. This type of restrictio
simplifies the node architecture but, on the other ha
is bound to increase the blocking probability due
to the wavelength continuity constraint, and, mor
importantly, the restriction imposed by the need to fi
all the requested slots on a single wavelength.

For wavelength and slot assignment(WSA), we
find the firstwavelength2 that satisfies the connectio
request in terms of the number of slots required. i
we find the firstwavelength i such that NSp(i ) ≥
treq. In particular, when a connection comes in to t
network, beginning with the wavelength that has
lowest index, the following are done:

• Check if each block in the wavelength fram
beginning with first block is available on all th
links of the path.

• Stop when either the sum of the cardinalities
free blocks for a wavelengthi on pathp (NSp(i ))
is greater than the number of slots required by the
connection or if we reach the end of the wavelen
frame (which indicates that the wavelength does
have enough free slots to fit the connection).

• If the wavelength does have enough free slo
select the wavelength and stop. Otherwise contin
with the next wavelength.

If a wavelength with sufficient free capacity
found, the appropriate blocks (beginning with the fi
free block within the frame and ending when all th
slots required have been allocated) on the wavelen

2 In the rest of this section, first wavelength refers to
wavelength with the lowest index when wavelengths are ordere
a fixed way. Similarly, first block refers to a block containing slots
of the least index, i.e., 0, 1, . . . .
n

This is similar to SWNC except that every node in t
network is assumed to have unlimited full wavelen
converters. Full wavelength conversion is likely
improve the blocking performance by relaxing th
wavelength continuity constraint, however, at th
expense of increased network cost due to wavelen
converters. The motivation behind such a model is
see whether the improvement in blocking performance
is worth the additional cost of wavelength conversio
Furthermore, it allows us to study the performanc
improvement in blocking that could be obtained b
imposing only the single wavelength restriction,
connections will not be blocked due to lack
wavelength converters.

WSA here is done as follows:

• As with SWNC, check if each block (beginnin
with the first block) is available on all the links o
the path. The difference here is that the blocks ca
be free on any wavelength on each link of the p
due to the availability of wavelength conversio
at all nodes. Note that on each link, we beg
searching for the requested block beginning at
first wavelength.

• Stop when either the sum of the cardinality of fr
blocks is at least the number of slots required by
connection or if we reach the end of the wavelen
frame (which now indicates that the connecti
cannot be established).

• If a wavelength with sufficient free capacity
found on each link of the path, the appropria
blocks (beginning with the first free blockwithin
the frame and ending when all the slots requir
have been allocated) on the wavelength are se
be busy on all the links of the path.

If Bs represents the set of blocks selected (s
that

∑
b∈BS

|b| ≥ treq), the algorithm would find the
first wavelength (wavelength with the lowest index) o
each link of the path that has these blocks free.

3. Multiple wavelengths with no wavelength
conversion (MWNC):

Here, the slots requested by an arriving lightpa
may be allotted on more than one wavelength with
a single link. Thus, this case gives more flexibility
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slot assignment and is likely to improve the blocking
performance as comparedto SWNC. Here again,
no conversion is allowed and hence the wavelength
continuity constraint may play a significant role in
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avoid choosing the wavelengths that were selected in
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determining the blocking performance. Note that d
to the single wavelength restriction being remov
the source node may need to split the traffic in
multiple streams to allow it to be carried on multip
wavelengths and the destination node would ha
to combine them back to obtain the original traf
stream. This is likely to increase the complexi
of the nodes that originate and terminate traf
and therefore the cost of the network. The previo
two cases (SWNC and SWFC) avoid this addition
complexity and cost.

In this model, WSA is done as follows. As wit
SWNC, we find the set of free blocks for ea
wavelength i on the pathp (FBp(i )) beginning with
the first wavelength. However, we cumulatively a
NSp(i ), the number of free slots for each waveleng
on the path. We stop when the number of free s
available on the wavelengths is cumulatively grea
than treq. In other words, for each linkl of the path,
we find a set of one or more wavelengths(Wl ) (as
compared to a single wavelength in SWNC) such t∑

i∈Wl
(NSp(i )) ≥ treq. It is important to note that the

same set of wavelengths will be used on each link
the path due to absence of wavelength conversion.

4. Multiple wavelengths with full wavelength
conversion (MWFC):

This is an extension to MWNC done with a vie
to improve the blocking performance by removin
the wavelength continuity constraint. Compared t
MWNC, this model would increase the network co
due to every node being provided with waveleng
converters.

WSA in this model is similar to that in SWFC bu
the process may be repeated up toW times, whereW
is the number of wavelengths on a link. WSA is don
as follows. During the first round, as with SWFC, w
check if each block (beginning with the first bloc
is available on all the links of the path. The bloc
can be free onany wavelength on each link of the
path. However, unlike SWFC, when we reach the e
of the frame and the requested number of slots
not available, we start the process again with the fi
block, cumulatively adding the number of slots fou
free in each round. During subsequent rounds,
case the connection will be blocked.

5. TSI with no wavelength conversion (SWNC-tsi
and MWNC-tsi):

The previous four models had one comm
restriction. The slots occupied on a wavelength
on multiple wavelengths) were required to be t
same throughout the path, i.e., the same set of s
had to be assigned to a lightpath on all the links
the path. We term this limitation theslot continuity
constraint. This limitation can however be relaxe
by the use of a TSI. As mentioned earlier, the TS
allows different sets of slots to be assigned on differ
links of a lightpath. In this model, we assume TSIs
be present at all nodes and examine the performa
when connections can be established on single and
multiple wavelengths, respectively. Furthermore,
assume no wavelength conversion at all nodes in
network. TSIs do not make sense unless the switc
are reconfigurable after every slot since any slot m
require time slot interchanging, and hence we assu
that R = T − 1. This model is likely to provide bette
blocking performance than the previous ones at
expense of increased network cost (due to TSIs).

WSA for this model differs from the previous one
in two aspects: (i) Since we assume thatR = T − 1,
each wavelength containsT blocks and each block in
a wavelength consists of one slot, and (ii) the sam
set of slots need not be free on each link of the pa
for the chosen wavelength(s). For SWNC, we find
first wavelength that satisfies the connection requ
in terms of thenumber of slots required, i.e., we fin
the first wavelengthi such that NSp(i ) ≥ treq. In
particular, when a connection comes into the network,
we do the following for each wavelengthi , starting
with the first wavelength.

• Find the number of free slots on each linkl of the
path (NSl (i )). Note that the slots need not be th
same on each link.

• The number of slots for the wavelength that a
free on path p is then calculated asNSpi =
minl∈p(NSl (i )).

• If NSp(i ) ≥ treq, we select wavelengthi and stop.
• Otherwise, we repeat with the next wavelength.
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• If no such wavelength is found, the connection is
blocked.

For MWNC-tsi, we calculate the number of
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with the values used in [12]. The mean holding times
of connections are set to 1 unit. In our results, we
choose the scaling factor in such a way as to keep
the average blocking probability approximately in
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slots for each wavelengthi that are free on
path p (NSp(i ) = minl∈p NSl (i )). However, if
the requested bandwidth cannot be found on
single wavelength, we find a set of one or mo
wavelengths(Wl ) on each link of the path (searchin
the wavelengths in increasing order), such th∑

i∈Wl
(NSp(i )) ≥ treq. It is important to note that the

same set of wavelengths will be used on each link
the path due to absence of wavelength conversion.

6. TSI with full wavelength conversion (SWFC-tsi
and MWFC-tsi):

This is similar to the previous model with th
exception that all nodes are assumed to prov
unlimited wavelength conversion. This model
expected to give the best blocking performance and
contribute the most to network cost and complex
since it offers the maximum flexibility for WSA. In
case of SWFC-tsi, we find the first wavelengthi on
each linkl of the path (the wavelength with the lowes
index) such thatNSl (i ) ≥ treq. For MWFC-tsi, we
find a set of wavelengthsWl on each linkl suchthat∑

i∈Wl
(NSl (i )) ≥ treq.

We next present the simulation results and discuss
the implications.

4. Performance evaluation

In this section, we present the results of o
performance evaluation.

4.1. Simulation model

We consider the 14-node NSFNet topology f
our performance evaluation. We also obtained so
results for the European Optical Network (EON) but
since they showed a similar trend in results to wh
we obtained using the NSFNet, we have not includ
them in the paper. Each link is bidirectional and
implemented as two oppositely directed fibers. Ea
simulation is run for 1 million connection request
Connection arrival rates between node pairs are
proportion to the packet traffic intensities recorded
and reported in [12]. The actual arrival rates on th
routes are obtained by using a scaling factorγ (10−6)
the neighborhood of 10−3. Converters are assumed
to have full conversion capability. Each waveleng
frame is assumed to consist of 20 slots, i.e.,T = 20.
Note that the case where every connection requ
T slots simulates wavelength routing. We measu
the connection blocking probability which is defin
as the ratio of the total number of connectio
accommodated to the total number of incom
connections.

4.2. Single wavelength time slot assignment

This section illustrates the results obtained
SWNC, where connection requests are allotted s
only on one wavelength for each link of i
path. We first plot the blocking probability again
the load (defined as the average number of sl
required (t) by a connection request), inFig. 3(a)
for various values ofR. Note that R = 0 does
not imply unslotted wavelength routing since multip
connections between the same node pairs c
still be multiplexed on the same wavelength unl
in wavelength routing, although the performan
difference could be very small.

It can be seen from the graph that there is
marked improvement in blocking probability whe
connections require very few slots. This can
noticed for all values of R, the reconfigurability
factor. As expected, with increase in the load,
blocking probability also increases. A sharp increa
in blocking can be noticed forR = 3, in the
neighborhood oft = 6. This indicates that th
TDM wavelength routing technique is likely t
accommodate more sessions, and the improvem
in blocking is likely to be significant especially i
cases where connections occupy a small fraction o
wavelength capacity.

It is interesting to note the improvement in blocki
obtained when switches are reconfigurable. Wit
small amount of reconfigurability (R), there is a
marked improvement in blocking performance. F
example, we can see that the blocking probabi
drops from 10−1 to 10−6 when R is increased to 3
from 0, for t ≤ 6. However, asR is increased further
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where connections are given an entire wavelength
capacity. This case does not benefit at all from
increase in reconfigurability, as can be seen. The slight
increase in blocking for certain cases (e.g., curve for
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(a) Blocking performance(Pb) versus average number of slots
required(t).

(b) Blocking probability(Pb) versus reconfigurability(R).

Fig. 3. Blocking performancefor single wavelength with no
conversion (SWNC).

the additional improvement is only marginal. It is
further interesting to note the increase in load obtai
at fixedPb. For instance, inFig. 3(a), it can be noticed
that for a blocking probability of approximately 10−3,
R = 3 is sufficient to support an increase in loa
that is seven times the load obtained withR = 1.
These factors signify the fact that we may not ne
maximum reconfigurability (where switches need
be reconfigurable after every slot) at the nodes
obtain the best blocking performance. This can a
be clearly noticed inFig. 3(b) where the blocking
performance is plotted against the reconfigurabil
provided at the node(R) for varying loads. The curve
for t = 20 represents the wavelength-routing c
t = 10) with increased reconfigurability is due to th
following: when the slots required per connectio
request exactly fit the number of slots after which the
switch may be reconfigured, blocking is reduced as a
the connection requests tend to fit perfectly in to t
wavelength.

4.3. Multiple wavelength time slot assignment

This section presents the results obtained
MWNC, where the slots of a connection cou
be allotted on more than one wavelength in ea
link of its path. The additional flexibility provided
to connection requests is likely to translate in
better blocking performance than what could be
obtained with SWNC. We first analyzethe blocking
performance for varying loads inFig. 4(a) for the case
when all nodes lack wavelength converters.

A similar trend to that seen in the single waveleng
case (SWNC) is seen here too. Here again,
performance improvement is more pronounced wh
the number of slots required by the connecti
requests are close to or below one third
a wavelength capacity. The improvement wit
reconfigurability is similar to that seen in SWN
and is plotted inFig. 4(b) for the case when no
wavelength conversion is present in the networ
However, compared to SWNC, the overall blocking
performance with MWNC isbetter at all times, as
expected. This is illustrated inFig. 4(c), where the
blocking performances of both cases (MWNC a
SWNC) are compared for the case whenR = 6
(equivalent to 30% reconfigurability). We also not
that the performance improvement obtained with
use of multiple wavelengths is much less than what
obtained due to reconfigurability.

4.4. Improvement with wavelength conversion

This section illustrates the blocking performan
of the TDM wavelength routing network for MWFC
where all the nodes in the network are assumed
provide unlimited wavelength conversion. A simila
trend was seen (not shown here) when compa
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(a) Blocking performance(Pb) versus average number of slots
required(t).

(b) Blocking probability(Pb) versus reconfigurability(R).

(c) Blocking performance comparison: MWNC versus SWNC.

Fig. 4. Blocking performance for multiple wavelengths with
conversion (MWNC).
(a) Blocking performance(Pb) versus average number of slots
required(t) with 30% reconfigurability.

(b) Blocking probability (Pb) versus average number of slots
required(t) with 15% reconfigurability.

Fig. 5. MWFC versus MWNC— Blocking performance.

the performances of SWNC and SWFC. We comp
the blocking performance for MWFC with MWNC
for the case whenR = 6 (equivalent to 30%
reconfigurability). This is illustrated inFig. 5(a).

Improved blocking performance can be notic
when unlimited wavelength conversion is present
at all nodes. However, the improvement is ve
marginal. This suggests that the blocking performa
is dominated more by the flexibility (amount o
reconfigurability at the nodes) provided to time slot
assignment. The improvement in blocking probabil
from wavelength conversion is dependent only on
performance of the wavelength assignment algorit
used and not on the time slot assignment strat
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used. Since the same wavelength assignment (first-fit)
is used inboth MWNC and MWFC, the improvement
is very subtle with similar results obtained most of
the time. The same can be witnessed inFig. 5(b)
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for the case whenR = 3 (equivalent to 15%
reconfigurability).

4.5. Improvement with time slot interchangers

This section analyzes the performance impro
ment with time slot interchangers for both single a
multiple wavelength models. We now consider t
case when time slot interchangers are present a
nodes and compare its blocking performance with
case where none of the network nodes have time
interchangers. This is illustrated for the SWFC case
Fig. 6(a), where nodes are assumed to provide unl
ited wavelength conversion.

The results show a similar trend to what was se
in the previous cases. An interesting point to no
though is that TSIs do not provide much improvem
compared to the case without them when the aver
number of slots required is small. The improveme
is more pronounced as the average number of s
required increases, but is still not significant. Simila
results are also obtained in the case with time s
interchangers at all nodes for the multiple waveleng
case (MWFC) as shown inFig. 6(b). The extent to
which the performance of TSIs depends on load nee
further investigation.

5. Conclusions

We studied the blocking performance of TDM
wavelength routing networks, via simulation, fo
varying degrees of reconfigurability at the node
We investigated six different scenarios based on t
switch reconfigurability, constraints on the number
wavelengths used by a connection on each link, a
the effect of time slot interchangers, and propos
heuristics fortime slot assignment. Simulation resu
indicate that TDM wavelength routing is advantageo
as compared to wavelength routing, especially wh
connections occupy a small fraction of the wavelen
capacity. Interestingly, limited reconfigurability wa
seen to be sufficient to achieve the performan
improvement obtained with full reconfigurability
suggesting that the overall network cost to obta
l

(a) Blocking performance(Pb) versus average number of slots
required(t) for the single wavelength case.

(b) Blocking probability (Pb) versus average number of slots
required(t) for the multiple wavelengths case.

Fig. 6. Blocking performance withtime slot interchangers(TSI).

the benefits with TDM wavelength routing does no
increase significantly. Furthermore, theimprovement
with time slot interchanging, wavelength conversio
and the use of multiple wavelengths on a link p
connection was not very significant, indicating th
the blocking performance is dominated by the swi
reconfigurability at the nodes.

References

[1] S. Subramaniam, E.J. Harder, H.-A. Choi, Scheduling mu
rate sessions in TDM wavelength-routing networks, in: Pr
GLOBECOM, 1999, pp. 1466–1472.



112 M. Sivakumar, S. Subramaniam / Optical Switching and Networking 2 (2005) 100–112

[2] N.F. Huang, G.H. Liaw, C.P. Wang, A novel all-optical
transport network with time-shared wavelength channels,
IEEE J. Sel. Areas Commun. 18 (10) (2000) 1863–1875.

[3] B. Wen, K. Sivalingam, Routing, wavelength and time-slot
d

h

tw.

g:
PS
.

Plenum Press, 1993.
[8] I.P. Kaminow et al., A wideband all-optical WDM network,

IEEE J. Sel. Areas Commun. 14 (5) (1996) 780–799.
[9] V. Tamilraj, S. Subramaniam, An analytical blocking model

for dual-rate sessions in multichannel optical networks, in:

in
n,

d
nd
un.

,
l

assignment in time division multiplexed wavelength-route
networks, in: Proc. INFOCOM, New York, NY, 2002.

[4] J. Yates, J. Lacey, D. Everitt, Blocking in multiwavelengt
TDM networks, in: Proc. 4th Intl. Conf. Telecommunication
Systems, Modeling, and Analysis, 1996, pp. 535–541.

[5] K. Zhu, B. Mukherjee, A review of traffic grooming in WDM
optical networks: Architectures and challenges, Opt. Ne
Mag. 1 (2000) 47–60.

[6] C. Guillemot et al., Transparent optical packet switchin
Network, architecture and demonstrators in the KEO
project, IEEE J. Sel. Areas Commun. 16 (1998) 1245–1259

[7] H.S. Hinton, An Introduction to Photonic Switching Fabrics,
Proc. GLOBECOM, San Antonio, TX, 2001.
[10] V. Tamilraj, S. Subramaniam, Blocking of multirate circuits

multichannel optical networks, in: SPIE Opticomm, Bosto
MA, 2002, pp. 89–100.

[11] A.C. Kam, K.-Y. Siu, R.A. Barry, E.A. Swanson, Towar
best-effort services over WDM networks with fair access a
minimum bandwidth guarantees, IEEE J. Sel. Areas Comm
16 (7) (1998) 1024–1039.

[12] B. Mukherjee, D. Banerjee,S. Ramamurthy, A. Mukherjee
Some principles for designing a wide-area WDM optica
network, IEEE/ACM Trans. Netw. 4 (5) (1996) 684–696.


	Blocking performance of time switching in TDM wavelength routing networks
	Introduction
	Motivation and contributions

	Network architecture and related work
	Network architecture
	Related work

	Network models and slot assignment algorithms
	Assumptions and definitions
	Proposed network models

	Performance evaluation
	Simulation model
	Single wavelength time slot assignment
	Multiple wavelength time slot assignment
	Improvement with wavelength conversion
	Improvement with time slot interchangers

	Conclusions
	References


