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ABSTRACT

Provisioning dynamic traffic is a major challenge in wavelength-routed networks. While the routes of connec-
tions are mainly determined by using global state information, different connections that share the same link
may still compete for the same resources. These conflicts can cause significant blocking, a problem that becomes
more serious as traffic becomes more dynamic and as the state information changes more frequently. Therefore,
it is increasingly important to design appropriate signaling schemes to avoid blocking due to contention be-
tween different simultaneous connection requests. In this paper, we propose a new distributed signaling scheme,
Intermediate-Node Initiated Reservation (IIR), for establishing dynamic lightpaths in wavelength-routed net-
works. In the framework of IIR, reservations may be initiated at any set of nodes along the path of a connection,
and multiple wavelengths may be reserved. Two IIR implementations are designed for networks with no wave-
length conversion and with sparse wavelength conversion. Extensive simulation results show that the IIR scheme
outperforms the original schemes under various network and traffic conditions. Simulation results also show that
the IIR scheme performs better in networks where number of wavelength per fiber is large, or in networks with
sparse wavelength conversion.

1. INTRODUCTION

Wavelength division multiplexing (WDM) technology has been progressing steadily, with existing systems capable
of providing large amounts of bandwidth in a single fiber. While existing WDM networks are mainly point-to-
point networks which use electronic switching, next generation networks are evolving toward more flexible,
all-optical networks by exploiting advances in optical switching. To fully utilize the high bandwidth in optical
networks, all-optical connections, or lightpaths,! can be established between source and destination nodes.
Lightpath-based optical networks are generally referred to as wavelength-routed networks.

In legacy backbone networks, traffic is generally static, in which case connections are known in advance and
remain in the network semi-permanently. However, in next generation optical networks, especially in the optical
Internet, data traffic is expected to be more dynamic, or even highly bursty. To cope with the dynamic traffic
loads, dynamic wavelength provisioning is under extensive research (e.g.,!-?). In this work, we consider the case
in which data traffic is rather bursty and requires the establishment of lightpaths for short periods of time.

To accommodate connection requests dynamically, a lightpath provisioning scheme is required to find a route
and assign a wavelength for the given connection request. This scheme can be either centralized or distributed. A
centralized scheme may perform more efficiently when the network is small and the traffic is not bursty. However,
a distributed scheme may be more appropriate for large optical networks and bursty Internet traffic. Distributed
schemes have been proposed and are now being standardized within the framework of generalized multi-protocol
label switching (GMPLS).*

In a GMPLS-based network, routing protocols such as Open Shortest Path First with Traffic Engineering
(OSPF-TE) are used to exchange state information, including topology and resource availability information.
When a connection request is received, a route is calculated based on the available state information by using
a constraint-based routing algorithm (CSPF). Once the route is determined, a signaling scheme is responsible
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Figure 1. Examples of the DIR scheme.

for establishing the lightpath. Candidates for the signaling protocol within the GMPLS framework include the
Constraint-based Routing Label Distribution Protocol (CR-LDP)® and the Resource reSerVation Protocol with TE
(RSVP-TE).% Although the routes of connections can be determined by using global state information, different
connections that share the same link may still compete for the same resources, which can cause significant
contention. This problem becomes more serious as traffic becomes more dynamic and as the state information
changes more frequently. Therefore, it is increasingly important to design appropriate signaling schemes to avoid
contention between different simultaneous connection requests.

Several signaling schemes have been studied before. A well-known scheme is the destination-initiated reserva-
tion (DIR) method.” In the DIR method, a connection request is forwarded from the source to the destination,
collecting the wavelength availability information of every link along the route*. Based on this information, the
destination node will select an available wavelength along the path (if such is available) and send a reservation
request back to the source node to reserve the selected wavelength. Fig. 1 (a) shows an example of the classic
DIR method for networks with no wavelength conversion. In a network without wavelength conversion, a con-
nection request will be rejected if a common wavelength cannot be found on the route between the source and
destination. This constraint is known as the wavelength continuity constraint.® From Fig. 1 (a) we can also
observe that, if the wavelength continuity constraint does not exist, a connection may have a greater chance of
being successfully established. This can be realized by using wavelength converters on all nodes. However, from
a practical point of view, this approach is difficult to implement due to the high cost of converters, which are
expected to remain expensive in the near future.® Another solution is to use wavelength converters only at a
subset of nodes. This approach is called sparse conversion.!! Figure 1 (b) shows an example of the DIR method
for networks with sparse wavelength conversion, where only node dz has full wavelength conversion capability
while all other nodes do not have wavelength conversion capabilities.

Another possible signaling candidate is the source-initiated reservation (SIR) method,” where wavelength
resources are reserved as a control messages traverses along the forward path to the destination. In SIR schemes,
the detailed method of reserving wavelengths depends on how much information is available to the source node
and to individual nodes along the route. When the source node has complete state information, it may send a

*In GMPLS,* ingress or any upstream node can restrict the labels that may be selected by downstream node by using
the suggested label object. This feature is designed for the lightpath establishment in optical domain where wavelengths
may be used as labels.
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Figure 2. An example of the SIR scheme.

connection setup message along the forward path, reserving only one wavelength that is available along the path.
However, under bursty traffic conditions, it is possible that up-to-date global information is not available. In this
case, the source node may reserve all possible available wavelengths from the source node,” or a subset of the
available wavelengths.” Figure 2 shows an example of the greedy SIR method in which all possible wavelengths
are reserved along the path. It has been shown in” that, in general, the DIR scheme outperforms the greedy SIR
scheme in networks with no wavelength conversion.

A key measure of performance in dynamic lightpath establishment is the connection blocking probability, i.e.
the probability that an arriving connection request will be rejected. Blocking probability in wavelength-routed
optical networks has been studied analytically in a number of previous works. While most early studies'®-12
considered centralized cases, distributed schemes are studied in recent works'3-.'> In,'3 analytical models are
first developed to evaluate the blocking probability characteristics of various SIR and DIR schemes. This model
considered blocking of connections due to insufficient resources as well as blocking due to contention. In'# a more
accurate analytical model for the DIR scheme was developed to measure the blocking probability in networks
with no wavelength conversion. This model was further extended to evaluate the performance in networks with
sparse wavelength conversion.!?

The blocking due to insufficient resource may be reduced by applying more efficient routing algorithms.
However, as the traffic becomes more dynamic, the blocking due to contention becomes more serious. In the DIR
scheme, when a reservation message arrives at a node without conversion, a connection may be blocked if the
wavelength is reserved by other connections after the link state information is collected. This is referred to as the
outdated information problem. For a certain connection, we denote the vulnerable period at a node as the time
between the moment that the link state information is collected and the moment that the reservation request
arrives. It has been shown that, in the DIR scheme, connection blocking due to outdated information may
dominate the overall performance under very dynamic traffic conditions'3-.1> Moreover, this kind of blocking
increases significantly with respect to the vulnerable period. In the greedy SIR scheme, on the other hand,
reserving a greater amount of resources for the current connection request can increase the probability that the
current request will be accepted; however, the request may reserve too much network capacity, and block other
connection requests. This is referred to as the over-reservation problem.

To deal with the outdated information problem of the DIR scheme and the over-reservation problem of
the SIR scheme, we present a new signaling scheme, termed Intermediate-Node Initiated Reservation (IIR), for
establishing lightpaths in a wavelength-routed network. The main idea is to allow the reservation to be initialized
by intermediate nodes, so that the over-reservation is reduced and the outdated information is less likely to
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Figure 3. An example of the IIR scheme for networks with no wavelength conversion.

occur due to the shorter propagation delay. Another aspect of our scheme is to allow multiple wavelengths to
be reserved. We evaluate the performance of the new scheme by extensive simulations. The simulation results
show that the proposed signaling scheme can significantly improve system performance in terms of blocking
probability.

The rest of this paper is organized as follows. In Section 2, we provide a generalized framework of the
IIR scheme and discuss some specific implementations for two different network scenarios: networks with no
wavelength conversion and networks with sparse conversion. Numerical results and analysis are presented in
Section 3. Section 4 concludes the paper.

2. INTERMEDIATE-NODE INITIATED RESERVATION SCHEME

In this section, we describe the IIR scheme in which reservations may be initiated at any set of nodes along the
path, and in which multiple wavelength channels may be reserved at each node in the set. With this definition,
the classic DIR and SIR schemes can also be included in the same framework.

Figure 3 shows an example of the IIR scheme for networks with no wavelength conversion. In this example,
similar to the DIR scheme, the source node first sends out a connection request message collecting the wavelength
availability information along the path. However, unlike the example in Fig. 1 (a), in which the reservation
message is initiated at the destination node, the reservation is issued at node d3, which is the upstream node of
the last hop. Two reservation messages are sent out on opposite directions to reserve two available wavelength
channels (A; and Aq2) in each direction. At the destination node, a message is sent back to the source node
indicating that two wavelengths have already been reserved. When this message arrives at the downstream node
of the first link, T one wavelength ()\;) is chosen and two confirmation messages are then sent to the source and
destination. In the forward direction, when a node receives a confirmation message, the unused channel (A\2) is
released.

Comparing the example in Fig. 3 with examples in Fig. 1 and Fig. 2, we can observe that:

e The vulnerable periods at nodes do and ds have been reduced; thus, the blocking due to outdated infor-
mation may be reduced at these two nodes.

tThe reason that we select the second node in the path to issue confirmation is that, in GMPLS, the downstream node
of a link determines the label assignment of the link.



e Two wavelength channels are reserved based on the network state information. Therefore, the over-
reservation problem still exists. However, less over-reservation occurs in comparison with the greedy SIR
scheme.

e Since there are two alternative wavelengths, the blocking due to outdated information may be further
reduced.

By carefully selecting the parameters of the IIR schemes, e.g. the node(s) at which the reservation is initiated
and the number of wavelength to be reserved, we can reduce the blocking caused by outdated information and
better control the over-reservation problem as well. The overall performance improvement will be presented in

Section 3.

We now provide a formal definition of the IIR scheme. We define the following parameters:

e S%: The set of nodes at which reservations can be initiated on route R.
SE = (B sl ... 5B 1<m< NE,

where N denotes the total number of nodes in route R.

e 5 For each node sf* € ST, we define 61 as the direction of the reservation. 6/ can be: forward, backward,
and both directions.

e WH: At any node sf* € S®, W2 denotes the set of wavelengths to be reserved.
For each route R, the set of nodes S¥ and the parameters §/* and W/t can be specified either

1. in a static manner off-line,
2. in a dynamic manner by the source node of a connection request, or

3. in a dynamic manner as the forwarded connection request message traverses the selected route of the
connection.

The generalized protocols may include algorithms for determining the optimal selection of the nodes for
initiating the reservations and algorithms for determining the best number of wavelengths to be reserved. The
choice of the parameters in the optimization process could be based on various requirements and properties
of the specific connection request, such as quality of service requirements, priorities, hop distance, and other
constraints. Therefore, by connection-specific provisioning and proper optimization, the protocol can provide
differentiated levels of service and also ensure fairness for connections of different lengths.

It is worth noting that, although the number of signaling messages may increase in the IIR scheme, the setup
time of a connection is the same as that of classic DIR and SIR (See Fig. 3). To implement the ITR scheme,
current signaling protocols have to be extended to enable the initiation of reservation from an intermediate node.
The detailed discussions on such extensions, however, are beyond the scope of this paper.

In the rest of this section, we discuss the implementations of the IIR scheme for two network scenarios: (1)
networks with no wavelength conversion, and (2) networks with sparse wavelength conversion, respectively.



2.1. IIR for Networks With No Wavelength Conversion

The first step in defining the IIR scheme is to determine the S for each route statically. Moreover, for networks
with no wavelength conversion, we assume that only one node is in S®. Therefore, S = {sf*}. Note that the
classic DIR and SIR schemes can also be included in this framework. For the SIR scheme, the only node in S
is the source node, and the direction, or 6f, is forward, which means that a reservation message will be sent in
the forward direction from the source node. For the DIR case, however, the only node in S is the destination
node, and the direction 6% is backward. Thus, the proposed IIR method will always perform at least as well as
the SIR and DIR if sf is allowed to vary from the source node to the destination.

To determine the S¥ for the IIR scheme, we can first study the example in Fig. 1 (a). From this example we
can observe that at node ds, which is the upstream node of the last link, the wavelength usage information of
the last link is available. Although this information is not accurate because the downstream node maintains the
exact information and there still exists propagation delay between the two end nodes of the link. Consequently,
when a forward message arrives at the upstream node of the last link, the wavelength availability information of
the path is available.

Based on the observations above, we propose an IIR scheme for networks without wavelength conversion. For
any route R, we let

g NE =2
1 dNR_l, NR>2

where d; denotes the ith node in the path (d; is the source node and dyr is the destination node).

Based on this definition, if the route has only one link, then the direction factor df will be backward.
Otherwise, since the reservation-initiating point is not the source or destination node, the direction factor Jf* has
to be both backward and forward, which means that reservation message must be sent in each direction. Note
that the information of W; can be forwarded to dr in the GMPLS context, since GMPLS allows a set of labels
to be suggested by an upstream node.

After the decision of S, the next problem becomes the decision of Wi¥. Obviously, if one route contains a
single link, then only one wavelength is enough to ensure that the connection will be successful. However, for
multi-hop connections, the selection of Wi may be tricky. To simplify the discussion, we introduce a reservation
ratio, denoted as w (0 < w < 1) for all multi-hop connections. The usage of w is as follows:

W = max(1,[A x w)), 0<w<1 (1)

where A denotes the total number of available wavelengths along the path, indicating by the forwarded message,
at the time when the request message arrives at node sf¥.

Since the reservation ratio is independent of the position of the reservation-initiating point, the ratio can also
be used with the original DIR and SIR schemes. For instance, we can see that w is 0 for the classic DIR scheme
and is equal to 1 for the greedy SIR scheme. In the example of the IIR scheme demonstrated in Fig. 3, the
reservation ratio is also set to 1. In Section 3, we will discuss the impact of the reservation ratio for all schemes.

2.2. ITIR for Networks With Sparse Wavelength Conversion

As we discussed in Section 1, the sparse conversion can improve the performance by relax the wavelength
continuity constraint. However, the outdated information problem still exists in a distributed environment. For
example, on the route shown in Fig. 1 (b), it is possible that when the reservation request reaches node ds, it
is found that A\; has been reserved by another reservation request which arrived earlier. Observe from Fig. 1
(b) that we can separate every route into several segments such that the end nodes of each segment are the
source node, the destination node, and a node with wavelength conversion capability. One important result of
the sparse conversion is that two different wavelengths can be reserved on two different segments. For example,
in Fig. 1 (b), different wavelengths are reserved on two consecutive segments on the route because node ds has
full wavelength conversion capability.

Since the wavelength continuity constraint only holds within one segment, we proposed the IIR scheme for
networks with sparse conversion as follows:
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Figure 4. An example of the IIR scheme for networks with sparse wavelength conversion.

e Let LT (L® > 1) be the number of segments in route R.
o Let S® = {sf,--- sk}

e If segment i (1 < i < L%) contains only one link, then the sf is set to the egress node of segment 4, and
Wk =1.

e If segment i (1 < i < L%) contains two or more links, then the st is set to the upstream node of the last
link on segment 4. Similar to the case for networks without conversion, the Wt can be determined by
Eq. (1) as well.

e The reservation on each segment may end at the egress node of the segment. If this segment is not the last
segment on the route, another connection request must continue on toward downstream nodes with a new
label set.

Figure 4 illustrates the proposed IIR. scheme for networks with sparse wavelength conversion. We can observe
that, by exploiting the sparse conversion capability, the ITR scheme can significantly reduce the vulnerable period.
For example, comparing Fig. 1 (b) with Fig. 4, we can observe that the vulnerable period at node ds is reduced
from the round trip propagation delay between ds and dy4 to zero. Consequently, the blocking due to outdated
information can be significantly reduced.

3. NUMERICAL RESULTS

In this section, we discuss the blocking performance of the IIR scheme by extensive simulation results. We
present the simulation results for the following Poisson traffic model:

e The traffic pattern is uniform, i.e., the arrival rate of connection requests between each pair of source-
destination nodes is identical.

e Fixed shortest path routing is used between each pair of source-destination nodes.

e Blocked connection requests are dropped and are not retried.



Figure 5. Network topology of NSFNet.
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Our experiments are conducted on different topologies: (1) the NSFNet, shown in Fig. 5, where the numbers
on each link denote the physical length in 100s of kilometers; (2) a 36-node torus mesh network, where the length
of each link is 200 kilometers. For both networks, we assume that each link consists of two directional fibers
with opposite directions, with the same number of wavelength channels per fiber.

In all of the following experiments, C' denotes the number of wavelength channels per fiber; D denotes the
average holding time of all connections; and the traffic load, measured in Erlang, denotes the normalized traffic
load originating from each node.

Figure 6 shows the blocking probability for three different signaling schemes as well as a centralized scheme,
where C' = 32 and D = 100 ms. To evaluate the performance of the classic DIR and SIR schemes, we let the
reservation ratio be 0 for DIR and 1 for SIR. The reservation ratio of the IIR scheme is set to 0 so that we can
compare the performance of the IIR scheme with that of the classic DIR scheme in a fair manner. We can see
that the blocking probability of distributed schemes is much higher than the blocking of the centralized scheme
due to unavailable accurate global state information. For the three signaling schemes, we can observe that: (1)
the IIR scheme outperforms the DIR and SIR schemes when traffic load is low or moderate; (2) the classic DIR
scheme performs much better than the SIR scheme, as has been shown in some previous works; and (3) with the
traffic load increasing, the performance of all schemes, including the centralized scheme, converges.
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Figure 8. Optimum reservation ratio (p = 0.1 Erlang) under different average connection holding times (C = 32).

We now use the DIR scheme to illustrate the influence of different reservation ratios in Fig. 7. We can observe
from this figure that, under low and modest traffic load, the blocking probability decreases dramatically when
w is increased from 0 to 0.1 and 0.2; however, the blocking probability increases if w is greater than 0.2. The
reason for these results is that, when w is small, the dominant effect is blocking due to outdated information;
thus increasing w will improve the overall blocking performance. On the other hand, when w is too large, the
over-reservation problem becomes prevalent; thus increasing w will lead to higher blocking. Under higher traffic
load, the performance of different values of w becomes similar. This is because, under higher traffic load, the
blocking is mainly due to insufficient resources instead of conflicts. In other words, the probability that more
than one wavelength is available throughout the route becomes smaller under high traffic load. Consequently,
the benefit from multiple reservations is smaller, since the number of available channels that can be selected is
reduced. From Fig. 7 we can see that the optimum results may be achieved by appropriate value of w.

In Fig. 8, we show the effects of the reservation ratio by varying w under a given traffic load (p = 0.1 Erlang).
Figure 8 (a) compares the performance of different schemes when traffic is dynamic, i.e. D = 100 ms. We also
demonstrate the performance of SIR with group reservation,” where we let 1 be the number of groups. We
observe that, for the DIR and IIR schemes, the optimum w is 0.2; and with this settmg, the blocking probabilities
are almost ten times smaller than that of w = 0. For the SIR scheme, the best performance occurs when w is
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0.3; and with this setting, the benefit by applying reservation ratio is even more significant. We can also see
that, although SIR with group reservation can somehow reduce overall blocking, it can not achieve the same
performance as the reservation ratio scheme. It can be observed that, among all schemes, the ITR scheme has
the best performance in terms of blocking probabilities. In Fig. 8 (b), we demonstrate how blocking varies with
respect to w when the traffic is extremely dynamic, i.e. D = 10 ms. We see that the optimum w is 0.2 for all
three schemes, and that the IIR scheme again outperforms the others. However, the benefit from adjusting w is
less significant.

Figure 9 (a) and Fig. 9 (b) show the effects of w when the number of wavelengths per fiber is 16 and 8,
respectively. We can observe that the optimum w becomes larger if the total number of channels per fiber is
smaller. In Fig. 9 (a), the optimum w is 0.4 for all three schemes; in Fig. 9 (b), the optimum w is 0.4 of IIR and
is 0.5 for both DIR and SIR. We can also see from these two figures that the benefit from setting the reservation
ratio w is less significant in these two cases than that of C' = 32. The main reason for these effects is that the
total number of available channels at the destination node decreases when C' is smaller; thus the effect of multiple
reservation is limited.

In Fig. 10, we illustrate the performance of the IIR scheme in the network with sparse wavelength conversion
where we assume that wavelength conversion is available at nodes 3, 5, 7, and 9. It can be observed that the
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improvement of multiple reservations is more significant than the improvement in the network without wavelength
conversion. For example, when C' = 32, we can see from Fig. 10 that the blocking when w = 0.3 is more than 100
times lower than that of w = 0. Similar results are also shown when C' = 16 and C = 8. We compare the blocking
performance of the IIR scheme with optimum reservation ratio (0.3) to the original DIR and SIR schemes in
Fig. 11. The results show that, with the appropriate reservation ratio, the IIR scheme can significantly improve
the blocking performance.

We compare the performance of different schemes in the 36-node torus mesh topology in Fig. 12. For the sparse
conversion case, we randomly assign eight nodes with converters. We can see that the IIR scheme significantly
outperforms the classic SIR and DIR in both network scenarios. And similar to NSFNet, in this topology, IIR
can reduce more blocking in network with sparse conversion than in network with no conversion.

4. CONCLUSION

In this work, we proposed a new signaling framework for dynamic lightpath provisioning in wavelength-routed
networks. In this framework, reservation may be initiated at any set of nodes along the path of a connection,
and multiple channels may be reserved. Two implementations were developed for networks with no wavelength



conversion and for networks with sparse conversion. The simulation results show that: (1) the new signaling
scheme can significantly improve the network performance in comparison with the classic DIR and SIR methods;
(2) the proposed IIR scheme performs better when the number of wavelengths per fiber increases; and (3) the
proposed ITR scheme performs better in networks with sparse wavelength conversion than in networks without
wavelength conversion.
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