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ABSTRACT

The future optical Internet based on the Optical Burst
Switching (OBS) technology is expected to provision
ultra-dynamic bandwidth for multi-custom applications.
Data bursts with variable lengths are delivered in the
underlying optical layer based on an asynchronous
operation mode. Under the framework of OBS routing
and signaling, a novel protocol called Domain-based
Resource Reservation Protocol (DRRP) is proposed. The
proposed scheme partitions the OBS core network into
multiple domains, each maintaining its local resource
availability and routing information. A compromise is
initiated between the throughput and the delay due to
nodal processing by jointly considering Fixed Path
Routing (FPR) and Hop-by-Hop Routing (HHR) in the
inter- and intra domain path selection. Extensive
simulations show that the proposed approach have
improved the overall network throughput and reduced the
average blocking probability thus reduces the
retransmission delay.
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1. Introduction

The IP/WDM networks based on Optical Burst Switching
(OBS) [1-3] have been subject to extensive research in the
past years. The OBS technology takes the best of
Wavelength Routing Networks (WRN) and Optical
Packet Switching Networks (OPS), in which a data burst
is formed at the network ingress node by assembling
multiple incoming packets with the same destination and
similar QoS requirements. To transfer the burst to the
destination, a corresponding control packet that keeps
both the burst length and the arrival time is created at the
ingress node, and is sent prior to the launching of the data
burst. Since the data burst cuts through each intermediate
node while the control packet is intrinsically slower due
to the hop-by-hop processing delay, we need to define the
corresponding offset time between the launching of a
burst and the corresponding control packet [1,2]. The
calculation of the offset time depends on the upper bound
on the number of hops, which, in turn, is determined by
the pre-defined routing scheme [4].

The implementation of OBS has distinguished a
number of new challenges. First, link resource utilization
may be low due to the statistical multiplexing property of
burst arrival, various types and different burst lengths of
each burst in a highly dynamic manner. In such a network
environment, the development of routing schemes and
signalling mechanisms determines the efficiency and
control complexity, where the class of service (CoS) and
the guarantee of quality of service (QoS) must be
achieved. In the design of a suitable routing scheme for
specific purposes, the requirements on high adaptability
and throughput usually can be met at the expense of
lengthy nodal processing, which is added to the average
delay. In addition, a scalability problem may be incurred
when traffic load is high and the core nodes are heavily
loaded.

Various burst routing mechanisms have been reported
to support various QoS in OBS networks [5,6]. Most of
the reported studies took the approach of Fixed Path
Routing (FPR), where a fixed route for each source-
destination (S-D) pair is predefined. A control packet for
the corresponding data burst of an S-D pair is sent
through the predefined route to reserve switching fabrics
for a period of time during which the data burst traverses
through shortly later. Although FPR is simple and fast, it
is static in nature and does not have any mechanism to
avoid immediate blocking. As a result, the burst drop rate
could be intolerably high if the traffic load is heavy,
which may subsequently cause very long average delay
and delay jitter.

Hop-by-Hop routing (HHR) has been adopted in the
conventional IP networks for forwarding IP datagrams. In
OBS networks, HHR can be used such that intelligence is
addressed in each network node, where a control packet is
forwarded to the next hop by using the fast table lookup
algorithm [2,6] under the Multi-protocol label switching
protocol (MPLS) framework. Since the routing table at
each node can be reconfigured from time to time to reflect
the availability and congestion of its adjacent links/nodes,
it can be used as a way to maintain some network states
related to the minimum number of hops or shortest
distance according to a specific vector, and the output port
availability. Thus, we can expect that HHR can be simply
modified to be used in OBS networks, where schemes can
be developed for avoiding immediate blocking with high
adaptation. Under the framework of HHR, alternate next-



hop nodes are defined in each node corresponding to a
specific S-D pair . It is notable that the HHR-based
schemes may cause long nodal processing time, and
bursts may follow longer paths, which increases the
average end-to-end delay.

It is clear that both FPR- and HHR-based approaches
have their disadvantages that may deter the applicability
of the schemes to ensure quality of service (QoS). In this
paper, a novel control and signalling protocol, called
Domain-based Resource Reservation Protocol (DRRP) is
proposed. The propose scheme combines the advantages
of the above routing approaches, such that it lowers the
nodal processing time as well as maintains lower blocking
rate. The proposed scheme aims to partition the network
into groups called domains. Each domain consists of
several OBS core switches. Control packets are routed
between domains using HHR approach. Routing within
the domain follows the FPR approach. We will show that
the proposed scheme can initiate a compromise between
FPR- and HHR-based schemes in terms of scalability,
resultant throughput, and average end-to-end delay.

2. Domain-Based Resource Reservation
Protocol (DRRP)

2.1 Network Architecture

With DRRP, the network is partitioned into multiple
domains, each consists of domain edge nodes (DE) and
domain core nodes (DC) as shown in Fig. 1. DE deals
with the control packets traversing through the domain.
DC performs the data burst cut-through. As a burst is
being launched, the source node simply selects a series of
domains instead of individual nodes, while the path
segment and wavelength through each domain are locally
determined by the corresponding DE node.

Fig. 1. The Partitioning of the Network

Preliminarily, we first define group of adjacent switches
as domains. For example, in Fig. 1, the network is divided
into four domains, D1, D2, D3, and D4. Each domain
consists of four DE switches. The ingress OBS node can
select either D2-D4 or D3-D4 to deliver a data burst
assuming the source node existed in D1 and destination
node in D4. Each DE switch maintains full knowledge of
the physical topology and dynamic link-state of its
domain, including the detailed information about the
channel availability of each link within the domain in the
coming a few milliseconds. Thus, each DE can perform
path selection for the arriving control packets in the
domain with a much higher success probability than that
by using FPR. This implies that it is not necessary for the
source nodes to maintain full knowledge of the network
topology. Thus, the proposed domain-based scheme is
expected to result in dramatic reduction in signalling
efforts due to the local routing update mechanism.

As a control packet arrives at a DE, it first assigned
labels which specify the arrival time of the corresponding
data burst and the next domain, and then the control
packet is forwarded to another DE access to the next
domain. Once the DE receives the time and space labels, a
local label assignment can be initiated by the DE to
perform resource reservation along the path segment
where the arrival time of the data burst is explicitly given.
Note that the total nodal processing time and arrival time
of the data burst for each intermediate nodes in the
domain are determined at the DE. Here, the total nodal
processing time is represented by the Domain Processing
Time (DPT), which is specific to a DE-pair of a domain,
and is updated when the path segment defined for the DE-
pair is changed.

2.2 DRRP Routing

Assume the existence of a network topology similar to the
one shown in Fig. 2. Every domain is treated as an
autonomous system with its own intra-domain routing
scheme. We define two types of routing paths, inter- and
intra-domain paths. DE switches maintains an internal and
external routing tables as well as a link reservation table
(LRT). LRT is necessary to keep track of the link
reservation status happening within in the domain. Since
link channels are reserved based on computed domain
offset time and burst cut-through time, the reservation
time can be considered as a set of time slots J reserved
from time #, to ¢,. Table I illustrates the LRT at the switch.
Upon allocating domains and their associated DE
switches, every switch that corresponds to a domain is
named based on the domain id D;; and the switch id S,
For example, DE and DC switches are named DE-D,S;,,
DC-D,-S;, respectively. Every DE switch exchanges the
link state information with its associated DE nodes which
belongs to the same domain. A Cost parameter is defined
to reflect the path setup processing time and the link
optical signal properties such as, maximum bandwidth,
error rate, signal-to-noise ratio, and wavelength spacing.
Every possible intra-domain path is examined to



determine its setup cost. The upper bound cost value is
considered to be the DPT and stored in each DE switch.
DC switches maintains their own routing information
within their own domain by exchanging the routing
information along its adjacent switches within the
domain. DE switches maintains their routing information
by exchanging link state information between both their
domain switches and their adjacent domains DE switches.
Ingress OBS routers maintain a full knowledge of the
domains existed in the network by exchanging the routing
information with DEs attached to the domains located in
the network.

Fig. 2 exemplifies the DRRP, where three domains are
defined. The source node S maintains a routing table
partially shown in Table Il. To maintain the routing table
at a source node, each domain disseminates information
about the DE-pairs and the corresponding DPT of the
domain as partially shown in Table Ill. DE maintains the
shortest and possibly the second shortest paths existed in
the domain Table IV illustrates the DE internal routing
table. While a data burst is being assembled at source S,
an inter-domain control packet is launched associated
with the burst offset time and the burst length to DE-1-C.
Recall, offset time is calculated based on the amount of
time necessary to setup the domains along the path as
illustrated in Section I1l. Once the control packet arrives
to DE-1-C switch, the switch first examines the resource
availability at the time when the data burst arrives. If the
required resources are available, a special intra-domain
control packet is created informing all the switches along
the intra-domain path of the required reservation.
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Fig. 2. The Routing Path from S to D

This intra-domain knowledge guarantees the resource
availability for the incoming data burst. Upon the
successful completion of this stage, the inter-domain
control packet information is stored at the DE switch and
then re-routed to the next DE, which is DE-2-B switch.

TABLE |
Link Reservation Table for DE-1-C

Link ID Reserve from | Reserveto | Number of slots
0
DE-1-C to TO T1 13
DC-1-G T1 T2 6
DC-1-G to T3 T4 9
DC-1-K
TABLE Il
Routing Table for Node S
Domain Edge Pair Cost Processing Time
D1 1C-1E Cl T1
1C-1H Cc2 T2
1C-1 C3 T3
D3 3B-3E C4 T4
D4 4F-4C C5 T5
TABLE I
External Routing Table for DE-1-C Switch
Domain Edge Pair Cost Processing Time
D1 1C-1E Cl T1
1C-2H C7 T7
1C-2J C8 T8
D2 1C-2E C9 T9
D3 1C-3B C10 T10
D4 1C-4H Cl1 T11
TABLE IV

Internal Routing Table for DE-1-C Switch

Domai Pair 1% Shortest 2" Shortest Path
n Path
D1 | 1C-1E 1G,1F {1B,IF}{ B,1A}
1C-1H {1G} {1D},{1B,1F,1G},{1G, 1K,
1L}
1C-1J 1G,1K} (1B,1F}

Data burst cuts-through the arranged path by the
domain. Because of the pre-defined data burst arrival time
and the burst length, every switch LRT is automatically
self update once the burst cut-through time is over. Table
Il and 1V illustrates the external and internal routing
tables for DE-1-C switch. Fig. 3 illustrates the time
diagram for resource reservation along S-D specified in
Fig. 2.
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Fig. 3. DRRP Time Diagram



During the network operation, links are subject to
congestion or operation failure. In such a situation, either
an intra- or inter-domain path fails to operate. If an intra-
domain path fails, an alternative path e.g. second shortest
path within the domain is selected. However, this
operation results in high link-state signalling and LRT
updates among all domain switches. Upon the link
recovery, the path is back to normal routing and
reservations. In case of inter-domain path failure, every
OBS ingress router and adjacent DE switches updates
their routing tables to avoid routing through the filed link.
An alternative domains or DEs are considered for further
routing.

Maintaining updated LRT information at each switch is
critical to the success of DRRP. Therefore, to quickly
overcome any error in reservation updates and to increase
the network adaptability, Fiber Optic Delay Lines (FDLS)
can be deployed at the DE nodes. Proper engineering of
FDL lengths and buffering time are critical to overall
domain resource assignment and the LRT.

3. DRRP Analysis
3.1 DRRP Characteristics

Emerging high processing and high bandwidth
applications such as grid applications, which operate from
hundreds to thousands of nodes, have emphasized the fact
that current OBS network control and signalling cannot
keep up with the requested demands. For example, grid
applications can be functionally categorized as high
bandwidth, multi-class, and multi-granularity traffic. Due
to the mentioned application nature, more adaptable OBS
routing and signalling schemes should emerge. DRRP has
the ability to perform fast routing, early and accurately
resource availability detection, decrease the overall
network nodal processing time and increase the link
utilization. The granted advantages enhance the overall
network adaptability to such application demands. It is
adaptable to large network sizes that include hundreds of
nodes. DRRP can also serve as a basis of the effort in
achieving inter-domain OBS network routing that
supports multi-domain applications.

Two types of nodal processing times are defined in
DRRP, including domain edge node processing time ¢,
and domain core node processing time ¢,. To define the
offset time for each data burst, we need to consider the
both types of processing time. Assume the number of
intermediate domains and number of core nodes of all the
intermediate domains are d and c, respectively. An extra
time delay ¢ is added to ensure the completion of cut-
through routing within a domain. The total processing
time ¢, for establishing a connection for an S-D pair is:

t,= 20 t4e +C tyc s ts
It is important to note that the offset time should not be

smaller than z, such that early burst arrival can be
avoided, which may lead to long delay due to

retransmission or loss of data integrity. However, having
a too large offset time simply increases the end-to-end
delay. How to compromise the two folds becomes a
challenge, and will be left as our future study.

3.2 DRRP Domain Edge Node Admission Control

DRRP aims to reduce the burst dropping probability by
admitting incoming control packets if only a path can be
setup within the domain. In case the domain internal paths
and their channels are already occupied, the DE node
reroutes the incoming control packets to other domain.
This process increases the probability of the burst to be
routed to the destination. Fig. 4 illustrates the flowchart of
DE admission control procedure.

Ctrl Packet Arrival

»| Route to other DE

N S
Route in this =
domain? N
- § 2™ Shortes
Path possible

k. 4 Yes

Yes No

= 1% shortes
Eath possible

Yes

Store burst offset =
time and length

h. 4

Locate the Next
Hop for Ctrl
Packet

h. 4

Establish &
Release
Resources based
on offset time and
burst length

Fig. 4. Flowchart for DE Control

Upon the arrival of the control packet at the DE switch,
the DE first checks its intra-domain routing table to see if
there is any path able to be established within the domain.
If yes, the DE selects the shortest one to forward the
control packet which performs resource reservation along
the path. If no path is available along the domain, a
blocking is announced for the control packet.

4. Performance Evaluation

Simulation was conducted to compare FPR, HHR, and
DRRP on 8x6 mesh network as shown in Fig. 1, where
Just-Enough-Time (JET) with delay reservation (DR) was
implemented [2,8]. Network links were selected to be of
the same length (100 KM) running at transmission rate of
2.488 Gb/s (OC-48) each with 1 fiber and 3 wavelength
channels. The average burst length was of 100 MB. No
wavelength converter and O/E/O conversion through a
path are available. The packet arrival A follows a
Poisson distribution, while the burst size follows an
exponential distribution. Since one link may service u



more than one packet at the time, normalized load p was
used.

where L; is the ratio between the number of connection
requests to the average bandwidth requirement for each
connection. To simplify the simulation, the domain
partitioning and DEs assignment follows the arrangement
shown in Fig. 1.

In the simulation, HHR is implemented by selecting the
shortest path between each S-D pair, which is defined in
the routing table of each core node following the distance
vector protocol. If the requested resource at the next hop
is unavailable, the neighbor that follows any other
shortest path is selected as the next hop (if there is any). If
the second attempt failed to obtain a path, the control
packet is simply dropped. On the other hand, FPR based
on explicit routing where the source node determines the
whole path before the connection request arrives. The
unavailability of the requested resource at any
intermediate node results in a burst dropping [7-9]. For
DRRP, the routing within a domain is performed based on
FPR with a pre-defined route connecting each DE-pair,
while the domain selection is performed at the source
node according to the disseminated link-state by each DE.
The failure of finding any path within a domain results in
blocking of the control packet.

Figs. 5 to 8 demonstrate the performance in terms of
nodal processing time, packet blocking, link utilization,
and the delay caused by retransmission for FPR, HHR,
and DRRP. The nodal processing time without and with a
look-up-table process is set to be 3us and 4ps,
respectively. Burst dropping can occur at any node in the
case of FPR or HHR, and it only occurs at DEs for DRRP
since DEs knows if any wavelength channel during the
specific time slot can be located for the coming data burst.

0.2

0.15

—e— JET-FPR
—&— JET-HHR
—&— DRRP

0.05

Nodal Processing
o
P

Normalized Load

Fig. 5. JET-FPR, JET-HHR, DRRP Nodal Processing Time

Once a burst is dropped, retransmission will be
initiated immediately until the burst is successfully
transmitted. Fig. 5 shows the average nodal processing
time improvement due to the deployment of the DRRP
scheme. The results indicate that HHR requires the most
processing time since the routing decision is made at each
node along the path. However, with DRRP, since only
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DEs perform routing and are subject to extra nodal
processing time, the nodal process time is much shorter.
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Fig. 6. JET-FPR, JET-HHR, DRRP Packet Blocking Rate

Fig. 6 shows the impact of using DRRP on the burst
dropping rate. It clearly shows that the DRRP scheme
yields a very low blocking rate compared with the other
two schemes. FPR suffers from the highest blocking rate
since it does not provide the flexibility of routing the
control packets to avoid immediate blocking. HHR, on the
other hand, can reduce the blocking rate at the expense of
taking longer paths and higher nodal processing time.
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Fig. 7. JET-FPR, JET-HHR, DRRP Link Utilization
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Fig. 8. JET-FPR, JET-HHR, DRRP Average Retransmission
Delay

Fig. 7 shows the link utilization for the three routing
schemes. Compared with the other schemes, DRRP
marginally increases the overall link utilization. Fig. 8
shows the resultant average delay if a burst is
retransmitted whenever the burst is dropped. It is notable
that the retransmission delay is proportionally related to
the blocking rate, and FPR results in the highest blocking



rate. Therefore, it is under our expectation that FPR
results in the highest retransmission delay. On the other
hand, DRRP has the lowest dropping rate thus leading to
the lowest retransmission delay. It is worth noting that the
average delay is determined not only by the nodal
processing time but also by the number of retransmissions
due to burst dropping.

The above simulation results have shown that DRRP
OBS signalling achieves the lower packet dropping rate,
average retransmission delay, and better processing
overhead. It improves the routing fairness by combining
the advantages of FPR and HHR.

5. Conclusion

This paper has introduced a novel resource reservation
and routing protocol for OBS networks, called Domain-
Based Resource Reservation Protocol (DRRP). The
framework of DRRP is characterized by a graceful
compromise between the FPR and HHR, in which the
network is partitioned into multiple domains each with
domain edges (DEs) handling resource reservation within
a domain and inter-/intra-domain link-state exchanges for
maintaining necessary routing tables. It is observed from
extensive simulation results that the proposed scheme
yields merits over conventional FPR OBS in terms of
dynamicity, adaptability, efficiency, and traffic
engineering capabilities under the given network
environment and assumptions. Compared with HHR,
DRRP provides better scalability and reduced control
overhead in the network environment of distributed
control.
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