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QoS in Optical Networks

FIELD OF INVENTION

The present invention relates broadly to a method of determining whether a
quality of service (QoS) request for a label switched path (LSP) in an optical network
with label switching capability éaﬁ be accommodated, and to an optical network with
label switching capability.

BACKGROUND

In optical networks in which each wavelength is shared by different data
streams, Optical Burst Switching (OBS) or Optical Packet Switching (OPS) is
typically applied. Unlike for circuit switching, loss mechanisms must be considered
in both OBS and OPS.

OBS has been proposed for the efficient transport of data network traffic over all-
optical Wavelength Division Multiplexing (WDM) networks. OBS seeks to combine the
best virtues of the circuit switching approach and the packet switching approach. It .
achieves high utilization through statistical multiplexing associated with the :latter
approach and the relative simplicity of the former approach. OBS is generally regarded

as a promising solution for WDM networks in the medium-to-long term.

Another relevant trend is the appearance of more real-time multimedia
applications connected to the Internet. Due to their stringent delay requirements, the
impact of packet loss cannot be mitigated by retransmission. Therefore, these
applications require certain quantitative guarantees on loss probability to operate

properly. It is desirable that the next-generation Internet offers those guarantees.

The basic OPS and OBS paradigms offer only a best effort service with
unbounded loss probability when the offered load is high. Since the OPS/OBS layers
have better knowledge about the optical backbone network, supporting QoS at the



WO 2005/081474 PCT/SG2005/000056

OPS/OBS layers would lead to improved network utilization, scalability and response
time. It would be desirable if the OPS/OBS layers offer certain quantitative guarantees
on edge-to-edge loss probabilities for bursts traversing the optical network.

To support QoS in e.g. OBS networks, various schemes have been developed.
In general, they classify burst traffic into a limited number of classes and provide QoS
differentiation among the traffic classes on a per-hop basis, but do not offer quantitative
guarantees on any QoS metric. The differentiation method can be either isolation-based
or proportional. The isolation-based differentiation assigns each traffic class a priority
and tries to ensure that in a contention between two bursts of different priorities, the
higher priority burst always wins. The proportional differentiation assigns a QoS factor to
each traffic class. Each core node is required to keep a predefined QoS metric of each
class proportional to its QoS factor. The QoS metric can be either loss probability or

allocated bandwidth.

Such schemes do not provide quantitative QoS guarantees. Furthermore, e.g. in
OBS networks the loss probability of different traffic flows depends heavily on their burst
characteristics such as offset time and burst length distribution. Thus, although the
overall loss probability of a class may be below a specified limit, some traffic flows of that

class may experience loss probability that is well above the limit.

SUMMARY

In accordance with a first aspect of the present invention there is provided a
method of determining whether a quality of service (QoS) request for a label
switched path (LSP) in an optical network with label switching capability can be
accommodated, the method comprising defining a plurality of QoS classes for LSPs
in the optical network, each QoS class having a different loss threshold; sending a
LSP reservation request to each intermediate node of a desired path of the LSP;
determining, for each intermediate link of the desired path, the QoS class with the
lowest loss threshold for accommodating the LSP reservation request at each
intermediate link; and comparing an edge-to-edge loss probability derived from the

determined QoS classes for the respective intermediate links of the desired path
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with a maximum edge-to-edge loss probability of the LSP associated with the LSP

reservation request.

The method may further comprise keeping, for each intermediate link of the
desired path, distances between the thresholds of all classes and respective
measured loss probabilities of all classes at an output link of each intermediate node

of the desired path non-negative.

The method may further comprise keeping, for each intermediate link of the
desired path, respective measured loss probabilities of all LSPs within one QoS

class similar.

A lowest loss threshold of the loss thresholds of the QoS classes may be
based on a maximum number of intermediate nodes along possible paths in the
network and a lowest required loss probability over the maximum number of

intermediate nodes.

A highest loss threshold of the loss thresholds of the QoS classes may be
based on a highest required loss probability over a one-hop possible path in the
network.

Remaining ones of the loss thresholds of the QoS classes may be based on

an even distribution between the lowest and the highest loss thresholds.

The method may further comprise dropping, when there is a contention
between an incoming data packet/burst and existing data packets/bursts at an
output link of an intermediate node in the optical network, one or more of the data
packets/bursts belonging to the QoS class having the largest distance between said
QoS class's threshold and measured loss probability at the output link, to resolve the

contention.

Only data packets/bursts the single dropping of which would resolve the
contention may be considered as candidates for dropping.
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If more than one data packets/bursts belonging to the QoS class having the
largest distance between said QoS class's threshold and measured loss probability
at the output link, the dropping may be based on dropping probabilities calculated
based on respective lengths of said data packets/bursts.

The dropping probability of a data packet/burst may be inversely proportional
to the length of the data packet/burst.

The LSP reservation request comprises a requested amount of bandwidth at

each intermediate link.

The method may further comprise calculating, at a link, a new weighted
average threshold and a new overall loss probability of all classes if the requested
bandwidth is to be accommodated and giving a rejection response if the new
weighted average threshold is smaller than the new overall loss probability and

giving a acceptance response otherwise.

The method may further comprise, if the LSP reservation request is to
decrease the bandwidth of an existing LSP or to terminate the existing LSP,
decreasing the data rate of said existing LSP or terminating the LSP before the LSP
reservation request is sent to each intermediate node of the desired path.

The method may further comprise, upon receiving the LSP reservation
request at an intermediate node to decrease the bandwidth of an existing LSP or to
terminate the existing LSP, the intermediate node updates a label information
database at the intermediate node based on information contained in the request.

The method may further comprise, if the LSP reservation request received at
an intermediate node is to increase the bandwidth of an existing LSP, the
intermediate node updates a label information database at the intermediate node
and gives an acceptance response if the increased bandwidth can be
accommodated in the QoS class registered for the existing LSP, or gives a rejection

response otherwise.
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The method may further comprise, if the LSP reservation request is to
increase the bandwidth of the existing LSP, the data rate of the existing LSP is
increased only after acceptance responses are received from all intermediate nodes
of the desired path.

The LSP reservation request may be rejected if no QoS class for
accommodating the LSP reservation request is determined at one of the
intermediate links of the desired path.

Determining of the QoS class may comprise starting with the QoS class
having the lowest threshold and continuing with other classes in increasing order of
loss thresholds.

Information identifying the determined QoS classes at the respective
intermediate links of the desired path may be sent to a common point of the desired
path.

The method may further comprise determining whether the LSP reservation
request can be accommodated over the entire desired path based on calculating a
lowest edge-to-edge loss probability for the LSP reservation request based on the
QoS classes received at the common point and giving a rejection response if the
calculated loss probability is greater than the maximum edge-to-edge loss
probability of the LSP associated with the LSP reservation request or giving an

acceptance response otherwise.

The rejection or acceptance responses may be sent to an ingress node of the
optical network.

If the request is to establish a new LSP, the new LSP may start only after the

acceptance response is received.

The method may further comprise determining a remaining capacity of each
link of the desired path after determining of the QoS classes; sending remaining
capacity information to the common point together with the determined QoS classes
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and utilizing the remaining capacity information in mapping the LSP’s label to one of
the QoS classes for each intermediate node of the desired path to facilitate
maximizing network resource utilization.

The common point of the desired path may be the egress node.

The LSP reservation request may be sent to each intermediate node of the
desired path along the desired path and information to be forwarded to the egress

node is recorded in the LSP reservation request at each node of the desired path.

The QoS class mapping may be recorded in an acknowledgement message
and the acknowledgement message may be sent back along the desired path in the

opposite direction.

The method may further comprise regulating data rates of LSPs by marking
data packets/bursts of an LSP that exceeds a submitted traffic profile of said LSP as
out-of-profile and giving best effort service to out-of-profile packets/bursts inside the

optical network.

In accordance with a second aspect of the present invention there is provided
an optical network with label switching capability comprising means for defining a
plurality of QoS classes for LSPs in the optical network, each QoS class having a
different loss threshold; means for sending a LSP reservation request to each
intermediate node of a desired path of the LSP; means for determining, for each
intermediate link of the desired path, the QoS class with the lowest loss threshold for
accommodating the LSP reservation request at each intermediate link; and means
for comparing an edge-to-edge loss probability derived from the determined QoS
classes for the respective intermediate links of the desired path with a maximum
edge-to-edge loss probability of the LSP associated with the LSP reservation
request.

In accordance with a third aspect of the present invention there is provided
an optical network with label switching capability comprising a label information data
base defining a plurality of QoS classes for LSPs in the optical network, each QoS
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class having a different loss threshold; a transmitter sending a LSP reservation
request to each intermediate node of a desired path of the LSP; and an admission
control system determining, for each intermediate link of the desired path, the QoS
class with the lowest loss threshold for accommodating the LSP reservation request
at each intermediate link and comparing an edge-to-edge loss probability derived
from the determined QoS classes for the respective intermediate links of the
desired path with a maximum edge-to-edge loss probability of the LSP associated
with the LSP reservation request.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will be better understood and readily apparent
to one of ordinary skill in the art from the following written description, by way of
example only, and in conjunction with the drawings, in which:

Figure 1 is a schematic drawing illustrating an OPS/OBS network in an example
embodiment.

Figure 2 is a schematic drawing illustrating an architecture of an OBS ingress
node in an example embodiment.

Figure 3 is a schematic drawing illustrating an architecture of an OBS core
node in an example embodiment.

Figure 4 is a schematic drawing illustrating an architecture of an OBS egress
node in an example embodiment.

Figure 5 is a schematic drawing illustrating the construction of a contention list in
an example embodiment.

Figure 6 is a schematic drawing illustrating a preemption scenario in an example
embodiment.

Figure7 is a graph showing overall loss probabilities of various traffic
scenarios versus overall loading in an example embodiment.

Figure 8 shows a flowchart illustrating a method of determining whether a
quality of service (QoS) request for a label switched path (LSP) in an optical network
with label switching capability can be accommodated, in an example embodiment.

Figure 9 is a schematic drawing illustrating an architecture of an OPS ingress

node in another example embodiment.
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Figure 10 is a schematic drawing illustrating an architecture of an OPS core
node in another example embodiment.
Figure 11 is a schematic drawing illustrating an architecture of an OPS egress

node in another example embodiment.

DETAILED DESCRIPTION

Figure 1 shows a general block diagram of an OPS/OBS network 1. The
OPS/OBS network includes multiple ingress nodes 2 and multiple egress nodes 3
connected to a meshed network of multiple core nodes 4. The connections 5 between
ingress nodes 2, egress nodes 3 and core nodes 4 are made using optical fibre links.
Each optical fibre can carry multiple channels at different wavelength, which are used as
either control channels or data channels. Each ingress node 2 is connected to multiple
Internet Protocol (IP) channels 6 at its input port and each egress node 3 is connected
to multiple IP channels 6 at its output port. The IP channels can be either electrical or
optical.

Figure 2 shows a block diagram of an OBS ingress node 2 in an example
embodiment. The ingress node 2 receives IP packet flows 200 via the multiple IP
channels (6 in Figure 1). The IP packets carry routing and QoS information 202 in their
packet headers.

The incoming IP packets 200 are directed by the packet classifier 7 to
appropriate assembly queues in the burst assembler 8, which creates data bursts using
one of a known burst assembly algorithms, e.g. one described in [Y. Xiong et al, “Control
Architecture in Optical Burst-Switched WDM Networks,” IEEE Journal on Selected Areas
in Communications, vol. 18, no. 10, Oct. 2000, pages 1838-1851]. The burst
assembler 8 outputs assembled data bursts to data channels 10. The burst assembler 8
also sends burst information to the header packet generator 9 for header packet
generation. The corresponding header packets of the data bursts are sent to the control

channels 11.
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The ingress node 2 also receives QoS reservation information 204 for IP flows.
The ingress node 2 includes a QoS reservation unit 12, which receives the reservation
information 204, and a policing unit 13 for QoS management purposes. The QoS
reservation unit 12 is responsible for reserving enough bandwidth at intermediate links to
meet the QoS requirement of burst flows, based on the received reservation information
204. The QoS reservation unit 12 is coupled to the policing unit 13 and keeps the
policing unit 13 updated on QoS reservation information 204. The policing unit 13 is
responsible for keeping burst flows from exceeding their QoS reservation. For this
purpose, the policing unit 13 is coupled to the header packet generator 9. The policing
unit 13 will check each header packet generated by the header packet generator 9 and
mark them as out-of-profile if they exceed the QoS reservation of their respective burst
flow. Out-of-profile bursts receive best-effort treatment inside the network. QoS
signalling messages, Resv and Ack, are sent by the QoS reservation unit 12 coupled to
the control channels 11 respectively.

Figure 3 shows a block diagram of a OBS core node4 in an example
embodiment. Header packets and control packets from control channels 11 go through
an optical/electrical (O/E) converter 14. After the O/E converter 14, QoS signalling
messages, Resv and Ack, go through an admission control unit 15, which determines
whether a QoS reservation request is admissible. The QoS signalling messages then go
through an electrical/optical (E/O) converter 16 coupled to the control channels 11.
Header packets 300, on the other hand, go from the O/E 14 to the router 17, which
directs the header packets 300 to one of the schedulers 18 associated with each output
port 302 of the core node 4 coupled to the data channels 10. The scheduler 18 on each
output port 302 assigns a free channel to each incoming header packet. If a free channel
cannot be found, a contention resolution unit 19 coupled to the scheduler 18 is called up
to resolve the channel contention. Burst loss information is measured by the loss
monitoring unit 20 coupled to the scheduler 18.

The admission control unit 15, the router 17, the contention resolution unit 19 and
the loss monitoring unit 20 are coupled to and in close contact with a Label Information
Base (LIB) 21, which acts as an information repository of the core node 4. The LIB 21
and the admission control unit 15 are bi-directionally coupled. The LIB 21 and the router
17 are bi-directionally coupled. The LIB 21 receives input from the lost monitoring unit
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20, and provides output to the contention resolution unit 19. On the data plane (data
channels 10), the optical switching matrix 22 coupled between the input and output data
channels 10 is continuously configured by the scheduler 18 to switch bursts from input
channels to appropriate output channels. The scheduler 18 is bi-directionally coupled to
the contention resolution unit 19, and provides output to the lost monitoring unit 20 and
the E/O converter 16. The scheduler 18 further provides output to the optical switching

matrix 22.

Figure 4 shows the block diagram of an OBS egress node 3 in an example
embodiment. The admission control and class mapping unit 24 receives Resv messages
from the control channels 11, and processes the messages as described later and
returns the result recorded on Ack messages back to the ingress node. The data bursts
from the data channels 10 are converted into electronic form by the O/E converter 14,
put through the burst disassembler 25. The resulting IP packets are then sent out to
appropriate |P flows 200.

The QoS model in the example embodiment, assumes a label switching
architecture such as Multi-Protocol Label Switching (MPLS) to be installed in the OBS
network. Other label switching architectures that may be used in different embodiments
include Generalized Multi-Protocol Label Switching (GMPLS) and Labeled Optical Burst
Switching (LOBS). The architecture defines a number of Forward Equivalence Classes
(FECs) that are unique across the whole network. At ingress nodes 2, bursts are
classified into one of the FECs. Each burst header 300 carries a label to identify the FEC
the header 300 belongs to. When a core node 4 receives a header packet 300, the label
in the header is used to look up routing and QoS information associated with the label
from the Label Information Base (LIB) 21, which has previously been downloaded to the
node 2. A burst stream carrying the same label and following a particular path between
an ingress node 2 and an egress node 3 constitutes a burst flow or a Label Switched
Path (LSP). The required bandwidth of an LSP is the sum of the required bandwidths in
the OBS of all the component IP flows and the required edge-to-edge loss probability of
the LSP is equal to the most stringent required edge-to-edge loss probability of the IP

flows.
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The QoS model in the example embodiment defines a limited number of QoS
classes and assigns each class a loss threshold. The threshold of a class is the upper
bound on the loss probability that bursts belonging to that class will experience at a
particular link 5. One or more labels are mapped by the Network to a QoS class for a
particular link 5. The class mapped to a particular label may be different at different links
5. A core node 4 is only required to keep per-class information, which includes the
predefined loss threshold, and the amount of admitted traffic measured based on a
suitable traffic profile, e.g. average data rate and the current average loss probability. A
quantity called the distance to threshold is defined as the difference between the

predefined loss threshold and the measured loss probability.

The core node 4 in the example embodiment ensures that the loss probabilities
of all QoS classes are below their respective thresholds at all time. In other words, the
distances to thresholds of all QoS classes are required to be non-negative. The core
node 4 does this using a differentiation mechanism and an admission control
mechanism in the example embodiment.

For the example embodiment, a differentiation scheme assists the admission
control routine by shifting burst loss from classes that are in danger of breaching their
thresholds to classes that are not. This makes the task of the admission control routine
easier because the routine now only has to keep the total offered load and therefore the
total burst loss below a certain level.

Another requirement of the differentiation scheme in the example embodiment is
to ensure traffic flows with different burst characteristics in the same class have the
same loss probability. This requirement is particularly relevant to OBS networks. Burst
characteristics such as offsets and burst length distribution have significant impacts on
burst loss probability. Hence, without intervention from the differentiation scheme, some
flows with unfavourable traffic characteristics may experience loss probabilities above

the threshold although the overall loss probability of the class is still below the threshold.

The above requirements for the differentiation scheme in the example

embodiment are summarised below.
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1) Ensure that as the offered load to the core node increases, the distances to
thresholds of all classes present at the node converge to zero, and that if the offered
load increases further, all thresholds will be exceeded simultaneously. The meaning of
“simultaneously” is related to the time scale at which loss probabilities are measured.

2) Ensure that bursts belonging to the same class experience the same loss
probability at a particular core node regardless of their offsets and burst lengths.

For scalability reasons, the example embodiment uses class-level differentiation
and only requires a core node to keep per-class information, which includes the
predefined loss threshold, the amount of admitted traffic and the current average loss
probability. The average loss probability is continuously updated using an exponentially
weighted averaging algorithm.

In the example embodiment, when a burst header arrives at a node and fails to
reserve an output channel/wavelength, the scheduler 18 (Figure 3) constructs a
contention list that contains the incoming reservation and scheduled reservations that
overlap (or contend) with the incoming one. A scheduled reservation on each
wavelength is included if preemption of that our reservation helps to schedule the new
reservation. This is illustrated in Fig. 4 where only the ticked reservations 400 and 402
among the ones overlapping with the incoming reservation 404 on wavelength W;, W,
and W; are included in the contention list. The contention resolution unit 19 (Figure 3)
then selects one reservation from the list to drop according to some criteria described
later. If the dropped reservation is a scheduled one then the incoming reservation will be
scheduled in its place. In that case, the incoming reservation preempts the scheduled
reservation.

When preemption happens, a special NOTIFY header packet 304 (Figure 3) will
be immediately generated and sent on the control channel 11 (Figure 3) to the
downstream nodes to inform them of the preemption. The downstream nodes then
remove the reservation corresponding to the preempted burst. Although one NOTIFY
packet is required for every preemption in the example embodiment, the rate of
preemption is bounded by the loss rate, which is usually kept very small. Therefore, the
additional overhead by the transmission of NOTIFY packets will not be significant.
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There are two criteria for selecting a reservation from the contention list to drop in
the example embodiment. The first criterion is that the selected reservation belongs to
the class with the largest distance to threshold in the contention list. This criterion
ensures that all the distances to thresholds of the classes present at the node are kept
similar, thereby facilitating satisfying the first requirement above. The second criterion is
applied when there are more than one reservation belonging to the class with the largest
distance to threshold. In that case, only one of them is selected for dropping. Let the
burst length of the ith reservation be I, (1< i < N), where N is the number of reservations
belonging to the class with the largest distance to threshold in the contention list. The

]
p'= —%
i N
ey

probability of it being dropped is

(1)

This is because the probability that a reservation is involved in a contention is
roughly proportional to its length, assuming Poisson burst arrivals. So pid is explicitly

formulated to compensate for that burst length selection effect. In addition, the selection
is independent of burst offsets. Therefore, it achieves the second requirement.

The following assumptions and simplifications are used in the analysis of the
overall loss probability at an output link of a node in an example embodiment. Firstly, for
the sake of tractability, only one QoS class is assumed to be present at a node. This
assumption has negligible effect on the result. Secondly, burst arrivals follow a Poisson
process with total rate A. This is justified by the fact that a core node usually has a large
number of traffic flows and the aggregation of a large number of independent and
identically distributed point processes results in a Poisson point process. Thirdly, the
incoming traffic consists of a number of traffic components with the th component
having constant burst length 1/u; and arrival rate A. This assumption results from the fact
that size-triggered burst assembly is a popular method to assemble bursts. This method
produces burst lengths with very narrow dynamic range, which can be considered
constant. Finally, we assume that no Fibre Delay Line (FDL) buffer is present and the
offset difference among incoming bursts is minimal.
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The lower bound on loss probability P is derived in the example embodiment by
observing that preemption itself does not change the total number of lost bursts in the
system. Thus, it is determined using the following Erlang’s loss formula for an M|Glklk

queueing model:

k
p
!
P =B(k,p)=——,,—/ij;f— P
IR
where k is the number of wavelengths per output link; p is the total offered load

and r=kp.

Although preemption does not directly affect the number of lost bursts,
preemption affects the probability that a burst whose header arrives later is successfully
scheduled. Depending on the reservation intervals of later bursts, the preemption may
have detrimental or beneficial effects. Considering a preemption scenario as illustrated
in Figure 6 where burst 501 is preempted by burst 502. Let bursts 503 and 504 be two
bursts whose headers arrive after the preemption. For burst 503, the preemption is
detrimental because had there been no preemption, burst 503 would be successfully
scheduled. On the other hand, the preemption is beneficial to burst 504. However, for
that to happen, burst 504 has to have a considerably shorter offset than other bursts,
which is unlikely due to our assumption that the offset difference among bursts is
minimal. For other preemption scenarios, it can also be demonstrated that a
considerable offset difference is required for a preemption to have beneficial effects.
Therefore, it can be argued that preemption generally worsens the schedulability of later

bursts.

To quantify that effect, it is observed that from the perspective of burst 503, the
preemption is equivalent to dropping burst 502 and extending the effective length of
burst 501 as illustrated in Figure 6 at numeral 505. Therefore, the preemption increases
the time that the system spends with all kK wavelengths occupied. The upper bound on
burst loss probability is derived by assuming that the loss probability is also increased by
the same proportion. Let 6 = (I'—l)/l where I’ is the new effective length and / is the

actual length of the preempted burst. The upper bound on loss probability is then given

as
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1
1+ ©

P ={(1+5P)B(k,p)if Bk, p)<
’ 1

otherwise

An approximate formula for the loss probability can be derived based on equation
(3) by observing that the increase in effective length of a preempted burst increases the
overall loss probability only if another incoming burst contends with it again during the
extended duration. The probability that this does not happen is

» i i &
p= Z e&(&) (L) =g (4)

= 1 k+1

From equations (3) and (4), the loss probability P is given as
&

P=P, e ¥5pBk,p)  (5)

We will now derive 6. Suppose the incoming traffic has N, traffic components
with N, different burst lengths. Let a and b denote the component indices of the incoming
burst and the preempted burst, respectively. The probability of a particular combination
(a,b) is given by the formula

P(a,b)=

A Bs o H (1<ab<N,) ()

a X ¢
ZZ; 4, Zjv; Pj Ziv; Hy

The first and second factors in equation (6) are the probabilities that an incoming
burst and a scheduled burst belong to components a and b, respectively. The third factor
accounts for the length selective mechanism of the preemption scheme. For a

preemption situation (a,b), the effective length is increased by —1——51— Therefore, it
lua Iub

follows that
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While the above description assumes that no FDL buffer is present, the example
embodiment can be readily extended to work with FDL buffers by repeating the
preemption procedure for each FDL and the new reservation interval.

Since the distances to thresholds of the classes at a node are kept similar by the
differentiation scheme in the example embodiment, the admission control routine only
needs to keep the average of the distances to threshold greater than zero. In other
words, the overall loss probability is kept smaller than the weighted average threshold. If
there are M QoS classes at the node and T; and B; are the predefined threshold and the
total reserved bandwidth of the ith class, respectively, the weighted average threshold is
calculated as:

- TB,
T=21"" (8)

Zj’il BJ’

The overall loss probability P can be calculated using equations (3) or (5). In a
different embodiment, an empirical graph may be used.

Returning to Figure 1, edge-to-edge signalling and reservation mechanisms are
responsible for coordinating the reservation setup and teardown for LSPs over the edge-
to-edge paths in the example embodiment. During the reservation process of an LSP,
the signalling mechanism polls all the intermediate core nodes 4 about remaining
capacity on the intermediate links 5 and conveys the information to the egress node 3.
Using that information as the input, the egress node produces a class allocation that
maps the LSP to an appropriate class for each link 5 on the path. The signalling
mechanism then distributes the class allocation to the core nodes 4. As a simple
illustration, it is considered that an LSP with an edge-to-edge loss requirement of 5%
needs to be established over a 4-hop path and the second hop is near congestion. The
network may decide to allocate the LSP a threshold of 3.2% for the second hop and
0.4% for the other hops to reflect the fact that the second node is congested. The
resulting guaranteed upper bound on edge-to-edge threshold would roughly be 4.4%,
satisfying the LSP’s requirement.
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The QoS requirements of an LSP consists of its minimum required bandwidth
and its maximum edge-to-edge loss probability. The loss probability requirement is
usually fixed for a particular LSP. On the other hand, the required bandwidth usually
fluctuates as new IP flows join the LSP or existing IP flows within the LSP terminate. The
reservation scenarios for an LSP in the example embodiment can be categorised as

follows:

1) A new LSP is to be established with a specified minimum bandwidth
requirement and a maximum edge-to-edge loss probability. This happens when some IP
flow requests arrive at the ingress node and cannot be fitted into any of the existing
LSPs.

2) An existing LSP needs to increase its reserved bandwidth by a specified
amount. This happens when some incoming IP flow requests have edge-to-edge loss
requirements compatible with that of the LSP.

3) An existing LSP needs to decrease its reserved bandwidth by a specified
amount. This happens when some existing IP flows within the LSP terminate.

4) An existing LSP terminates because all of its existing IP flows terminate.

The detailed reservation process for the first scenario is as follows in the
example embodiment. The ingress node 2 sends a reservation message towards the
egress node 3 over the path that the LSP will take. The message contains a requested
bandwidth by, which is equal to the sum of the requested bandwidth of all the component
IP flows, and a required edge-to-edge loss probability P, equal to the most stringent loss
probability of the IP flows. When a core node 4 receives the message, the admission
control routine at that node 4 checks each class using methods described above to
determine if the requested bandwidth can be accommodated in that class. The check
starts from the lowest index class (corresponding to the lowest threshold) and moves up,
and stops at the first satisfactory class. The node 4 then records the class index k in the
message before passing the message on. It also locks in the requested bandwidth by
setting the total reserved bandwidth By of class k as Bx(new) = By(old) + by so that the
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LSP will not be affected by later reservation messages. On the other hand, if all the
classes have been checked unsuccessfully, the request is rejected and an error
message is sent back to the ingress node 2. Upon receiving the error message, the

upstream nodes release the bandwidth locked up earlier.

The final admission control decision for the LSP is made at the egress node 3.
The reservation message that reaches the egress 3 contains the class indices ks for all
the intermediate links. The egress node 3 calculates the lowest possible edge-to-edge

loss probability P,,, as follows.
P, =1-T1]0-7?) @
i=1

where p; is the lowest threshold offered at the ith fink on a n-link path. p? is

derived from the class index k(i) in the reservation message. That s, p; is the threshold

of the class with index k(i)]

If P°

ele

< P,, the request is admitted. The egress node 3 then allocates each core

node one of the predefined classes in which to support the LSP such that

pin?
1 11
P, =1-][0-p)<p,

i=1

where p; is the threshold of the class allocated to the LSP at the ith link.

This class allocation is signalled back to the core nodes 4 via the control channel
11 (Figure 2) using a returned acknowledgement message that contains the old indices

k's and another array of allocated class indices k.'s. In the example embodiment, k(i) >
k(i) since p, > p,f’. Upon receiving the acknowledgement message, a core node 4

moves the reserved bandwidth of the LSP from class k to class k,. The new LSP is
allowed to start only after the ingress node 2 has received the successful

acknowledgement message.
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if P°

20 > Iy, the request is rejected and an error message is sent back to the
ingress node 2. The intermediate core nodes will release the locked bandwidth upon

receiving the error message.

The reservation process for the second scenario is relatively simpler in the
example embodiment. In this case, the ingress node 2 sends out a reservation message
containing the requested bandwidth b, and the LSP’s label. Since there is already a QoS
class associated with the LSP at each of the intermediate link 5, a core node 4 on the
path only needs to check if b, can be supported in the registered class. When the
request arrives, the admission control routine substitutes By with By = By + b, and
recalculates the weighted average threshold 7’ and the overall loss probability P’ as
described above. If P’ < T’, the request is admittedand the node locks in by and passes
the reservation message on. Otherwise, an error message is sent back and the
upstream nodes release the bandwidth locked previously. If the reservation message
reaches the egress node 3, a successful acknowledgement message is returned to the
ingress node 2 and the LSP is allowed to increase its operating bandwidth.

In the third and fourth scenarios, the reservation processes are similar in the
example embodiment. The ingress node 2 sends out a message carrying the amount of
bandwidth with a flag to indicate that it is to be released and the LSP’s label. The
released bandwidth is equal to the reserved bandwidth of the LSP if the LSP is to
terminate. At intermediate core nodes 4, the total reserved bandwidth of the class
associated with the LSP is decreased by that amount. No admission control check is
necessary. Since the core nodes 4 do not keep track of bandwidth reservation by
individual LSPs, the processing at core nodes 4 is identical for both the third and fourth
scenarios. It should be noted that when an LSP terminates, there is a separate signalling
process to remove the LSP’s information from core nodes’ LIBs.

QoS class definition is an important part of configuring the framework in the
example embodiment. Usually, the number of classes M, which is directly related to the
complexity of a core node’s QoS differentiation block, is fixed. Hence, in this process,
one decides on where to place the available thresholds, namely the lowest and highest
loss thresholds T;and T, and those between them.
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In an OBS network with a maximum network diameter of H hops, an LSP in the
network can have a required edge-to-edge loss guarantee anywhere between P, and P,
(not counting best-effort and out-of-profile traffic). One can see that the case requiring
the lowest loss threshold T7; occurs when an LSP over the longest H-hop path requires
the lowest edge-to-edge loss probability of P,. Thus, one may set T; < P,/ H. Similarly,
the highest threshold is T, = P, for the case when a one-hop LSP requires the highest
edge-to-edge loss probability of P.

Before considering how to place the remaining thresholds between T, and T}, in
an example embodiment, it should be noted that since the possible edge-to-edge loss
probability P, is continuous and the threshold values are discrete, the edge-to-edge loss
bound P, offered by the network will typically be more stringent than P, This
“discretization error” reduces the maximum amount of traffic that can be admitted. The
thresholds needs are preferably spaced so that this discretization error is minimised.
Under the traffic model assumptions in the example embodiment, Figure 7 shows an
approximately linear relationship (curve 600) between the overall loss probability in
logarithmic scale and the total admitted traffic in linear scale. Therefore, in order to
increase the maximum amount of admitted traffic, a simple solution can be to minimise
the gaps between the thresholds in logarithmic scale. Assuming P, is uniformly
distributed on the logarithmic scale, the thresholds may be distributed evenly. That is,

the thresholds are assigned the values T, yT,, . . ., YT, where y = 43T, /T,

Returning to Figure 1, when a new LSP is being established, the network
allocates a QoS class to the LSP at each of the links 5 on the LSP's path. In the example
embodiment, the LSP is allocated a class with a high threshold at a heavily loaded link
and with a low threshold at a lightly loaded link. With bottleneck links required to support
a less demanding QoS level, more traffic can be admitted onto the path. This class
allocation is carried out at the egress node 3 based on the information recorded in the

reservation message by the core nodes.

A simple class allocation scheme in an example embodiment is to use the class
index array k recorded in the reservation message as indicators of the utilisation levels
at the links 5. In this scheme, the egress node 3 repeatedly increments all the elements
of k until the guaranteed edge-to-edge loss probability P.,. is greater than P,. At that
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point, the scheme backs off and decrements the indices one at a time starting from the
lowest one until Peze < P

To illustrate the above scheme, an OBS network with 64 wavelengths per link
and 8 predefined QoS classes with indices {0, 1, ..., 7} is considered. The lowest
threshold is T; = 0.05% and the ratio between two adjacent threshold is y = 2. An LSP
with an edge-to-edge loss requirement of 1% is to be set up over a three-hop path. The
utilisation levels at the intermediate links on the path are {0.3, 0.6, 0.35}. The required
bandwidth of the LSP is assumed to be very small compared to the link capacity. From
Figure 7, one can see that all the links can accommodate the LSP in class 0 or k =
{0,0,0}. By following the above scheme, the allocated classes will be k,={2,3,3}
corresponding to thresholds of {0.2%, 0.4%, 0.4%}. However, this allocation does not
reflect the utilisation levels at the links 5 since the bottleneck link is assigned the same
class index as other links. The reason is because the minimum index that can be
recorded in k is zero. Therefore, utilisation levels lower than what corresponds to 7; may
not be distinguished.

To reduce the above effect, in another example embodiment a core node 4 may
record another parameter k to the reservation message in addition to k. Upon receiving a
reservation message, as described above, the node 4 pretends to put the request in a
class, starting from class 0 and estimates the new overall loss probability P’ and
weighted average threshold T'. If P’ < T’ at class 0O, k is calculated as

)

x is recorded in the reservation message along with k = 0. Otherwise, the node 4
keeps on checking higher indexed classes until just before P’ > T’ or all the classes have
been checked. If the request is admitted, the selected class index k is recorded along
with k = 0. The parameter k acts as the distance between 7" and P’ in logarithmic scale.

In a pseudo-code in Algorithm 1 given below, k, k, k. represent whole arrays.
The egress node 3 uses k - k as indicators of the utilisation levels at links 5 in the class
allocation process. In the first two lines, the algorithm sets k, such that the maximum
element is M - 1 and the differences among the elements are the same as in the array k
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- k. Next, it repeatedly decrements all the elements of k, until Peye < P,. Finally, the
elements of k, are incremented one by one until just before Pey > P, in order to push

P.,. as close as possible to P, without exceeding it.

Algorithm 1: Class allocation algorithm
max = MAX(k — k)
ko= (k—K)—dnax + M =1
while Pz > Po
ka=ka-1
Increment elements of k, one by one until just before Pe,. > Py

Applying the scheme of algorithm 1 to the previous example, k = {0,0,0}. If
x={50,2,35}, going through algorithm 1, k, = {-41,7,-26} on line (3) and k, = {-44,4,-29}
on line (5). The final result is k; = {1,4,1} corresponding fo thresholds of {0.1%, 0.8%,
0.1%}. This shows that the scheme in this example embodiment successfully allocates

the maximum possible class index to the bottleneck link.

When there is only one bottleneck link, the class allocation scheme in this
example embodiment treats the non-bottleneck links essentially the same regardless of
their utilisation levels. This is because even a small change in the total utilisation level
causes a large change in the overall loss probability at a link as can be observed from
Figure 7. Therefore, provided that the utilisation levels at non-bottleneck links are not
very close to that at the bottleneck link, loss probabilities at non-bottleneck links may be
so small compared to that of the bottleneck link that any differentiated treatment is

inconsequential.

Figure 8 shows a flowchart illustrating a method of determining whether a
quality of service (QoS) request for a label switched path (LSP) in an optical network
with label switching capability can be accommodated, in an example embodiment.
At step 700, a plurality of QoS classes are defined for LSPs in the optical network,
each QoS class having a different loss threshold. At step 702, a LSP reservation
request is sent to each intermediate node of a desired path of the LSP. At step 704,
for each intermediate link of the desired path, the QoS class with the lowest loss
threshold for accommodating the LSP reservation request at each intermediate link
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is determined. At step 706, an edge-to-edge loss probability derived from the
determined QoS classes for the respective intermediate linkes of the desired path is
compared with a maximum edge-to-edge loss probability of the LSP associated with

the LSP reservation request.

It will be appreciated by a person skilled in the art that numerous variations
and/or modifications may be made to the present invention as shown in the specific
embodiments without departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be considered in all respects to

be illustrative and not restrictive.

For example, while the embodiment described with reference to Figures 2 to
8 has been with reference to an OBS network, it will be appreciated that the present
invention is applicable to other optical networks with label switching capabilities. For
example, Figure 9 shows a schematic drawing of an OPS network ingress node
900, in which corresponding components when compared with the ingress node 2
described above with reference to Figure 2 have been indicated with the same
reference numeral. The ingress node 900 does not include a burst assembler
(compare 8 in Figure 2). Rather, the header package generator 9 generates the
header for each IP packet of an IP packet flow 200, which is added to the individual
IP packets as indicated at 902 before transmission of the optical packets on the data

channels 10.

Similarly, Figure 10 shows an OPS network core node 1000 in which the
same components when compared with the core node 4 described above with
reference to Figure 3 have been indicated with the same reference numeral. At the
core node 1000, headers of the IP packets received on the data channels 10 are
extracted as indicated at numeral 1002, and are provided to the router 17 via the
O/E converter 14. After the assigning of free channels including contention
resolution, if required, as described above with reference to Figure 3, the headers
are re-combined with the respective IP packets as indicated at 1004, via E/O
converter 16. Suitable fiber delay lines (FDLs) 23 are provided to accommodate the

required processing time.
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Finally, Figure 11 shows a schematic drawing of an OPS network egress
node 1100, in which the same components when compared with the egress node 3
described above with reference to Figure 5 have been indicated with the same
reference numeral. In this embodiment, the egress node 1100 comprises an O/E
converter 14 for sending out the IP packets received from the data channels 10 to

appropriate IP flows 200.
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CLAIMS

1. A method of determining whether a quality of service (QoS) request
for a label switched path (LSP) in an optical network with label switching capability
can be accommodated, the method comprising:

defining a plurality of QoS classes for LSPs in the optical network, each QoS
class having a different loss threshold;

sending a LSP reservation request to each intermediate node of a desired
path of the LSP; .

determining, for each intermediate link of the desired path, the QoS class
with the lowest loss threshold for accommodating the LSP reservation request at
each intermediate link; and

comparing an edge-to-edge loss probability derived from the determined QoS
classes for the respective intermediate links of the desired path with a maximum
edge-to-edge loss probability of the LSP associated with the LSP reservation
request.

2. The method as claimed in claim 1, further comprising keeping, for
each intermediate link of the desired path, distances between the thresholds of all
classes and respective measured loss probabilities of all classes at an output link of
each intermediate node of the desired path non-negative.

3. The method as claimed in claim 2, further comprising keeping, for
each intermediate link of the desired path, respective measured loss probabilities
of all LSPs within one QoS class similar.

4. The method as claimed in any one of the preceding claims, wherein a
lowest loss threshold of the loss thresholds of the QoS classes is based on a
maximum number of intermediate nodes along possible paths in the network and a
lowest required loss probability over the maximum number of intermediate nodes.

5. The method as claimed in any one of the preceding claims, wherein a
highest loss threshold of the loss thresholds of the QoS classes is based on a
highest required loss probability over a one-hop possible path in the network.
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6. The method as claimed in claims 4 and 5, wherein remaining ones of
the loss thresholds of the QoS classes are based on an even distribution between

the lowest and the highest loss thresholds.

7. The method as claimed in any of the preceding claims, further
comprising dropping, when there is a contention between an incoming data
packet/burst and existing data packets/bursts at an output link of an intermediate
node in the optical network, one or more of the data packets/bursts belonging to the
QoS class having the largest distance between said QoS class's threshold and
measured loss probability at the output link, to resolve the contention.

8. The method as claimed in claim 7, wherein only data packets/bursts
the single dropping of which would resolve the contention are considered as

candidates for dropping.

9. The method as claimed in claims 7 or 8, wherein, if more than one
data packets/bursts belonging to the QoS class having the largest distance between
said QoS class's threshold and measured loss probability at the output link, the
dropping is based on dropping probabilities calculated based on respective lengths
of said data packets/bursts.

10.  The method as claimed in claim 9, wherein the dropping probability of
a data packet/burst is inversely proportional to the length of the data packet/burst.

11.  The method as claimed in any of the preceding claims, wherein the
LSP reservation request comprises a requested amount of bandwidth at each

intermediate link.

12.  The method as claimed in claim 11, further comprising calculating, at
a link, a new weighted average threshold and a new overall loss probability of all

classes if the requested bandwidth is to be accommodated and giving a rejection
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response if the new weighted average threshold is smaller than the new overall loss
probability and giving a acceptance response otherwise.

13.  The method as claimed in claims 11 or 12, further comprising, if the
LSP reservation request is to decrease the bandwidth of an existing LSP or to
terminate the existing LSP, decreasing the data rate of said existing LSP or
terminating the LSP before the LSP reservation request is sent to each intermediate
node of the desired path.

14.  The method as claimed in claim 13, further comprising, upon receiving
the LSP reservation request at an intermediate node to decrease the bandwidth of
an existing LSP or to terminate the existing LSP, the intermediate node updates a
label information database at the intermediate node based on information contained
in the request.

15.  The method as claimed in claims 11 or 12, further comprising, if the
LSP reservation request received at an intermediate node is to increase the
bandwidth of an existing LSP, the intermediate node updates a label information
database at the intermediate node and gives an acceptance response if the
increased bandwidth can be accommodated in the QoS class registered for the

existing LSP, or gives a rejection response otherwise.

16. The method as claimed in claim 15, wherein, if the LSP reservation
request is to increase the bandwidth of the existing LSP, the data rate of the existing
LSP is increases only after acceptance responses are received from all intermediate
nodes of the desired path.

17.  The method as claimed in any one of the preceding claims, wherein
the LSP reservation request is rejected if no QoS class for accommodating the LSP
reservation request is determined at one of the intermediate links of the desired
path.

18.  The method as claimed in any one of the preceding claims, wherein
determining of the QoS class comprises starting with the QoS class having the
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lowest threshold and continuing with other classes in increasing order of loss
thresholds.

19.  The method as claimed in any one of the preceding claims, wherein
information identifying the determined QoS classes at the respective intermediate
links of the desired path is sent to a common point of the desired path.

20. The method as claimed in claim 19, further comprising determining
whether the LSP reservation request can be accommodated over the entire desired
path based on calculating a lowest edge-to-edge loss probability for the LSP
reservation request based on the QoS classes received at the common point and
giving a rejection response if the calculated loss probability is greater than the
maximum edge-to-edge loss probability of the LSP associated with the LSP
reservation request or giving an acceptance response otherwise.

21. The method as claimed in claim 20, wherein the rejection or
acceptance responses are sent to an ingress node of the optical network.

22. The method as claimed in claim 21, wherein, if the request is to
establish a new LSP, the new LSP starts only after the acceptance response is

received.

23.  The method as claimed in any of claims 20 to 22, further comprising
determining a remaining capacity of each link of the desired path after determining
of the QoS classes; sending remaining capacity information to the common point
together with the determined QoS classes and utilizing the remaining capacity
information in mapping the LSP’s label to one of the QoS classes for each
intermediate node of the desired path to facilitate maximizing network resource
utilization.

24.  The method as claimed in any of the claims from 20 to 23, wherein the
common point of the desired path is the egress node.
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25. The method as claimed in claim 24, wherein the LSP reservation
request is sent to each intermediate node of the desired path along the desired path
and information to be forwarded to the egress node is recorded in the LSP
reservation request at each node of the desired path.

26. The method as claimed in claim 25, wherein the QoS class mapping is
recorded in an acknowledgement message and the acknowledgement message is
sent back along the desired path in the opposite direction.

27.  The method as claimed in any one of the preceding claims, further
comprising regulating data rates of LSPs by marking data packets/bursts of an LSP
that exceeds a submitted traffic profile of said LSP as out-of-profile and giving best
effort service to out-of-profile packets/bursts inside the optical network.

28.  An optical network with label switching capability comprising:

means for defining a plurality of QoS classes for LSPs in the optical network,
each QoS class having a different loss threshold:;

means for sending a LSP reservation request to each intermediate node of a
desired path of the LSP;

means for determining, for each intermediate link of the desired path, the
QoS class with the lowest loss threshold for accommodating the LSP reservation
request at each intermediate link; and

means for comparing an edge-to-edge loss probability derived from the
determined QoS classes for the respective intermediate links of the desired path
with a maximum edge-to-edge loss probability of the LSP associated with the LSP
reservation request.

29.  An optical network with label switching capability comprising:

a label information data base defining a plurality of QoS classes for LSPs in
the optical network, each QoS class having a different loss threshold:

a transmitter sending a LSP reservation request to each intermediate node
of a desired path of the LSP; and

an admission control system determining, for each intermediate link of the
desired path, the QoS class with the lowest loss threshold for accommodating the
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LSP reservation request at each intermediate link and comparing an edge-to-edge
loss probability derived from the determined QoS classes for the respective
intermediate links of the desired path with a maximum edge-to-edge loss probability
of the LSP associated with the LSP reservation request.
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