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Abstract—In order to meet the requirements of real-time
applications, Optical Burst Switched backbone networks need
to provide quantitative edge-to-edge loss guarantees to traffic
flows. For this purpose, there have been several proposals based
on the relative differentiation quality of service (QoS) model.
However, this model has an inherent difficulty in communicating
information about internal network states to the edge in a timely
manner for making admission control decisions. In this paper, we
propose an absolute QoS framework to overcome this difficulty.
The key idea is to offer quantitative loss guarantees at each hop
using a differentiation mechanism and an admission control
mechanism. The edge-to-edge loss requirement is then translated
into a series of small per-node loss probabilities that are allocated
to the intermediate core nodes. The framework includes a preemptive differentiation scheme, a node-based admission control
scheme and an edge-to-edge reservation scheme. The schemes
are analyzed and evaluated through simulation. It is shown that
the framework can effectively offer quantitative edge-to-edge loss
guarantees under various traffic conditions.
Index Terms—Absolute quality of service (QoS), computer
networks, edge-to-edge QoS provisioning, optical burst switching,
wavelength division multiplexing.

I. INTRODUCTION

T

HE bandwidth demand in the Internet is growing rapidly
due to emerging multimedia applications such as video
on demand, video conferencing and Internet telephony. According to TeleGeography, the average international Internet
traffic growth rate is nearly 80% per annum between 2003 and
2005. To satisfy this bandwidth demand, Dense Wavelength
Division Multiplexing (DWDM) has emerged as a core transmission technology for the next-generation Internet backbone.
It provides enormous bandwidth with its ability to support
hundreds of gigabit per second wavelength channels in a single
fiber. However, this makes the mismatch between electronic
processor speed and the optical transmission rate more acute.
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Recently, all-optical WDM networks have received much
attention because they can bypass the opto-electronic-opto
bottleneck in electronic routers. Optical Burst Switching (OBS)
[1]–[3] is a promising optical networking technology that can
potentially provide high wavelength utilization. In OBS, a burst
is preceded in time by a header packet that is sent on a dedicated
control wavelength. The time separation between the burst and
its header packet (called the offset time) allows optical core
nodes to process the header before the data burst arrives. This
out-of-band signalling paradigm enables OBS to use flexible
electronic control while still having an all-optical data path.
An important issue in the next-generation Optical Internet
is how to support quality of service (QoS) at the optical layer
due to the proliferation of multimedia and mission critical
Internet applications that require stringent QoS guarantees. In
OBS networks, there is only very limited buffering capability
in the form of fiber delay lines (FDLs) (see [4] and references
therein). Therefore, burst loss probability is a primary QoS
metric of interest. There are currently two main QoS models
in OBS: relative QoS and absolute QoS. In the relative QoS
model, the QoS performance of a traffic class is defined relative
to those of other classes. For instance, the loss rate of a higher
priority class is guaranteed to be better or at least no worse
than that of a lower priority class. To date, several relative QoS
schemes have been proposed for OBS networks. They include
offset-based schemes [5], [6], segmentation-based schemes [7],
[8], dropping-based schemes [9]–[11] and preemptive schemes
[12]–[15]. A common feature is that they require no admission
control mechanism. On the other hand, the absolute QoS model
gives quantitative QoS guarantees for each traffic class, e.g.,
having an end-to-end packet loss probability no greater than
1%. Absolute QoS schemes have been proposed for Optical
Packet Switching (OPS) and OBS networks in [16]–[19].
From a user’s point of view, the absolute QoS model is preferred. This is because an end user usually has a specific quantitative QoS requirement depending on the applications in use
and would prefer to receive it independent of the network load.
Although it is possible for an Internet Service Provider to emulate this absolute QoS behavior in a relative QoS environment
by continuously adjusting the user’s subscribed QoS class, it
may not be feasible to do this for all users under heavy load
conditions. Besides, the required performance and accounting
management functions would be very complex. By placing absolute QoS mechanisms at core nodes, which have the most updated information about their own traffic conditions, the absolute QoS model can offer more accurate and robust quantitative
QoS guarantees in simpler ways than the relative QoS model.
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In this paper, we propose a novel absolute QoS framework to
provide quantitative edge-to-edge (e2e) loss guarantees to burst
flows in an OBS network. It defines a limited number of per-hop
QoS classes and assigns each class a loss threshold. The framework employs a preemptive differentiation mechanism and an
admission control mechanism at each output link of a core node.
The differentiation mechanism shifts burst loss from classes in
danger of breaching their thresholds to other classes while the
admission control mechanism limits the link’s offered load to a
certain level. They work together to guarantee the loss threshold
for each class at the link. Using these classes as building blocks,
the framework employs a signalling and reservation mechanism
to assign each burst flow to a certain class at each intermediate
link such that the flow’s e2e loss probability request is satisfied.
The framework is shown to achieve reliable bounds on e2e loss
probabilities under all traffic loads.
The rest of the paper is organized as follows. In Section II,
we present an overview of the proposed framework. The preemptive differentiation scheme and the node-based admission
control scheme are presented in detail in Section III. This
section includes an analysis of the differentiation scheme.
The e2e signalling and reservation scheme is presented next
in Section IV. In Section V, we review two existing absolute
QoS proposals and compare them with our framework. The
differentiation scheme and the whole system are evaluated
through simulation in Section VI. Finally, concluding remarks
are given in Section VII.
II. OVERVIEW OF THE PROPOSED QOS FRAMEWORK
Our proposed QoS framework is applied to a burst flow with
a required maximum edge-to-edge (e2e) loss probability over
a predetermined path. It attempts to reserve resources over the
path so that the required e2e loss probability is guaranteed. If the
reservation process fails for that particular path, a routing protocol with route-pinning capability in a larger traffic engineering
framework may be used to select another path and the reservation process is applied again. As such, the framework should be
considered as part of a final solution to the traffic engineering
and QoS provisioning problem in OBS networks.
The key idea of the proposed framework is to define a limited
number of per-hop absolute QoS classes1 and enforce their loss
thresholds at each link. The network then divides the required
e2e loss probability of the flow into a series of small loss probabilities and maps them to the available thresholds at the intermediate links on the path. When each intermediate node guarantees
that the actual loss probability at its link is below the allocated
loss probability, the overall e2e loss guarantee is fulfilled.
The proposed QoS framework includes two mechanisms to
enforce per-hop thresholds, i.e., a preemptive differentiation
mechanism and an admission control mechanism. The differentiation mechanism allows bursts from classes that are in danger
of breaching their thresholds to preempt bursts from other
classes. Thus, burst loss is shifted among the classes based on
the differences between the thresholds and the measured loss
probabilities of the classes. The admission control mechanism
limits the link’s offered load to an acceptable level and thereby
1In the rest of this paper, the term “class” refers to per-hop QoS class unless
otherwise specified.

makes it feasible to keep the loss probabilities of all classes
under their respective thresholds.
For the mapping of classes over an e2e path, we assume
a label switching architecture such as Multi-Protocol Label
Switching (MPLS) [20] to be present in the OBS network. In
this architecture, each burst header carries a label to identify
the burst flow or Label Switched Path (LSP) that it belongs to.
When a header arrives at a core node, the node uses the header’s
label to look up the associated routing and QoS information
from its Label Information Base (LIB). The old label is also
swapped with a new one. Label information is downloaded to
the node in advance by a Label Distribution Protocol. Such
label switching architecture enables an LSP to be mapped to
different QoS classes at different links.
An e2e signalling and reservation mechanism is responsible
for probing the path of a new LSP and mapping it to a class at
each intermediate link. When the LSP setup process begins, a
reservation message that contains the requested bandwidth and
the required e2e loss probability of the LSP is sent along the
LSP’s path toward the egress node. The message polls intermediate nodes on their available capacity and conveys the information to the egress node. Based on this information, the egress
node decides whether the LSP’s request can be accommodated.
If the result is positive, an array of QoS classes whose elements
correspond to the links along the path is allocated to the LSP.
The class allocation is calculated such that the resulting e2e loss
probability is less than that required by the LSP. It is then signalled to the intermediate core nodes using a returned acknowledgement message.
Finally, existing LSPs are policed for conformance to their
reservation at ingress nodes. When the traffic of an LSP exceeds
its reserved traffic profile, its generated bursts are marked as
out of profile. Such bursts receive best-effort service inside the
network.
III. PREEMPTIVE DIFFERENTIATION SCHEME
A. Description
In this section, we describe a preemptive differentiation
scheme for absolute QoS that we proposed in [18]. To quantify
the risk of breaching the threshold of a local QoS class, we
introduce a metric called the distance to threshold, which is
defined as the difference between the predefined loss threshold
and the measured loss probability. A differentiation scheme in
our absolute QoS framework must meet the following requirements:
• Inter-class requirement: It must ensure that as the offered
load to a link increases, the distances to thresholds of all
classes present at the link converge to zero. This implies
that burst loss from classes that are in danger of breaching
their thresholds is shifted to other classes by the differentiation scheme.
• Intra-class requirement: It must ensure that bursts belonging to the same class experience the same loss
probability at a particular link regardless of their offsets
and burst lengths. In OBS networks, it is well-known that
burst lengths and offsets have significant impacts on burst
loss probability. Hence, without intervention from the
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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 drop,
ping. Let the length of the th reservation be ,
is the number of reservations belonging to the class
where
with the largest distance to threshold in the contention list. The
probability of it being dropped is
(1)
Fig. 1. Construction of the contention list.

differentiation scheme, some flows with unfavorable burst
characteristics may experience loss probabilities above the
threshold even though the overall loss probability of the
class is still below the threshold.
Having set out the requirements and their rationales, we will
now describe the proposed differentiation scheme. For scalability reasons, the scheme uses class-level differentiation. The
scheme 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.
The scheme works as follows. When a burst header arrives at
a node and fails to reserve an output wavelength, the node constructs a contention list that contains the incoming burst reservation and scheduled burst reservations that overlap (or contend) with the incoming one. Only one scheduled reservation on
each wavelength is included if its preemption helps to schedule
the new reservation. This is to prevent the case wherein several bursts may be preempted by one single higher priority burst
and improve bandwidth utilization. The process is illustrated in
Fig. 1 where the ticked reservations on wavelengths
,
,
are included in the contention list. The node then seand
lects 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, we say that the incoming reservation preempts the
scheduled reservation.
When preemption happens, a special NOTIFY packet will be
immediately generated and sent on the control channel to the
downstream nodes to inform them of the preemption. The downstream nodes then remove the burst reservation corresponding
to the preempted burst. Although one NOTIFY packet is required for every preemption, the number of preemptions is at
most equal to the number of lost bursts. In other words, the rate
of NOTIFY packets is bounded by the burst loss rate, which is
usually kept very small in operational networks. Therefore, the
additional overhead by the transmission of NOTIFY packets is
not significant.
There are two criteria for selecting a burst reservation from
the contention list to drop. 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 equal, thereby satisfying the first requirement above.

This is because the probability that a reservation is involved
in a contention is roughly proportional to its length, assuming
Poisson burst arrivals. So
is explicitly formulated to compensate for that burst length selection effect. In addition, the
selection is independent of burst offsets. That is, although a
large-offset burst is less likely to encounter contention when its
header first arrives, it is as likely to be preempted as other bursts
in subsequent contention with shorter-offset bursts. Therefore,
the second requirement is achieved.
The above description assumes that no FDL buffer is present.
It can be trivially extended to work with FDL buffers by repeating the preemption procedure for each FDL and the new
reservation interval.
B. Analysis
In this section, we analyze the overall loss probability for the
preemptive differentiation scheme. Both the lower and upper
bounds and an approximate formula for the loss probability will
be derived. Depending on the application’s requirement, one can
choose the most suitable formula to use.
The following assumptions are used in the analysis. Firstly,
for the sake of tractability, only one QoS class is assumed to be
active, i.e., having traffic. The simulation in Fig. 3 indicates that
the results obtained are also applicable to the case with multiple
classes. Secondly, burst arrivals follow a Poisson process with
mean rate . A number of studies [21] indicate that this is the
case for traffic in core networks at very short time scale. Thirdly,
the incoming traffic consists of a number of traffic components
with the th component having a constant burst length
and arrival rate . This assumption results from the fact that
size-triggered burst assembly is a popular method to assemble
bursts. When the triggering size is large compared to the average
packet size, which is typically the case, this method produces
burst lengths with a very narrow dynamic range, which can be
considered constant. Finally, we assume that no FDL buffer
is present and the offset difference among incoming bursts is
minimal.
The lower bound on loss probability is easily derived by observing that preemption itself does not change the total number
of lost bursts in the system. Thus, it is determined using the folqueueing model
lowing Erlang’s loss formula for an
(2)
where is the number of wavelengths per link; is the total
. The Erlang B formula is used here
offered load and
due to its simplicity and ease of computation, especially when
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We will now derive . Suppose the incoming traffic has
traffic components with
different burst lengths. Let and
denote the component indices of the incoming burst and the
preempted burst, respectively. The probability of a particular
is given by the formula
combination

Fig. 2. Illustration of a preemption scenario.

is large. It assumes that incoming bursts arrive from an infinite number of wavelengths. Such assumption is reasonably approximated when the number of wavelengths per link is large,
which is the case for core networks. When is small, a more
accurate model such as the Engset traffic model [22] should be
used. However, the latter model does not scale well for large ’s.
Although preemption does not directly affect the number of
lost bursts, it 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. Consider a preemption scenario as
illustrated in Fig. 2 where burst 1 is preempted by burst 2. Let
bursts 3 and 4 be two bursts whose headers arrive after the preemption. For burst 3, the preemption is detrimental because had
there been no preemption, burst 3 would be successfully scheduled. On the other hand, the preemption is beneficial to burst
4. However, for that to happen, burst 4 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, we observe that from the perspective
of burst 3, the preemption is equivalent to dropping burst 2 and
extending the effective length of burst 1 as in Fig. 2. Therefore, it
increases the time that the system spends with all wavelengths
occupied. The upper bound on burst loss probability is derived
by assuming that the loss probability is also increased by the
where is the new effective
same proportion. Let
length and is the actual length of the preempted burst. The
upper bound on loss probability is then given as
if
otherwise.

(3)

An approximate formula for the loss probability can be derived based on (3) by observing that the increase in effective
length of a preempted burst will increase 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
(4)
From (3) and (4), the loss probability is given as
(5)

(6)
The first and second factors are the probabilities that an incoming burst and a scheduled burst belong to components and
, respectively. The third factor accounts for the length selective
mechanism of the preemption scheme. For a preemption situa, the effective length is increased by
.
tion
Therefore, it follows that
(7)

C. Local Admission Control at a Link
Since the distances to thresholds of the classes at a node are
kept equal by the differentiation scheme, the admission control routine only needs to keep the average of these greater than
zero. In other words, it needs to keep the overall loss probability
smaller than the weighted average threshold. Suppose there are
QoS classes at the node and let and
be the predefined
threshold and the total reserved bandwidth of the th class, respectively. The weighted average threshold is calculated as
(8)
The overall loss probability can be calculated using (5) in the
previous section. Alternatively, the upper bound given by (3)
may be used for better protection against threshold violation.
In case that the analytical formulas cannot be used, e.g., due
to non-Poisson traffic, an empirical graph of the overall loss
probability versus the total offered load may be used.
A reservation request will contain the amount of bandwidth
and the QoS class to accommodate
in.
to be reserved
When a request arrives, the admission control routine substiwith
and recalculates the weighted avtutes
as above.
erage threshold and the overall loss probability
If
, it implies that new overall loss probability
is
still within the total loss “allowance” indicated by . There, the request
fore, the request is admitted. Otherwise, if
is rejected.
D. Per-Hop QoS Class Definition
Since per-hop QoS classes are used as building blocks by
the network to construct quantitative e2e loss guarantees, their
definition is an important part of configuring the system. Usually, the number of classes , which is directly related to the
complexity of a core node’s QoS differentiation block, is fixed.
Hence, in this process, one only decides on where to place the
available thresholds, namely the lowest and highest loss threshand those between them.
olds and

PHÙNG et al.: AN ABSOLUTE QoS FRAMEWORK FOR LOSS GUARANTEES IN OPTICAL BURST-SWITCHED NETWORKS

Consider an OBS network in which LSPs have a maximum
path length of hops and a required e2e loss guarantee between
and
(not counting best-effort and out-of-profile traffic).
The case requiring the lowest loss threshold occurs when an
LSP over the longest -hop path requires . Thus, can be
calculated as follows:

Similarly, the highest threshold is
for the case when a
one-hop LSP requires .
When considering how to place the remaining thresholds
between and , it is noted that since the potential required
is continuous and the threshold values
e2e loss probability
offered by the network
are discrete, the e2e loss bound
will almost always be more stringent than
. This “discretization error” reduces the maximum amount of traffic that
can be admitted. Therefore, the thresholds need to be spaced
so that this discretization error is minimized. A simple and
effective way to do this is to distribute the thresholds evenly
on the logarithmic scale. That is, they are assigned the values
, where
.
IV. EDGE-TO-EDGE SIGNALLING AND RESERVATION
A. Overview
Edge-to-edge signalling and reservation mechanisms, as the
name implies, are responsible for coordinating the QoS reservation setup and teardown for LSPs over the e2e paths. During the
reservation process of an LSP, the signalling mechanism polls
all the intermediate core nodes about the remaining capacity on
the output links and conveys the information to the egress node.
Using that information as the input, the egress node produces
a class allocation that maps the LSP to an appropriate class for
each link on the path. The signalling mechanism then distributes
the class allocation to the core nodes. As a simple illustration,
let us consider an LSP with an e2e loss requirement of 5% that
needs to be established over a four-hop path and the second hop
%
is near congestion. Suppose the lowest threshold is
. The
and the ratio between two adjacent thresholds is
% for the
network allocates the LSP a threshold of
second hop and
% for the other hops to reflect the
fact that the second node is congested. The resulting guaranteed
upper bound on e2e threshold will roughly be 4.4%, satisfying
the LSP’s requirement.
The QoS requirements of an LSP consists of its minimum required bandwidth and its maximum e2e loss probability. As new
IP flows join an LSP or existing IP flows terminate, a reservation or teardown process needs to be carried out for the LSP.
The reservation scenarios for an LSP can be categorized as follows.
1) A new LSP is to be established with a specified minimum
bandwidth requirement and a maximum e2e 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
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IP flows have e2e 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. The ingress node sends a reservation message towards the
egress node over the path that the LSP will take. The message
contains a requested bandwidth and a required e2e loss probability . When a core node receives the message, its admission
control routine checks each class using the method described in
Section III-C to see if the requested bandwidth can be accommodated in that class. The check starts from the lowest index
class, which corresponds to the lowest threshold, and moves up.
The node stops at the first satisfactory class and records in the
message the class index and a parameter calculated as follows:
(9)
and
are as described in Section III-C and is the
where
ratio between the thresholds of two adjacent classes. These parameters will be used by the egress node for the final admission
control and class allocation. The message is then passed downstream. The node also locks in the requested bandwidth by setof class as
ting the total reserved bandwidth
so that the 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. 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. The received reservation message contains two
arrays and for the intermediate links of the path. Assuming
burst blocking at each link is independent, the lowest possible
given as
e2e loss probability
(10)
where is the threshold of the class offered by the th node (as
, the request is admitted. The
indicated in array ). If
egress node then allocates each core node one of the predefined
classes in which to support the LSP such that
(11)
where is the threshold of the class allocated to the LSP at the
th node and
is the corresponding e2e loss probability. The
class allocation algorithm will be described in the next section.
This class allocation is signalled back to the intermediate core
nodes using a returned acknowledgement message that contains
the old index array and an allocated index array . Upon receiving the acknowledgement message, a core node moves the
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reserved bandwidth of the LSP from class to class . The new
LSP is allowed to start only after the ingress node has received
, the rethe successful acknowledgement message. If
quest is rejected and an error message is sent back to the ingress
node. The intermediate core nodes will release the locked bandwidth upon receiving the error message.
A brief examination of the overhead of the signalling mechanism is in order. We observe that the signalling message always
contains two arrays: and in the forward trip and and in
the return trip. Among them, only contains floating point numbers. The remaining are integer arrays. The number of elements
of each array is equal to the number of intermediate core nodes
on the path of the LSP. Besides, other variables contained in
each message are the requested bandwidth , the required e2e
loss probability , the label of the LSP and a flag to indicate
various reservation statuses. Suppose
and the sizes of
an integer and a floating point number are 4 byte and 16 bytes,
respectively, the maximum size of each signalling message is
bytes. Since only two
messages are required to set up each LSP, the signalling overhead is not significant.
The reservation process for the second scenario is relatively
simpler. In this case, the ingress node sends out a reservation
message containing the requested bandwidth and the LSP’s
label. Since there is already a QoS class associated with the LSP
at each of the core nodes, a core node on the path only needs to
check if can be supported in the registered class. If the outcome is positive, the node locks in 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, a successful acknowledgement message is returned to the ingress node and the
LSP is allowed to increase its operating bandwidth.
In the last two scenarios, the reservation processes are similar. The ingress node 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 terminates. At intermediate
core nodes, 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 do not keep track
of bandwidth reservation by individual LSPs, the processing at
core nodes is identical for both 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. However, it is not considered part of our QoS framework.
B. Dynamic Class Allocation
When the egress node has determined that the LSP request is
admissible using (10), it uses a dynamic class allocation algorithm to find the bottleneck link and allocate the class with the
highest possible threshold to it while still satisfying (11). This
shifts some of the loss guarantee burden from the bottleneck
link to other lightly loaded links. Since the remaining capacity
of the path is determined by the bottleneck link, the algorithm
will maximize the path’s remaining capacity and allows more
future QoS traffic to be admitted.
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For this purpose, the egress node has at its disposal two arrays and recorded in the reservation message by the core
is the lowest index
nodes. As described in the last section,
class (with the lowest threshold) that can accommodate the re, it is an
quested bandwidth at the th node. As long as
accurate indicator of how much capacity is available at link
since it cannot be decreased further without making
exceed
. However, when
, we do not know how much lower
is compared to
based on
alone. Hence,
given
by (9) is introduced to enable the core node to convey that in,
formation to the egress node. We observe that when
. Therefore,
only if
. Thus,
indicates the remaining capacity at the intermediate links
, the lower the remaining cain all cases. The higher
pacity at link and vice versa.
Based on the above observation, the class allocation algorithm is detailed in Algorithm 1. In executing this algorithm,
negative class indices in are counted as zero. In the first two
such that the maximum element is
lines, the algorithm sets
and the differences among the elements are the same
. Next, it repeatedly decrements all the elas in the array
until
. Finally, the elements of
are
ements of
in order to
incremented one by one until just before
push
as close as possible to
without exceeding it.
Algorithm 1: Class allocation algorithm
(1)
(2)
(3) while
(4)
(5) Increment elements of

one by one until just before

As an illustrative example, consider an OBS network that
.
has eight predefined QoS classes with indices
% and the ratio between two
The lowest threshold is
. These settings provide a suffiadjacent thresholds is
ciently small lowest threshold and sufficiently fine threshold
increment to satisfy most typical e2e loss requirements. An
LSP with an e2e loss requirement of 1% is to be set up over a
three-hop path. Its required bandwidth is assumed to be very
small compared to the link capacity. The utilization levels
. Suppose the
at the intermediate links are
and
received message at the egress node contains
. The values of indicate that although all links
are relatively lightly loaded, the second link has least available
capacity. Therefore, the class allocation algorithm should give
it the highest threshold. Going through the algorithm, we have
on line (3) and
on
line (5). The final result is
corresponding to
. It shows that the algorithm
thresholds of
successfully allocates the maximum possible class index to the
bottleneck node.
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Most of the computations in the above algorithm are array
according to (10).
manipulation and the calculation of
Since their computational complexity is determined by number
of intermediate core nodes, which is small, the computational
complexity of the algorithm is not significant.
V. PREVIOUS WORK AND DISCUSSION
To date, two absolute QoS schemes designed to provide quantitative e2e loss probabilities in OPS and OBS networks have
been proposed in [16], [17]. In these schemes, e2e QoS classes
with absolute loss thresholds are defined first. New flows will
choose a suitable e2e class in which to transmit. For each e2e
, core nodes are given equal per-hop thresholds,
threshold
which are calculated as
(12)
is the maximum hop length of a network path. The
where
scheme in [17] further improves on this by grouping possible
network paths into clusters based on their hop lengths and uses
in a cluster instead of in (12). A
the maximum hop length
core node uses one of the differentiation mechanisms described
below to shift burst loss among the per-hop classes to attempt
to keep all classes below their thresholds. No admission control
mechanism is provided in either scheme except that paper [17]
briefly mentions that it is to be done only at edge nodes.
Various absolute QoS differentiation mechanisms are proposed in the above two papers. In [16], only one traffic class requiring absolute QoS is considered. The threshold of the class is
maintained by adjusting the probability that a burst belonging to
that class is allowed to preempt non-priority bursts. In [17], three
absolute differentiation schemes are presented. The early dropping scheme uses intentional dropping of low priority bursts as
the means to shift burst loss away from higher priority classes
when needed. In the wavelength grouping scheme, each per-hop
class is allocated a certain number of wavelengths on which
to schedule its bursts. The number of allocated wavelengths of
a class is based on the loss threshold and the offered load of
that class. Finally, in the integrated scheme, low priority bursts
that would have been dropped under the early dropping scheme
are scheduled on a limited number of wavelengths while other
bursts are scheduled on all wavelengths.
Our proposed absolute QoS framework differs from the
above two schemes in several important ways. Firstly, unlike
the above two schemes, our framework provides elaborate
admission control mechanisms for robust e2e loss guarantees
under all network loads. Secondly, our proposal defines per-hop
QoS classes first and use these as building blocks to provide e2e
loss guarantees. Together with a label switching architecture,
this feature enables the network to tailor the threshold allocation based on traffic loading at intermediate links as described
in Section IV-B instead of uniform threshold allocation. Thus,
less stringent thresholds can be allocated to bottleneck links,
which allows more QoS traffic to be admitted. Moreover, it also
reduces the number of thresholds required at a core node compared to the path clustering proposal. With path clustering, the
, where is the
number of thresholds required is
number of e2e loss guarantees and
is the number of clusters.
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On the other hand, a small number of predefined per-hop class
in our proposal can be arbitrarily combined to generate a large
number of e2e loss guarantees. Thirdly, our proposed absolute
differentiation algorithm includes a mechanism to compensate
for the burst length selection effect in order to achieve uniform
loss probability within a class, which ensures that the loss
probabilities of individual LSPs are the same as the overall
loss probability of the class. This is missing from the existing
proposals. Finally, admission control is done at core nodes in
our proposal. This solves issues concerning inaccurate traffic
information, which are inherent in edge-based admission control schemes, and minimizes the signalling overhead between
edge and core nodes.
VI. EXPERIMENTAL STUDY
A. Absolute QoS Differentiation
In this section, we evaluate the proposed absolute differentiation algorithm against the two criteria in Section III-A and
verify the analytical results obtained in Section III-B through
simulation at the node level.
The node in the simulation has an output link with 64 data
wavelengths, each having a transmission rate of 10 Gb/s. We
assume that the node has full wavelength conversion capability
and no buffering. Bursts arrive at the link according to a Poisson
process with rate . This Poisson traffic assumption is valid for
core networks due to the aggregation effect of a large number of
flows per link. The burst lengths are generated by a size-limited
burst assembly algorithm with a size limit of 50 kB. Thus, the
generated bursts have lengths between 50 kB and 51.5 kB, or
between 40 s and 41.2 s.
In the first experiment, we wish to verify the accuracy of
the analysis in Section III-B. It is expected that the simulation and analytical results are the same. For this purpose, we
plot the overall loss probabilities of traffic with one QoS class,
traffic with seven QoS classes and the analytical value against
the overall loading. In the case with seven classes, the classes
to
are configured with thresholds ranging from
and the ratio between two adjacent thresholds is
. The traffic of the highest threshold class takes up 40% of
the total traffic. For each of the remaining classes, their traffic
takes up 10% of the total traffic.
From the plot in Fig. 3, we observe that all the three loss
curves match one another very well. It shows that the analysis
is accurate and its assumption is valid, i.e., the traffic mix does
not affect the overall loss probabilities. The reason is that in our
differentiation scheme, preemption potentially happens whenever there is a contention between bursts, regardless of whether
they are of different classes or of the same class. Therefore, the
number of lost bursts depends only on the number of burst contentions but not the traffic mix.
In the next experiment, the loss probabilities of individual
classes are plotted against the overall loading in Fig. 4. For
easy visualization, we use only two QoS classes. Class 0 has
a threshold of 0.005 and takes up 20% of the overall traffic.
Class 1 has a threshold of 0.01. We observe that as the loading
increases, the loss probabilities of both classes approach their
corresponding thresholds. It shows that the algorithm satisfies
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Fig. 3. Overall loss probabilities of various traffic scenarios versus overall
loading.

Fig. 4. Burst loss probabilities of individual classes versus overall loading.

the first criterion set out in Section III-A. In addition, the distances to thresholds are always kept equal except when the loss
probability of class 0 becomes zero. Although this feature is not
required by the model, it is introduced to keep the minimum of
the distances to thresholds as large as possible, thereby reducing
the possibility that a sudden increase in incoming traffic could
take the loss probability of a class beyond its threshold.
In Fig. 5, the loss performance of traffic components with different traffic characteristics within a class is investigated. The
overall loading is 0.77 and the class configuration is the same as
in the previous experiment. Each class has two traffic components in equal proportion. The plot in Fig. 5(a) is for the situation
where the traffic components have different offsets. The offset
difference is 40 s, which is approximately one burst length.
In Fig. 5(b), each class has two traffic components with different burst lengths. The size limits for the two components in
the burst assembly algorithms are set at 50 kB and 100 kB, respectively. These settings would cause major differences in loss
performance of the traffic components in a normal OBS system.
Nevertheless, both figures show that the loss performance of different components within a class follow each other very closely

Fig. 5. Burst loss probability versus time for traffic components with different
characteristics. (a) Different offsets. (b) Different burst lengths.

despite the difference in their burst characteristics. It can be concluded that the proposed differentiation scheme can achieve uniform loss performance for individual flows within the same class
as required by the second criterion in Section III-A.
B. Edge-to-Edge Reservation
In this section, we present the simulation results for the whole
framework over an end-to-end path. The topology in Fig. 6,
which is a simplified topology for the U.S. backbone network,
is used. It consists of 24 nodes and 43 links. Fixed shortest path
routing is used and the maximum path length is 6. For simplicity,
the propagation delays between adjacent nodes are assumed to
have a fixed value of 5 ms. The links are bi-directional, each implemented by two uni-directional links in opposite directions.
Link parameters and burst characteristics are the same as in the
previous section. Seven per-hop QoS classes are defined at each
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Fig. 6. Simulation topology.

Fig. 7. E2e loss probability versus time.

link with the lowest threshold
and the ratio be.
tween two adjacent thresholds
New LSPs are generated at each node according to a Poisson
and have exponentially distributed duraprocess with rate
tions. For simplicity, we assume that LSPs do not change their
bandwidth requirements. Two groups of LSPs are considered:
group 0 and group 1 with required e2e loss probabilities of 0.01
and 0.05, respectively. A new LSP is destined to a random node
and falls into one of the two groups with equal probability.
In the first experiment, we investigate the temporal loss behavior of the framework. To do this, we run the simulation for
11 s and monitor the e2e loss rate of traffic between node pair
(1,24). The path between this node pair is 6 hops long, which is
the longest path in the network, and it runs through the bottleneck link (9,10). The data in the first second is discarded. During
the first 6 s, the total network load is 15 Erlang, which is equally
distributed among all node pairs. After that, the offered load between node pair (1,24) is increased 10 folds. The loss rates of
the two groups are plotted against time in Fig. 7. It is observed
that the loss probabilities increase in response to the increase in
s. Nevertheless, they are always kept
the offered load at
below the respective thresholds. It shows that the reservation
process is able to guarantee the loss bounds to admitted LSPs in
real time regardless of the traffic load.

Fig. 8. Average e2e loss probability of LSPs with different hop lengths.
(a) Group 0. (b) Group 1.

Another observation from Fig. 7 is that the maximum loss
probabilities of the two traffic groups are 0.004 and 0.03, which
are well below the required e2e loss probabilities. This is due
to the fact that almost all of the burst loss on the path occurs
at a single bottleneck link. Hence, the e2e loss probabilities are
limited by the maximum thresholds that can be allocated to the
bottleneck links. In this case, they are 0.004 and 0.032, respectively. If more per-hop classes are available, the gaps between
adjacent thresholds will be reduced and the e2e loss probabilities can be pushed closer to the targets.
In Fig. 8, we plot the e2e loss probabilities of LSPs with different hop lengths and at two different loads of 15 and 30 Erlang. The same loss probabilities of the path clustering scheme
proposed in [17] are also plotted for comparison. Since no admission control implementation is provided in the paper, we
do not include any admission control mechanism for the path
is
clustering scheme. The cluster combination
used as it is the best performing one. It groups LSPs with one
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Fig. 9. Overall acceptance percentage versus load.

or two hop lengths into one cluster and all the remaining LSPs
into the other cluster.
A number of observations can be made from Fig. 8. Firstly,
we observe that the e2e loss probabilities of all LSP groups
in our scheme are below their required e2e levels. This is true
under both medium and heavy loading conditions. Secondly,
the loss probabilities in our scheme increase from one-hop
group to three-hop group but level off after that. The loss probability increase is due to the fact that burst traversing more
hops will experience more loss. However, at a certain level,
the effect of admission control dominates and the loss probabilities stay nearly constant. For the path clustering scheme,
it is observed that it can keep the e2e loss probabilities for
group 0 LSPs below the required level. However, it is achieved
at great cost to group 1 LSPs, which experience very large
loss probabilities. This happens because there is no admission control present. So core nodes must drop lower priority
bursts excessively in order to keep the loss guarantees for
high priority bursts. Another observation is that the loss probabilities of group 0 LSPs in the path clustering scheme vary
significantly with hop lengths. This is because the scheme allocates the same per-hop threshold to LSPs within a cluster.
Therefore, LSPs in a cluster with many different hop lengths
will experience significantly different e2e
such as
loss probabilities, some of which are far below the required
level.
In the final experiment, the acceptance percentage of LSP
groups with different hop lengths are plotted against the network loads in Fig. 9. It shows that the acceptance percentage
of all LSP groups decrease with increasing load, which is expected. Among the groups, the longer the hop length, the worse
the performance. There are two reasons for that. Firstly, the network must allocate more stringent per-hop thresholds to longer
LSPs compared to shorter LSPs that have the same required e2e
loss probability. Secondly, longer LSPs are more likely to encounter congestion on one of their intermediate links. This situation can be remedied by a fairness scheme that gives more
favorable treatment to longer LSPs in the reservation process.
However, that is beyond the scope of this paper.

In this paper, we have proposed a novel absolute QoS
framework that can offer quantitative e2e loss guarantees for
individual LSPs in OBS networks. The framework consists of
two parts. The first part includes a preemptive differentiation
mechanism and a hop-based admission control mechanism.
They enable core nodes to offer per-hop loss guarantees to
individual LSPs. The second part includes edge-to-edge signalling and reservation mechanisms. For each new LSP, the
framework divides its required e2e loss probability into small
loss probabilities that are allocated to the intermediate links
through the signalling and reservation process. When each
core node fulfills its loss guarantee, the e2e loss guarantee is
achieved. We analyze the differentiation scheme and verify it
through simulation. The whole framework is also evaluated
through network level simulation. It is shown to be able to reliably guarantee e2e loss probabilities under different network
scenarios.
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