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Using various offset times to separate differential
services is the most common form of service
differentiation in optical burst switching networks. In
this approach, a larger offset time is given to a higher
priority burst, but it causes this burst to have a longer
delay. One solution to this problem is to adjust the
burst assembly time so that the buffering delay of the
higher priority burst is always shorter than that of the
lower priority burst. However, this adjustment causes
another problem, called delay unfairness, for bursts
with differential priorities that share the same path to
their destination. This article proposes a new solution
for delay fairness using the burst assembly.

Keywords: Burst assembly, Delay fairness, Delay
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I. Introduction

Optical burst switching (OBS) is considered to be the
best solution for optical switching because it exploits the
high capacity of fibers and relaxes the complexity of
electronic processes [1]. In an OBS network, the control
channels have to go through O/E/O conversions at its
intermediate nodes, while data loads are completely
optically switched at burst granularity in the data
channels; therefore, data transparency and statistical
multiplexing can be achieved simultaneously. The basic
principle of communication in OBS networks is that the
burst control packet (BCP) is separate from its data load.
Specifically, the data arriving at an ingress node (for
example, IP packets and asynchronous transfer mode
cells) that have the same destination (for example, the
same egress node) are aggregated into larger carriers,
called “bursts.” When a burst is completed, its BCP is sent
ahead of an offset time. This is so that the BCP has
enough time to configure the switches so that when its
burst arrives, the switches will be ready. At its egress
node, the burst is demultiplexed to recover the original
data.
The end-to-end delay of data through an OBS network

is mainly caused by four components: (1) the assembly
delay, (2) the offset time, (3) the switching delay at core
nodes, and (4) the propagation delay inside the OBS
network [2]. The last two delays usually depend on the
selected path and its available bandwidth, so they cannot
be reduced with an implemented protocol. Only the first
two components, the assembly delay and offset time,
which are combined into a common component, the
buffering delay, can be reduced. This article focuses on
reducing the buffering delay.
Some burst assembly models have been proposed to

reduce the buffering delay [3]–[5], in which the main idea
is to send the BCP early, before the completion of its
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burst. In order to support service differentiation, the
authors in [5] combined the model of sending the BCP
early with service differentiation based on offset time. One
problem of offset time-based service differentiation is that
a higher priority assigned to the burst leads to a longer
buffering delay, because a larger offset time is assigned to
the higher priority burst. In fact, the priority of a burst
depends on the data being carried within it; for example,
bursts carrying video or VoIP traffic will have high
priority while bursts with best-effort traffic are given low
priority [6]. Thus, the long delay of a higher priority burst
may violate the upper delay bound of the data. To resolve
this problem, the authors in [5] proposed a solution to
adjust the burst assembly time so that the buffering delay
of the high priority burst is always shorter than that of the
low priority burst. However, this adjustment causes
another problem known as delay unfairness for bursts with
differential priorities that share the same path to their
destination. This article proposes a new solution for delay
unfairness using the burst assembly.
The remainder of this paper is organized as follows:

Section II briefly presents the previous proposals for burst
assembly-based for delay reduction in which the model for
service differentiation is considered. Based on the delay
unfairness of the previous models, a burst assembly model
for delay fairness is proposed in Section III, which
includes a definition of delay fairness, measure for delay
fairness, 2-phase burst assembly model, and the burst
assembly algorithm for delay fairness. The simulation
results are compared and analyzed in Section IV, and the
conclusion is given in Section V.

II. Related Work

To reduce the buffering delay, the authors in [3]–[5]
proposed a burst assembly model in which the BCP is sent
early, before the completion of its burst. As shown in
Fig. 1b, this model reduces the period of offset time in
comparison with that of the basic burst assembly model
(Fig. 1(a)).
However, because the burst length information must be

carried in the BCP, the authors in [3]–[5] have proposed
various approaches for estimating the length of the burst
that will be completed (called the estimated length).
Specifically, the authors in [3] determine the estimated
length based on the rate of data arriving during the
estimation time (Te), which is Ta � To. The authors in [4]
calculate this length based on the difference between the
arrival data rate of the current assembly with that of the
previous assembly while the authors in [5] use an auto
adaptive regression linear filter and the arrival data rate

during Te. In summary, the estimation time plays an
important role in which a longer estimation time leads to a
more accurate estimated length.
In the abovementioned models of burst assembly, only

the one in [5] is for service differentiation. Specifically,
the authors in [5] set various offset times for differential
priority bursts (Fig. 2) and adjust the assembly times so
that the higher priority given to a burst leads to a shorter
buffering delay. This adjustment was interpreted as a
solution to delay unfairness. However, there are some
drawbacks to this approach: (1) higher priority bursts have
shorter estimation times (as shown in Fig. 2), leading to a
lower the estimation accuracy; (2) no solution was
proposed to determine (or adjust) the assembly times for
delay fairness among the various levels of priority of
bursts; and (3) no measure was suggested to evaluate the
level of delay fairness achieved. Our following proposals
include a definition of delay fairness, measure for delay
fairness, 2-phase burst assembly model, and the burst
assembly algorithm for delay fairness.
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Fig. 1. Comparison of the buffering delays of the (a) basic burst
assembly and (b) delay-reduction burst assembly models.
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Fig. 2. Example of three assembly times (thresholds) and three
offset times for three classes of priority, in which the
highest priority burst (class 1) has the least assembly
time and largest offset time, while the lowest priority
burst (class 3) has the largest assembly time and least
offset time.
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III. Our Solution For Delay Fairness Using The
Burst Assembly

1. Definition of Delay Fairness

There are several interpretations of the concept of
fairness, but their main idea is satisfaction for individuals,
such as the allocation of network resources to various
applications so that fairness is achieved when these
resources are allocated fairly [7]. In OBS networks,
fairness has been studied in the form of rate fairness [8]
and distance fairness [9]. Specifically, rate fairness refers
to fair bandwidth allocation for connections and is based
on the ratio of the allocated bandwidth to the available
bandwidth of outgoing links; distance fairness is the issue
of fairness between long-path bursts and short-path bursts,
where the long-path burst has a higher blocking
probability because of its longer path. The concept of
delay fairness proposed in [5] is interpreted as giving
higher priority bursts shorter buffering delays. However,
this interpretation does not yet express the essence of
satisfaction for individuals in the concept of fairness.
Therefore, we propose a definition of delay fairness for
differential priority bursts that share the same path to their
destination in an OBS network as follows.
Delay fairness is the satisfaction of the delay for

differential priority bursts so that the ratio of the average
end-to-end delay to its upper delay bound for each priority
is approximate. In addition, to meet the requirements of
delay-based priority differentiation and upper end-to-end
delay bounds in OBS networks, two constraints for the
differential priority bursts are added:

• Higher priority bursts have shorter end-to-end delays;

• The end-to-end delay of each burst is not longer than its
upper delay bound (for example, the round-trip time
(RTT) of the packets included in the burst).

2. Measure For Delay Fairness

As mentioned in Section I, the end-to-end delay of a
burst through an OBS network depends primarily on the
buffering delay at ingress nodes. Therefore, the fairness of
buffering delay for differential priority bursts is the main
cause of the fairness of their end-to-end delay. In this
article, we focus on optimizing the delay fairness using the
burst assembly.
Given D(i), the average delay of the data that waits in

queue i before being aggregated in a burst, and Ta(i), the
assembly time of the queue i, xi = D(i)/Ta(i) reflects the
rate of data delay in queue i. We propose the delay
fairness index (DFI) to measure the delay fairness for

differential priority bursts, which is based on Jain’s
formula [10], as follows.

DFI ¼
Pn
i¼1

rixi

� �2

n
Pn
i¼1

ðrixiÞ2
; (1)

where n is the number of priority classes.
The fairness increases when DFI approaches 1 and

reaches its maximum if DFI = 1. This is equivalent to

r1x1 � r2x2 � . . . � rnxn; (2)

where ri is the weight of xi, 0 < ri < 1 and
Pn

i¼1 ri ¼ 1.
In this article, these weights are assumed to be equal, so ri
is excluded from (1).
Note that D(i) is a variable component that depends on

the rate of data arriving at queue i. If we want to push DFI
to 1, we must adjust Ta(i) so that all xi are close together.
As in the example shown in Fig. 3, with the distribution of
each xi in the space of (D, Ta), the adjustment of DFI to 1
is equivalent to the movement of all xi to their center of
mass. Specifically, each xi is moved as follows:

• Determine the center of mass of all xi: �x ¼ ðPn
i¼1 xiÞ=n

• Move to the center of mass: xi ¼ xi þ g � �x� xið Þ, where
g is the movement step, 0 ≤ g ≤ 1. We chose g = 0.1
for our simulation implementation (Section IV).

3. Two-Phase Burst Assembly Model

Our burst assembly model is also based on the idea of
sending the control packet early, as in [3]–[5], but our
improvements come from the combination of two phases
of burst assembly: Phase 1 is estimation time-based
assembly and Phase 2 is estimated length-based assembly.
Specifically, the model of the 2-phase burst assembly is as
follows:

x1

x3

x2

D

x1

x3

x2

Ta

Fig. 3. Example of three priority bursts and the distribution of
their xi in the space of (D, Ta).
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• Phase 1: As the first packet arrives at the empty queue i
(Line 3 of the burst assembly for delay fairness (BADF)
algorithm in Section III.4), its timer is triggered. The
control packet is sent only when the timer reaches the
estimation time of Te(i) = Ta(i) – To(i) (Line 9). The
estimated length of burst Le(i) is then calculated using
the time-window-based exponentially weighted moving
average (TW-EWMA) algorithm [11] (Lines 11–13) as
follows.

LeðiÞ ¼ TaðiÞ � ð1� aðiÞÞ � kavgðiÞ
�

þaðiÞ � kcurðiÞ
�
;

(3)

where a(i) is a weight factor, kavg(i) is the average rate of
previously arriving packets, and kcur(i) is the average rate
of currently arriving packets. The latter is calculated
using kcur(i) = L(i)/Te(i), where L(i) is the number of
packets arriving during the estimation time. However, we
flexibly adjust the value of a(i) depending on the
increase/decrease in incoming traffic using the formula of
a(i) = kcur(i) 9 (kavg(i) + kcur(i)) (Line 14), instead of
keeping it fixed, as in the original TW-EWMA algorithm.

• Phase 2: The algorithm of burst assembly is still
continued, but now based on the estimated length Le(i) or
the assembly time Ta(i). A burst is only completed if one
of these thresholds (Le(i) or Ta(i)) is reached (Line 16).
The estimated length-based approach of Phase 2 will help

minimize the estimation error (the difference between the
estimated and completed lengths); specifically, it is zero
when all arriving packets have the same size or estimated
length Le(i) is a common multiple of all arriving packet
sizes. In the case when the estimated length is reached and
the arriving packets have various sizes, the condition for
completing a burst is Le(i) – maxp(i) ≤ |b(i)| ≤ Le(i), where
|b(i)| is the length of the completed burst b and maxp(i) is
the possible maximum size of the packets arriving in queue
i. This approach will cause a bit of waste in terms of
bandwidth (when the bandwidth reserved based on an
estimated length that is larger than the real length of the
completed burst), but it ensures that no excess packet is
moved to the next burst and, therefore, there is no
additional delay. In the case when the assembly time of
Ta(i) is reached first, the estimation error should increase
because the length of the completed burst is shorter than the
estimated one; but no delay is added to the burst.
Another action in Phase 2 to increase the fairness delay

is to adjust Ta(i) so that all xi are close together (see
Section III.2). This is done by first determining the center
of all xi (Line 22) and then modifying Ta(i) for the next
assembly based on the movement of xi (Line 23).

4. Burst Assembly Algorithm For Delay Fairness

Based on the abovementioned analysis, our algorithm
for BADF is described as follows:

The complexity of BADF for one cycle of burst
assembly is O(logN(i)), where N(i) is the number of
packets arriving in one cycle of burst assembly (which is
also the average completed length L(i) in Phase 2).

if

if

otherwise
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IV. Simulation Results and Analyses

The BADF algorithm and Sui’s algorithm [5] were
implemented in NS2, with the support of package obs0.9a,
on a PC with a 2.4 GHz Intel Core 2 CPU and 2G RAM.
The given arriving packets belong to three priority

classes (n = 3); thus, there are three queues used for burst
assembly at the ingress nodes. The arrival process of the
packets at the queues is assumed to be Poisson and their
sizes are uniformly distributed in the interval [500, 1,000].
Assuming that the upper delay bounds (in ms) of the
arriving packets (for example, their RTT) are distributed
in the interval [0.4, 1.0], the packets with upper delay
bounds in the interval [0.4, 0.6) are allocated to queue 1
(high priority), those with upper delay bounds in the
interval [0.6, 0.8) are allocated to queue 2 (medium
priority), and the rest, with upper delay bounds in the
interval [0.8, 1.0], are allocated to queue 3 (low priority).
The offset times of 0.3, 0.2 and 0.1 ms are also assigned
to queues 1, 2 and 3, respectively.
We consider three periods of simulation (in s) with

various arriving loads: equal loads of 0.2 (Erlang) for
three priority classes in the period of [0.1, 0.3]; loads of
0.3, 0.2, and 0.1 arriving at queues 1, 2, and 3,
respectively, in the period of [0.4, 0.6]; and loads of 0.1,
0.2 and 0.3 arriving at queues 1, 2, and 3, respectively, in
the period of [0.7, 0.9].
Our simulation goals are to

• Compare the DFI of BADF and Sui’s algorithm;

• Analyze the effect of delay fairness on the assembly
time Ta(i) and buffering delay;

• Compare the estimation errors of BADF and Sui’s
algorithm.

1. Comparison of DFI for BADF and Sui’s Algorithm

As shown in Fig. 4, the DFI of BADF is close to 1,
which is better than that of Sui’s algorithm. This means
that the delay fairness of BADF approaches the optimum.

To clarify which factor affects the delay fairness, we
consider the rate of data delay in each queue (xi = D(i)/
Ta(i)) of both BADF and Sui’s algorithm. As shown in
Fig. 5, the three classes of Sui’s algorithm are far from
each other in all periods of simulation (dashed rectangles),
but they are very close in BADF (solid rectangles). This
reflects the fact that the xi of all classes are pushed closely
toward their center of mass in BADF.

2. Analysis of the Influence of DFI on Assembly Time
Ta(i) and Buffering Delay

As shown in Fig. 6, assembly time Ta(i) decreases when
the rate of arriving packets increases, as with class 1 in the
period of [0.4, 0.6] and with class 3 in the period of [0.7,
0.9]. This is understandable because when the number of
arriving packets increases, the length threshold is usually
reached first, so the value of Ta(i) is decreased to the real
assembly time and, as a result, the gap between Ta(i) and
the average delay of packets in their queue is narrowed.
When arriving packets decrease, as in the period of [0.4,
0.6] for class 3 and in the period of [0.7, 0.9] for class 1,
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their Ta(i) are likely to increase, but because of the limit of
their upper bounds (0.4 for class 1 and 0.8 for class 3), no
change occurs, as shown in Fig. 6.
Optimizing the DFI also has a significant impact on the

buffering delay of the priority classes. Specifically, the
average buffering delay of all three classes of BADF is
lower than that of Sui’s algorithm (Fig. 7). This is more
evident when considering each individual class, as shown
in Fig. 8, in which the buffering delay of each class of
BADF is always lower than that of Sui’s algorithm.
However, one thing to note is that there is a significant

estimation error (see Section IV.3) in Sui’s algorithm
when the number of arriving packets increases, and thus
the completed length is longer than the estimated one.
Hence the excess packets in the current assembly must
be transferred to the next assembly. As a result, the
excess packets are subjected to an additional delay that is
equal to Ta(i). Thus, the real average buffering delay of
Sui’s algorithm is much larger, as shown in Fig. 9.
Figure 10 also shows the real average buffering delay of

the three classes of Sui’s algorithm in comparison with
BADF when considering the additional delay.

3. Comparison of the Estimation Error of the Burst
Assembly Models

The estimation error is defined as the difference between
the completed length and the estimated one. In this article,
we define the average estimation error rate (RE) of M
successive burst assemblies as follows:

RE ¼
PM
i¼1

jLðiÞ � LeðiÞj=LðiÞð Þ
M

; (4)

where L(i) and Le(i) are the completed and estimated
lengths, respectively, in the ith burst assembly.
Figure 11 compares the estimation errors of the BADF

and Sui’s algorithms, in which the estimation error of the
BADF algorithm is much smaller than that of Sui’s
algorithm. This is achieved because of our proposed 2-
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stage assembly algorithm in which a burst is formed when
the estimated length or time threshold is reached. If the
estimated length is reached first, no estimation error
occurs; but if the time threshold is reached first, there is an
estimation error because the real number of arriving
packets is less than the estimated one. This estimation
error will waste bandwidth, as shown in Fig. 12, but it
does not generate any excess packets (Fig. 13); thus, no
additional delay is created.
A comparison of the estimation error for each class in the

BADF algorithm and Sui’s algorithm is also shown in
Fig. 14. With the BADF algorithm, the estimation error of
class 1 is increased in the period of [0.7, 0.9] because the
reduction of the class 1 packet rate causes the time threshold

to always be reached first. In Sui’s algorithm, because class
1’s time threshold is fixed, when the rate of the class 1
packets increases (in the period of [0.4, 0.6]) or decreases
(in the period of [0.7, 0.9]), there is always a certain increase
or decrease, respectively, in estimation errors.

V. Conclusion

The burst assembly has a significant impact not only on
the end-to-end delay but also on the delay fairness for the
priority bursts through OBS networks that support service
differentiation. In this paper, we proposed a burst
assembly model for delay fairness, named BADF, that
includes a definition of delay fairness, measure for delay
fairness, 2-phase burst assembly model, and burst
assembly algorithm for delay fairness. The simulation
results show that our BADF algorithm achieves near
optimal delay fairness, reduced buffering delay, minimal
estimation error, and zero excess packets in comparison
with previously proposed models.
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