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Abstract— Optical Burst Switching (OBS) is a promising period should adapt to the TCP's sending window size.
paradigm for the next-generation Internet infrastructure. In this The remainder of the paper is organized as follows. Section

paper, we study the performance of TCP traffic in OBS networks . . . . )
and in particular, the effect of assembly algorithms on TCP traf- II briefly introduces the main idea of OBS and describes an ex

fic. We describe three assembly algorithms in this paper and com- 1Sting burst assembly algorithm, then we propose two new as-
pare them using the same TCP traffic input. The results show Sembly agorithms. We present simulation results and analysis
that the performance of the proposed Adaptive-Assembly-Period in Section I11. Section IV concludes our work.

(AAP) algorithm is better than that of the Min-BurstLength-Max-
Assembly-Period (MBMAP) algorithm and the Fixed-Assembly-
Period (FAP) algorithm in terms of goodput and data loss rate.
The results also indicate that burst assembly mechanisms affect
the behavior of TCP in that the assembled TCP traffic becomes
smoother in the short term, and more suitable for transmission in

Il. BURST ASSEMBLY ALGORITHM IN OPTICAL BURST
SWITCHED NETWORKS

optical networks.

|. INTRODUCTION

O meet the increasing bandwidth demands and reduce

costs, severa optical network paradigms have been un-
der intensive research. Of al these paradigms, optical circuit
switching (e.g. wavelength routing) is relatively easy to imple-
ment but lacks flexibility to cope with the fluctuating traffic and
the changing link state; Optical Packet Switching (OPS) is con-
ceptually ideal, but the required optical technologies such asop-
tical buffer and optical logic are too immature for it to happen
anytime soon. A new approach called Optical Burst Switch-
ing (OBS) that combines the best of optical circuit switching
and optical packet switching was proposed by researchers [1]
[2], and has received increasing amount of attention from both
academia and industry worldwide [3—7].

Within an OBS network, an ingress OBS node assembles IP
packetsinto bursts and sends out a corresponding control packet
for each data burst. Thiscontrol packet is delivered out-of-band
and leads the data burst by an offset time. The control packet
reserves necessary resources all the way from the ingress node
to the egress node where the data burst will be disassembled.

While TCP is the dominant transport protocol today and
likely to be adopted in future optical networks, all existing work
evaluating the performance of OBS networks assumes that the
input traffic is generated by a random generator or at the best a
sampled trace file of 1P packets, neither of which can be used to
evaluate the effects of the congestion control and retransmission
by TCP[8,9]. Inthis paper, we areinterested in finding out how
the assembly a gorithms perform under TCP congestion control
mechanisms and what the assembled TCP traffic would be. To
this end, we use the TCP traffic as input to study performance
of OBS networks and compare different assembly algorithms
using NS2 [10]. One of the insights obtained from our study
is that TCP performance is more sensitive to the assembly pe-
riod (AP) than the burst length, and hence ideally, the assembly

Fig. 1 shows the basic procedure of sending one burst from
an ingress node to an egress node in an OBS network. At
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Fig. 1. Optical Burst Switched Networks

the ingress nodes of an OBS network, all TCP/IP packets are
assembled into bursts. The ingress node sends out a control
(or setup) packet before sending out the data burst. There is
an offset time between the control packet and the data burst
to give the intermediate OBS nodes enough time to configure
their switching fabrics and reserve channel for the following
data burst. The control packets are sent out on one or more
dedicated control channels (e.g. wavelengths) and go through
O/E/O conversion at each intermediate node to provide infor-
mation about the coming burst. However, the data burst will go
through each intermediate node in the optical domain without
any O/E/O conversion.

There are many interesting topics in OBS, such as burst
scheduling, burst assembly, offset time setting, and contention
resolution [4]. The focus of this work is the assembly mech-
anisms and their interactions with TCP/IP. Currently, how to
efficiently assemble IP packets to bursts in an OBS network is
still an open issue. In this section, we will describe three burst
assembly algorithms.

We assume that the ingress node has one dedicated burst as-
sembly queue for each egress node. All incoming packets will
be forwarded to the corresponding queue according to their des-
tinations. When the queue size reaches a threshold or the wait-
ing time of the packets in the queue reaches a threshold, the
packets in this queue are sent out as a burst. Fig. 2 illustrates
the structure of such a burst assembler.



4
|Ptrafﬁc%A (

traditiond IP i >

Routers /

Fig. 2. Burst Assembly

A. The Fixed-Assembly-Period (FAP) Algorithm

A simple and intuitive assembly algorithm is the Fixed-
Assembly-Period (FAP) agorithm. The edge OBS node assem-
bles IP packets with the same destination that arrive during a
fixed Assembly Period (AP) into a burst and generates a corre-
sponding control packet. The following pseudo code provides
a more detailed description of this FAP algorithm, where ¢4
denotes the assembly queue at ingress node s for destination d
and AP, isthe assembly period used by node s.

Event::PacketArrive at node s

d=Destination of the new |P packet;
if (AssembleTimer (gsq) isnot running) then
Start a new assembly timer for g,4, AP,,,=initia value;
end if
Assembl e the packet to corresponding queue g,q;
Update the burst length information;

Event::AssembleTimerOut (gsq)

Fill in and send out a control packet on a control channel;
Schedul e the data burst to be sent out on a data channel after
an offset time;

Stop the assembling timer for ¢q4;

Assume that the network uses a static routing algorithm. For
the link between two node ¢ and node j, we define a set Q;;,
which contains all ¢, if and only if the bursts assembled from
gsq use the link from node i to node j. Then, for any Q;;, we
have the following inequality based on the link capacity.

>

qsd€Qij

AvgBL
% < Channel x BandWidth (1)

where AvgBL, , denotes the average burst length of queue
gsq- Channel is the number of wavelengths on this link and
BandW'idth isthe bandwidth of one channel.

Note that for a specific TCP flow f, in order to prevent TCP
from unnecessarily (or prematurely) retransmitting packets in
the burst, the assembly period should not be greater than re-
transmit timeout value (RTO) minus the round trip time value
(RTT) associated with flow f [8,9,11]. From inequality (1)
and above discussion, we have the following constraints on as-
sembly period (Assume that every ingress node uses the same
AP).

Eq dE€Q;; AUgBqud
2a€Qiy < AP, < min(RTO—RTT) (2
Channel x Bandividin = AP < min( ) @

where, mfin(RTO — RTT) represents the minimum value

of (RTO — RTT) over dl TCP flows from s to d. Since
AvgBL,,, changeswith the value of AP , itisdifficult to ob-
tain the accurate lower bound of AP;. One possible approach,
however, isto infer AvgBL,,, from the traffic history. More
specifically, we may use the following Equation (3), which is
similar to the equation for RTT calculation [8,9, 11].

AvgBLy = & x AvgBLg + 1 x SAvgBL, 3

where SAvgBL, is the most recently sampled average burst
length, AvgBL, is the smoothed average burst length, and &
and ny are two positive weights (£ +n = 1).

Note that there can be many variants of the FAP algorithm.
One extreme is to use the same fixed AP value for all ingress
nodes (i.e. AP, = AP,), and another extreme is to use differ-
ent but fixed AP values for different assembly queues at each
ingress node (i.e. AP, , # AP, ,). Inthe following simula-
tion study, we assume that all the ingress nodes use the same
AP value.

B. The Adaptive-Assembly-Period (AAP) Algorithm

Aswe can see, algorithm FAP istoo rigid in that it does not
take current traffic situation into account so as to adapt the burst
assembly accordingly. Thisisexpected to adversely impact the
network performance. Therefore, we propose the Adaptive-
Assembly-Period (AAP) agorithm. This algorithm is similar
to FAP agorithm, with the difference being that AAP can dy-
namically change the value of AP of any queue at every ingress
node (e.g. AF,,,) according to the length of burst recently sent.
Given a queue q,4, if we assume that the network uses a sin-
gle path to route each flow, in the extreme case, the assembled
burst traffic from ¢,4 occupies all the output bandwidth. Hence,
similar to the rationale behind equation (2), we have following
constraints.

AvgBL,,, .
: < AP, < min(RTO — RTT
BandWidth x Channel = AFaa < min( )
(4)

where AP,_, isassembly period of queue ¢;4. We now use the
following equation to determine the value of assembly period,

AvgBL,,, 5)

AP x BandWidth x Channel

qu:a

where o« > 1 is called the assembly factor. Note that from
equation (1) and (5), we get,

o BandWidth x Channel

AvgBLg_,

APq .,

~ |Qijl (6)

where |Q;;| is the size of Q;;. In other words, Equation (6)
indicates that « is the average number of the assembly queues
that are sharing the link.

As far as determining AvgBL,,, in equation (5) is con-
cerned, we propose to use Equation (3) by setting ¢ = i and
n = % in our simulation. The reason for putting more weight
on the most recently sampled burst (i.e. n > %) is to allow
this assembly algorithm to synchronize with TCP as much as



possible. More specifically, after along burst is sent out, it is
very likely that TCP will still send out more (sometimes twice
as many) packets and thus it is better to increase AP. On the
other hand, if TCP is done or entering aslow start stage (e.g. a
short burst is sent out), it is desirable to reduce the assembly pe-
riod significantly. In addition, to prevent the burst length from
increasing or decreasing by too much, we use lower and upper
thresholds (i.e. > 1 and 0 < v < 1) to keep the assembly
period within a reasonable range. More details about the AAP
algorithm are shown in the following pseudo code.

Event::PacketArrive at node s

d=Destination of the new I P packet;

if (AssembleTimer (gsq) iS ot running) then
Start a new assembly timer for gsq, (AP,
initial) value);

end if

Assembl e the packet to corresponding queue g,q;

Update the burst length information;

.,=Current (or

Event::AssembleTimerOut (gsq)

Fill in and send out the control packet on control channel;
Schedule the data burst to be sent out on a data channel after
an offset time;
Update the stetistical average burst length AvgBL,,, (see
equation (3));
Update the value of Assembly Period for queue g.q (See
equation (5));
if (AP,,, > (3 x current assembly period) then
AP,,, = 3 x current assembly period;
else if(AP,,, <~ x current assembly period) then
AP, , =~ x current assembly period;
end if
Stop the assembling timer for ¢,q;

Note that while AAP is much more flexible than FAP,
it also involves more complexity (in adjusting the AP) at
each ingress node. A compromising approach, called Semi-
Adaptive-Assembly-Period (SAP) algorithm is a possible alter-
native, where all the queuesin Fig. 2 at each given node use the
same assembly period value, which dynamically changes based
on the current traffic. Due to the space limitation, we will not
discuss SAP further in this paper.

C. The Min-BurstLength-Max-Assembly-Period (MBMAP)
Algorithm

While we do not want to send out data bursts that are too
small in order to reduce the overhead, we should send out a
burst as soon as possible, and certainly before the first packet
in the burst misses its deadline. So we propose the third algo-
rithm, which generates a control packet when a burst exceeds
a minimum burst length (MBL) or when the assembly period
times out, whichever comes first. These two parameters (maxi-
mum assembly period (MAP) and MBL) can be set such that the
minimum burst length is smaller than the average burst length
(obtained using equation (3)), and the maximum assembly pe-

riod is approximately m}n(RTO — RTT) (asin equation (2)).
The pseudo code for the MBMAP agorithm is as follows.

Event::PacketArrive at node s

d=Destination of the new |P packet;
if (AssembleTimer (gsq) iS ot running) then
Start a new assembly timer for ¢4, MAP=initial value;
end if
Assembl e the packet to corresponding queue g.q;
Update the burst length information;
if (AssembedLength > MBL) then
Generate burst control packet for this burst;
Fill in and send out the control packet on acontrol channel;
Schedule the data burst to be sent out on a data channel
after an offset time;
Stop the assembling timer for ¢,4;
end if

Event::AssembleTimerOut (gsq)

Generate a burst control packet for this burst;

Fill in and send out a control packet on a control channel;
Schedule the data burst to be sent out on a data channel after
an offset time;

Stop the assembling timer for ¢,q4;

Note that when we disable the constraint on the minimum
burst length?, this algorithm degenerates into FAP.

I1l. NUMERICAL RESULTS & PERFORMANCE ANALYSIS

In this section, we study the performance of previously pro-
posed assembly algorithms using TCP traffic asinput to an OBS
network, as shown in Fig. 3. The italic number on the link in
the figure represent the propagation delay (or distance) between
two nodes. According to our experiments, thereisno significant
difference in the performance among different TCP implemen-
tations (such as "Reno”, "NewReno” or "Sack”). Due to the
space limitation, we report only the results obtained using the
TCP “NewReno” in this section. We make the following as-
sumptions:

Fig.3. NSFNet

« Every OBS node has full wavelength conversion capabil-
ity.

« Each link has bi-directiona fibers, each fiber has 8 wave-
lengths.

LIn following simulation, we denote this by setting MBL=0.



« Thereisno buffer or FDL in the OBS network.

o The TCP setup and ACK packets go through the control
channel.

« FTP connections are used to generate TCP traffic, whose
destination is randomly distributed among all the nodes.

A. Comparison Between OBS and OPS

Conceptually, OPS (Optical Packet Switching) is a special
case of OBS if the assembly schemes are disabled in OBS (i.e
when AP=0).
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Fig. 4 and Fig. 5 are the performance comparisons of OBS
(using FAP) and OPS in terms of goodput (i.e. the effective
data that the destinations receive.) and loss rate as a function of
the number of TCP connections. The figures indicate that with
an appropriate assembly algorithm and assembly parameters,
the OBS networks have better performance than that of OPS
networksin that the goodput and dataloss rate of OBSwith FAP
are about 15% better than OPS in most cases. Also note that,
as the number of TCP connection increases, the network gets
saturated, and the goodput and loss rate tend to be a constant.
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In order to explain the above results, we examine the traffic
profiles. Fig. 6 ~ Fig. 9 show the difference between origi-
nal TCP traffic and assembled TCP traffic at arandomly picked
node. Fig. 6 and Fig. 7 are the packet humber arrival rate
and data arrival rate of the original TCP traffic. The number of
simultaneously arrived packets may be about 800 in OPS net-
works. It is very likely that they will cause contentions at the
output ports. Similarly, Fig. 8 and Fig. 9 are the results for
assembl ed traffic using FAP agorithm, which shows that burst
assembly reduces the variance in the number of bursts/packets
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aswell asthe datarate. The smoothing effect is verified by the
R/S and variance plot [12] [13] [14] [15] in Fig. 10 and 11,

] which show the statistical properties of OPS traffic (no assem-

bly) and OBS traffic (after assembly).
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The slopes for no-assembly TCP traffic and after-assembly
traffic are amost the same, which indicates that the self-
similarity degrees of both traffic are not much different. In
other words, burst assembly al gorithm does not change the traf-
fic's long-range dependence property. Fig. 11 exhibits that the
variance of assembled traffic islower than that of the unassem-
bled traffic, indicating that burst assembly indeed changes the
traffic’s short-term properties. Such a smoothing effect in the
short-term makes the assembled TCP traffic more suitable for
transmission (i.e. resultsin ahigher goodput and lower lossrate
asshown in Fig. 4 and 5).

B. Comparison Between Assembly Algorithms

1) FAP: Fig. 12 shows that the performance of FAP is af-
fected by the value of assembly period. More specifically, when
the selected assembly period is not appropriate (e.g. > 0.03
when TCPNum=200), the goodput of OBS isworse than that of
Optical Packet Switching (i.e. AP=0). Thisisbecause when the
assembly period istoo large, it takes more time to send packets
and receive the corresponding acknowledgement packets, and
hence the increase in the TCP sending window size is slowed,
which results in a poor performance. This Figure aso indi-
cates that the optimal value of assembly period increases with
the number of TCP connections. For example, it is about 0.01
0.015 and 0.02 when the number of TCP connections increases
from 200, 500 to 3000 respectively.

2) MBMAP: There are two parameters in Min-
BurstL ength-Max-Assembly-Period  algorithm: minimum
burst length (MBL) and maximum assembly period (MAP).
Fig. 13 and Fig. 14 are the goodput for MBMAP by varying
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one of these parameters at atime. More specifically, Fig. 13
indicates how the value of MBL affects the system’s goodput,
where MBL= 0 actually represents the FAP agorithm. Fig.
14 shows how the value of maximum assembly period affects
the system’s goodput. Apparently, the network performance
is more sensitive to MAP than MBL because the TCP con-
gestion control and retransmission mechanisms are basically
controlled by timers. As can be seen from the figures, for the
same assembly period, MBMAP performs as well as FAP in
most cases.
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3) AAP: Fig. 15and Fig. 16 show the simulation resultsfor
the AAP agorithm. Here, we set oo = 16 asthe assembly factor
(based primarily on the topology and the shortest path routing
for every node pair) and set 3 = 3, = 1/8. The curves rep-

resenting FAP in these figures are the best performance we can
obtain from FAP agorithm by selecting the best (fixed) value
of AP. Still, the performance of AAP is better than FAP, espe-
cialy for a large number of TCP connections. The reason is
that AAP adapts the assembly period properly. The ideal situ-
ation is that the variation in assembly period can synchronize
with TCP's congestion control mechanism, and thus enhances
the performance.

IV. CONCLUSION

In this paper, we have proposed and compared three
burst assembly algorithms, which are Fixed-Assembly-Period
(FAP) agorithm, Adaptive-Assembly-Period (AAP) algorithm
and Min-BurstLength-Max-Assembly-Period (MBMAP) algo-
rithm. Based on the properties of TCP flow and bandwidths
provisioning in the networks, we have proposed approaches to
determine the parameters such as assembly period and the min-
imum burst length of above algorithms. The simulation results
show that AAPisthe best, because it adapts assembly periodsto
match with the TCP congestion control mechanisms. We have
used the R/S plot and variance plot to provide valuable insights
into the effect of OBS assembly mechanisms on the burstiness
and self-similarity degree of the TCP traffic. Our analysis and
simulation results have indicated that burst assembly can reduce
the simultaneous contention in the core network and make the
TCP traffic smoother in the short time scale, and hence improve
the performance in terms of goodput and loss rate.
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