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Abstract at least for data, with the control part converted and pro-
cessed in electronics. In the OBS solution [2, 3] data never

This paper in\/estigates the performance of a Comp|ete OBgeave the optical domain: for each data burst assembled at
(Optical Burst Switched) network that implements the JET the network edge, a reservation request is sent as a separate
(Just Enough Time) reservation mechanism. The networkcontrol packet, well in advance, and processed within the
under examination adopts a core node architecture with no €lectronic domain. The key idea behind OBS is to dynam-
fiber delay lines and a limited set of wavelength convert- ically set up a wavelength path wheneveagye data flow
ers, while featuring an edge node architecture with a mix of is identified and needs to traverse the network: a separate
input, output and shared buffers. We investigate the over-control packet, carrying relevant forwarding information,
all network performance and design, specifically focusing therefore precedes each burst by a basic offset time. This
on burst delay and end-to-end TCP throughput. In order Offset time is set to accommodate the non-zero electronic
to study the OBS network behavior, we develop a modularProcessing time of control packets inside the network. In an
and flexible simulation tool, that we call MOBSSIM (Modu- OBS network, nodes can be classified as either edge or core
lar OBS Simulator). MOBSSIM is the means to accurately routers. The main task of edge nodes is the burst assembly
build an arbitrary topo|ogy OBS network via its main func- function: as they represent the border between "traditional”
tional blocks, edge and core routers: its sound degree of de-€lectrical LAN/MAN IP networks and a high speed optical
velopment enables us to accurately evaluate several figuregransport network, they must collect incoming IP datagrams
of merit, e.g., burst blocking probability and delay, and also and assembly them into bursts according to suitable algo-
allows for a critical Comparison of alternative design solu- rithms. Core routers, on the other hand, deal with data bursts
tions in terms of assembly algorithms, reservation strategiesand the related control packets; they have to set-up on the
and QoS oriented routing. fly internal optical paths for switching bursts and take them
hop-by-hop closer to their final destination. The offset time
allows the core switches to be bufferless, avoiding the em-
1 Introduction ployment of optical memories, i.e., fiber delay lines, on the
contrary required by optical packet switching [4].

Optical networking has been boosted by the advances in co- In this paper the focus is on the performance of a com-

herent optical transmission, which led to DWDM (Dense plete OBS network, where all its functional blocks have

Wavelength Division Multiplexing) systems able to accom- - implemented and integrated into the MOBSSIM tool,

modate _hu_ndreds of wav_elengths per fiber, and _by the_ad'so that it is now possible to accurately evaluate the effects
vances in integrated optics, for passive and active optical

of all typical parameters (e.g., assembly time, offset time)

components design. The ultimate goal is the development ofOn different choices of algorithms, such as assembly mech-
a fully optical Internet, where signals carried within the net-

K I h tical d T A first i ant anisms, reservation, as well as routing strategies. Lim-
work neverieave the optical domain [1]. Irst important e g range wavelength converters [5] have been investigated
step in this direction is to have optical networks transparent

in [6] and [7]. Our current contribution investigates the
*This work has been partially supported by MIUR, lItaly, within the network behavior in the presence of core nodes equipped

framework of the national project INTREPIDO: Traffic Engineering and  With @ Iimiteq set of _fU”' range optical wavelength convert-
Protection for IP over DWDM". ers. The main metric figures we focus onto are the delays




introduced by the edge nodes and by the network. Finally, acontrol. In the burst assembly process clagsirsts are at-
widely-accepted TCP model is employed to investigate the tributed the highest priority and thus given the longest extra-
end-to-end performance and bandwidth provided to the endoffset time. Clas® and3 bursts are supposed to be loss-
users of the optical network. sensitive and no extra-offset is given to them. It is worth
The rest of the paper is organized as follows. In Section 2 noting that this last choice has simply been made to set a
the edge router architecture and the burst assembly stratepossible traffic scenario;, MOBSSIM gurantees the a com-
gies adopted are described. In Section 3 the core networkplete freedom in setting the extra-offset parameter.
with the related routing algorithms is shown. Section 4 pro-  An alternative traffic description, that MOBSSIM encom-
vides the framework for the end-to-end performance evalu- passes as well, although not considered in this paper, fea-
ation when a transport protocol like TCP is employed. Nu- tures medium and large-size datagrams that5ae and
merical results are then collected in Section 5 while the con- 1500 byte long [8]; a third IP datagram size, equal2@)
cluding remarks are in Section 6. bytes, is introduced to account for Voice over IP applica-
tions Q0 bytes of IP headery bytes of UDP header2

2 Edge Routers and Burst Assembly bytes of RTP header arid0 bytes of G.711 payload).
2.2 Edge Node Architecture

2.1 Traffic Profiles The edge node architecture investigated in this paper is re-

This work assumes that the OBS nodes support JET ancporteol in Figure 1. It can be logically divided into three
that traffic is mapped into three (but in genekaj, s.;) QoS main blocks. The first includes the input interface cards,

classes. Each class can be described by a different statisti€dUiPPed with buffers for storing datagrams that cannot be

cal traffic profile and can feature distinct QoS requirements, cUrrently forwarded to the shared memory where bursts are
specifying a different upper bound on the burst blocking generated. The second is the burst assembly block, given
probability and/or edge-to-edge delay it can bear. by a control unit operating as router and classifier and by

Traffic incoming into the edge nodes is supposed to be a_sharsd trrr:emo;y ffr. lzurfst formatlor_l(.j ghe.tt:]";ﬂ blocrl]< |('js
M/ Pareto: equivalently, OFF periods are exponentially g:venf y the ou publn ?rtaces, provide V(\;' 'thethsc € t-
distributed, ON periods are Pareto distributed. Indicating uler Tor managing burst ransmissions and wi € out

by X,,, the random variable which represents the duration put buffers for cor_1tention resolution when all wavelen_gths
of the ON period for the i-th input class, its cumulative dis- are busy.' Inpommg datagrams are grouped according to
tribution function is their destination (amongV,.s: possible) and class of ser-

vice, beingNg,s« the number of such classes. Generated
o\ “emi bursts may then be classified as belonging to one out of
F(z) = PlXop, <] =1- <z:) 0 <kop, <, Noyirt—queues = Naest X Ngose queues. The electronic
1) shared memory can therefore be dividedNp;, :—gueves

where the constar,,,. is the smallest possible value of the virtL_JaI queues and it is on them that the burst assembly al-
random variable¥,,,,, expressed as multiple of a basic unit 90rithm operates. o
(here the size of théth class datagram)) < an, < 2 Incoming datagrams may also be buffered into input elec-

in order to have a heavy-tailed distribution. Note that under tronic memories in case of multiple arrivals of packets di-
the hypothesi® < a,,. < 2, X,n. has infinite variance. rected towards the same virtual queue. The transit delay

Given thatz,, T, andz; are the mean duration times from input to shared memory is supposed negligible com-

of the ON periods due to the aggregation of, for instance, pared to assembly time. It is worth noting that this archi-

short, medium and long-sized datagrams, respectively, ontecture impacts the delay each datagram experiences in the

each incoming link the offered load is the sum of three edge node and the outgoing burst length: these parameters
distinct contributions will be investigated and discussed next.

2.3 Assembly Algorithms

3 3
_ o Sy Three distinct burst assembly algorithms are investigated.
P= ; pi=3 ;pzm ’ @ Namely, 7oz [10], Tinaz-Limin Versionl andTy,ae-Limin
version2 that we newly propose. Observe that, depend-
wherep,, p, andps represent the occurrence probabilities ing on the nature of information flows, whether time- sen-
of the three classes ands the mean arrival rate. sitive or loss-sensitive, two different goals are to be pur-
Without loss of generality, bursts labelled cldssclass sued. For the former, since the edge-to-edge delay has to
2 and class3, are defined: clas$ is created with time-  be bounded, a maximum deldy,, ., can be tolerated in
sensitive data and with data that allow the management ofthe assembly phase, but after that the burst must be trans-
closed-loop flow control, i.e., ACKs of end-to-end TCP flow mitted. For the second type of flows, delay is not a tight



constraint: the main goal is to achieve the highest efficiency (i € 1,2, ..., N), an attempt is made to forward it to the de-
by transmitting bursts only after they have reached a min- sired output fiber on that same wavelength, If this is not
imum lengthL,,;,. This nevertheless implies to keep the available, the core router might look for a free output wave-
burst length under control, avoiding the creation of bursts lengthwy;, j # 4, on that same output fiber, but has to resort
that are too long and may adversely impact network per-to a converter, in order to successfully forward the burst. In
formance. For thd’,..-L...,v1 algorithm, the condition  order to enforce distinct QoS levels, in this study we only
on L,,;, for class2 and3 is enough to consider the burst allow classl and clas bursts to resort to wavelength con-
ready to be scheduled for transmission. On the other handyersion.

for Thnaz-Liminv2, all overlapping incoming datagrams di-

rected to the same virtual queue are assembled into the sam .
burst. To make clear the way these algorithms work, con—g'2 QoS Routing and Network topology

sider Figure 2, that shows an example of datagram pattemRegarding the network, information flows are made of
entering the edge node. If these datagrams are directed t¢sts routed by means of the Dijkstra algorithm; for the
the same virtual queue, th€,.. algorithm assembles all  saye of simplicity, all links are supposed to be of equal cost.
four datagrams in the same burst. With thga;-Lininv1 Since class 1 bursts carry time-sensitive data, class 2 and
scheme, ifl, + L2 > Lyin, datagramd and2 are assem- 3 |pss-sensitive data, routing is modified in order to better
bled in a burst and datagra®&nd4 in the next. Las_t, with  meet the performance required by each class and a simple
the Tryaa-Lminv2 Strategy, datagrams 2 and3 gointoa QoS routing criterion is introduced: class 2 and 3 bursts
burst and only datagram falls in the next. This is worth  gre allowed to be deflected and thus re-routed in case of
underlining, because in case of multiple arrivals towards theunavailability of a wavelength in the desired output fiber.
same output virtual queue, several bursts might be ready forrhis |eads to a variable edge-to-edge delay that needs to be
transmission during the transmission time of the previous gyajuated: however, this solution is better than increasing
burst. Since wavelengths in output fibers are assigned withyne purst blocking probability these classes experience. As
no regards to the class the bursts belong to, it might happereviously outlined, variable delays can be managed by the
that “newborn” bursts are blocked because there is no free;gre nodes, because they employ input FDLSs for offset re-
wavelength available for transmission. If this is the case, alignment. Overall, the strategy for service differentiation
these bursts have to be further dglgyed, rather than lost, ang e following: clasd bursts are given the highest priority
must be stored somewhere. This is one of the tasks of theoygh an additional extra-offset and the use of wavelength
schedulers, that takes the bursts from the shared electronic conyerters in the core nodes: classursts have medium
memory as soon as they are ready and sends them out yiority by just using the converters; clasbursts have the

the electronic output queue associated to the selected oppywest priority since they have no extra offset and cannot
tical output interface. As soon as a wavelength becomesexpmit wavelength conversion; on the other hand, class
available, the next burst is taken from the queue, convertedyngs can use alternative sub-optimal variable delay paths
in optics and transmitted. through deflection.

In Section 5, several numerical comparisons among the  As far as the network topology is concerned, the network
burst assc_ambly algorithms will be reported, together with covers most European countries (Figure 4). London, Oslo
some design remarks. and Stockholm nodes are sources of information flows and

. operate as edge routers; Madrid, Rome and Athens nodes
3 ROUtII’\g and Network TOpOIOQy are possible destinations. All the other nodes work as core
) routers. Moreover, no flow is supposed to enter or leave
3.1 Core Node Architecture the network at intermediate nodes. Section 5 will show the
: . . . , performance of the three classes of bursts, in terms of over-
Th‘? core optical router examined is qulpped withx M all edge-to-edge burst delay and burst blocking probability.
optical interfaces capable of _supportuﬂ\jj wavelengths These performance figures will also be discussed when the
_eagh._ We suppose that th_e size of fche pool of cqnvertersdiﬁerem assembly algorithms previously described are em-
is limited and that the optical node is bufferless, i.e., no ployed.
fiber delay lines (FDLs) are present in order to resolve con-
tention for an output fiber, output wavelength. Itis however 4 End-to-End Performance
reasonable to assume the use of a set of input FDLs [9],
whose exclusive task is to re-align the OBS data burst andThroughput is studied here on an end-to-end basis, when
its control packet, so as to guarantee a minimal offset time TCP is assumed as the transport layer protocol. In the sys-
at any intermediate node (Figure 3). ket be the number tem under investigation we assume that the hosts of the
of wavelength converters the node is equipped with. When-LANs/MANs connected to the OBS network employ TCP
ever an incoming burst enters the node ontheavelength Reno. Following the model developed in [11], we approxi-



mate its throughput (in bit/s) as different assembly algorithms we have examined.

Thrrep = MSS 5 Numerical Results
RTT\/ 22 + Tymin (1, 3 31;1’) p(1+ 32p?)

The presented results refer to edge nodes, where different
. ) ] (_3) _assembly algorithms are compared, to the entire network,
MSS being the maximum segment size expressed in bits,\yhere the burst loss probability and the overall delay are
RTT the round trip timep the segment loss probability, {he figures of merit, and to end-to-end performance experi-
Ty the retransmission timeout adhe number of packets  gnced by a TCP connection traversing the OBS core net-
acknowledged by every ACK. work. The performance of the complete burst switching
The performance of TCP over OBS networks has beenpetwork has been determined by simulation, relying upon
studlgd in some previous works,[12]-[13], but it can still be e MOBSSIM tool, arad-hocevent-driven C++ object ori-
considered an open issue and thus a challenge for the regnieq simulator. In order to describe the burst duration, as
search community. Here we want to add some thoughts toe|| as the interarrival time between bursts, the simulator
the discussion. We begin by observing that for the OBS net- adopts an ON/OFF model with exponentially or Pareto dis-
work under study, where the core nodes are bufferless, theyipyted ON (burst duration) and OFF (interarrival time) pe-

process of burst assembly/disassembly at edge nodes doggygs. Incoming traffic into edge nodes is supposed to be
have a great impact on end-to-end performance, as the deyy/ pgreto. with 7; = 218 bytes,z, = 73 = 10 kbytes.

lay it introduces must be carefully evaluated and taken into The extra offset for class bursts is set aBus. pi, pe

account. To this regard, if we indicate i,sscmbiy @nd  andyp, are set equal t0.5, 0.2 and 0.3 respectively. Re-
Taisass the assembly and disassembly times,My,,s the  garding core routers, various symmethit x A/ OBS core
number of traversed hops and'bly,,, the propagationdelay  odes featuring a different number of incoming and outgo-
of each hop, we have that the one-way délay. 1.y, M@ ing fibers have been investigated where each of the outgo-

sured edge-to-edge, from the time the TCP segment enterg«;ﬁIg fibers is chosen with equal probability M. It is set
the OBS ingress edge to the time it leaves the OBS egress,,. 32, M = 2 with N = 16 wavelengths per fiber.

edge, is T has been set equal toms for classl burst assem-
bly and to20 ms for clas and3. L,,;, has been set to
640 kbytes. Figure 5 shows the average input queue delay
of the three classes of service for thg,,,-L..:n VErsion
When working under the hypothesis that the network has1 and 2 algorithms. This delay has been computed only
a symmetric behavior, RTT in (3) can be determined as on datagrams which experience delay. The number of de-
RTT = 2T.2c1way- Actually, RTT should also include the layed datagrams increases when the offered load increases,
delays given by the access networks that the TCP connechbut this average delay is not affected by, .- Linin VEr-
tion traverses: equivalenty? 77" = 27104y Can be in- sion 2 exhibits better performance than for class2 and
terpreted as a lower bound. Now, considering the network 3 while are similar for clasd. Since all overlapping data-
topology reported in Fig.4, the average link lengtR(8 km grams withv2 are assembled in the same burst, this implies
and N5 is in the[3 — 5] range. Since the light propaga- a shorter time storage in the input queue than«for for
tion speed in the fibers is roughi{% the speed of the light  which overlapping datagrams can be assembled into differ-
in the vacuum, the propagation delay for each Hbp,,, ent adjacent bursts. Figure 6 reports the average assembly
is on averagel ms. It follows thatiVy,qps X Thep IS UPPEr time for theT,,,4.-Lmmin Versionl and2 algorithms for the
bounded by20 ms, whileTsempry @aNdTg;sqss remain to three classes of service. First of all, the general behavior
be estimated: their actual values depend on the specific asis decreasing with load and this is expected: the more nu-
sembly algorithm the edge nodes adopt. merous datagrams arrive in a time period, the shorter the
Regarding, the second parameter that needs to be prop-interval to reach’,,.;,,. While for classl bursts both algo-
erly determined in order to estimate the end-to-end TCPrithms give the same delay, bounded by the imposaus
throughput, we assume, as classified in [12], to have onlyvalue, for the other two classed performs better. This
slow TCP sources that emit at most one segment during thewas expected as well, since building a burst with all over-
interval (0, T4 ). This implies that at most one segment lapping datagrams takes longer than building with just the
for each connection is contained in a burst generated by theone which makes the burst be longer thap,,,. Here we
edge node and injected into the OBS network. It follows are quantifying in terms of delay the behavior as a func-
that for this type of sources the segment loss probahility tion of load. Table 7 reports the average number of class
can well be approximated by the burst blocking probability. 2 and3 bursts ready for transmission per virtual queue as
Next Section will report the TCP throughput results ob- a function of the offered load. It is worth noting that dur-
tained for the above assumptionsB#'T" andp, and for the ing transmission of classbursts no other burst of this class

TeQelway = Tassembly + Nhops X Thop + Tdisass . (4)



comes to be completed and ready for transmission. It isburst loss is negligible for classbursts,10~3 for classl

also interesting to observe that wh&h ;.- L, v1 IS em- and10~2 for class3.

ployed, the average number is roughly twice the value ob- | et us now discuss end-to-end performance. Figure 11
tained for theT’,, ., algorithm: this is as expected, since the shows the throughput of TCP Reno given by (3) as a func-
Lmin condition implies shorter but many more bursts than tion of RT'T for T, = 1.0 s,b = 2, M'SS = 1500 bytes and
Tinaz- When thel,q.-Liminv2 is used the average num-  , — 10-2, areasonable value for the burst loss probabilities
ber is less thaf},q.-Liminv1l and just greater thaiy,, ... observed in the OBS network. Putting together edge node
This average number plays a crucial role in system design:delays and network propagation delay, the RTT for class 2
it represents the number of resources, i.e., wavelengths, pesnd 3 results in exceedi§0 ms whenZ’,,o.-Lyninvl and
virtual queue to be installed in order to limit blocking during 7, .~ are used, whereas it drops to roughfyms forZ},, .-
transmission. As previously saidd] = 16 and in generalit . 2. This figure clearly states that, even if a very high
has to be properly dimensioned. Figure 8 and 9 show thespeed core network is employed, the best throughput we can
output queue delay experienced by bursts for the differentachieve is1.5 Mbit/s when theT},, - Lininv2 algorithm is
assembly schemed;,,.,, generates the longest bursts and employed and it decreases to unacceptably low values when
several of them are on average ready for transmission andhe alternative algorithms are used. In addition, for class
are then buffered. With’,,a,-Lininv1 shorter bursts are  pyrsts, carrying time sensitive data, g, Strategy gives
generated but there are many more ready for transmissionan RTT ranging fromi0 ms (@ a loah = 0.2), to 90 ms, a

as a consequence, the output delay for class 2 and 3 are simgelay that may be not tolerable for this kind of applications.
ilar to 7}y, but class 1 improves since they can interleave Again, 77,,,.-L..:»v2 is the best choice, the corresponding
better with class 2 and 3. Itis interesting to note that,..- RTT being bounded by at most a couple of ms.

L,.;»nv2 provides a good trade-off between burst length and .

average number of completed bursts: as a matter of fact, it6 Conclusions

gives the shortest output queue delay. Furthermore, tlass

output delay is always below ms, while it can reacl90 This work has investigated the overall performance of an
ms for T;,.., and this value may be unacceptable for real OBS network, focusing on the burst assembly mecha-
time applications. Summarizing, an incoming datagram un- nisms at the edge nodes and on their influence on end-
dergoes a cascade of delays given by input, shared and outo-end performance. Three different burst assembly algo-
put buffers. Let us assunie6 as the reference load. If rithms, namelyl,, oz, Thaz-Lminvl and T qq-Lininv2,
Tmaz-Liminvl is employed, the edge router gives for class have been studied and evaluated, once integrated in a com-
3 a total delay ofl0 + 0.5 + 250 ~ 260 ms, for clas2 of plete OBS network having a specific European topology.
8+ 1+ 250 ~ 260 ms and for clas$ of 0.1+1+2 ~ 3 ms. Taz-Liminv2 has revealed as the best choice, satisfying the
If, on the other handl},,...-L..:»v2 is used, the edge router requirements of all classes of service, when the main target
gives for class a total delay o2 + 1 + 2 = 5 ms, for class  is end-to-end performance.
20f14+1.2+2~4msandforclassof 0.1 +1+1~2 It has further been demonstrated that a key design param-
ms. Recall that by using thE,,,,. algorithm just the aver-  eter is represented by the number of wavelengths the edge
age delay in output queue is rougld9 ms. In conclusion  nodes employ, since this value is strictly related with the
we believe thafl,,,.-L..:»v2 is the best choice. Figure 10 node functioning and the delay they introduce. To this re-
reports the burst loss probability as a function of load for the gard, an important index is the produ€t;,;—gueues times
Stockolm-Rome couple when th&, .- L,invl andT, o~ the number of concurrent-bursts, that provides a meaning-
L,inv2 algorithm are used at edge nodes. The differenceful indication for the number of wavelengths to be installed,
between the two algorithms is evident: the latter guaranteesn order to limit output contention. If over-provisioning of

a remarkable improvement. More comments now about thewavelengths is pursued, the edge nodes do not have too
curves ofT .- Liminv2. Interestingly, clasg bursts never  much an impact; if not, they play a fundamental role. A
experience loss because they can be deflected in case of outrade-off must anyhow be found, among the complexity/cost
put contention. On the other hand, cladsursts may expe-  of the transmission system and its optical components and
rience some loss because may incur in congested nodes anithe type of burst assembly algorithm employed.

cannot be deflected in order not to increase their edge-to-

edge delay. As expected, clasdursts, having the lowest

priority, experience the worst performance, since they can-References
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Figure 9: Average output queue delay for cl&sand 3
bursts.

1r T
1e-01 | B
2 L
S 1e-02 |- =
Q
i [
=
[=2) r L .
£ 16-03 - L B
g i i ¢ _
o i Class 1 Tmax Lmin vl ——
L ! Class 2 Tmax Lmin v1
le-04 i Class 3 Tmax Lminvl —5—
e— j b L
L ! Class 1 Tmax Lmin v2 --©--
i Class 2 Tmax Lminv2 --+-
r i Class 3 Tmax Lmin v2 --EF-
16-05 . ‘ . ‘
0 0.2 0.4 0.6 0.8 1

Load

Figure 10: Average burst blocking probability for the couple
Stockolm-Rome for the three classes of service and for two
different burst assembly algorithms.
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Figure 11: TCP throughput as a function®f'T" with p =
1072, b = 2.



