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Abstract

We present a novel analytical method of evaluating the performance of Optical Burst Switched
(OBS) Networks. We consider OBS networks where the size of the data bursts varies and the link
distance between two adjacent network elements also varies depending on the network’s topology.
This leads to the simultaneous link possession problem, where a burst dynamically acquires and
reserves wavelengths for only a portion of its source-destination route but not the entire route. Our
solution to this problem has two parts. First, we develop a queueing network model that accurately
portrays the simultaneous link possession scenario. Next, we develop a fast single-node decomposition
algorithm to compute the burst loss probabilities in the network. Our algorithm extends the link-
decomposition method from teletraffic theory by allowing the dynamic simultaneous link possession.

We use simulation to validate the high accuracy of our algorithm.

1 Introduction

The backbone of the next generation Internet will most likely be an optical network because of the
unprecedented data rates and low bit error rates that can be achieved with optics and fibers. Today,
most of the wavelength division multiplexed (WDM) optical networks of the Internet, operate over point-
to-point links, where optical-to-electrical-to-optical conversion is required at each network node. Future
WDM designs envision a hybrid optical network where the data plane remains end-to-end in the optical

domain while the control and management planes are in the optical domain during transmission and



in the electrical domain for processing. The switching architectures of these future optical networks
can be classified into circuit switched (OCS), packet switched (OPS) and burst switched (OBS). In a
circuit switched network, long-term circuit connections (lightpaths), are setup between the source and
destination nodes. In an OPS network the user traffic is carried in optical packets along with the in-
band control information. The control info is extracted and electronically processed at each node. The
successful operation of an OPS network requires the availability of practical optical buffers and practical

optical header processing. Unfortunately, both of these technologies are years away.

Given the current state of the optical technology, the Optical Burst Switched (OBS) network is a
feasible near-term solution. The name optical burst switching comes from the fact that the data is
transported in variable size units, called bursts. Due to the great variability of the duration of a burst,
they can be viewed as lying between optical packet switched and circuit switched networks. That is, when
all bursts durations are very short, equal to the duration of an optical packet, then the OBS network
can be seen as resembling an OPS network. On the other hand, when all burst durations are extremely
long, then the OBS network can be seen as resembling a circuit switched optical network. The OBS idea
combines the best features of circuit switching and packet switching [1]. Its dynamic nature allows for

network adaptability and scalability, which makes it very suitable for the transmission of Internet traffic.

The term OBS is used to describe a variety of architectures and protocols [2]. However, OBS does
have some definitive common characteristics. Most importantly, in OBS the data and the corresponding
control information are transmitted separately in time and space through the network. The data in OBS
comes from upper layer traffic which could be IP, SONET, ATM, Frame Relay, GbEthernet, etc. An
OBS end-device collects this upper-layer traffic, sorts it per OBS destination address and assembles it
into variable size bursts [3]. For each burst, the OBS end-device constructs a control packet, which is
transmitted an offset time prior to the transmission of the burst. As the control packet travels along
the route, it is electronically processed and it reserves bandwidth resources for its corresponding burst.
Upon receipt of the control packet, an OBS node schedules a free wavelength on the desired output port
and configures its switching fabric to transparently switch the upcoming burst. The burst itself travels
transparently as an optical signal from the source to the destination. This is advantageous because the
OBS nodes just switch the optical signals without knowing the format or the transmission rate of the
burst data.

In order to decrease the end-to-end transmission delay, most OBS architectures use a one-way signaling
scheme. The transmitting end-devices do mot wait for a positive acknowledgment from the destination
end-devices that the control packet has been successful at reserving resources at each hop along the route.
Instead, they wait the offset time and then transmit the burst. Therefore a burst may be dropped if
it arrives at an OBS node, where the control packet was unsuccessful at reserving a wavelength on its
desired output port. In view of this, the calculation of the burst loss probability is an important measure

of the performance of an OBS network.

The performance of the various OBS protocols [3, 1, 4] has been studied both through simulation
and analytical models. The analytical studies mostly focus on a single output port of an OBS node and
assume Poisson arrivals and full wavelength conversion [5, 6, 7]. Since these studies assume no buffers,
the OBS output port is modeled as an M/G/W loss system, where W is the number of wavelengths,
and the Erlang-B formula is used to calculate the burst loss probability. There are also studies of OBS
with fiber delay lines [8, 6] or deflection routing [9, 10]. OBS with quality of service (QoS) classes has
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Figure 1: A Path in an OBS Network

been investigated in [11, 6, 12] and an OBS architecture with centralized-signaling and guaranteed QoS

classes is proposed in [13].

All of the previously cited analytical models focus on a single OBS node. These models provide a
limited insight about the overall performance of an OBS network. An analytical model of an OBS network
is proposed in [14, 15], where the OBS network is modeled by a network of loss nodes, each representing
a link of W wavelengths. Bursts are assumed to arrive in a Poisson fashion and each burst occupies a
single wavelength on each link along its source-destination path until it is lost or until it departs from

the network.

The focus of this paper is the end-to-end performance of an OBS network, where the bursts dynamically
acquire and release wavelengths from link to link as they travel from their source to their destination
and it is organized as follows. In Section 3 we describe the network under study and the proposed
queueing network model. Next, in Section 4 we propose a novel algorithm that solves for the bursts loss
probabilities in the network and in Section 5 we give an illustrative example. We validate the accuracy

of our analytical method in Section 6 and conclude in Section 7.

2 The OBS Network Under Study

We study an OBS network, where the core nodes are made of an Optical Crossconnects (OXC) and an
electronic control unit. Two adjacent OXCs are linked by a single WDM link (fiber), which has W + 1
transmission wavelengths. The first W wavelengths are used for burst transmission while the (W + 1)t
wavelength is used to transmit control information. Each OBS node has a full wavelength conversion
capability, i.e., in the case of contention at an output port it can optically convert an optical signal from
one wavelength to another. Also, there are no fiber delay lines (FDL) buffers available at the network

nodes and thus a burst is lost if it arrives at an output port where all the wavelengths are busy.

We analyze the performance of a specific source-destination transmission path, made of K links.



Therefore, we consider (K + 1) OXCs connected in tandem, as shown in Figure 1, where the traffic flows
only from left to right. A number of transmitting OBS end-devices, linked to OXC 1, transmit bursts to a
number of OBS end-devices, linked to OXC (K +1). Each transmitting OBS end-device is linked to OXC
1 by a single fiber and it may be equipped with one or more transmitters. We refer to the traffic generated
from the transmitting end-devices as the main traffic. In addition, to the main traffic we consider traffic
generated by any other sources in the OBS network. This traffic arrives at the intermediate links of the

considered path. We refer to this traffic as the cross burst traffic.
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Figure 2: Bursts simultaneously hold wavelengths on multiple links

Each burst holds simultaneously wavelengths on one or more links, but not all of the links, along its
source-destination path. We call this phenomenon dynamic simultaneous link possession and we illustrate
it in Figure 2. Depending on the size of a burst and the link lengths between OXCs, a burst may hold
wavelengths on one, two, tree or even more links. Due to the full wavelength conversion capability at each
OBS node, a burst may occupy one wavelength on one link and the same or different wavelength on the
next link. A burst frees up the wavelength on a link as soon as its tail departs the OXC. Also, we assume
that as soon as the head of a burst enters a link then its assigned wavelength will be occupied for the
duration of the burst transmission. For example, in Figure 2, burst 1 holds simultaneously wavelengths
on three links, wy on links 1 and link 2 and ws on link 3, burst 2 holds wavelength ws on link 2, burst 3

occupies only the wavelength w; on link 3 and burst 4 possesses wavelength ws on link 1 and link 2.

3 The Queueing Network Model

We propose the queueing network model in Figure 3 for an OBS path of K links, where the bursts
simultaneously hold wavelengths on consecutive links. Since there is no buffering, in our queueing model
there are no queues and burst loss is possible at each node. Each queueing node has W servers, where
W is the number of data wavelengths per link. Each node in the queueing network does not represent
the state of a physical link but rather, as explained below, it represents the number of bursts that occupy

wavelengths on a certain number of successive links.

The queueing network from Figure 3 is viewed in separate rows, where each row represents the

transmission of bursts with a specific size. For example, the top row of the queueing network models the
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Figure 3: Queueing Model for an OBS Network with Simultaneous Link Possession



transmission of bursts that occupy a wavelength on only one link as they travel along the OBS path. These
bursts propagate by moving from one loss node of the top row to the next. Node ¢, 1 <1 < K, represents
the number of bursts currently holding a wavelength on link 7. The second row of the queueing network
models the transmission of bursts that hold wavelengths on two consecutive links as they travel the OBS
path. These bursts move strictly along the nodes of the second row. Node 01 represents the bursts being
transmitted from the end-device through OXC 1 and link 1 and thus only occupying a wavelength on
link 1. Upon exiting node 01 this burst moves to node 12, where it simultaneously occupies a wavelength
on link 1 and a wavelength on link 2. Node (¢,7 4+ 1), 1 <1i < K — 1, represents the number of bursts
simultaneously holding wavelengths on link ¢ and link (¢ + 1). Due to the full wavelength conversion
capability at each OBS node, these bursts may occupy one wavelength on link 7 and the same or different
wavelength on link (7 + 1).

For simplicity, in Figure 3 we have only shown the queueing network for two different burst sizes:
bursts that occupy wavelengths on one link and bursts that occupy wavelengths on two consecutive links.
If in the OBS network there are bursts with larger size, i.e., bursts that occupy wavelengths on three
consecutive links, then there would be an additional third row added to the description of the queueing
network. In the third row each loss node will model three consecutive links of the OBS path. This idea

can be extended to bursts that span any number of links.

The main traffic, as defined in Section 2, is assumed to be Poisson-distributed and its average arrival
rate at link 1 is A1 for the short bursts and \y; for the long bursts. The cross burst traffic is also Poisson-
distributed and its average rate is v for the short bursts and +; for the long bursts. A burst holds a
wavelength on a link for an exponential amount of time with mean 1/u. The cross traffic intersects the
path and it may depart at any of the intermediate links. We denote the intermediate arrival rates of
short bursts at node i by A;, 1 <i < K and the arrival rates of long bursts at node (¢,4 + 1) by A; it1,
0<i<K-1.

4 Analysis of the Model: Solving for the burst loss probabilities

In steady state, the queueing network, described in Section 3, does not have a product form solution that
can be used to obtain the burst loss probabilities. Therefore, we developed a single-node decomposition
algorithm, where each node is solved individually while taking into account the constraints that arise
from the simultaneous link possession. The algorithm begins by obtaining an initial guess for the burst
loss probabilities by assuming independence between the nodes of the queueing network, i.e., ignoring
the simultaneous link possession. Using the initial guess the queueing network is solved again by taking
into account the fact that each physical link of the OBS path is modeled by three nodes of the queueing
network. We do this by solving related the M/M/W loss system with modified arrival rates based on
probability information from adjacent nodes. This is done for both short and long nodes iteratively. We

outline the details of the algorithm below but first we introduce the following notations:

o m;(j) (or miy1(j) ): steady state probability that there are j bursts at node 4 ( or node (4,7 + 1))
o M; (or M;;11): main traffic (or main) burst loss probability at node ¢ ( or node (i,7+ 1))

o C; (or C;41): cross traffic (or cross) burst loss probability at node ¢ ( or node (¢,i+ 1))



e PF(j): Prob{link iis not fulljnj = j}, i.e., the conditional probability that the wavelengths of the
physical link ¢ are not all busy, given that there are j bursts at queueing node k. Node k is one of
the three queueing nodes that model link i: node n;_1 ;, node n; and node n; ;1. At a short node,
k =i and thus, P}(j) = Prob{ni—1; + nii+1 < (W — j)|n; = j}. At a long node, k = (i — 1,7) or
k = (i,i+ 1) and thus,

P71(§) = Prob{n; + niit1 < (W —j) | ni_1; = j} or

PPH(j) = Prob{ni_1; +ni < (W = j)[niiy1 = j} respectively.

o [; (or I;;+1): indicator of cross burst arrivals at node 4 ( or node (i,i+1) ). It is equal to 1 if cross

burst arrivals are present and it is equal to 0 otherwise.

4.1 Initial Guess

The burst loss probabilities are initialized by solving for the steady state of each queueing node inde-
pendently from the other nodes in the queueing network, i.e., ignoring the simultaneous link possession.
Thus, in order to obtain the steady state probabilities for each node, we solve corresponding the M/M/W

loss system [16]. Therefore, for the short nodes we obtain

-1
i
i(7) =m(0 —_—, 0<7<W, 1<i<K 1
m0) =m0 [1 55 j i (1
and for the long nodes

j—1

. Aii . )
ﬂ—i!i+1(j):ﬂ—i!i+1(0)l_[ﬁ’ OS]SVV, OSZSK—L (2)
m=0

where m;(0) and 7; ;41(0) are found using the probability normalizing condition. Note that m;(W) is the
Erlang’s B formula, which is usually denoted by B(W, A;/x) and it represents the percentage of time (or
the probability) that all wavelengths are busy. Similarly, m; ;41 (W) = B(W, A iv1/10)-

The intermediate arrival rates A;, 2 < ¢ < K and A;;41, 1 < ¢ < K —1 are approximated by a Poisson
process and are calculated based on the carried load from the previous node. This approximation is valid

only if the burst loss probabilities are very small, which is expected in a well-designed OBS network.

In the initial guess, the blocking probabilities for the bursts are approximated by the Erlang-B relation,

i.e., for the short bursts, allowing for the presence of cross traffic, we have

M; = B(W,\i/u) and (3)
Ci = LB(W, Ai/ ). (4)
Analogously, for the long bursts we obtain

M i1 = BW, Aiiv1/p) and ()
Cz’,i+1 = z’,i+1B(W, /\7;71'4_1//1). (6)



(N + Livs) P (5 — 1) (Ai + Livs) Pi(j)

Jh (G+1u

Figure 4: State Transition Modified Rate Diagram for Short Nodes

4.2 Analysis of the Short Nodes

Next we carry out the analysis of the short nodes. The arrival rate to a short node 4 is the carried traffic

from the previous short node (see Figure 3), i.e.,

/\7; = ()\i—l)(l_Mi—l)‘FIi—l'Ys (1—07;_1), 2 SZ S K (7)

For a short node i the state transition modified rate diagram is shown in Figure 4. The state of this
diagram j, 0 < j < W, represents the number of short bursts n; that currently occupy a wavelength on
link ¢. The arrival rates are modified based on the availability of a wavelength on the link ¢ at the burst
arrival. This availability is calculated using probability information from the adjacent nodes because each
physical link is modeled by three queueing nodes. So for short node i, a burst requires a wavelength on
link 7, which is also modeled by the long nodes (i—1,%) and (4,7+1). Therefore the conditional probability
that there is a free wavelength on link 7 given that n; = j depends on the steady state probability vectors
of the long nodes (i — 1,¢) and (4,7 + 1). Thus

P!(j) = Prob {link i not full| n; = 5}, 1<j<W,1<i<K (8)

= Prob {n(i—l,i) +ngip1), < (W —j) | n; = j}
j W—j—s

W—j
= Z 7T7:—1,7:(8) Z 777;71'4_1(75)
s=0 t=0

We write the cross balance equations for the transition rate diagram from Figure 4 and derive the steady
state probabilities to be

. ()\i +Ii'75)j = i . .
mi(f) = m(0) =5 Il Piem) 1<j<w 1<i<K, 9)

m=0

where 7;(0) is found using the probability normalizing condition.
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Figure 5: State Transition Modified Rate Diagram for Long Bursts

Next, we calculate the blocking probabilities for the main traffic and the cross traffic at a short node.
These two probabilities are equal because a short burst only needs to obtain a wavelength on link 3.

Therefore, the main blocking probability is

£
Il
M=

m;(§)Prob{link i is fulljn; = j}, 1<i<K (10)
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and the cross blocking probability is

4.3 Analysis of the Long Nodes

In what follows, using a similar approach as in 4.2, we analyse the long nodes. The arrival rate to a long

node (4,47 + 1) is the rate of the carried traffic from the previous long node, i.e.,

Xiid1 = Ni—1,i (L= Mi—1) + Licii (1= Cizai) 1<i<K-1 (12)

Figure 5 shows the state transition modified rate diagram for a long node (4, i+1). The state j,0 < j < W,
is the number of long bursts n; ;41 that occupy a wavelength on links ¢ and ¢ + 1. As in the case of
short burst, the transition rates are modified using probability information on the availability of a free

wavelength on the required link, namely:

e main arrivals of long bursts at node (7,4 + 1) require a wavelength only on link (i + 1) because they
already possess a wavelength on link 4. Therefore for the main bursts, we obtain the conditional



probability that physical link (¢ 4+ 1) has a free wavelength given that n; ;41 = 7, i.e. P;J:f'l(j). As
in the case of the short bursts, this conditional probability is calculated based on the fact that each
physical link is modeled by three queueing nodes. Link (i + 1) is modeled by by n; 41, niy1 and
Nit1,i+2. Therefore,

Pj_i_lfl( j) = Prob {link i+1 is not full | n; ;41 = j}, 1<j<W,0<i<K-1 (13)

= Prob {n(i+1) +ngig1i42) < W —J) | niiv1 = j}
W—j—s

§ 7Tz+1 § 7Tv+1 1+2

e cross long bursts at node (i,7 + 1) require wavelengths on links ¢ and ¢ + 1. Therefore, we need to
obtain the conditional probabilities P“H( ) and P/""'(j). The first probability is found by (13).
The second one is the conditional probability that link ¢ is not full given that n;;y; = j and it is

obtained similarly.

Based on the transition diagram in Figure 5, we write the cross balance equations and find the steady

state probabilities for the long nodes to be

i—1

o i (0) i ini .

Tiit1(J) = #}) H Pl (m) (>\i,z+1 + it Py +1(m)) ; 1<j<W,
: m=0

where 7; ;41(0) is obtained using the probability normalization condition.

For long bursts, the blocking probabilities of the main traffic and the cross traffic differ. This is due
to the fact that the main traffic needs to acquire a wavelength on only one link while the cross traffic
needs to acquire wavelengths on two links. For the main traffic we obtain that the blocking probability

is equal to

M; 41 = Zm i+1(7)Prob {link i+1 is fulljn; ;41 = j} (15)
w
= Zm,iﬂ(j)PTOb {nit1 + nit1,i42 > W — §)|niip1 = 5}
j=0
w
=Y man() (1-PEG), 0<i<K -1,

<
Il
o

while the blocking probability for the cross traffic is equal to

Ciit1=1Iit1 Zm i+1(3)Prob {links i or i+1 are fulljn; ;41 = j} (16)
= Iit1 Zm‘,wl(j) (1 - Pii’iﬂ(j)) (1 — PTG )) , 0<i<K-1

10



4.4 The Single-Node Decomposition Algorithm

If the links in the network consist of a large number of wavelengths,computing the burst loss probabilities

becomes quite involved. In order to avoid these difficulties, we propose a Single-Node decomposition

algorithm. It solves for the short and the long nodes iteratively until a precpesified convergence criterion

is satisfied and assure that the iterative values of the burst loss probabilitis converge. In the description

of the algorithm, the superscript m refers to the iteration number. The convergence condition is met

when the steady-state probabilities satisfy

Initial Step, m=1,
fori=1: K do
//calculate arrival rates based on the carried traffic from previous node ;
if i =1 then
A

3

and )\(()11) are given;
else
/\El) use (7) and AEPM use (12);
end
//Solve for the steady state probability vectors;
71'1(1) use (1) and ng)l,i use (2);
//The blocking probabilities;
Mi(l) = 7T§1)(W) and C’Z.(l) = IiMi(l);
M'i)u = Trv(i)lv(W) and Ci(i)l,i = i*LiMi(i)l,i;

end

Iterative Step, start with m=2;

repeat
fori=1: K do
if 1 # 1 then
)\Z(.m) use (7) and /\ETl)l use (12);
end
//Solve for the steady state probability vectors ;
ng) use (9) and 771(2"1)1 use (14);
//The blocking probabilities ;
M™ using (10) and €™ using (11);
Mz(:"_gl using (15) and Ci(;"ﬁl using using (16);
end

m=m + 1;
until The steady-state probabilities probabilities at each queueing node converge ;

Algorithm 1: Single-Node Decomposition Algorithm for a Queueing Network where the Bursts
Span One or Two Links and a Large Number of Wavelengths

(m) (
| =
1 .
|7T§ZLJ21—7T§?H | <e, 0<i<K-1,

| <e, 1<i<K



where € is a sufficiently small positive number. We note that the blocking probability of short bursts at
link 7 should be equal to the blocking probability of long bursts at link ¢, i.e., M; = M;_; ;. This is due

to the full wavelength conversion assumption (see Section 2).

5 Example

To illustrate our algorithm let us take a simple but non-trivial example of an OBS path with K = 3
links. The main arrivals to this OBS path are Poisson distributed and the mean rate for the short bursts
is A1 = 1 and for the long bursts is A\g1 = 1. The cross arrivals are also Poisson-distributed and their
means are s = 1 for the short bursts and ; = 1 for the long. Each burst holds a wavelength on a link
for an exponential time with an average 1/u = 1 before releasing the wavelength and acquiring a new

wavelength on the next link.

We begin by constructing a queuing network model as explained in Section 3. For the initial guess
of the steady state probability vectors at each queueing node we use (1) for a short node and (2) for a
long node. The main and cross burst loss probabilities at a node are approximated by the steady state

probabilities of the node having all of its W wavelengths busy.

Next, we proceed with the algorithm by taking into account the dependencies between the queueing
nodes. For the iterative step m we show in detail how to obtain the blocking probabilities at short node

1 and long node 01. The same methodology is applied to the rest of the nodes:

e at node 1: The arrival rate A\; is given. The steady state probabilities are

-
W%m)(]’) = wim)( ] " H Prob {link1 is not full | n; = m}, 0<ji<Ww

N
:775?71)( ]'MJ H Prob{ng1 +ni2 < (W —m) | ny = m}
m=0
N T
" Pl
JW H il
W—m—s
m—1 m—1
= m1"™(0) JH ZH (s w5 ()
Ju =

The main burst blocking probability is

w
M{™ =" 7™ (j)Prob {link 1 is full| ny = j},  0<j<W
j=0

S

"™ (j)Prob{nor +n12 > (W — j) | ny = j}

<
I
o

™) (1 - PL(G)) -

&P“ﬁg

<
Il
o

12



There is no cross traffic at node 1 and thus C’fm) =0.

e at node 01: The arrival rate Aoy is given. The steady state probabilities are

m) Jj—1
éT)(]) - 7%;7 H o1 Prob{link 1 is full| ng; = j}, 0<j<Ww
m=0
(m) 0 Jj—1
= T((;l /1,5 ) H o1 Prob {’fll +ni2 < (W — m) I noy = m}
’ m=0
7r(()T) 01
= o1 P,
W mHo 1
7T —m W—-—m—s
m—1
_ i 0 ; HA Z "™ (s) w5 (1)
‘7 N m=0 s=0 t=0

Note that we use ng) since we have already calculated it in the previous step.

The main blocking probability is

M = ZT(O J)Prob{link 1 is full| ng; = j}, 0<j<W

%

ZT((m)( j)Prob{ni + niz > W — j| no1 = j}
J

a5 () (1 - PY(j)) -

910

<.
Il
o

There is no cross traflic at node 01 and thus C’é’ln) =0.

When W = 2 wavelengths per link, the single-node decomposition algorithm converges in seven
iterations as shown in Table 1. Note that the analytical results are very close to those obtained through

simulation.

6 Numerical Results

We verify our single-node decomposition algorithm by using simulation. The analytical algorithm was
programmed in Matlab, whereas for the simulation we have developed a custom event-driven C++
simulator. For the simulation results, we include the 95% confidence intervals but they are hardly visible

on the plots.

We have tested our algorithm extensively and we have observed that it always gives results close to the
results obtained through the simulation. We present 15 plots for an OBS path with K=7 links. We vary
the number of wavelengths W = 50 (Figure 6-13), W = 100 (Figure 14-21) and W = 200 (Figure 22-29).
For each value of W we also vary the mixture of short and long bursts by changing the probability that

13



03 — P — I " 0.55 T T T T
W SR — Analytical , Cross Avg. Rate = 30 —+—
== Simulation ---x
% Analytical, Cross Avg. Rate = 60 ---*:
0.5 Simulation &/ /
0.25 | R % /
. /
/
» LRSS 7
02 1 A /
04 3 SN /A
3 Vs \ /
p \ //,
0.15 |- 1 0.3 |- \ / 1
N\ /
\ /
03| \ / 1
01 1 \ /
\ /
\ /
0.25 ¥ \ / b
0.05 - b o
Analytical , Cross Avg. Rate = 30 —+— 02 4
Simulation - - :
Analytical, Cross Avg. Rate = 60 -- X
R R R §imu\a(ion 2o -
0 - L L L L
0.15
1 2 3 4 5 6 1 2 3 4 5 6

Link Link

Figure 6: Short Burst Loss Probability, W=50, K=7, Figure 7: Long Burst Loss Probability, W=>50, K=7,
7 =20, Psp =1 7 =20, Psn =0

0.5 T T T T 0.5 T T T T
Analytical , Cross Avg. Rate = 30 —+— Analytical , Cross Avg. Rate = 30 ——
R imulation ---x--- e Simulation ---%---
0.45 [ Analytical, Cross Avg. Rate = 60 ---*: k Analytical, Cross Avg. Rate = 60 ---:

Simulation &/ 045 1=, Simulation @

04 g 04

0.35 1 0.35
0.3 1 0.3
0.25 Bl 0.25

0.2

01 g

0.05 L L L L 0.05 L L L L

Link Link

Figure 8: Short Burst Loss Probability, W=50, K=7, Figure 9: Long Burst Loss Probability, W=50, K=7,

v =20, Py, = 0.25 v =20, Py, = 0.25
0.45 T T T T 0.45 T T T T
Analytical , Cross Avg. Rate = 30 —+— Analytical , Cross Avg. Rate = 30 —+—
Simulation - - Simulation ---x---
04t Analytical, Cross Avg. Rate = 60 - 04 % Analytical, Cross Avg. Rate = 60 ---*---

Simulation Simulation &

0.35 Bl 0.35 Bl
03 Bl 03 4
0.25 Bl 0.25 Bl
0.2 1 0.2 4
0.15 1 0.15 1
0.1 1 0.1 1
0.05 1 0.05 1
0 L L L L 0 L L L L
1 2 3 4 5 6 1 2 3 4 5 6
Link Link

Figure 10: Short Burst Loss Probability, W=50, Figure 11: Long Burst Loss Probability, W=50,
K=7,~v=20, Ps;, =0.5 K=7,v=20, P;;, =0.5
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Figure 12: Short Burst Loss Probability, W=50,
K=7,v=20, Py, =0.75

0.35 T . . ;
s 2

0.3 4
0.25 |- 4
024 4
0.15 |- 4
0.1 - 4
0.05 1 Analytical , Gross Avg. Rate = 80 —— |

Simulation ---x---

Analytical, Cross Avg. Rate = 120 ---%---

Simulation ---&
0 L L L T

1 2 3 4 5 6

Link

Figure 14: Short Burst Loss Probability, W=100,
K=7,~v=50, Psp, =1
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Figure 16: Short Burst Loss Probability, W=100,
K=7, v =50, Ps;, =0.25
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Figure 13: Long Burst Loss Probability, W=50,
K=7,v=20, Ps;, =0.75
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Figure 15: Long Burst Loss Probability, W=100,
K=7,~=50, Ps), =0
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Figure 17: Long Burst Loss Probability, W=100,
K=7, v =50, Ps;, =0.25
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Figure 18: Short Burst Loss Probability, W=100, Figure 19: Long Burst Loss Probability, W=100,
K=7,v=50, Psp, =0.5 K=7,v=50, P;;, =0.5
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Figure 20: Short Burst Loss Probability, W=100, Figure 21: Long Burst Loss Probability, W=100,
K=7, v =50, Py, = 0.75 K=7, v =50, Psp, = 0.75
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Figure 22: Short Burst Loss Probability, W=200, Figure 23: Long Burst Loss Probability, W=200,
K=7,~v =100, Psp, =1 K=7,~v =100, Py, =0
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Figure 24: Short Burst Loss Probability, W=200,
K=7, v =100, Ps;, = 0.25
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Figure 26: Short Burst Loss Probability, W=200,
K=7,v=100, P;;, =0.5
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Figure 28: Short Burst Loss Probability, W=200,
K=7, v =100, P;;, = 0.75
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Figure 25: Long Burst Loss Probability, W=200,
K=7, v =100, Ps, = 0.25
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Figure 27: Long Burst Loss Probability, W=200,
K=7,~v =100, P, = 0.5
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Figure 29: Long Burst Loss Probability, W=200,
K=7,v=100, Ps, = 0.75



Short Burst Loss Long Burst Loss
Iteration | Link 1 | Link 2 | Link 3 | Link 1 | Link 2 | Link 3
1 0.56161 | 0.51782 | 0.32564 | 0.67292 | 0.68504 | 0.50320
0.40984 | 0.46150 | 0.41016 | 0.34558 | 0.40597 | 0.41017
0.45360 | 0.47685 | 0.39317 | 0.47105 | 0.49268 | 0.39574
0.43300 | 0.47968 | 0.39794 | 0.42452 | 0.47652 | 0.39807
0.43789 | 0.47933 | 0.39670 | 0.43988 | 0.48021 | 0.39671
0.43626 | 0.47953 | 0.39705 | 0.43559 | 0.47928 | 0.39705
7 0.43668 | 0.47947 | 0.39695 | 0.4368 | 0.47954 | 0.39695
Simulation | 0.43934 | 0.48751 | 0.38038 | 0.43912 | 0.48733 | 0.37955

| O =W N

Table 1: Burst Loss Probabilities for an OBS Path with K = 3 Links, W = 2 Wavelengths, Main Mean
traffic rates Ay = 1 and Ag; = 1, Cross Mean traffic rates ys =1 and 7, = 1

Py 0]025]05]075]1
Pmg | 1075 [05]025]0

Table 2: Probability Mixtures of Short and Long bursts

an arrival is a short burst Py, or long burst P,y = (1 — Psp,). This mixture is set for both the main and

cross traffic bursts and we consider the five cases from Table 2.

On each plot we vary the load of the main burst traffic by varying the mean arrival rate, i.e., from low
load to high load. We observe a filtering phenomenon. In other words, the input main load only matters
for the first few links of the path. By links 4 through 6 all the high input load is filtered out and thus
the blocking probability converges. In Table 3, we show the relative % error for each of the considered
cases. We observe that the relative error of our algorithm stays below 10%. The highest error is in the
case where Pg;, = 1 and W = 50. The reason is that in this case the value of the burst loss probability
at link 1 is very small, i.e., 2.449F — 4 in the simulation and 2.2F — 4 when analytically computed. Note
that in the presented plots, our analytical solution gives an upper bound for the blocking probabilities.
In Table 4, we show the number of iterations for each case. As the number of wavelengths increases
so does the number of iterations. Note that if only short bursts are present, i.e., Psp, = 1, there is no

simultaneous link possession and the algorithm goes through only one iteration.

W 50 100 200

Py, 0 0.25 | 0.5 | 0.75 1 0 0.25 | 0.5 | 0.75 1 0 0.25 | 0.5 | 0.75 1
Short - 7.69 | 7.69 | 8.81 | 110.20 - 8.13 | 8.58 | 4.57 | 1.14 - 8.41 | 7.07 | 4.45 | 5.78
Long | 9.99 | 7.42 | 7.77 | 8.66 - 9.68 | 7.79 | 8.40 | 4.88 - 8.98 | 7.99 | 7.02 | 4.91 -

Table 3: Maximum Relative Errors
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W 50 100 200

Py, 0102505075 1|0 ]025(05]07 |10 (025]05/075 |1

Low Load | 12| 19 |24 | 21 |1 |18 | 30 | 42 38 | 1|31 45 | 66 62 |1

High Load | 13 | 14 | 15 14 |1 (19 24 |33 | 21 1|32 44 |45 | 39 |1

7

Table 4: Number of Iterations

Conclusions

In this paper, we developed a queueing network model for an OBS path with dynamic simultaneous link

possession and large number of wavelength per link. We assumed that the bursts, having variable size,

arrive according to a Poisson process. We developed a single-node decomposition algorithm, suitable

for networks with large number of wavelength per link, to approximate for the burst loss probabilities

and tested its accuracy. Comparison against simulation results suggests that our algorithm has a good

accuracy. We also note, that for the presented numerical results, our algorithm was time effective. The

simulation time was between thirty minutes to one hour, while the time needed to obtain the results

using the single-node decomposition algorithm was always less then a few minutes.
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