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ABSTRACT

An enhanced mathematical model is introduced to study and
evaluate the performance of a core node in an optical burst
switched network. In the proposed model, the exact Poisson
traffic arrivals to the OBS node is approximated by assuming
that the maximum allowed number of arrivals to the OBS node,
in a given time slot, is two (instead of infinity). A detailed state
diagram is outlined to illustrate the problem, and then a
mathematical model based on the equilibrium point analysis
(EPA) technique 1is presented. The steady-state system
throughput is derived from the model which is built in the
absence of wavelength conversion capability. Our proposed
model is aided by a simulation work which studies the
performance of an OBS core node under the assumption of
Poisson traffic arrivals (the exact case) and calculates the steady-
state system throughput. The results obtained from the proposed
mathematical model are consistent with that of simulation when
assuming Poisson traffic arrivals and this consistency holds for a
wide range of traffic load.

Keywords: Optical Burst Switching (OBS), Optical Circuit
Switching (OCS), Optical Packet Switching (OPS), Just-In-Time
(JIT), Just-Enough-Time (JET).

[. INTRODUCTION

Optical Burst Switching (OBS) is a new switching
paradigm that can support bursty traffic introduced by upper
layer protocols or high end user applications. OBS can be
considered as the gate through which the envisaged world of
optical internet will be conquered by implementing IP
software directly over WDM optical layer (IP/WDM).

The idea of burst switching, first proposed by researchers in
[1], emerges to combine the best of both OCS and OPS. The
burst is the basic switching unit in OBS networks. The
variability in the burst length from being as short as a packet
to being as long as a session puts OBS as an intermediate
solution between OCS and OPS. Previous work carried out in
OBS performance evaluation either used simulation or simply
adopted the M/M/k/k model [5]. This paper introduces an
enhanced mathematical model based on EPA analysis to
measure the performance of an OBS network.

The data carried in the burst results from the aggregation
process of many packets (e.g. IP packets) carried out by an
assembly node at the edge of the OBS network. After being
assembled at edge nodes (called ingress nodes), the data bursts
go through the core network which consists of core nodes
which has the function of forwarding the data bursts (without
going back to the electronic domain) until reaching their
destination edge nodes (called egress nodes). Egress nodes
then disassemble burst back into packets, each of them to go
to its destination.

Generally, the main idea beyond all OBS protocols is the
separation of the header (carrying the control information) and

the payload (carrying the data). Thus, the control packet
(header) will be on a separate channel, called the control
channel, while the burst (payload) remains on the data
channel.

In this paper, the focus is on studying the performance of an
OBS core node using either the JIT protocol or the JET
protocol in the reservation mechanism. Both protocols are
considered as one-way reservation protocols. The main
difference between JIT and JET is that the former implies an
immediate reservation strategy while the latter adopts a
delayed reservation policy. Briefly, the control packet in JIT
protocol is sent prior to the data burst by some offset time to
reserve sufficient bandwidth immediately after the processing
of the control packet at the core node and configure the
switching fabric to route the upcoming data burst to the
destined output port.

JET is a more efficient protocol where the control packet
contains information about the offset time and the bandwidth
reservation is done just before the data burst reaches the node,
i.e. the reservation is delayed till the data burst reaches the
node. Another difference between JIT and JET is in the release
mechanism of the reserved bandwidth. In JIT, there is a
release packet that is sent explicitly to release the reserved
bandwidth, while in JET; the control packet contains
information about the burst length to allow the core node to
release the reserved bandwidth implicitly after the burst
departs the node. In both protocols, the data burst waits at the
ingress node in an electronic buffer for an offset time
equivalent to the total time needed by the control packet to be
processed at each node. Fig.1 and Fig.2 illustrate both JIT and
JET respectively.

To make the proposed model valid to be used for both JIT
and JET protocols, it is obligatory to compensate for the
difference between the two reservation schemes applied in
both protocols. This difference can be modeled as an artificial
increase in the burst length in the case of the JIT protocol
whereas no increase is introduced to the actual burst length in
the case of JET protocol.
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The aim of this paper is to introduce an enhanced
mathematical model which studies the performance of the
OBS core node under certain assumptions that will be stated in
the next section. Shalaby proposed a simplified model in [2] to
study the performance of an OBS core node assuming
Bernoulli distribution for arrivals per time slot which proved
to be a good assumption till a certain traffic load when
compared with the simulation results assuming that arrivals
follow Poisson distribution. After this traffic load, the model
turned to be non consistent. In addition, it has another
limitation where the maximum value for the average number
of arrivals per time slot is one. He also assumed a fixed burst
length which is not realistic because the burst length depends
on the assembly algorithm used by the ingress node to
aggregate the packets in a burst [3]. These two drawbacks will
be handled in this paper resulting in more consistent results for
a wider range of traffic load. In addition, the proposed model
deals with the case of no wavelength conversion capability in
the OBS node unlike previous models that adopt the M/M/k/k
queue to model the performance of the node in which full
wavelength conversion is assumed [5]. In our model,
assuming the absence of wavelength conversion can be
supported by the fact that adding such advanced techniques
may raise the overall cost of the node to an unaffordable limit.

The remainder of this paper is organized as follows. In
Section II, we present the assumptions on which the
mathematical model is built. In Section III, the construction of
the state diagram that expresses the performance of the OBS
node is provided. Section IV is devoted for a theoretical study
for the performance of an OBS network, where derivation of
the steady-state system throughput is given. Section V is
maintained for the numerical results of the derived
performance measure from both the proposed mathematical
model and simulation. Finally, we give our conclusion in
Section VI.

II. PRE-ANALYSIS MODEL CONSIDERATIONS

The huge number of states required to express a network
makes the trace of these states and deriving mathematical
expressions governing the performance of this network a very
difficult job. Consequently, the proposed model is derived
under certain assumptions that are introduced as follows:

1. The system is assumed to be slotted in time such that
the time slot “T” is the smallest time unit. This will
facilitate the construction of the state diagram provided
that the time slot chosen is small enough to consider the
system continuous in time. Fixed burst length (virtual)
is also assumed where 7 =17 * T, and / is an integer
value. This assumption proves to be accepted which
will be justified later in the simulation results.

2. In this paper, equilibrium point analysis (EPA) is used
such that number of users entering a certain state equal
to the number of users departing it i.e. number of
served users in each state is always constant [2].

3. We assume without loss of generality that all arrivals
require the same output port which can be justified by
assuming that the outgoing traffic will be uniformly
distributed on all output ports.

4. Since the time slot is very small (to consider the system
is continuous in time), we can properly assume that the
maximum number of arrivals per time slot is two. Thus,
we can approximate the Poisson distribution to be:

2

e*’%zl—AJrAT:PO if n=0
RTe™ =4-a>=P ifn=1
P, (n)= (R”zii‘)ze*"r\ Eizz P, ifn=2
(&niT;)" e s = ¢ otherwise
where 4 = R,T; denotes average traffic arrivals in

Poisson distribution, ‘a’ stands for arrivals, n€ {0,1,2,
...} and P,(n) is the probability of occurrence of n
arrivals in a time slot.

5. Unlike all previous work done in the performance
modeling of the OBS core network, e.g., in [2], [3] and
[5], which assumes full wavelength conversion
capability, our model assumes that the OBS core node
studied has no wavelength conversion capability which
is a reasonable assumption to make. This assumption
can be justified by the large expenses needed to
implement this technology in the node which might be
yet unaffordable.

Another consideration should be taken prior to starting our
analysis. Obviously, there are two sorts of scenarios in which
blocking may occur at the core node; one of which is due to
the collision of two control packets sent on the same control
channel, the other is the blocking of a data burst itself when its
corresponding control packet fails to reserve a wavelength for
it. In either case, the data burst is assumed to be dropped and
should be excluded when calculating the throughput.

The first blocking scenario, i.e. the control packet collision,
can be resolved by adjusting the appropriate ratio between the
control channel group (group of wavelengths dedicated to
carry control packets only) and the data channel group (group
of wavelengths used to serve data bursts) as proposed in [4].
As a result, the only possible blocking scenario is when the
control packet fails to reserve a wavelength for its ensuing
data burst.
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Fig. 3. State Diagram for an OBS network with / = 2 and
w22l
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III. STATE DIAGRAM CONSTRUCTION

In this section, our focus is directed at presenting a detailed
state diagram for our OBS network model. As already stated
in the assumptions in the previous section, we use the
equilibrium point analysis technique (EPA) in constructing the
state diagram. It is also assumed that the OBS node considered
has no wavelength conversion or buffering capabilities due to
lack of resources to cover their costs. From this point on, the
OBS node considered is assumed to have W wavelengths
available to provide services for the incoming bursts.

Before starting to explain how to construct the state
diagram, it should be noticed that any state will be labeled
with its probability i.e. the probability for the OBS node to be
in this state. The notation used to label each state is based on a

Jn Jn=t1 s J
“1aens D
wolp_lse I € {1,2,..., /} and
I Aw=min {/,w}). It means

general criterion that defines the notatlonr

(where ne {1,2,.., [ Aw}, i
JnsJneis J1 € 11,2} with
that the OBS node is currently serving slot i, of the first j,
arrivals (one or two arrivals), slot i,.; of the next j,; arrivals
(one or two arrivals), and so on. For example, the node is in
state 2 when it is serving slot 3 of the first single arrival and

slot 1 of the next two arrivals. In addition, the state that
represents the case when the OBS node is idle is denoted by m
in the state diagram. It models the case when the node is not
serving any bursts at all. The transition probability, which is
the probability for an OBS node to go from a state to another,
is placed at the arrow connecting between the two states.

To simplify the problem of how to construct the state diagram,
we start our discussion with a special case of an OBS network
with / =2 and w > 2I. After that, the general case is considered
showing how the state diagram can be constructed for an OBS
network with any w and /.

A. State Diagram for an OBS Network With /=2 and w
=2l

In this section, a simple case is chosen as an example to
start our discussion with, because it is very tractable especially
having a reasonable number of states. The state diagram in this
case can be constructed as shown in Fig.3. There are nine
states in the state diagram. The transition probabilities are
written in terms of X, ¥ and Z which are defined as functions
of k in the following equations:

B P g
X(k)=13{—(k—1)— (P (k- 1)2 2 sz(w—(k—l))pzj )

Y(k) = %x(w_ (k=2)p, ©)

#
Z(k)y=R+ (ki j [szzj (3)

where £ is the number of wavelengths used by the OBS node
for transmission of bursts at the next state it will enter and

"p z[’fJX” is n permutation i. The hash signs added above
1

brackets indicate that terms inside them represent blocking
cases. A single hash sign means that a single arrival is blocked
(not served), whereas double hash signs mean that two arrivals
are blocked.

From the state diagram shown in Fig.3, it is quite simple to
write the flow equations from which one can calculate the
state probabilities with the aid of the condition that the sum of
all state probabilities equals one.
B. State Diagram Construction in the general case (for
any w and /)

In this section, we will present a general method that can be
applied to construct the state diagram for any w and /.

First of all, we will consider a k-A state r’ n>d Tt Y
where

i i e {l,2,..,0}, ]n,]nl, wh €412}, ke {1,2,..,.wA2l},

n> n—l’ >

1
Three different scenarios may generate this state. We can
categorize all the states found in the state diagram into three
main families depending on the scenario that generates it.
1) Family (I): It contains all the states having i;=1 and j;=I.
That is, the node in these states is serving one new arrival.
The previous states that may generate this state are either

jn 7jn—1 7"'7j2

a (k-1)-A state 7 TG 0T ,0r a k-L o state
lfnﬁjnl j2 25])1’Jn 1, ’jZ
l’ll"“nll lzlora(kﬂ)kstaterll ey Sl iy -
(only if k+1=<w).
The transition probability is given by:

Ptrl

Pr{the arrival selects an unused wavelength}

+ Pr{two new arrivals} x [Pr{one arrival selects an unused
wavelength and the other selects a used one} + Pr{both
arrivals select the same unused wavelength} ]

The flow equation that describes this family is:

= Pr{one new arrival} x

JnsJn-t0++J2
l/;n—l,iﬂ_] Ly -1
Jusdntremaaol
i, 121

R EA

LJnsdnt, wosJ2
+ L

=X(hHX 4

sl 5l ~Lyeeslp 1

sJnsdne1,-+e5J2
+(1_\\ J)Xr;lnllnl Lyl =1
w

where X(k) is slightly different from the definition already
stated in equation (1). From this point on, X(k) is defined
as follows:

2 B
)

The term (I—Lk/ WJ) is added to make the definition of X(k)
hold for the case (w < 2/) in which some states are no

X(k)=R —(k—l)%+Pz —(k-1) —(1—& J)x%x(w_(k ~Dp,

longer present, so the term (I—Lk/ WJ) helps cancel the term
iéx(w‘(k‘l))PZ in X(k) corresponding to the transition
w
probability of entering the omitted state which are no
longer present.

2) Family (2): It contains all the states having i/1=1 and j;=2.
That is, the node in these states is serving two new
arrivals. The previous states that may generate this state
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are either a (k-2)-\ state r"’””‘ 1121. 1
—1 Thoeees 2-

or a (k-1)-A state

v J2
iy 1"

2, )0 dn-1,

(P -
p I dnet e J2 orakkstaterl.

Loy gyl ~ Loy iy =1

The transition probability is given by:

Py = Pr{two new arrivals}x
Pr{both arrivals select unused wavelengths}
The corresponding flow equation is thus:

Ljusdn-t, = J2

I . ’ .

T P P N
PRESYIEEES J2,2 _ = Y ()X |+ 1’2 sJns a1, J2 5
[0 SRR PO | N P P N ()

+ pinednotee J2

i,-1,i, 171 v Dy -1

where Y(k) is already defined by equation (2)
3) Family (3): It contains all the states that are not belonging

to family (1) or (2). That is, the node in these states is not
serving new arrivals. The previous states that may

generate this state are either a k-A state plndnme i

Ty =101 =1,y i -1

la.jn’jﬂ*l," .'1
or a (k+1)-A state n

a (k+2)-Astate r)’;/n /it I

sl L By -1

The transition probability is given by:

Pys = Pr{no arrivals}+ Pr{one new arrival} x
Pr{the arrival selects a used wavelength}+
Pr{two new arrivals} x

Pr{both arrivals select used wavelengths}

The corresponding flow eguation is thus:

L

+I"]" sn-tea i
N AIEES NN P |

k 2
+ (1 - — )X },l s> ]n 1, Jl‘
w l ln TR I Y ll—l

Ljnsdn-t,-sJi
llnllnll ..... i1

’,.Ajn‘a./n 1>
Lyslp—1>

wJ2dl — Z(k)x

wsly s

(6)

where Z(k) is already defined by equation (3)

IV. THEORETICAL ANALYSIS AND PERFORMANCE
MEASURES EVALUATION

In this section, evaluation of the steady-state system
throughput (for any / and w) for the proposed model is
provided. A brief explanation for how to derive a closed form
for the steady-state system throughput (f) is presented.

First, a MATLAB code is used to solve the exact flow
equations describing the state diagram for different values of
w and /. A conclusion is reached after observing the state
probabilities resulting from the code. This conclusion implies
that some state probabilities are approximately equal and this
equality holds for different values of w and /. The rule
governing this equality is that the OBS node in these states
uses the same number of wavelengths (k) and number of
single arrivals served by the node at different tlme slots are

equal in the two states i.e. r,/"; J? e ;

are said to be equal when f = 2 ji =

] ’ji=jp

pz— Tp:
where i # p.

The above approximation will reduce the three families in
equations (4), (5) and (6) into two categories described in
equations (7) and (8) which are derived after many
mathematical manipulations. The states in the two new

categories are denoted by @, , and b, .

{1% H[k+1+ é (—1)Lhﬁﬂ
J=1 p=1
o (k+1+ %_ (—1)[2%—1} (7
X 1 C
zh—l q:I i
ak,n = iél X[l—’rzh_l_quod 2J
xG[k+1+ f_(—1)LhipU
X b o )
= Ry li*}/z
L = p= ]
where
HE =—2B_ Gay=— YED oy =1- ﬁJ
1-X(k=1) 1-X(k)=Y(k+1) i
and h=2n-k.

by, = {H [G(k—(2i—1))—l]}><m (®)
i=1
After the calculation of m we can compute the value of any
state probability. Consequently, the steady-state throughput
p(A,L,w) can be calculated in equation (9) by simply
multiplying each state probability by the number of reserved
wavelengths in this state (i.e. the number of successful served

bursts in this state).

w

T B

n=1

Iaw | wa(2n-1) I n
+Z kZ: |:kx[njx[2n—k]xak’"}
n=1 =n

V. SIMULATION AND RESULTS

As mentioned earlier in section II, the assumption of fixed
burst length in the proposed model should be justified. To do
so, a simulation work is performed using MATLAB in which
a comparison between the steady-state system throughput (5)
in two cases is made; first assuming fixed burst length at / =
50 and w = 32, and the second assuming random burst length
that follows Gaussian distribution as proposed in [3]. The

average value of the Gaussian distribution is set to / =50 and
w = 32. Results of simulation shown in Fig. 4 reveal that the
steady-state system throughput is almost the same in both
cases which justifies the assumption of fixed burst length in
the proposed mathematical model.

In addition, another simulation work is made to study the
OBS network performance, i.e. by calculating the average
system throughput (), assuming exact Poisson traffic arrivals.
The results of this simulation will be taken as a reference to
compare the results of our proposed mathematical model with,
and check its range of consistency

®
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The steady-state system throughput (f), which is assumed to
be the performance measure of the OBS core node, is shown
in Fig. 5 where it is drawn against the average network traffic
arrivals (A) in three different cases. First, the results assuming
exact Poisson arrivals, which are obtained from simulation,
are drawn. Second, the results of our proposed mathematical
model, which are derived from equation (9), are also drawn.
Finally, the results of the older mathematical model proposed
by Shalaby in [2], which assumes Bernoulli traffic arrivals, are
added. Also, to clarify that our proposed model, unlike
previous models, assumes the absence of wavelength
conversion, we draw the average throughput calculated from
the Erlang-B formula derived from the M/M/w/w model [5] in
which the number of servers equal the number of wavelengths
and there are no places in the queue. In the Erlang-B formula,
full server accessibility is assumed and thus it represents the
case of full wavelength conversion capability in the node
unlike our model.

Comparing the four curves, one can notice that the system
throughput (f) derived using our proposed mathematical
model is approximately equal to that obtained from simulation
(assuming Poisson arrivals), and this equality holds up to
average traffic arrivals of 0.6. On the other hand, it can be
noticed that the throughput (#) derived from the older model
proposed in [2] is equal to that obtained from simulation only
up to average traffic arrivals of 0.12. In the case of M/M/w/w
model, the throughput (f) exceeds that of simulation. This
proves that our proposed model provides a much better
approximation for the exact case when compared with the
older model proposed and more accurate representation of the
introduced exact case considering the absence of full
wavelength conversion capability compared to M/M/w/w
model [5].

The comparison also shows that our model outperforms the
older model in terms of the range of consistency. Beyond the
limit of consistency, the throughput obtained from our
proposed model has larger values compared to the exact case
(Poisson arrivals).

The reason behind this model collapse could be returned to
a failure in the assumed arrival distribution in our model
which limits the maximum number of arrivals in a given time
slot to two and thus fails to approximate the Poisson arrivals
beyond the limit of consistency.

24
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Fig. 4. Average throughput versus average network traffic for fixed
burst length and random Gaussian burst length
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Fig. 5. Average throughput versus average network traffic for the
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VI. CONCLUSION

The enhanced mathematical model evaluates a performance
measure of an OBS core node; namely the steady state system
throughput, under the assumption of no wavelength
conversion in the OBS node. Numerical results are presented
at different values of network traffic. Based on the presented
results one can come up with the following conclusions:

1) In spite of the complexity of the proposed
mathematical model equations, the model is still an
easy and reliable way to get fast results by direct
substitution with known network parameters instead
of great efforts spent on simulation.

Throughput results show that our proposed model

provide a good approximation for the exact case

(Poisson arrivals) and outperforms the older model

proposed in [2] in terms of range of consistency.

3) Results also reveal that the proposed model deals
with the case of no wavelength conversion capability
in the node, unlike older proposed models such as the
M/M/w/w model [5]. This can be the real case due to
the large costs needed to install such advanced
technologies which may increase the overall cost of
the core network to an unacceptable limit.

2)
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