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Buffer in OBS Networks
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Abstract—In this paper, we dimension a buffer in which headers
are enqueued before processing in an optical burst switching
(OBS) network. For the first time, we develop and analyze a uni-
fied OBS model comprising a set of homogeneous and independent
edge buffers that feed bursts to a standalone link and their headers
to a scheduler. Packets arrive at each edge buffer and are assem-
bled into bursts, after which they are transmitted on a wavelength
channel if their corresponding headers are successfully processed.
In a case study, we demonstrate numerically that an optimal
scheduler buffer size may exist and depends on the number of
packets comprising a burst and the size of an edge buffer. We
also show that packet blocking probability can be minimized
using a simple rule of thumb for determining the optimal size of a
scheduler buffer and the number of packets comprising a burst.
All our analytical results are validated by way of simulation.

Index Terms—BIlocking probability, buffer dimensioning, buffer
overflow, burst scheduling, offset time, optical burst switching
(OBS).

. INTRODUCTION

PTICAL burst switching (OBS) is a promising tech-

nology for accommodating bursty traffic and utilizing
available bandwidth in wavelength-division multiplexing
(WDM) optical networks [1], [4], [6], [24]. OBS is an optical
analog of switching techniques developed for one-way reser-
vation in asynchronous transfer mode (ATM) communications
[5], including tell-and-go [7], [12], [35] and fast reservation
protocol with immediate transmission [29]. OBS differs from
fast-adapting forms of wavelength routing [23] mainly in that
OBS is founded on one-way reservation, while wavelength
routing is founded on two-way reservation. Through this key
difference, OBS trades off an assurance of no blocking at each
switch for a reduction in signaling delay.

Very fast-adapting forms of wavelength routing have re-
cently been proposed and called acknowledged OBS [39] or
wavelength-routed OBS [9], [10]. These OBS-like switching
paradigms are endowed with most of the salient features
intrinsic to conventional OBS. The main argument for con-
ventional OBS over very fast-adapting forms of wavelength
routing is that statistical multiplexing of wavelength channels
between different sources is possible at a shorter time scale
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(submicrosecond), whereas waiting for an acknowledgement
constrains this kind of statistical multiplexing to a time scale
that is no faster than a millisecond for a typical long-haul
network.

In OBS networks, a burst is a group of packets sharing a
common destination that have been collected together at a
common edge buffer in a burst assembler process. Several
algorithms have been proposed and evaluated in the literature
[14], [25] describing different aggregation strategies for the
burst assembly process. The design issue of how many packets
should compose a burst and whether a burst should be con-
sidered formed once a certain number of packets have been
grouped or once the first arriving packets exceed a certain
age have been addressed to some extent in [21] and [22]. The
former is called threshold-based aggregation [33] and the latter
is called timer-based aggregation [34]. More sophisticated
aggregation strategies have also been proposed [15]. They are
not considered in this paper.

Associated with each burst is a header that seeks to reserve
in advance a wavelength channel on each hop of a route leading
to its burst’s destination. As the processing of a request is not
instantaneous, a header is delayed at each hop to allow for pro-
cessing of its request. To accommodate this per-hop processing
delay, a burst is preceded in time by its header to ensure it cannot
reach a wavelength channel for which its header has yet sought
to reserve. Separation of a burst and its header is achieved by
delaying a burst at its edge buffer for an offset period that is
equal to the sum of per-hop processing delays its header incurs.
Separation is maximum at an edge buffer and decreases incre-
mentally by one per-hop processing delay at each subsequent
hop. A timing diagram is shown in Fig. 1.

A header may fail to reserve a wavelength channel at any hop
due to either contention with existing reservations or an over-
whelmed scheduler that is unable to process its request, in which
either case its burst is blocked. As the headers are always con-
verted and processed in an electronic domain, a header arriving
at an overwhelmed scheduler can be conveniently buffered elec-
tronically. Therefore, failure to process a header is attributable
only to buffer overflow. The probability of buffer overflow can
be made negligible for an appropriately dimensioned and stable
buffer.

However, buffering a header prolongs its per-hop delays. An
increase in per-hop delays in turn requires a commensurate in-
crease in separation between a burst and its header. To accom-
modate for per-hop queueing delays, a burst is delayed at its
edge buffer for a prolonged offset period that is equal to the
sum of per-hop processing delays as well as per-hop worst case
queuing delays. This will tie up buffering space at the edge, re-
duce throughput, and eventually result in packet loss due to edge
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Fig. 1. OBS signaling timing diagram for a three-hop route 12 3,
where the control packet is represented with a solid line, ~denotes per-hop pro-
cessing delay, denotes propagation delay, and  denotes switch configuration
time; is typically considered negligible for modeling.

buffer overflow if the number of new packet arrivals during an
offset period is sufficient.

Although an edge buffer can be dimensioned to ensure the
probability of overflow is negligible, packets carrying real-time
services cannot endure queueing delays exceeding a prescribed
threshold and may as well be discarded if they arrive at an edge
buffer that has more than a given number of packets enqueued.
As the size of a scheduler buffer increases, its overflow proba-
bility decreases, but the overflow probability of an edge buffer
may increase due to a prolonged offset period. This paper con-
siders the problem of dimensioning a scheduler buffer to strike
an optimal balance between the conflicting requirements of si-
multaneously minimizing both its overflow probability and the
overflow probability of an edge buffer.

Due to the closed relation between the scheduler buffer and
its corresponding edge buffer, in this paper we will rely on the
overall packet blocking probability and mean queuing delay at
an edge buffer in order to find the optimal scheduler buffer. To
this end, we develop a unified OBS model comprising a set of
homogeneous and independent edge buffers that feed bursts to
a standalone link and their headers to a scheduler as shown in
Fig. 2. According to our model, a packet can be blocked due to
one of three possible events: it arrives at an edge buffer that is
full; it is grouped into a burst, but that burst’s header arrives to
find the scheduler buffer full; or it is grouped into a burst, but
a wavelength channel cannot be reserved for that burst due to
contention with existing reservations.

To enable a tractable analysis, we assume each of these three
events is independent, which is tantamount to decoupling our
unified model into its three constituent submodels and analyzing
each of them independently. We can therefore write

le_(l_PS)(l_Ps)(l_Pl) (1)

where P, and P; is the probability of edge and scheduler buffer
overflow, respectively, P, is the probability that a wavelength
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Fig. 2. OBS model consisting of  edge buffers, a standalone link comprising
wavelength channels, and its associated scheduler.

channel cannot be reserved due to contention, and P is the
overall packet blocking probability. It is also assumed that the
number of edge buffers is sufficient to reasonably model the su-
perposition of their output processes as a Poisson process.

For a standalone link [ consisting of NV wavelength channels,
the well-known Erlang formula

aN
EN<G‘) = 2N! N 2
I+a+ G+ + %7
has been shown to provide a reasonable approximation of
blocking probability in many scenarios, where « is the mean
number of reservation requests issued during an average reser-
vation period. In using (2), the following are tacitly assumed.

Al) Reservation requests arrive according to a Poisson

process.
Full wavelength conversion is available.
All bursts and their associated headers are separated by
a constant period.

A4) A scheduler is able to process all requests without fail.

Assumption Al) is usually valid if the number of edge buffers
feeding [ is large relative to IV, as assumed in this paper. Other-
wise, if the number of edge buffers feeding [ is of the same order
as IV, an Engset-like model with an enlarged state-space accom-
modating so-called frozen states is necessary and was proposed
in [8] and [40].

Without wavelength conversion, (2) is used as Er(aF/N),
where F' is the number of fibers composing . Hence, each fiber
consists of N/F wavelength channels. In the case of limited-
range wavelength conversion

Eapos (a(ZiV + 1))

may provide a crude approximation if F' = 1, where d is the
maximum conversion radius. Refined approximations were de-
veloped in [28].

Relaxing A3) has proven to be a challenge but is critical if
routes traversing [ differ substantially in hop count. In this case,
bursts and their headers are separated by a period that differs
according to hop count. As such, requests are issued that may
differ in how far in advance they seek to reserve a wavelength
channel. A request has less probability of encountering con-
tention if a reservation is sought further in advance, which is not

A2)
A3)
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reflected in (2). Approximate models in which A3) is relaxed to
an extent were proposed in [20] and revamped in the context
of OBS in [16]. Some promising work aimed at relaxing A3)
has recently been presented in [3] and [32]. This paper is con-
cerned with relaxing A4) [while upholding assumptions Al),
A2) and A3)], an assumption that has received little attention
except briefly in [36].

The main contributions and findings of this paper can be sum-
marized as follows. For the first time, we develop and provide
a tractable analysis supported by simulation for a unified OBS
model comprising edge buffers, a standalone link, and its as-
sociated scheduler. We demonstrate that there appears to exist
an optimal scheduler buffer size that depends on the number of
packets comprising a burst and the size of an edge buffer. Anin-
crease or decrease beyond this optimal size results in an increase
in P due to P, or Py, respectively, emerging as the dominant
terms in (1). Furthermore, we demonstrate that our analysis is
sufficiently accurate to quickly determine an optimal scheduler
buffer size, if one exists.

This paper is organized as follows. We first develop an ana-
lytical model for a set of homogeneous and independent edge
buffers that feed bursts to a standalone link and their headers
to a scheduler in Section Il. We then derive approximations
for packet blocking probability and mean packet queuing delay
based on the proposed model. Section 11 is devoted to numerical
evaluation of a particular case, where we show how our model
can be used in dimensioning a scheduler buffer. Furthermore,
we also provide a rule of thumb for determining the optimal
size of a scheduler buffer and the number of packets composing
a burst. We conclude this paper in Section V.

Il. MODEL AND ANALYSIS

As shown in Fig. 2, our unified OBS model consists of three
interconnected submodels. Each of the following three sections
is devoted to the analysis of a particular submodel.

A. The Edge Buffer

Packets arriving at an edge router are sorted according to des-
tination and possibly other classifiers. Let J be the number of
destinations. Hence, a total of .7 edge buffers are required, which
are independent and stochastically identical. Packets marked
for a common destination arrive at an edge buffer according
to a Poisson process with rate A. At most K packets can be
enqueued, excluding a packet that may be in transmission. A
packet arriving at an edge buffer with K packets already en-
queued is blocked and does not return.

A burst consists of a time-contiguous train of M < K
packets. A burst is formed as soon as M packets are enqueued,
after which an offset period of deterministic length = is re-
quired before transmission commences. In queuing parlance,
an offset period can be considered a setup period. We can
write 7 = H(A; + As) + «, where H denotes hop count, A,
denotes per-hop header processing delays, A» denotes per-hop
worst case header queueing delays, and « denotes switch
reconfiguration time. For simplicity, we set a = 0.

A period in which a burst is transmitted is referred to as a ser-
vice period. Exactly M packets, corresponding to a single burst,
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Fig. 3. Typical edge buffer service cycle; shaded regions represent periods in
which arriving packets are blocked due to buffer overflow.

are transmitted during each service period. At most one burst
can be served at any time instant, implying an edge buffer is
equipped with a single laser. The length of a packet’s transmis-
sion period X is exponentially distributed with mean 1/ and
its cumulative distribution function (cdf) is given by Fx (z) =
1 — e H*,

Upon completion of a service period, another setup period is
either immediately commenced, if at least M packets are en-
queued, or commenced after a buildup period in which packets
are queued until at least M packets are enqueued and hence a
burst formed. As such, each service cycle comprises a buildup
period lasting until M packets are enqueued, which is of length
zero if M or more packets are already enqueued, followed by a
setup period of deterministic length 7, which is in turn followed
by a service period. A typical service cycle is shown in Fig. 3.

In summary, an OBS edge buffer is modeled as a finite
waiting-room single-server vacation queue with a gated
M -threshold service discipline [31] and deterministic setup
times of length .

To analyze this queue, we consider an embedded Markov
chain at a set of renewal epochs defined by the time in-
stants immediately after a packet departs from an edge
buffer to commence its transmission. Let my ,, be the sta-
tionary probability that k& packets are enqueued, excluding
a packet possibly in transmission, at the time instant imme-
diately after the mth longest enqueued packet departs the
buffer and starts its transmission. The stationary distribution
{Tkmlk = 0,....,K — 1;m = max(1,M — k),...,M} is
uniquely determined by the set of difference equations given
in (3)

k+1
Tkm = Z Ok —i+1Tim—1, MM > l,k <K-1
i=M—m+1
K-1 K—i—1
TR—1,m = Z 1-— Z aj | Tim—1, m>1
i=M—m-+1 7=0
k+1

Th,1 = g br—it17i M
i=M

M—1[M-1—i k—it+1
+ Z Z G;Cr—M+1+ Z AjCk—j—i+1|Ti, M,
i=0 \ ;=0 j=M—i
k<K-1
M K-1
=3 Y ®

m=1 k=max(0,M —m)
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where

a; = P (i packets arrive in another packet's

transmission period)
(Az)’

Je'e)
/0 7!

= E/ (Aa)le O gy =
0

7!

e dFx (z)

A
(A +p)iHt
b; = P (i packets arrive in another packet's

transmission period plus 7)
— AT

_ ke / ()\(x—f—q—))ie_z(’\"'")dﬂf
Jo

Z! <A+u>

)\+u‘+1120

B (A7)?

C; =

i e—AT.
3!

Note that 7,,, x = 0 because all K waiting positions cannot
be occupied immediately after a packet departs the buffer to
commence its transmission. The transitions between successive
embedded instants given in (3) are self-explaining except for
7,1, Which is constituted of two terms. The first term is the
case for which there is enough packets in the buffer to make
up a new burst at the time immediately after the last packet of
the previous burst departs the buffer. The second term is the
case for which there are not enough packets in the buffer to
make up a burst at the time immediately after the last packet
of the previous burst departs the buffer. In the later, there are
two subcases.

i) Not enough packets arrive during the service time of the
last packet of the previous burst to make up a new burst.
Therefore, a building period is required until exactly M
packets are queued in the buffer.

ii) Enough packets arrive during the service time of the last
packet of the previous burst to make up a new burst. So
no building period is required.

Finally, we use Gauss—Seidel iteration [13] to solve (3) and ob-
tain m o,

Define 7} = Yoo pax(uar—k) Thoms b = 0, K — 1,
which is the stationary probability that k& packets are enqueued
at an instant immediately after an arbitrary packet completes
its transmission, and let {I1; }X_ be the stationary distribution
of the number of enqueued packets at an arbitrary instant.
Since exactly one packet either arrives or departs at each
state transmon Burke’s theorem [31] gives {Hk} =
ﬂ{wk}k o » componentwise, where ﬂ is a positive constant To
determine 3, note that I = 1 — k:O Hk =1- 6. Using
the Poisson arrivals see-time-averages property [26], we also
have

P. £ P(packet blocked due to buffer overflow)
1
S =1— — 4
K v (4)
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where 7 is the mean length of the period between an arbitrary
pair of consecutive embedded points and can be expressed as

K—1 1 K—-1 1
U:Z<—+T>7ri7]\,[+ I—Zﬂ'i;]\/[ —
M-1

t2E

In (5), Z; = max(R, S’) where P(R < r)=1-¢#" and

P(S;i <s)=1-3 O(As)Je_)‘S/J' Giventhat: < M — 1
packets are enqueued at the instant immediately after the Ath
packet departs the buffer to commence transmission, Zy;_; is
the length of the period beginning at that instant and ending
at the instant the next setup period commences, which occurs
once M packets are enqueued and the Mth packet of the pre-
vious burst has completed transmission. In understanding (5),
note that the next setup period cannot commence at least until
the Mth packet of the previous burst has completed transmis-
sion. To compute E(Z;), we write

(Zyv—i) + 7)mine. (5)

E(Z;) = /°° (1-P(R < 2)P(S; < 2))dz
J0
i1 s
TR e ©

Thus from (5) and (6)  is determined, aswell as 3 = 1/(An),
and P =1l =1- 1/()\’[7)

Little’s law is used to determine the mean packet queuing
delay, denoted as W. In particular, since the mean number of
packets enqueued at an arbitrary instant is given by ZL o L3,
we write W = S5 i1 /(1 = Po)A).

An edge buffer is perceived as an on/off source by the link,
where an on-period corresponds to a service period while an
off-period corresponds to a consecutive buildup and setup pe-
riod. The length of each on-period is M-Erlang independent
identically distributed (i.i.d.) with mean M /. The length of
each off-period is a phase-type distribution shifted by 7, not nec-
essarily i.i.d. because the initial phase distribution is dependent
on the preceding off-period, and has mean

£ E(length of an off-period)

ol -

M—1M—i

=7+ Z Z aj%ﬂ-ﬂm:]\f

where Tilm=M = Ti ]\[/Zk —0 Tk,M-

To enable a tractable analysis of our scheduler buffer and link

model, we invoke the following assumptions.

1) Renewal-type sources: The length of on and off periods are
i.i.d. with mean M/ and 1/¢, respectively. Therefore, the
probability that a source is on at an arbitrary time instant is
6/(1+ 6), where § = M@/ is the source offered load.

2) Poisson arrivals [30], [37]: The number of edge buffers,
which has been denoted as .J in this paper, is sufficiently
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large to ensure that the superposition of their output pro-
cesses is reasonably modeled as a Poisson process. In par-
ticular, it is assumed that headers arrive at the scheduler
buffer according to a Poisson process with rate

J
V= 1
W
This assumption is asymptotically exact for J — oo, if v
remains fixed in the limit [30].
The error incurred in invoking these assumptions is later

quantified with simulation.

B. The Scheduler Buffer

Each of the J edge buffers is connected to the scheduler
buffer via an out-of-band wavelength channel. Each time an
edge buffer commences a setup period, it transmits a header to
the scheduler buffer. A header conveys to the scheduler its cor-
responding burst’s length and expected arrival time. The sched-
uler invokes a scheduling algorithm whose task is to determine
a wavelength channel that can be reserved in advance for an un-
broken period beginning at a burst’s expected arrival time and
lasting for its entire length. A scheduling algorithm may fail due
to contention with existing reservations, in which case a burst is
blocked.

Many scheduling algorithms tailored to OBS have been pro-
posed and analyzed, many of which have been surveyed in [19],
[15]. Scheduling algorithm design is essentially a tradeoff be-
tween algorithm complexity and performance.

As proved in [2], A3) allows for a scheduling algorithm that
is both simple and optimal. In particular, an ordered search algo-
rithm of complexity O(log N) is optimal in the case that bursts
and their headers are separated by a constant period. Complexi-
ties in the scheduling algorithm design arise if A3) is relaxed be-
cause of a need to maintain a list of so-called voids [2], [38] that
may emerge between existing reservations. This complexity has
given rise to void-filling algorithms. To ensure impartiality to
scheduling algorithm performance, we uphold A3) throughout
this paper, which ensures an ordered search algorithm is op-
timal.

The worst case running time of a scheduling algorithm de-
pends primarily on the number of wavelength channels com-
prising a link and the processing speed of the scheduler. A com-
parison of the computational complexity of several common
scheduling algorithms is provided in [15], from which worst
case running times can be roughly extrapolated given the pro-
cessing speed of the scheduler. Per-hop header processing de-
lays, which have been denoted as A in this paper, can therefore
be bounded above by the worst case running time of a sched-
uling algorithm. In this paper, we consider a conservative model
in which A is deterministic and equal to the worst case run-
ning time of a scheduling algorithm. Therefore, the scheduler
requires a deterministic period of length A, to process a request
issued by a header, after which it can immediately begin pro-
cessing another, if one is residing in the scheduler buffer.

At most V' headers can be enqueued in the scheduler buffer,
excluding a header that the scheduler may be processing. A
header arriving to find the scheduler with V' headers already en-
queued is blocked. Per-hop worst case header queuing delays
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are therefore A, = (V' — 1)A; because a request issued by a
header requires a deterministic period of length A; to process
and at most V' —1 headers may precede any given header in the
scheduler buffer. That is, Ay = (V — 1)A4, and we can there-
fore write 7 = HV A1 assuming zero switch configuration time
(a = 0).

Invoking the Poisson assumption (as discussed at the end of
Section 11-A) permits analysis of the scheduler buffer model as
an M/D/1/V queue with arrival rate v and service times of
length A;. To compute the probability that a header arrives to
find V' headers already enqueued, we use known results [31] for
an M/D/1/V queue that state blocking probability is given by

P, 2 P(header blocked due to buffer overflow)
1
— )

v
Z U, +vA,
=0

=1

where ¥y = 1 and

1
Ty

and d; = (UAl)ie_UAl /L'

In the case that .J is small and/or V is large, the accuracy of
(7) may deteriorate due to failure of the Poisson assumption.
In particular, since the Poisson assumption is only asymptoti-
cally correct, it is possible that interarrival times in the super-
posed process are not exactly exponentially i.i.d. and exhibit
some form of correlation. If V' is large, interarrival times can
interact in the scheduler buffer over a longer timescale than if
V were small and increase the effect long-term correlation has
on buffer dynamics. Therefore, the Poisson assumption is more
likely to fail for large V. See [30] and [37] for further discus-
sions. In Section 111, using simulation as a benchmark, we quan-
tify the deterioration of (7) as V' is increased.

To avoid invoking the Poisson assumption, we can instead
assume that interarrival times of headers owing to a given
edge buffer are deterministic, which is asymptotically correct
for M — oo. In this case, the scheduler buffer model is
analyzed as a D/D/1 queue that is fed by the superposition
of .J i.i.d. deterministic streams, each with an interarrival time
of M/ + 1/¢. Known results [11] for the tail probability
of a D/D/1 queue fed by the superposition of multiple i.i.d.
deterministic streams can be used to provide an approximation
for blocking probability. However, this approach is intractable
for large J.

Another approach is to use formulas derived in the [18, ap-
pendix] to characterize the superposed process in terms of its
mean and coefficient of variation. Since the coefficient of varia-
tion of the superposed process is less than unity, it can be fitted
to an Erlang distribution. This allows for analysis of the sched-
uler buffer model as an £/D/1/V queue.

In summary, the scheduler buffer model can be analyzed in
terms of either an M/D/1/V queue with arrival rate v, the
tail probability of a D/D/1 queue fed by .J i.i.d. streams with
interarrival time M/u + 1/¢, or an E/D/1/V queue where
the Erlang distributed arrival process has its first two moments
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fitted. All three approaches suffer limitations. In this paper, we
approximate P, using (7), as it was found to provide better ac-
curacy than the other two approaches for typical values of J and
V' —say, 50-100 and 5-10, respectively.

C. The Link

Our OBS model is based on a standalone link. In particular, all
J edge buffers share a common route. Generalization to an arbi-
trary network with heterogenous routes that allows for differing
hop-counts was considered in [27], albeit with A4) in place. In
turn, the work in [27] can be considered an extension of Erlang’s
fixed point approximation [17], [26] to OBS.

The link in consideration comprises N wavelength channels.
Full wavelength conversion ensures all N wavelength chan-
nels are accessible to an edge buffer. Each of J edge buffers
is connected to the link via an access fiber, and we assume that
blocking does not occur in an access fiber. A burst is blocked if
its header fails to reserve one of the NV wavelength channels. A
header fails either because it arrives to find the scheduler queue
with V' headers already enqueued or because all N wavelength
channels have already been reserved.

The probability that a wavelength channel cannot be reserved
due to contention with existing reservations is given by

P; £ P(burst blocked due to contention) = Ex(J6)  (8)

where the E () function is defined in (2) and 6 is the offered
load owing to an edge buffer, which appears as a source from
the perspective of the link. Based on the Poisson assumption,
the total load offered by all .J edge buffers is J6.

I1l. NUMERICAL EVALUATION AND DISCUSSION

This section serves to gauge the error incurred in invoking
assumptions 1) and 2) in Section 11-A using discrete-event sim-
ulation that is transparent to both of these assumptions and to
demonstrate numerically that an optimal scheduler buffer size
may exist and depends on the number of packets composing a
burst and the size of an edge buffer, which have been denoted
as M and K, respectively, in this paper.

Using discrete-event simulation, we also evaluate an alter-
native assembly policy, which is a hybridization of both the
threshold- and timer-based policies. Timer-based assembly gen-
erally achieves poorer utilization than threshold-based assembly
but may effect reductions in pretransmission queueing delays.
This section serves to demonstrate that the existence of an op-
timal scheduler buffer size is independent of the choice of as-
sembly policy.

We consider a conservatively chosen set of parameters, which
are shown in Table I, where V', which denotes scheduler buffer
size, is the parameter to be optimized given M. The packet ar-
rival rate at an edge buffer A is the only free variable and is
chosen to ensure P, as given by (1), is within a reasonable range.

At most 40 packets can be enqueued at an edge buffer. In
practice, several hundreds of thousands of packets could be
enqueued. However, solving the set of difference equations
given by (3) is intractable for large K. To ensure computational
tractability, we choose K = 40 and “compensate” by increasing
the mean length of a packet’s transmission period 1/ to model
a burst comprising 4000 average-sized IP packets, which is
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Fig. 4. Packet blocking probability as a function of scheduler buffer size;
with a scheduler buffer size of about ten is optimal.

TABLE |

SET OF PARAMETERS
Notation  Description Value
H Route hop count 4
Ay Per-hop header processing delays 50 us
Ao Per-hop worst-case queueing delays  (V — 1)A;
a Switch reconfiguration time 0
T Length of offset period HVA; +«
J Number of edge buffers 100
N Number of wavelength channels 25
K Edge buffer size (see discussion) 40

equivalent to 500 KB and requires about 1.6 ms to transmit at
2.5 Gb/s. In particular, we equally apportion the 1.6 ms burst
transmission period to each of the M packets composing a
burst; thus the mean length of a packet’s transmission period is
setto 1.6/M ms.

Fig. 4 shows plots of packet blocking probability as a func-
tion of scheduler buffer size for the set of parameters specified
in Table | and M/K = 0.5,0.625,0.75. Plots depicted with a
dashed line and solid circular data points correspond to simu-
lation, while plots depicted with a solid line correspond to our
analysis. Suboptimal performance results if M is chosen such
that M/K > 0.75 or M/K < 0.5 because P. or Ps, respec-
tively, increase markedly and emerge as the dominant term in
(1). Fig. 4 suggests that M /K = 0.625 and a scheduler buffer
size of about ten gives optimal performance if minimization of
packet blocking probability is critical. This corresponds to worst
case per-hop header queueing delays of 90 us.

Fig. 5 shows plots of packet blocking probability as a function
of mean packet queueing and aggregation delay for M/K =
0.625. These plots were generated by varying the scheduler
buffer size over an appropriate range and keeping X fixed. For a
scheduler buffer size of ten, an arbitrary packet encounters less
than 6 ms of delay before it begins transmission. Fig. 5 con-
firms that shorter queueing and aggregation delays are achiev-
able with a scheduler buffer of size less than ten but results in a
dramatic increase in packet blocking probability. In particular,
a 2 ms reduction in delay yields an increase in packet blocking
probability of more than two orders of magnitude.
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For M /K = 0.625, Fig. 6 shows plots of the lower bounds
for P provided by P, P., and P;, which have been determined
analytically and comparedto P = 1 — (1 — P;)(1— P.)(1— )
as computed via simulation. For a scheduler buffer of size less
than ten, P, provides the tightest bound as not enough variability
in the header arrival process is absorbed, resulting in a rela-
tively large number of headers arriving to find a full scheduler
buffer. For a scheduler buffer of size greater than ten, P. pro-
vides the tightest bound as a prolonged offset period required by

an increase in scheduler buffer size results in a relatively large
1We use the word bound here in the sense that . . , Where
.However,wedonotclaimthat . . :
where |s the exact packet blocking probability determined without |nvok|ng
assumptlons 1) and 2).
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Fig. 7. Packet blocking probability as a function of scheduler buffer size
for three different pairs of  and  such that ; the optimal
scheduler buffer size seems to depend only on rather than and
individually.

number of packets arriving to find a full edge buffer. A suffi-
cient number of wavelength channels are available to preclude
P, from emerging as a dominant bound.

Figs. 4-6 suggest that errors incurred in invoking assumptions
1) and 2) depend on whether or not the transition at which P,
is succeeded by P, as the tightest bound for P occurs for suffi-
ciently small V. (Recall that V' denotes scheduler buffer size in
this paper.) In particular, our approximation for Ps, as given by
(7), deteriorates as V' is increased because interarrival times can
interact in the scheduler buffer over a longer time scale than if
V were small and increase the effect long-term correlation has
on buffer dynamics. However, the accuracy of our approxima-
tion for P. does not depend on V. Therefore, if P, is succeeded
by P, for sufficiently small V, any error in P, that results in a
reduction from its true value is masked by P, and does not prop-
agate to P.

For example, for M/K = 0.5, our approximation for P,
admits noticeable error for V' > 7 and this error propagates
to P until P, is succeeded by P; as the tightest lower bound at
about V' = 15. Hence, P regains its accuracy as V' is increased
beyond 15. For M/K = 0.675,0.75, the transition at which P,
succeeds P, occurs for a value of V' at which our approximation
of P, admits negligible error.

Our approximation scales poorly with K and M due to the
need to numerically solve large difference equations. For the
purpose of designing the scheduler buffer, however, we could
use the ratio M/ K instead for more realistic scenarios. Indeed,
Fig. 7 suggests that although the ratio M/ K is not entirely suf-
ficient in itself to determine the optimal scheduler buffer size, if
any, it does seem to allow for a scalable approximation whereby
the optimal buffer size is determined in terms of M/ K, instead
of M and K. In particular, Fig. 7 shows that for the set of param-
eters specified in Table I, the optimal value of V" lies in the range
10-11 for several values of M and K such that M /K = 0.625.
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ZALESKY AND VU: DESIGNING AN OPTIMAL SCHEDULER BUFFER

A. A Hybrid Burst Assembly Policy

Discrete-event simulation is used to ascertain whether the
existence of an optimal scheduler buffer size is sensitive to
the choice of assembly policy. For this purpose, we consider a
simple hybrid assembly policy as an alternative.

A virtual timer is maintained for all packets that are enqueued
at an edge router. A packet’s virtual timer indicates the time
it has been engueued, beginning from the instant of its arrival.
Consider an arbitrary edge buffer. At the completion of a service
period, another setup period is commenced as soon as either:

o Trigger 1: at least one packet’s virtual timer has ex-
pired—that is, there exists an enqueued packet whose
virtual timer exceeds a prescribed threshold 7;

» Trigger 2: at least M packets are enqueued.

A setup period may commence immediately after the comple-
tion of a service period if either Trigger 1 or 2 is satisfied. When
a setup period is activated as a consequence of Trigger 1, the
number of packets that are transmitted in the next service cycle
is equal to the number of packets that are enqueued at the instant
the setup period is commenced, which may be less than M. In
other words, Trigger 1 enables a burst to comprise fewer than
M packets. Trigger 1 operating in combination with Trigger 2
defines our hybrid assembly policy.

Apart from the introduction of Trigger 1, an edge buffer con-
tinues to operate according to the service cycle described in
Section II-A. The parameters specified in Table | remain un-
changed. We setthe timer thresholdto 7 = M/, which ensures
the average number of packets composing a burst is equal to M .
This ensures an equitable comparison between both assembly
policies.

In the case of light traffic, our hybrid policy reduces to a
purely timer-based policy, since Trigger 2 is rarely activated.
Furthermore, even if Trigger 2 were not in place, we are still es-
sentially considering a hybrid policy because each edge buffer
is finite. Specifically, packets are dropped once the buffer is full,
and so for that very reason, we are considering a hybrid policy.

Note also that using Trigger 1 alone can yield an unaccept-
ably high probability of edge buffer overflow P. for a bursty
packet arrival process. During a bursty phase, many packets
arrive in short succession, which may result in an edge buffer’s
reaching capacity without Trigger 1’s being activated. Packets
are blocked that arrive during the period between which the
edge buffer reaches capacity and the instant at which Trigger 1
is eventually activated. In contrast, Trigger 2 ensures a setup pe-
riod commences significantly earlier (as soon as M packets are
enqueued), and thus packets commence transmission sooner,
thereby clearing space for subsequent packet arrivals that would
otherwise be blocked. This effect is somewhat mitigated in
our simulation because we model packet arrivals as a Poisson
process; however, it is well-known that a genuine packet arrival
process may exhibit significantly greater burstiness than a
Poisson process.

Fig. 8 shows plots of packet blocking probability as a function
of scheduler size for our hybrid burst assembly policy (Trigger
land 2) and M/K = 0.5,0.625,0.75. Fig. 8 suggests a sched-
uler buffer size of about 15 gives optimal performance if min-
imization of packet blocking probability is critical. In contrast,
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Fig. 8. Packet blocking probability as a function of scheduler buffer size for an
alternative (hybrid threshold/timer-based) burst assembly policy; a scheduler
buffer size of about 15 is optimal.

a scheduler buffer size of about ten is optimal for a threshold-
based policy (see Fig. 4).

When comparing Figs. 8 and 4, it is evident that the introduc-
tion of Trigger 1 gives rise to an order of magnitude increase
in packet blocking probability. We contend that this increase is
attributable to the fact that Trigger 1 enables the transmission
of bursts that comprise only a few packets. Specifically, an en-
queued packet’s virtual timer may expire when very few other
packets are enqueued (e.g., during a quiet period of a bursty ar-
rival process), thus resulting in the formation of a small burst.
Packet blocking probability increases if small bursts are trans-
mitted because more signaling overhead is consumed per packet
transmission—that is, the average number of packets per header
decreases, thereby placing greater demand on the scheduler and
resulting in poorer utilization.

We contend that the optimal scheduler buffer size is larger
for our hybrid assembly policy (15 versus 10 waiting spaces)
because headers arrive at the scheduler more frequently. In par-
ticular, more bursts, and hence more headers, are transmitted
when the average size of a burst is decreased.

IV. CONCLUSIONS

For the first time, we developed and analyzed a unified OBS
model comprising a set of homogeneous and independent edge
buffers that feed bursts to a standalone link and their headers
to a scheduler. We demonstrated numerically that an optimal
scheduler buffer size may exist and depends on the number of
packets composing a burst and the size of an edge buffer.

For the particular numerical example considered (see Table I),
we verified our analysis using simulation as a benchmark and
showed that packet blocking probability is minimized if at most
about ten headers can be enqueued in the scheduler buffer and
the number of packets comprising a burst is about 0.6 times
the number of packets that can be enqueued at an edge buffer.
Therefore, we have provided a rule of thumb for determining
the optimal size of a scheduler buffer and the number of packets
composing a burst. Future work will concentrate on enhancing
the scalability of our analysis, possibly by developing an ap-
proximation based on M /K instead of M and K.

Authorized licensed use limited to: UNIVERSITY OF MELBOURNE. Downloaded on February 10, 2009 at 01:35 from IEEE Xplore. Restrictions apply.



2054

REFERENCES

[1] 1. Baldine, G. N. Rouskas, H. G. Perros, and D. Stevenson, “Jump
start: A just-in-time signaling architecture for WDM burst-switched
networks,” IEEE Commun. Mag., vol. 2, pp. 82-89, Feb. 2002.

[2] N. Barakat and E. H. Sargent, “Dual-header optical burst switching: A
new architecture for WDM burst-switched networks,” in Proc. IEEE
INFOCOM’05, 2005, vol. 1, pp. 685-693.

[3] N. Barakat and E. H. Sargent, “Analytical modeling of offset-induced
priority in multiclass OBS networks,” IEEE Trans. Commun., vol. 53,
pp. 1343-1352, Aug. 2005.

[4] T. Battestilli and H. Perros, “An introduction to optical burst
switching,” IEEE Commun. Mag., vol. 41, pp. S10-S15, Aug. 2003.

[5] P.E.Boyerand D. P. Tranchier, “A reservation principle with applica-
tions to the ATM traffic control,” Comput. Netw. ISDN Syst., vol. 24,
no. 4, pp. 321-334, May 1992.

[6] Y. Chen, C. Qiao, and X. Yu, “Optical burst switching (OBS): A new
area in optical networking research,” IEEE Network, vol. 18, no. 3, pp.
16-23, May-Jun. 2004.

[7] Y.-Z.Cho and A. Leon-Garcia, “Performance of burst-level bandwidth
reservation in ATM LANSs,” in Proc. IEEE INFOCOM’94, 1994, vol.
2, pp. 812-820.

[8] A. Detti, V. Earmo, and M. Listanti, “Performance evaluation of a new
technique for IP support in a WDM optical network: Optical com-
posite burst switching (OCBS),” J. Lightw. Technol., vol. 20, no. 2, pp.
154-165, Feb. 2002.

[9] M. Duser and P. Bayvel, “Analysis of a dynamically wavelength-routed
optical burst switched network architecture,” J. Lightw. Technol., vol.
20, no. 4, pp. 574-585, Apr. 2002.

[10] M. Duser and P. Bayvel, “Performance of dynamically wavelength-
routed optical burst switched network,” IEEE Photon. Technol. Lett.,
vol. 14, pp. 239-241, Feb. 2002.

[11] A.E. Eckberg, “The single server queue with periodic arrival processes
and deterministic service times,” IEEE J. Sel. Areas Commun., vol.
SAC-27, no. 18, pp. 556-562, Mar. 1979.

[12] G. C. Hudek and D. J. Muder, “Signaling analysis for a multi-switch
all-optical network,” in Proc. IEEE ICC’95, 1995, vol. 2, pp.
1206-1210.

[13] E. Isaacson and H. B. Keller, Analysis of Numerical Methods. New
York: Dover, 1994,

[14] M. lzal, J. Aracil, D. Morato, and E. Magana, “Delay-throughput
curves for timer-based OBS burstifiers with light load,” J. Lightw.
Tech., vol. 24, pp. 277-285, Jan. 2006.

[15] J. P. Jue and V. M. Vokkarane, Optical Burst Switched Networks.
Berlin, Germany: Springer, 2005, Optical Networks Series.

[16] A. Kaheel, H. Alnuweiri, and F. Gebali, “Analytical evaluation of
blocking probability in optical burst switching networks,” in Proc.
IEEE 1CC’04, 2004, vol. 3, pp. 1458-1553.

[17] F. P. Kelly, “Loss networks,” Ann. Appl. Prob., vol. 1, no. 3, pp.
319-378, Aug. 1991.

[18] P.J. Kuehn, “Approximate analysis of general queuing networks by de-
composition,” IEEE Trans. Commun., vol. 27, pp. 113-126, Jan. 1979.

[19] J. Li, C. Qiao, and Y. Chen, “Recent progress in the scheduling algo-
rithms in optical burst-switched networks,” J. Opt. Netw., vol. 3, pp.
229-241, Apr. 2004.

[20] Y. Liang, K. Liao, J. W. Roberts, and A. Simonian, “Queueing models
for reserved set up telecommunications services,” in Proc. ITC-12, Jun.
1998.

[21] J. Luo, Q. Zeng, H. Chi, Z. Zhang, and H. Zhao, “The impacts of burst
assembly on the traffic properties of optical burst switching networks,”
in Proc. ICCT, 2003, pp. 521-524.

[22] D. Park and M. Yoo, “A comparative study on the burst assembly
schemes for optical burst switched networks,” Proc. SPIE, vol. 4910,
pp. 266-274, 2002.

[23] C. Qiao and Y. Mei, “Wavelength reservation under distributed con-
trol,” Proc. IEEE/LEOS Broadband Opt. Netw., pp. 45-46, 1996.

[24] C.Qiaoand M. Yoo, “Optical burst switching (OBS)—A new paradigm
for an optical internet,” J. High Speed Netw., vol. 8, no. 1, pp. 69-84,
1999.

[25] M. de Vega Rodrigo and J. Gotz, “An analytical study of optical burst
switching aggregation strategies,” in Proc. 3rd Int. Workshop Opt. Burst
Switch., 2004.

[26] K.W. Ross, Multiservice Loss Models for Broadband Telecommunica-
tions Networks.  Berlin, Germany: Springer, 1995.

[27] Z. Rosberg, H. L. Vu, M. Zukerman, and J. White, “Performance
analyses of optical burst-switching networks,” IEEE J. Sel. Areas
Commun., vol. 21, pp. 1187-1197, Sep. 2003.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 26, NO. 14, JULY 15, 2008

[28] Z. Rosberg, A. Zalesky, H. L. Vu, and M. Zukerman, “Analysis of
OBS networks with limited wavelength conversion,” IEEE/ACM Trans.
Netw., to be published.

[29] H. Shimonishi, T. Takine, M. Murata, and H. Miyahara, “Performance
analysis of fast reservation protocol with generalized bandwidth
reservation method,” in Proc. IEEE INFOCOM’96, 1996, vol. 2, pp.
758-767.

[30] K. Sriram and W. Whitt, “Characterizing superposition arrival pro-
cesses in packet multiplexers for voice and data,” IEEE J. Sel. Areas
Commun., vol. SAC-4, pp. 833-846, Sep. 1986.

[31] H. Takagi, Queueing Analysis: A Foundation of Performance Evalua-
tion. Amsterdam, The Netherlands: Elsevier Science, 1993, vol. 2.

[32] P. Taylor and R. Maillardet, “Queues with reservations,” in Proc.
ANZIAM’05.

[33] V. M. Vokkarane, K. Haridoss, and J. P. Jue, “Threshold-based burst
assembly policies for QoS support in optical burst-switched networks,”
in Proc. Opticom’02, 2002.

[34] V.M. Vokkarane, Q. Zhang, J. P. Jue, and B. Chen, “Generalized burst
assembly and scheduling techniques for QoS support in optical burst-
switched networks,” in Proc. Globecom’02, 2002.

[35] I. Widjaja, “Performance analysis of burst admission-control proto-
cols,” Proc. Inst. Elect. Eng. Commun., vol. 142, no. 1, pp. 7-14, Feb.
1995.

[36] J. White, M. Zukerman, and H. L. Vu, “A framework for optical burst
switching network design,” IEEE Commun. Lett., vol. 6, pp. 268-270,
Jun. 2002.

[37] W. Whitt, “Approximating a point process by a renewal process, I: Two
basic methods,” Oper. Res., vol. 30, no. 1, pp. 125-147, Jan.—Feb. 1982.

[38] J. Xu, C. Qiao, J. Li, and G. Xu, “Efficient burst scheduling algorithms
in optical burst-switched networks using geometric techniques,” IEEE
J. Sel. Areas Commun., vol. 22, pp. 1796-1811, Nov. 2004.

[39] A. Zalesky, E. W. M. Wong, M. Zukerman, H. L. Vu, and R. S. Tucker,
“Performance analysis of an OBS edge router,” IEEE Photon. Technol.
Lett., vol. 16, pp. 685-697, Feb. 2004.

[40] M. Zukerman, E. W. M. Wong, Z. Rosberg, G. M. Lee, and H. L. Vu,
“On teletraffic applications to OBS,” IEEE Commun. Lett., vol. 8, pp.
116-118, Feb. 2004.

Andrew Zalesky received the B.E. (Hons.) and
B.Sc. degrees and the Ph.D. degree in engineering
from the University of Melbourne, Australia, in 2003
and 2006, respectively.

His research spans a diverse portfolio that is
unified by the practical application of engineering
and numerical methods. He has developed queuing
models to evaluate the impact of design choices
in  next-generation optical telecommunications
networks. He is currently developing tracking algo-
rithms to virtually chart the living brain’s circuitry

with the use of magnetic resonance imaging.

Dr. Zalesky is an ARC International Fellow. He recently received the ARC
International Fellowship, American Australian Association Fellowship, and
grants from the Australian Academy of Science and CASS Foundation to
pursue research abroad.

Hai L. Vu (S’97-M’98-SM’06) received the M.Sc.
and Ph.D. degrees in electrical engineering from
the Technical University of Budapest, Budapest,
Hungary, in 1994 and 1999, respectively.

From 1994 to 2000, he was a Research Engineer
with Siemens AG, Hungary. During this period, his
focus was on performance measurements, Internet
quality of service, and IP over asynchronous transfer
mode. During 2000-2005, he was with the De-
partment of Electrical and Electronic Engineering,
University of Melbourne, Melbourne, Australia. In

2005, he joined Swinburne University of Technology, Hawthorn, Victoria,
Australia, where he is now with the Centre for Advanced Internet Architectures,
Faculty of Information and Communication Technologies. He has authored or
coauthored more than 50 scientific journals and conference papers. His current
research interests are in data network modeling, performance evaluation of
wireless and optical networks, and telecommunication networks design.

Authorized licensed use limited to: UNIVERSITY OF MELBOURNE. Downloaded on February 10, 2009 at 01:35 from IEEE Xplore. Restrictions apply.



