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Abstract—This paper describes the design of a dynamic
state-space feedback gain scheduling controller for OBS burst
scheduling. It can meet upper layer application requirements,
while protecting the network from incurring severe burst loss
and end-to-end delay. Through the use of gain scheduling to
provide dynamic shifting between different models, the controller
provides more accurate modelling than a single linear system
approximation. Moreover it employs a MIMO system to consider
the interaction between the scheduler parameters, i.e. TimeOut
and MaxLenght in order to provide more accurate modelling
than a multiple SISO system approximation. Finally the proposed
controller model is verified by the use of OPNET simulation.
Index Terms—OBS, scheduling, aggregation, feedback control,
gain scheduling, dynamic state-space, MIMO.

I. I NTRODUCTION
The main concept behind using feedback control in an OBS
edge router is to employ the measured outputs from the core
network (for example, burst delay and loss) to control the OBS
edge router scheduler’s behaviour, by adjusting aggregation
parameters such as burst length threshold and aggregation
time. In our studies of OBS edge and core routers, the burst
delay and loss depend on the traffic load and control inputs
(scheduler parameters).
The traffic load is characterised by the data rate and packet
length distribution, however in existing implementations, it
cannot be changed by the OBS edge nodes. A traditional
OBS edge node system is an open loop system which cannot
adapt to any changes in such traffic characteristics. However,
the proposed dynamic state-space feedback gain scheduling
model can adapt to this, and hence simplify the operation of
the network.
The control inputs of the closed loop controller can be
used to optimise the perfomance of the OBS network via
the burst scheduler. The details of the control inputs will be
addressed in Section III. By using feedback control, a method
to set the control inputs dynamically to achieve optimised
system output (i.e. minimum burst loss, minimum end-toend delay) is described; the feedback control system model
is constructed, formulated and verified, and the system has
been shown to be stable and accurate, exhibiting short settling
time. The performance of the dynamic state-space feedback
gain scheduling controller is verified by simulation.

The rest of the paper is organized as follows. Section II
describes and compares relevant existing work. Section III
identifies the OBS system model via a dynamic state-space
gain scheduling model. Section IV describes the design and
verification of the gain scheduling feedback controller. Section V contains the OPNET simulation results, while Section VI concludes this paper.
II. R ELATED W ORK
Although optical burst switching (OBS) [1] relaxes the
implementation problems of optical packet switching (OPS)
in terms of optical buffering, switching speed, synchronisation
requirements and optical header processing speed, it also
incurs a larger end-to-end delay and a higher packet loss rate.
Considerable attention has been devoted to addressing and
solving various issues in OBS networking. For example, Chen
et al. proposed novel scheduling and signalling mechanisms
to reduece the contention rate and improve the end-to-end
delay [2]. These employ non-feedback based networking,
where the ingress edge node has to regulate its own traffic
through traffic scheduling or rerouting, without considering
core network contention and delay, because the ingress edge
nodes have no knowledge about the core network’s status.
Amin et al. proposed the use of wavelength conversion to
reduce contention and improve end-to-end delay [3]. However, the mechanism fails when either there is no additional
wavelength available at the requested output or the number of
cascaded wavelength converters along the path from source to
destination has reached the limit due to signal deterioration
[4]. Farahmand et al. proposed a feedback-based contention
avoidance mechanism, but it only regulates the transmission
rate, which is not sufficient for higher layer protocols to
request accurate and differentiated classes of service [5]. For
example, an application may require low delay, low jitter and
high priority, which will be addressed in this paper.
Pantaleo et al. discussed a two independent single-in, singleout (SISO) based application-aware scheduling controller to
adjust the aggregator parameters (control inputs), i.e. burst
length and delay time [6]. Indeed, both aggregator parameters
affect the system status (plant outputs), i.e. delay, jitter and
burst loss, at the same time and interact with each other, for
which SISO is not suitable and will yield inaccurate results
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Dynamic state feedback control system.

for the target system and model. Consequently, in this paper a
dynamic multiple-in, multiple-out (MIMO) model is employed
in order to yield more accurate performance. Both Huang
and Maach et al. employed a feedback controller to optimise
plant performance, also they all implied that the linearised
controller can be approximately correct when functioning in a
region close to the operating point [7], [8]. That is true when
the system works at a narrow working range, for example,
either dedicated to fast switch, for example, high-cost, lowdimension, but fast (1 ns) SOA-MZI based switch (where
the burst size is approximately hundreds of kilobits) or slow
switch, for example, low-cost, commercial, high-dimension,
slow MEMS based switch (10 ms) (in which the burst size
is approximately hundreds of megabits), but it is not true
with hybrid switch architectures [9] which have more than one
operating point. In this paper, dynamic gain scheduling [10]
is employed to solve this problem, and it will be discussed in
depth in Section III and Section IV.
III. S YSTEM I DENTIFICATION
Prediction of the system response to varying control inputs
is crucial for accurate OBS burst scheduler design. In order to
model the implementation procedure accurately but simply in
order to make it more feasible, it is assumed that a nonlinear
function can be approximately represented by a linear function
around the operating point. For each operating point, there is
a linear difference equation to represent the system model.
Because of the dynamics of the system’s working range due to
users’ on-the-fly requirement of either fast or slow switching,
the proposed feedback control system model must employ
gain scheduling to choose the appropriate operating point
dynamically according to the current control inputs.
Two control inputs are defined:
• TimeOut (TO): The maximum time that a burst is allowed
to wait in the scheduler buffer. This is calculated by

measuring the time from the first packet arrival in the
scheduler buffer until the time from which the burst starts
to be sent out.
• MaxLength (ML): The maximum burst length before it
is sent out. Calculated by counting after the last burst
sent, the total number of bytes in all packets stored in
the scheduler buffer.
Two system outputs are defined:
• Loss: The loss/contention probability at the core node.
This is calculated by dividing the number of lost bursts
by the total number of burst received at the core, and
updating this calculation every five bursts.
• Delay: The time taken to arrive the destination edge node.
This is calculated as the sum of the delay in the ingress
edge node, the switching time in the core nodes and the
link transmission delay. This is also re-calculated and
updated every five bursts.
The target system is the OBS edge router burst scheduler, as
shown in the right-hand side of Figure 1. Note that the double
lines in this figure indicate vector-valued variables.
The training data is obtained via OPNET simulation which
will be addressed later in Section V to identify the system
model. It consists of observations of the control inputs to
the system and the corresponding outputs. Moreover, it is
represented by a sequence of vector tuples {ũk , x̃k } (k ∈
[1, N + 1]), (in this paper, vectors are denoted by boldface
lowercase letters; matrices are denoted by boldface uppercase
letter; others are denoted by normal font letters.) of which ũk
represents the control inputs, i.e. TO and ML, at the sample
time k. The unit of sample time k is the time used by the OBS
core router to receive 5 bursts; x̃k represents the corresponding
outputs, i.e. Loss and Delay at the sample time k. The mean
value of the training data is represented by (ū, x̄), which
is assumed to be the operating point. The offset values are
uk = ũk − ū, xk = x̃k − x̄ and are used to model the

target system. In order to model and express concisely the
relationships between the inputs and outputs in the MIMO
system with considering the interference between inputs, the
state-space model is used to describe system dynamics. The
initial state-space model used for the target system in this work
is shown in Equation (1),
(
xk+1 = Axk + Buk
(1)
yk = Cxk
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When identifying the slow switch, we get
·
¸
·
0.5864 -0.6866
-1.9732
A=
, B=
-0.0838
0.4875
0.2792

3.9918
2.0979

When identifying the fast switch, we get
¸
·
·
-2.8343
0.6893 -0.7812
, B=
A=
0.9321
-0.0983
0.5923

4.9398
2.0391

N
X

¸

¸

k=1

var(y − ŷ)
var(y)
(y − ŷ)uk

k=1

CC = p

var(y − ŷ)var(uk )

after applying this to our model, we get,
v
u N
u X
t1
(yk+1 − ayk − buk )2
N

NRMSE =
R2 = 1 −

k=1

ykmax − ykmin
var(yk+1 − ayk − buk )
var(yk+1 )

CC
6.5091
2.9483
7.9391
5.3433

(yk+1 − ayk − buk )uk

var(yk+1 − ayk − buk )var(uk )

ymax − ymin

N
X

R2
0.6440
0.9926
0.7340
0.9813

k=1

CC = p

In the above A and B are obtained by applying the training
data to the model which is represented in Equation 1 and using
least-squares regression [11]. The assessment of the target
system model is summarised in Table I in which the commonly used normalised root-mean-square error (N RM SE),
variability (R2 ) and correlation coefficient (CC) are defined
below (Define ŷ is the predicted system outputs):
v
u N
u X
t1
(y − ŷ)2
N

R2 = 1 −

N RM SE
15.19%
3.3%
12.13%
4.5%

Model Evaluation
Burst Loss
Slow Switch
Delay
Burst Loss
Fast Switch
Delay

#

In Equation (1), xk is an 2 × 2 vector of state variables, uk is
an 2 × 2 vector of inputs, yk is an 2 × 1 vector of measured
outputs. For simplicity, in this paper, the output variables are
also the state variables, meaning that
"
#
1 0
C=
0 1

NRMSE =

TABLE I
TARGET SYSTEM MODEL ASSESSMENT.

(2)
(3)

(4)

N RM SE is a frequently-used measure of the differences
between values predicted by a model or an estimator and the
values actually observed from the parameter being modeled
or estimated. Most often, though not always N RM SE is
expressed as a percentage, where a smaller value indicates
less residual variance. As shown in the Table I, the N RM SE
of system output Delay is very good, less than 5% for both
slow switch and fast switch models. The N RM SE of system
output Burst Loss is higher, but still well acceptable. R2 is
used to qualify accuracy of the proposed model, it ranges from
0 to 1, with a value close to 1 implying an accurate fit. As
shown in the Table I, the R2 of system out Delay is very good,
being almost 1. The R2 for Burst Loss is slight lower than
broadly accepted, at 0.8. Fortunately, the third measure of the
model, correlation coefficient, CC, shows strong relationship
between the system inputs, i.e. TO, ML and the system outputs,
i.e. Delay, Burst Loss, which also proves the accuracy of the
training data. From the results shown in Table I, the target
system model which is represented by Equation (1) has been
shown to be accurate.
IV. F EEDBACK C ONTROL S YSTEM M ODEL
Application-aware OBS (which has been addressed comprehensively in [12]) provides service plane applications with the
ability to request not only network resources (for example,
computing power, bandwidth and wavelength) but also network characteristics (for example, data delay, jitter and burst
size). If the requested network characteristics are not suitable
or can not be met for the current network state, the application
may not be given the QoS it requires, for example, longer endto-end delay and/or higher burst loss. The feedback controller
can provide a compromise between application requirements
and network performance, which at some extent satisfy the
application requirements without dramatically affecting the
network status. Also the feedback controller can protect the
target system, i.e. OBS edge router burst scheduler, which is
characterised by Equation (1) from disturbances, i.e. traffic
load variations. As discussed above, this is in order to balance
the trade-off between application requirements and higher delay or loss. Also to compensate for the disturbance, a feedback
controller is used. In order to seek zero steady-state error and
a moderate fast transient response time, a controller much

like a proportional-integral (PI) control dynamic state feedback
controller is employed (Figure 1). This will determine the new
values of the burst scheduler’s parameters, i.e., TO and ML
(defined in Section III) offset based on the current control error
ek and the corresponding integrated control error xIk which
both are defined in Subsection IV-A. The gain scheduler can
shift between two control systems (fast switch or slow switch)
based on network status or higher layer application requests.
This information is abstracted into Scheduling Variables (λk ),
then sent to the gain scheduler as shown in Figure 1.
A. Feedback Controller Design
Firstly, define the reference signal as r. As shown in the
left side of Figure 1, the control errors are offset from the
operating point (desired maximum burst loss and end-to-end
delay) and are quantified as follows by substituting the second
sub-equation of Equation (1),
ek

=
=

r − yk
r − xk

(5)

By combining the first sub-equation of Equation (1) and
Equation (5), the dynamics of the control error is
ek+1

= r − xk+1
= r − Axk − Buk
= Aek − Buk + (I − A)r

(6)

The control effort represents to what extent adjustments must
be made to the control inputs (TO and ML offset) in order to
regulate the state variables (measured burst loss and end-toend delay). In other words, the control effort determines the
quantity of the control inputs. A smaller control error implies
more accurate, shorter settling time and overshoot. A smaller
control effort implies smaller control inputs, i.e. TO and ML
that do not have to change much. The trade-off between
control effort and control error is as follows: a smaller control
error requires a larger control effort, but a smaller control effort
lead to a larger control error. In order to optimise this tradeoff, linear quadratic regulation (LQR) [13] is employed, which
provides an automated way of finding an appropriate statespace feedback controller rather than iteratively refining the
pole placement model. [Kp KI ] is computed to minimise the
performance index J defined as
J=

∞
X
£ >
¤
xk Qxk + u>
k Ruk

(7)

k=0

When J is minimized, the state xk which is defined in
Equation (1) as Burst Loss and End-to-end Delay will be zero
or minimized; this will in turn guarantee that the whole OBS
burst scheduler system is stable. Q and R are the weighting
matrices which quantify the control error and control effort

respectively. Define


q11

0
Q=
0

0

0
q22
0
0

0
0
q33
0


0

0

0

q44

as a 4 × 4 vector because deployed PI controller model
coefficients A will become a 4 × 4 vector which will be
addressed soon in Equation (10). q11 and q22 weight ek (offset
of the value of burst loss and end-to-end delay) and are both
chosen to be unity to provide equal costs. q33 and q44 weight
xIk (the integrated value of ek ) and a value of q33 = q44 = 4
is chosen for a fast switch, in order to influence the choice of
feedback gain K more. Although a larger value of Q implies
larger feedback gain, if it is too large, system oscillation will
result. As a result q33 = q44 = 45 is chosen for slow switch,
in order to provide a better trade-off. Define
"
#
r11 0
R=
0 r22
A larger value of R implies lower control effort. r11 weights
the control effort of TO, while r22 weights the control effort
of ML. The maximum value of TO is of the magnitude of
102 µs for a fast switch, and 102 ms for a slow switch; the
maximum value of ML is of the magnitude of 105 for a fast
switch, and 108 for a slow switch. In order normalise the
range difference between TO and ML, R must be carefully
chosen. r11 = 1/(102 )2 , r22 = 1/(105 )2 for a fast switch,
while r11 = 1/(102 )2 , r22 = 1/(108 )2 for a slow switch.
Secondly, the integrated control error, denoted by xIk , is
shown in Equation (8),
xI(k+1) = xIk + ek

(8)

The feedback controller will dynamically determine the value
of uk based on the current and past values of ek , which is
represented by the control law of Equation (9).
The state vector is now augmented to [ek xIk ]> , the control
law is
"
#
ek
(9)
uk = −[Kp KI ]
xIk
in which Kp is the feedback gain of ek , and KI is the gain
associated with xIk . Combining Equation (6) and (8), the
augmented state-space model is
"
# ·
"
#
¸ " e # "−B#
ek+1
I−A
k
A 0
=
+
uk +
r
xI(k+1)
I I
xI(k)
0
0
Ã·
!"
# "
#
¸ "−B#
I−A
ek
A 0
=
−
[Kp KI ]
+
r
I I
0
0
xIk
Ã·
!"
#
¸ "−B#
ek
A 0
=
−
[Kp KI ]
(10)
I I
0
xIk
The reference signal r in Equation (10) is set to zero in
order to keep the target system as close as possible to the
operating point.
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Simulation scenario.

TABLE II
DYNAMIC STATE - SPACE FEEDBACK CONTROLLER SYSTEM MODEL
ASSESSMENT.

Slow Switch
Fast Switch

ks = −4/ log r
10.6248
10.6255

Mp = rπ/θ
0.0030
0.0204

Given the orignial values of A and B, the augmented statespace model, and carefuly chosen Q and R, by applying the
LQR algorithm (for example, dlqr command in Matlab), the
feedback control gains are obtained.
For a slow switch,
h
i
K = Kp KI
"
#
−0.6286 1.2739 −0.3308 0.6294
=
0.0437 0.4577 0.0440 0.3111
For a fast switch,
h
i
K = Kp KI
"
#
−0.2513 0.8293 −0.1627 0.3941
=
0.1631 0.3177 0.0744 0.2261
Expanding Equation (9), the system control law is,
"
#
" #
"
#
TOk
u1k
ek
=
= −[Kp KI ]
MLk
u2k
xIk


eloss(k)

e
 delay(k) 
=
−[Kp KI ] 

 xloss,I(k) 
xdelay,I(k)
B. Model verification
It is common to verify a system’s settling time (ks ) to see
how long it takes to reach the steady state. For example, it
is important to predict how long it takes the system to return
close to the operating point every time the OBS scheduler
parameters (TO, ML) change. If it is too slow, the OBS

scheduler may neither have enough time to respond the new
upper layer application requirements nor to respond accurately.
However, if it is too fast, then it will become prone to
overshoot (Mp ). By expanding the characteristic polynomial
of Equation 10 which is shown below, the dominant pole may
be found.
Ã
!
·
¸ " #
−B
A 0
det zI −
+
[Kp KI ]
I I
0
r = 0.6863, θ = 0.304 for a fast switch, while r =
0.6863, θ = 0.204 for a slow switch. The corresponding ks
and Mp for a slow and a fast switch respectively are shown
to be good in Table II. ks could be smaller if the static or precompensation based feedback controller were deployed, but
neither of those have the capacity to reject disturbance.
V. S IMULATION R ESULTS
The network is assumed in normal usage to have a accumulated load of 0.6 in the core nodes. There are 8 edge nodes
connecting to the ingress links on the core nodes, and there
are another 8 edge nodes at the egress as shown in Figure 2.
Each edge node is connected to a cloud of users. In order to
get a clear characterization of the proposed controller, only
one traffic direction is considered in the simulations. At the
edge node, the mean packet size is 1370 bytes, i.e. a common
video streaming application packet size. The Hurst Parameter
of the packet size is 0.7 as broadly used [14], and the Fractal
Onset Time Scale is 1.0 for a self-similar distribution. The
feedback information is gathered when every 5 bursts are
received in order to yield a more reasonable response time for
the controller and also keep the load caused by the additional
mechanism as low as possible. Then the feedback information
is transmitted back to the responding edge node via the control
plane.
Simulation results in Figure 3a show that the burst loss rate
decreases as either TO or ML increases. ML dominates the
effect of burst loss when compared to the effect of TO. The
proposed OBS burst scheduler employing a dynamic statespace feedback gain scheduling controller always has lower
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burst loss than a conventional OBS burst scheduler. This holds
true for both the fast switch model and the slow switch model.
Simulation results in Figure 3b show that the end-to-end
delay is decreases as either TO or ML decrease. ML and TO
have a comparable effect on end-to-end delay. The proposed
OBS burst scheduler employing a dynamic state-space feedback gain scheduling controller always has lower end-to-end
delay than a conventional OBS burst scheduler. This holds true
for both the fast switch model and the slow switch model.
VI. C ONCLUSIONS
The proposed dynamic state-space feedback gain scheduling
controller for OBS burst scheduling has superior burst loss and
end-to-end delay performance to a conventional OBS burst
scheduler. While it meets requests based upon upper layer
requirements for class of service, it also prevents the network
from incurring severe burst loss and end-to-end delay due
to unreasonable requests which are issued without regard for
the network’s status. The gain scheduling technology provides
the OBS scheduling feedback controller with the ability to
shift between different controller systems when the network
status changes or, for example, upper layer application requests
require either slow or fast switching on the fly. It also applies
a MIMO model, in order to consider the interaction between
two OBS burst scheduling parameters (TO and ML), thus
providing more accurate modelling than a multiple SISO
system approximation.
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