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Optimal Online Scheduling
Motivation:

Emerging Bandwidth and Delay Sensitive Applications
Inadequacy of Static Resource Allocation

Under-utilization
QoS Violation

Objective:
Realize dynamic resource provisioning by combining
scheduling algorithms with online measurement in order
to realize triplet of objectives under DiffServ

Loss Probability (Low)
Average Queue Delay (Low)
Pro�t/Revenue (Maximized)
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Optimal Online Scheduling
System Framework
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Optimal Online Scheduling
Functionality of Framework

Accurate traf�c estimation for all classes
Burstiness in a certain class
Unbalanced traf�c pattern between classes

Queue monitoring for delay consideration and
congestion avoidance

Right decision policy for all cases
(Over-provisioned vs. Under-provisioned)

Adaptive resource allocation by updating the weights
of all classes in scheduler
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Optimal Online Scheduling
Problem Formulation:

Pro�t Component:

Maximize utility charge—max
P 3

i=1 pi � i C
The higher priority class(like EF) is charged with
higher price due to the better QoS service.

Cost Component:

Minimize delay cost—min
P 3

i=1 bi D i
The higher cost is applied for the higher class
because of its more stringent delay requirement.

Satisfy QoS constraints:
� i � EB i =C
D i � di
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Optimal Online Scheduling
Problem Formulation:

max
�

3X

i =1

pi � i C �
bi �qi

� i C
(1)

where pi > p j and bi > bj if i < j

subject to the following constraints
P 3

i=1 � i � 1; � i � 1

� i � maxf EB i =C; �qi
Cdi

g; i = 1; 2

� 3 � EB 3=C

Xu, Devetsikiotis, and Michailidis – p.6/18



Optimal Online Scheduling
Fluid model to obtain �qi

�qi =
� i

W
[q0

i +
� i

2
(EB i � � i C)] (2)

where � i = min f t0
i ; Wg and t0

i = q0
i =(� i C � EB i )

Condition 1: if t0
i < W , we obtain

�qi = [q0
i ]2

2W � 1
� i C� EB i

The constraints are :
� i � max[' 1

i ; ' 2
i ] and � i � 1

where
' 1

i = q0
i

W C + EB i
C

' 2
i = EB i

2C +
q

( EB i
2C )2 + (q0

i )2

2di W C2
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Optimal Online Scheduling
Fluid model to obtain �qi

Condition 2: If t0
i � W we obtain

�qi = q0
i + W

2 (EB i � � i C)
The constraints are :
' 3

i � � i � ' 1
i

' 3
i =

(
EB i

C if ' d
i > ' 1

i

max[EB i
C ; ' d

i ] if ' d
i � ' 1

i

where ' d
i = ( q0

i
W C + EB i

2C )=( 1
2 + di

W )
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Optimal Online Scheduling
Decision Policy

Stable Case (
P 3

i=1 EB i < C )

Nonlinear optimization with inequality constraints

Set � 3 = EB 3=C for the optimal choice

Based on the different values of �qi and the
corresponding conditions(Condition 1 or 2), the
optimization problem can have 4 different cases.

From Hessian matrix, it is negative de�nite.
Conclusion: The objective function is jointly
concave) The optimal solution is unique.
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Optimal Online Scheduling
Decision Policy

Stable Case (
P 3

i=1 EB i < C )
The objective function can be also written as
one-variable function, g(� 1).
The optimal solution should exist either inside the
feasible region or at the bounds.

Unstable Case
Relaxation among the classes (large scale):
guarantee the QoS requirements of the higher
classes with higher priority
Relaxation inside a class (small scale):
relax recursively in the following descending order:

max[' 1
i ; ' 2

i ] � min[' 1
i ; ' 2

i ] � ' 3
i � EB i =C
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Optimal Online Scheduling
Sensitivity Analysis

Consider the objective function as a two-variable
function, such as ~g(� 1; p1).
@2 ~g(� 1 ;p1)

@p1@�1 = C > 0 ) ~g(� 1; p1) is supermodular.

As p1 increases, the optimal solution for � 1 increases.
The analogous analysis can be made to p2, b1 and b2.

Choice of W
Too Small ) High Computation Complexity
Too Large ) Worse Performance
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Optimal Online Scheduling

Performance Evaluation

Over-Provisioned Case(ODWFQ vs. DWFQ and SWFQ)
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ODWFQ policy achieves the best performance in loss and delay for
the delay sensitive class and stability as the narrow con�de nce
interval indicates.
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Optimal Online Scheduling

Performance Evaluation

Over-Provisioned Case
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The maximum pro�t obtained by ODWFQ in simulation is really c lose to
the analytical maximum pro�t, while the maximums of the othe r two are far
below.
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Optimal Online Scheduling

Performance Evaluation

Under-Provisioned Case
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ODWFQ and DWFQ achieve much better performance and stability than
SWFQ for the delay sensitive class.
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Optimal Online Scheduling
Summary and Conclusion

Proposed ODWFQ achieves the best performance in
QoS requirements for all cases

Sound stability demonstrated by ODWFQ for all cases

p1, p2, b1 and b2 are critical parameters in the optimal
decision of resource allocation between classes

The choice of W needs further investigation.
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Optimal Online Scheduling

Optimal Solution for Stable Case

Identify the N feasible cases
while N > 0 do

Obtain B i
L , B i

U for case i
if g0(B i

L ) > 0 and g0(B i
U ) � 0 then

� i �
1 = B i

U

else if g0(B i
L ) � 0 and g0(B i

U ) < 0 then
� i �

1 = B i
L

else
Use root �nding method for solving g0(� 1) = 0 to obtain � i �

1 .
end if
Obtain the maximum for case i , max f i � (� i �

1 ; � i �
2 )

N = N � 1
end while
max f � (� i �

1 ; � i �
2 ) = max i 2 N f i � (� i �

1 ; � i �
2 ) BACK
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Optimal Online Scheduling

Feasible Regions
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Suf�cient conditions for feasibility:

If max[' 1
1; ' 2

1] + max[ ' 1
2; ' 2

2] � 1 � EB 3=C ) Case 1 is feasible

If max[' 1
1; ' 2

1] + ' 3
2 � 1 � EB 3=C ) Case 2 is feasible.

If max[' 1
2; ' 2

2] + ' 3
1 � 1 � EB 3=C ) Case 3 is feasible.

If ' 3
1 + ' 3

2 � 1 � EB 3=C ) Case 4 is feasible. BACK

Xu, Devetsikiotis, and Michailidis – p.17/18



Optimal Online Scheduling
DWFQ: BACK

1. Obtain effective bandwidth by measurement algorithm

2. If the sum of the three effective bandwidths is less
than the link capacity (i.e.,

P
EB i < C ), then each

class' share of bandwidth is given by � i C � EB i ;
otherwise, go to step 3.

3. If
P

EB i > C , then provide bandwidth to the
delay-sensitive class up to � 1 � � 1C, to the
loss-sensitive class up to � 2 � � 2(EB 2=C) and the
remainder to the best effort class.

4. Allocate the corresponding weights to each class
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