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Abstract

A good amount of research has been developed to sup-
port QoS issues in IEEE 802.11 ad hoc networks, such as
QoS routing, MAC layer QoS support, and cross-layer QoS
design. However, QoS solution at upper layers for real-time
multimedia applications is overlooked. This paper investi-
gates impact of the adaptation mechanisms at application
layer and middleware layer on end-to-end delay manage-
ment. Upper layer adaptation is a localized method with
small overhead, and the adaptation mechanism is hardware
independent. The application layer adaptor is to dynami-
cally change the requirement levels based on end-to-end
QoS measurement. The middleware adaptor is to dynami-
cally adjust the service classes for applications by feedback
control theory. We use real IEEE 802.11 ad hoc network en-
vironment to evaluate the impact of upper layer adaptation,
and conclude that the upper layer adaptation for end-to-end
delay is efficient in many scenarios, but it is not enough for
contention scenarios, where lower layer scheduling should
be adopted.1

1. Introduction

An ad hoc network is a dynamic multi-hop wireless net-
work that consists of a small group of hosts. Multiple hosts
share the wireless link capacity in the vicinity of each other.
There exists great uncertainty about the available bandwidth
at each hop. Therefore, it is hard to provide guarantee on
end-to-end delay for real time audio applications over ad
hoc networks. In this paper, we address the end-to-end de-
lay and jitter control for audio applications. We adopt up-
per layer adaptation to provide more flexibility for appli-
cations, and use feedback control method to dynamically
change priority of real time multimedia flows.

1 This work is supported by Motorola URP and Vodafone Fellowship

In this paper, we aim to take the advantage of upper
layers adaptation. A real time multimedia application usu-
ally has QoS requirements on two quantifiable metrics, end-
to-end latency and its variance (jitter). Depending on net-
work conditions, applications may have multi-level QoS re-
quirements. For example, when we make phone call using
VoIP technology, we prefer to have acceptable voice qual-
ity rather than drop the phone line, if the network condition
is bad. On the other hand, if the network condition is good,
we prefer high voice quality as much as possible. We deploy
application layer adaptation to select an acceptable end-to-
end delay requirement from multiple delay levels according
to the network traffic load. With the selected end-to-end de-
lay requirement, we utilize feedback control in middleware
to prioritize multimedia packets. Therefore, the multimedia
applications strive to meet the delay requirement. Our up-
per layer adaptation requires the support of network layer
service differentiation.

This paper addresses the delay control problem, not the
utilization problem. Under the same utilization level, a real-
time multimedia traffic is able to gain more bandwidth,
therefore smaller delay. So we do not show the increases of
the total utilization in this paper, but address the end-to-end
delay of multimedia traffic.

The rest of the paper is organized as follows. Section
2 introduces the related work. Section 3 shows the frame-
work of upper layers adaptation mechanism, and illustrates
the function of each component in the framework. Section
4 shows the experimental results and the performance eval-
uation. Section 5 concludes the paper.

2. Related Work

The existing methods to deal with QoS issues in wire-
less networks are mainly focused on MAC layer schedul-
ing. [18], [2], [4], [17] study the MAC layer scheduling un-
der IEEE 802.11 DCF to provide differentiated delays. The
evaluation of the IEEE 802.11e draft has been done in [5]



[9]. However, the MAC layer solutions are not appropri-
ated to support end-to-end application-specific QoS require-
ments. [10] [3] address the end-to-end QoS support in wire-
less network by adapting traditional QoS model for wireless
networks. Both approaches use per-application admission,
which causes the poor scalability and suffers improper ad-
mission control due to the time varying characteristics of
the highly dynamic wireless environments. Since no sin-
gle layer in the protocol stack can guarantee end-to-end
QoS, cross-layer design is necessary to achieve the end-to-
end QoS support. [21] tries to maximize system-wide utility
while meeting all resource constraints by local adaptation.
[14] addresses the middleware adaptation for end-to-end de-
lay in ad hoc network. [15] [19] are pretty much focused on
providing service differentiation or fairness scheduling at
MAC layer. The upper layer QoS support is lacking of at-
tention. However, the right place to map the end-to-end QoS
requirements to performance metrics is the upper layers (ap-
plication layer and middleware layer).

To control the performance measurement such as end-to-
end delay and jitter for real-time multimedia applications,
we adopt feedback control theory in middleware design.
Control theory has been applied to many areas. The met-
rics being controlled could be utilization, delay, through-
put and power consumption. In real-time domain, feedback
control theory was introduced as in [13] [11] [16].

To enforce the service differentiation, we adopt wait-
ing time priority (WTP) scheduler at network layer. [6] in-
troduces the proportional differentiation model in wireline
networks, which offers relative differentiated services be-
tween a small number of service classes with different ser-
vice quality in queueing delay and packet losses. [20] ad-
dresses the proportional service differentiation in terms of
throughput in WLANs. The proportional delay differenti-
ation (PDD) model has the property that for any pair of
classesi andj, in the time interval(t, t + τ) ,

di(t, t + τ)
dj(t, t + τ)

=
δi

δj
(1)

wheredi(t, t + τ) is the average delay for classi, andδi is
the delay differentiation parameter (DDP) for classi. The
gap between absolute QoS guarantee and relative differen-
tiation is bridged by dynamic service class selection [7]. In
proportional differentiation, even though the service qual-
ity of each class may vary with traffic loads change, the
quality ratio between each pair of classes remains constant.
And such a quality ratio can be achieved by setting the ser-
vice differentiation parameters. To meet the absolute ser-
vice quality requirement of an application, the application
can dynamically select the appropriate service classes. This
is the basic idea of our network layer scheduler design.

3. Upper Layer Adaptation Framework

Figure 1 shows the framework of our upper layer adap-
tation. Five components are involved: network layer sched-
uler, delay monitor, classifier, priority adaptor and require-
ment adaptor.
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Figure 1. Network stack of the cross-layer de-
sign scheme

3.1. Differentiation Scheduler at Network Layer

In this paper, we use waiting time priority (WTP) sched-
uler to approximate PDD model. In the WTP scheduling al-
gorithm, thenormalized head waiting timeof classi at time
t is defined as̃wi(t) = wi(t)/δi, wherewi(t) is the actual
waiting time of the head packet in service classi. The WTP
scheduler selects the packet from classj with the maxi-
mum normalized head waiting timej = arg max

i∈B(t)
w̃i(t)

to serve, whereB(t) stands for the set of classes at timet
waiting to be served. [8] shows that the waiting time pri-
ority (WTP) scheduler is one of the algorithms to approxi-
mate PDD.

In our implementation of WTP scheduler, a packet in ser-
vice classi is attached with a class parameterpi, which is
interpreted as priority of service classi. pi is determined
dynamically by the middleware. When a packet needs to be
transmitted, the network layer scheduler selects thepacket
with the maximum normalized waiting time

packet = arg max
p∈P (t)

wp(t) pi (2)

whereP (t) is the set of packets waiting to be served in time
t andwp(t) is the waiting time of a packetp. The applica-
tion packet with a larger prioritypi is assigned more ser-
vice. By increasing the priority of a multimedia flow, the
delay ratio of the multimedia flow to best-effort flows will



decrease. Therefore, we can control the average end-to-end
delay by adjusting the priority of the multimedia flow.

3.2. Delay Monitor

The delay monitor measures the average round trip de-
lay incurred to deliver multimedia packets in the ad-hoc
network for each application. The end-to-end latency con-
tains the delay introduced by traversing the entire protocol
stack at the end nodes. The delay manager is placed in mid-
dleware is because that the end-to-end latency caused by
traversing the upper layers (network and above) at the end
nodes can be ignored. The sender attaches timestamps when
sending the packets to the destination. As the sender gets
ACK from the destination, it retrieves the sending times-
tamp, and compares it with the current timestamp, so that
a sender can obtain the round-trip delaydi for packeti.
We take an average ofN round-trip delay measurements
(d1, d2, . . . , dN ), and havedavg = 1

2N

∑N
i=1 di as the mea-

sured value to estimate end-to-end delay, which is used by
thePriority Adaptorto update the service priority appropri-
ately.

3.3. Classifier

The classifier in the middleware determines the service
classes for packets according to their priorities. The goal of
theClassifieris to map the priorities to service classes in or-
der to keep a small number of service classes. Each service
class is represented by the class parameter, which is a num-
ber obtained by rounding up the priority in a certain range.
The possible priorities generated byPriority Adaptor can
be divided intoL ranges,R1, R2, . . . , RL. If the priority at-
tached to a packet by thePriority Adaptor is in the range
Ri, the service parameter assigned to the packet will be rep-
resented by the largest priority in the rangeRi. Though the
priorities can take a large range of values, the number of ser-
vice classes can be small. Usually we choose a small num-
ber of service classes for easy deployment and efficient net-
work management.

3.4. Requirement Adaptor

The multimedia application is intended to be real-time
and interactive, which means QoS requirement on end-to-
end latency. The variance of end-to-end delay implies jit-
ter in the multimedia presentation. A multimedia applica-
tion usually has QoS requirements on two quantifiable met-
rics, end-to-end latency and its variance (jitter). For exam-
ple, in telephony, one-way delay requirement is from25ms
to 400ms, depending on the requirement of voice quality
and existence of echo canceller, and jitter is set to be20ms.

When delay of an application is small, the application re-
quires more bandwidth, and the delay is more sensitive to
bandwidth change on wireless links. Intuitively, minimiz-
ing end-to-end latency is at the cost of jitter. However, to
get good qualities of the multimedia applications, both re-
quirements on end-to-end delay and jitter should be satis-
fied.

Higher QoS requirement implies better quality of mul-
timedia presentation. In this paper, the QoS requirement is
given by the expectation of the end-to-end delay. Users pre-
fer the best quality of the multimedia delivery as network
load condition permits. When the best quality is not guar-
anteed, users may prefer to tolerate quality degradation a
little bit rather than drop the applications. In our model, an
application defines multiple quality levels in the form of ac-
ceptable delay expectations.D={d1 < d2 < . . . < dm}
denotes the set of the multiple delay levels, andjreq de-
notes required jitter. The goal of the application layer QoS
adaptation is in charge of selecting a delay expectationdreq

from the setD according to network load condition. Differ-
ent delay expectations in setD result in different audio or
video qualities. Since deterministic end-to-end QoS guaran-
tees over contention based (e.g. IEEE 802.11) wireless links
are impossible, we use statistical criteria to select the delay
requirement.

With dreq andjreq, we can definedmin anddmax as the
lower and upper bounds of the desired delay range. We de-
sire that end-to-end delay of multimedia packets falls into
the range[dmin, dmax], wheredmin = dreq − jreq

2 and

dmax = dreq + jreq

2 . The probabilityP = Prob(d ∈
[dmin, dmax]) means the probability that QoS requirement
is satisfied, which indicates the quality of the playback of
multimedia application. Multimedia applications can toler-
ate a small percent, say5%, of packets which fall out of the
delay range[dmin, dmax]. The requirement adaptation at
application layer relaxes the requirement on the delay ex-
pectation ifP < 95%. In our application model, if given
dreq, jreq andD, the chosen delay requirement should sat-
isfy

dreq = min {d ∈ D |Prob(d ∈ [dmin, dmax]) > 95%}
(3)

By equation (3), the application layer selects the highest
possible requirement from the requirement setD to adapt
the network load.

3.5. Priority Adaptor

To design thePriority Adaptor, we need first to establish
the open-loop dynamic model for the mapping between pri-
ority and end-to-end delay. Using the standard system iden-
tification techniques [12], we can determine the model and



relationship between priority and end-to-end delay. After
we understand the control model, we design the PI (Propor-
tional and Integral) controller to adjust the priorities of the
application to control the end-to-end delay around the re-
quired delay level.

The goal of middleware adaptation is to dynamically ad-
just the priority of a multimedia application, thus make the
multimedia application strive to meet the end-to-end delay
requirement. In this section, we focus on the design of mid-
dlewarePriority Adaptor. PID controller is a widely used
controller for dynamic systems to maintain the output level
at the pre-determined value (reference value), where PID
stands for Proportional, Integral, Derivative. A proportional
(P) controller has the effect of reducing the rise time and de-
creasing the steady-state error. An integral (I) controller has
the effect of eliminating the steady-state error, but it may
make the transient response worse. A derivative (D) con-
troller has the effect of increasing the stability of the sys-
tem, reducing the overshoot, and improving the transient
response. However, if the system noise is large, the deriva-
tive controller will decrease the stability of the system. For
the system under investigation (multimedia over wireless
ad hoc networks), both system noise and the measurement
noise are large. The system noise is due to the random work-
load in the adhoc network, and the nature of randomized al-
gorithm in MAC layer protocols. The measurement noise
comes from the measured data we get from the delay mon-
itor. The measurement noise of the system is caused by a
large range of round trip delay in the wireless ad hoc net-
works. Due to the large noise in the system, the D controller
will introduce the undesired oscillation to the system. So we
choose the combination of PI controller and do not consider
D controller in the middleware adaptation.

To give a good end-to-end delay performance of the sys-
tem, the design goals of the closed-loop system are shown
in Table 1.

Desired System Proper-
ties

Controller Design Crite-
ria

Stability Poles within the unit-circle
Accuracy of control
(Zero steady-state er-
ror)

Use of Integral (I) control

Fast Response and Less
oscillation

Reasonable parameters of
PI controller

Table 1. The desired properties and the con-
troller design criteria

Figure 2 shows the whole control loop includingPrior-
ity Adaptor (C), the open loop wireless multihop system

(G), and theDelay Monitor(M ). To calculate all parame-
ters of thePriority AdaptorC as a PI controller, we need to
determine the wireless end-to-end system as an open loop
system modelG. TheDelay Monitordetects the end-to-end
delay,d(k) of the system. Then thePriority Adaptorcom-
pares it with the delay requirementrefdelay given by the ap-
plication, and adjusts the priority of the packets to be sent
of the multimedia flow. Lete(k) = d(k)− refdelay, where
refdelay is the desired level of end-to-end delay. Ife(k) can
be kept around zero, the end-to-end delay of the system will
be stabilized around the desired level.

 

_ C G 

M 

refdelay e(k) 
priority 

p(k) 

observed 
delay d(k) 

delay 

Figure 2. The block diagram of the closed-
loop control system for end-to-end delay

We obtain the parameters of thePriority Adaptorin three
steps: (1) Model identification ofG; (2) Deriving parame-
ters ofPriority AdaptorC; and (3) Stability analysis of the
design.

3.5.1. Model Identification It is difficult to obtain the
model ofG using first-principles due to the complexity of
the multi-hop ad hoc wireless network system. We treat the
wireless network system as a black-box and then infer the
model from externally observable metrics. The process to
infer the open-loop system model is model identification.
We use a 802.11 wireless adhoc test-bed to gather data for
the model identification. Note that in model identification,
we look at the priority as the system input and the end-to-
end delay as output. On the other hand, in the priority adap-
tor design, the priority is output of the controllerC and the
end-to-end delay is the input.

In order to develop an adaptive priority adjustment algo-
rithm to control the end-to-end delay, we need first to under-
stand how priority affects the end-to-end delay under a cer-
tain traffic load. In this section, we will show how to get the
system modelG by model identification.

In the model identification, we use difference equation
with unknown parameters as the dynamic model between
the input (priority) and the output (end-to-end delay). Such
a model estimates the mathematical relationship between
the input and the output of the system. We then use a
pseudo-random digital white noise generator to stimulate
the system by assigning random priorities to multimedia
packets and observe the end-to-end delay during a certain



time period. We choose a sampling interval of 0.5 second.
So we get a priority and delay pair every 0.5 second. With
the data we obtained in the experiments, we can apply the
auto-regressive (AR) model to get the mathematical rela-
tionship from priority to end-to-end delay. We notice that
the first order AR model provides reasonably good predic-
tion for end-to-end delays with different priorities. The first
order model is written as:

d(k + 1) = b0p(k) + a1d(k) (4)

whered(k) andp(k) are the end-to-end delay and priority at
time k respectively. The relation ofd(k) andp(k) in equa-
tion (4) is independent of the number of nodes on the route
as long as the route between two end nodes are fixed.

The z-transform is used to take discrete time domain sig-
nals into a complex-variable frequency domain to simplify
the calculation. It plays a similar role to what the Laplace
Transform does in the continuous time domain. Like the
Laplace, the z-transform gives a simpler way to solve prob-
lems and design discrete time applications. The correspond-
ing z-transform of the transfer function fromp(k) to d(k)
in equation (4) is

G(z) =
d(z)
p(z)

=
b0

z − a1
(5)

whereb0 anda1 are to be determined in the model identi-
fication. We use 50 input-output pairs of(p(k), d(k)) to
identify the model (i.e. coefficientsb0, a1). The first 25
samples are used for identification, and the remaining 25
samples for validation. We determine the parameters that
b0 = 0.02425 anda1 = 0.2514. Figure 3 shows the com-
parison of the measured output and model predicted output
from the above model on the validation data.
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Figure 3. Comparison of measured output vs.
model prediction

3.5.2. Design of PI Controller for Priority Adaptor The
form of PI controller is given below. The parameterskp and
ki are to be determined.

p(k + 1) = kpe(k) + ki

k∑
t=0

e(t) (6)

Then,

p(k) = kpe(k − 1) + ki

k−1∑
t=0

e(t) (7)

If we subtract (7) from (6), we have

p(k + 1)− p(k) = kp(e(k)− e(k − 1)) + kie(k) (8)

Then we get

p(k + 1) = p(k) + (kp + ki)e(k)− kpe(k − 1) (9)

The z-transform of controller (9) is given as

C(z) =
(kp + ki)z − kp

z(z − 1)
(10)

From the model identification, we know the open loop
modelG(z) is given as

G(z) =
d(z)
p(z)

=
0.02425

z − 0.2514
(11)

According to discrete control theory, the performance of
a system is implied by the poles of its closed loop transfer
function C(Z)G(z)

1+C(Z)G(z) . We take the advantage of Root Lo-
cus, which is a graphical technique that plots the traces of
poles of a closed-loop system on the z-plane as the con-
troller parameters change. So with the Root Locus diagram,
we can determine parameterskp andki, in order to achieve
the design goal listed in Table 1. We chooseki = 1.51 and
kp = 1.85, and the resulting controller is given as

p(k + 1) = p(k) + 3.36e(k)− 1.85e(k − 1) (12)

3.5.3. Stability Analysis We adopt Bode plot to show the
stability of the designed close-loop system. Bode plot is
a representation of the system’s response to sinusoidal in-
puts at varying frequencies, which shows the magnitude and
phase differences between the input and output sinusoids.
Bode plot tells us stability of the close-loop system ac-
cording to information of the open-loop system. The trans-
fer function of the open-loop system isCG, so the trans-
fer function of the close-loop system isCG

1+CG . Note as the
denominator tends to zero, the system is not stable (goes
to unbounded). So in that case that|CG| = −1, the sys-
tem is not stable. Based on this, gain margin and phase



margin are defined. The gain margin with the unit deci-
bel(dB) and phase margin with the unit degree are two val-
ues to measure how ”close” a system is to crossing the
boundary between stability and instability. The gain mar-
gin is how much|C(jw)G(jw)| is below 0dB in Bode
plot whenarg(C(jw)G(jw)) = 180o. The phase margin
in how many degreesarg(C(jw)G(jw)) is above−180o

when |C(jw)G(jw)| = 1(0db). The Bode plot in Figure
4 shows the relative stability of the system [1]. The values
of phase margin and gain margin of the system are given
in the Bode plot, they are around 160 degree and 25 db re-
spectively. Due to the large value of the phase and gain mar-
gin, the designed system is stable even under dynamically
changed background traffic.
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Figure 4. Bode plot of the closed-loop system

4. Experiments and Evaluation

4.1. Experiment Setup

The experiments for model identification and sys-
tem evaluation are performed on our wireless ad hoc
testbed, which operates on real IEEE 802.11 environ-
ment. We designed two scenarios to evaluate the im-
pact of feedback control framework on end-to-end de-
lay provision in wireless ad hoc networks. We adopt
javax.sound.sampled.AudioFormatto specify data for-
mat in audio streams. IBM T30 laptops serve as wire-
less nodes in the ad hoc network. In below figures, thetime
of packet play back (packets)on the x-axes means the time
at which the number of packets which are played at the re-
ceiver side. The delay values measured when a certain
packet is received (and play) are shown in these fig-
ures.

Scenario 1:
Figure 5 shows the experiment setup for scenario 1. In the
experiment, Machine 1 sends multimedia traffic (audio ap-
plication) to Machine 3, where Machine 2 serves as a router

Multimedia


Application


Machine 1


Machine 2


Machine 3


Multimedia


Application


Background


Data Traffic


Figure 5. Experiment setup over 802.11b
wireless ad hoc network for Scenario 1

of the multimedia traffic. At the same time, Machine 2 gen-
erates UDP background traffic to Machine 3, with data rate
100KB/s. The audio sampling rate is 256Kbps.
Scenario 2:
Figure 6 shows the experiment setup for scenario 2. In this
case, Machine 1 sends multimedia flow 1 and background
data flow 1 to Machine 3, Machine 2 sends multimedia flow
2 and background data flow 2 to Machine 4. Machine 5
serves as the router. The background data rate is 20KB/s.
The audio sampling rate is 256Kbps.
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Figure 6. Experiment setup over 802.11b
wireless ad hoc network for Scenario 2

4.2. Efficiency of Priority Adaptation

Scenario 1:
First, we do the experiment, in which no middleware adap-
tation is adopted. In this case, the background UDP traffic
starts after the multimedia application sends 170 packets.
Under the background traffic at the rate of 100 KB/s. We use
UDP protocol for multimedia packets transmission. Usu-
ally, when the end-to-end delay is larger than a threshold,
we consider the packet get lost. But here, to emphasize on
end-to-end delay (without interference of packet-dropping),
we assign large buffer to intermediate nodes. The end-to-
end delay as shown in Figure 7 tends to be very large.

We then deploy the PI controller as in equation (12) on
our test bed. The targeted end-to-end delay is 60 millisec-
ond (refdelay = 60). Figure 8 shows the resulting end-to-



end delay under the middleware priority adaptation. In this
case, the background data traffic starts after the multime-
dia application sends around 60 packets.

The experiment shows that the PI controller is able
to quickly converge the end-to-end delay of a multime-
dia application to a desired level, when there exist other
applications which compete with the multimedia appli-
cation for the network resources in wireless adhoc en-
vironment. We also notice that the delay of most of the
multimedia packets is in the range from 40 to 80 ms. There-
fore, the middleware adaptation method described in this
paper also achieves the latency and playback jitter con-
trol for multimedia applications.

 

Figure 7. Scenario 1: End-to-end delay with
background traffic without priority update

 

Figure 8. Scenario 1: End-to-end delay with
background traffic under PI controller of pri-
ority update

We study the performance of the algorithm under dy-
namic background traffic, where the intermediate nodes see
dynamic traffic, as Figure 9. We use on-off UDP traffic to
simulate the variable background traffic as shown in Fig-
ure 9:(a). The background traffic is generated at the con-
stant rate of 100 KB/s when the traffic is on. Figure 9:(b)
shows the actual delay for an audio application under the
on-off UDP background traffic. The audio sampling rate is
256Kbps.
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Figure 9. Delay of the multimedia flow under
the variable background traffic

Scenario 2:
We set the expected end-to-end delay (delay reference) of
multimedia flow 1 be 100ms, and the end-to-end delay of
multimedia flow 2 be 200ms. With no priority adaptation,
the end-to-end delay tends to go to infinite as shown in Fig-
ure 10.

With middleware priority update, the end-to-end delays
of multimedia flows are shown in Figure 11. You may notice
the spikes in Figure 11. When network load turns to heav-
ier, some packets suffers very large delay. We adjust priority
of packets when we observe the large delay, so that the later



 

Figure 10. Scenario 2: End-to-end delay with
background traffic without priority update

packets will encounter small delay. The spikes are formed
in this way that some packets get large delay in a very short
time.

 

Figure 11. Scenario 2: End-to-end delay with
background traffic under PI controller of pri-
ority update

4.3. End-to-end Delay Control for Multiple Multi-
media Flows

We study the end-to-end delay of multiple multimedia
applications under the adaptation mechanism proposed in
this paper. In experiment setup Scenario 1, let two multi-
ple multimedia flows send from Machine 1 to Machine 3,
so they compete for the limited resources in the wireless
ad hoc network. Users can specify different end-to-end de-
lay requirement for different multimedia applications. In the
experiment, we set up the required end-to-end delay of flow

1 as 60ms, and the delay of flow 2 as 120ms. In this case,
background UDP traffic is active during the whole experi-
ment. Figure 12 shows the end-to-end delay of multimedia
flows, and we can conclude that the designed PI controller
is capable to control the end-to-end delays of multiple mul-
timedia flows. We notice that if the classifier in the middle-
ware takes the priority directly as the service class parame-
ter, we can study the relationship of delay and priorities of
the application.

 

Figure 12. Controlled end-to-end delay for
multiple multimedia applications

4.4. The Effect of Classifier

To have efficient network management and easy deploy-
ment, the number of service classes are usually small. So
we categorize the priorities generated byPriority Adaptor
in groups. Each group represents a service class, and the
highest priority in the group is assigned as the parameter of
the service class. To show the effect of theClassifier, we use
the scenario 1 to setup the experiment, and let two multime-
dia flows send from Machine 1 to Machine 3. The required
end-to-end delays of flow 1 and flow 2 are 60ms and 120ms
respectively. The background UDP traffic is active during
the whole experiment period. In the experiment, the mid-
dlewareClassifierprovides 20 service classes (groups of
priorities). Figure 13 shows the effect ofClassifieron end-
to-end delays. Comparing the experiment results in Figure
12, we can observe that the controlled end-to-end delay un-
der theClassifieris smaller than the controlled delay with-
out it. This effect is easy to understand since we select the
largest priority in group as the class parameter for each ser-
vice class.



 

Figure 13. The effect of classifier on end-to-
end delays

5. More Discussions

Our paper presents a feedback control framework for
end-to-end delay management embedded in upper layers of
the protocol stack. Our design on requirement adaptor and
priority adaptor are decoupled, so dynamically changed de-
lay requirements does not affect the stability of control loop
in the middleware layer (priority adaptor).

The experiments show that when background data and
multimedia application share one or more nodes on their
routes, the cross-layer control framework yields very good
results on service differentiation and end-to-end delay sup-
port. However, we want to also stress that in some cases (as
shown in Figure 14) that service differentiation provided by
the upper layer cooperation cannot fully differentiate flows
or provide delay support. In cases shown in Figure 14, mul-
timedia flow (say flow 1) and background flow (say flow
2) do not share common intermediate node on their routes.
Hence, network layer service differentiation cannot provide
support for those flows. Therefore, the MAC layer service
differentiation scheduling scheme (e.g. IEEE 802.11e) must
be adopted together with upper layer cooperation for end-
to-end QoS support in wireless ad hoc networks.
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