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Abstract-Currently there is a growing interest to support 
Quality of ServicNQoS) for multimedia application delivery over 
bandwidth limited aud varying wireless network. Existiug work 
either ouly focus at network level QoS via MAC scheduling or 
provide application level QoS via per-application admission con- 
trol. Due to the lack of application information, the former may not 
meet the specific QoS requirements of different applications, while 
the latter res& in poor scalability. In light of the limitations of 
existing approaches, we present a novel QoS architecture, which in- 
corporates a iwo-level design. At the network level, the cross-layer 
scheduling and queue management provide service diflerentiation 
for wireless network. At the middleware level, a monitor maintains 
a global view of the application performance over the whole 
network, and an adaptor coordinates service odapration to achieve 
the required QoS for multimedia applications. In this paper, we 
present the whole QoS architecture, with a focus on the middleware 
design, which adopts a control-based adaptation model. To validate 
our design, applications with different QoS requirements are built 
on top of the middleware. Experimental results show that, the 
specific QoS levels for multimedia applications can he successfully 
achieved in IEEE 802.11-based wireless environment. 

1. INTRODUCTION 

A key vision of next-generation wireless systems is to support 
new emerging distributed multimedia services such as voice- 
over-1P and video-on-demand anytime anywhere. Multimedia 
applications are very sensitive to the QoS provided by the 
communications environment and the support of multimedia 
services over 802.11 wireless networks presents a number of 
technical challenges. First, the time-varying error characteristics 
and time-varying channel capacity at the physical layer makes 
it difficult, if not impossible to provide hard Quality-of-Service 
(QoS) guarantees. Second, user mobility may induce signal 
fading that in turn can trigger rapid degradation in the delivered 
service quality. Third, wireless networks are typically bandwidth 
constrained in comparison with their traditional wireline peers. 

Current work on developing QoS support for wireless net- 
works are mostly focused at the MAC layer. For example, the 
work of [I], [2] have focused on differentiated MAC layer 
scheduling under IEEE 802.11 DCF. And the work of [3] 
has studied the fair scheduling in wireless networks. These 
MAC layer solutions can only provide certain QoS at the 
network level. They lack the architectural flexibility to ac- 
commodate end-to-end application-specific QoS requirements 
in time-varying wireless networking environments. 

Some works provide an end-to-end QoS support by adapting 
traditional QoS models for wireless network. For example, 
based on the IntServ model, INSIGNIA [4] utilizes an in- 
band resource signaling protocol to reserve per-flow resources. 
Altematively, SWAN [5] follows the absolute DiffServ QoS 
model by defining two service classes: real-time and best-effort 
traffic. Both these approaches use per-application admission 
control, thus they have poor scalability and may suffer false 
admission due to the imprecise resource estimation in the highly 
dynamic wireless environments. 

In light of the limitations of existing approaches, it is clear 
that a complete and efficient QoS architecture for wireless 
network would require (I) lightweight and scalable QoS support 
with minimum or no negotiation overheads; (2) agile and 
responsive QoS management tools to monitor network resources 
and make appropriate adaptation decisions for applications so 
that their individual QoS requirements can be satisfied. Hence, 
we propose a QoS architecture with a two-level design. At the 
network level, the cross-layer scheduling and queue manage- 
ment provide service differentiation in the wireless network 
to provide scalable QoS support. At the middleware level, a 
monitor maintains a view of the application performance, and 
an adaptor makes application-specific service adaptation deci- 
sions to achieve the desired QoS requirements for multimedia 
applications. 

In [6] ,  proportional differentiation model can be used to 
provide service differentiation at the network level in IEEE 
802.11 wireless network. The focus of this paper is on the 
middleware design. The middleware understands both the lower 
level network resource dynamics and higher level application 
specific QoS requirements. It comprises of monitoring tools 
to detect QoS violations. Upon detection, the middleware is 
responsible for adjusting the service class of each application, 
to ensure non-conflicting QoS adaptations in the wireless en- 
vironment. To achieve this goal, the middleware is build on a 
control-based adaptation framework. 

Additionally, we note that recent research has made consid- 
erable progress for cross-layer adaptation in resource constraint 
environment [7]  and control-based adaptation [SI for applica- 
tions with multiple QoS parameters. However, in these models, 
the QoS adaptations are performed for single localized nodes 
in a network. typically to save power and CPU cycles. For a . .. . 
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in the wireless network to adapt in a coordinated manner. 
Furthermore, adaptations at the .application level [9] are 

focused on higher level application specific semantics, such as 
the adaptation time-scale and adaptation policies, and are often 
optimized for individual application's own performance. With- 
out the recognition of global system states, such models tend to 
make conflicting adaptation decisions and yield unstable system. 
On the other hand, adaptations at the network level [lo], [I11 
are inadequate to support diverse and complicated application 
QoS requirements. 

This paper is organized as follows: Section I1 gives an 
overview of our QoS architecture. Section 111 presents the 
design details of the middleware component. We present ow 
implementations and results in Section IV and conclude the 
paper in Section V. 

11. QOS ARCHITECTURE OVERVIEW 

Our QoS architecture is presented in Fig. 1. The architecture 
operates from the MAC layer up to application layer. At the net- 
work level, packets from different service classes are processed 
differently via per-hop forwarding mechanisms (e.g., packet 
scheduling and queue management). At the middleware level, a 
monitor component monitors the performances of applications. 
Based on the monitored results, it performs appropriate service 
class adaptation so that different applications are able to meet 
their required QoS specifications. 

Fig. 1. QoS ArchitecNre: Overview 

A detailed diagram of our QoS architecture, which shows the 
key components of this architecture, is illustrated in Fig. 2. In 
order to provide QoS support in wireless networking environ- 
ments, these components interact in the following way. 

-- 
a -- - 

Fig. 2. QaS architectme: Details 

1) At application level in fhe end hosts, 

. The application notifies the Adaptor in the middle- 
ware that it wishes to set up a flow between two 
end hosts. It also provides its QoS specification and 
adaptation policy to the Adaptor in the middleware 
layer. 

2) Af middleware level in the end hosts, . Based on the previous performance of the service 
classes and the QoS specifications of the applica- 
tions, the Adaptor decides the appropriate service 
class for each application and notifies the Classifier. 
Adaptation is an application-specific process. Based 
on application-specific adaptation policy, actions are 
taken to adapt the application's service class. . The packets from applications are delivered through 
the middleware layer, where the Classifier marks the 
packets with their corresponding service class. . The Monitor monitors the performance of each ser- 
vice class and notifies the Adaptor of the observed 
changes and QoS violations. 

3 )  A f  network level in routing nodes . The Queue Management component allocates buffer 
spaces and marks or drops packets. It deals with 
packet loss rate differentiation. . The Differentiated Scheduler selects a packet to 
transmit. It performs packet-level QoS enforcement, 
allocates bandwidth for different flows and provides 
delay differentiation. 

This architecture well balances between architectural flexi- 
bility and scalability. At the network level, the service differ- 
entiation mechanisms work to bring scalability with per-class 
packet scheduling and queue management. At the middleware 
level, the individual QoS requirement of each application is met 
via the application-specific adaptation process. 

In OUT previous work [6], A service differentiation mechanism 
at the network level is presented. In this paper, we focus on the 
middleware design and implementation. 

111. MIDDLEWARE FRAMEWORK FOR QOS-AWARE 
ADAPTATION 

A. Overview 
In this section, we describe the adaptation services to he 

provided by the middleware framework. The adaptation services 
have three major objectives: First, they work with the network 
level service differentiation mechanism to provide an abso- 
lute QoS level for applications. At the network level, service 
differentiation provide differentiated quality for packets from 
different classes. However, applications usually require a QoS 
level with an absolute value hence the middleware is responsible 
for mapping the required QoS level to the correct service class. 
Our middleware achieves this goal by continually monitoring 
the performances of each applications and adaptively adjusts 
their service class to meet their required QoS level. 

Second, the adaptation services strengthen the adaptation 
awareness and effectiveness within flexible applications by mak- 
ing decisions to control their adaptive behavior. The adaptation 
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awareness includes when, how and to what extend adaptation 
is carried out in the applications. 

Third, the middleware achieves coordinated adaptation as 
each end host continually updates the service class for each 
application until a stable value is achieved in the distributed 
environment. Stability is achieved when the application can 
gain no further improvement in the QoS obtained by further 
increasing its service class. This occurs either when the required 
QoS has been met by the available resources or when the 
resources usage is already saturated and hence any service 
priority increment does not yield further user improvement. 

The design of our middleware adaptation framework is based 
on a task control model [8] as shown in Fig. 3(a). Within the 
middleware control framework, the Adaptation Task and the 
Observation Task are represented in two respective components: 
the Adaptor and the Monitor. And the Target System is the 
differentiated network, represented by the CIassifrr in the 
middleware layer, as shown in Fig. 3(b). The Conrrol Acfion 
is the service class selection; and the Task States are the end- 
to-end performance of the multimedia application. 

<=I lbl 

Fig. 3. Middleware Control Framework 

B. Adaptor Design 
We consider delay as an example QoS parameter, the control 

framework in the middleware detect the delay changes of the 
application and determines the necessary service class changes. 
The middleware in tum passes this information to the classifier 
which marks the packets with their service classes so that the 
cross-layer scheduling at the network and MAC layer enforces 
corresponding QoS changes. 

In particular, the Aduptor takes the end-to-end delay observed 
by the Monitor as its input, make the service class selection 
decision based on the input values and sets the service class at 
the classifier as its output. It is controlled by a set of conditional 
statements in the form of if-then rules. 

Now we present the detailed example of adaptation design 
in the setting of delay differentiation service so that bounded 
delay can be achieved for audio service. Let us denote the 
delay bound specified by the application as d‘ and the observed 
delay for this application via monitor as d. The service class 
of the audio application is represented by its service priority 
p, which will he used as a service differentiation parameter 
for the underlying delay differentiation scheduling. Then the 
control-based adaptation can be modelled as follows. 

In discrete time form, 

In our implementation, the adaptation decision is made based 
on a linear relationship of d and d’ and followed by a linear 
priority adjustment. Thus function f ( . )  is given as, 

S M t )  I d ( t )  I d* 1 (3) 
(4) 

where al, 01 are parameters that determine the conditions 
where QoS violation occurs when the application either cannot 
meet its QoS requirement or has over-utilized the resource. 
Parameters a2 2 1, PZ 2 0, determine how the service class 
is adapted. Different parameters are evaluated and compared in 
the experiment. 

Alternatively, we express the adaptation decision in the form 
of if-then rules. 

= (a2 - 1) . p ( t )  + pz if a1 . d + @I > d’ 

if a1 . d + p l  > d“ ( 5 )  
then p ( t  + 1) = 012 . p ( t )  + PZ (6) 

Application may gain no further decrement in delay obtained 
by further increasing the service class when the available 
scheduling resource is already saturated. So we need to bound 
the service priority in this case. 

if d > d‘ and p(t) > p,,, then p(t + 1) = p ( t )  (7) 

C. Monitor Design 
The main goal of the Monitor is to measure, for each 

application, the average round trip delay incurred to deliver 
data packets in the wireless network. In particular, the measured 
delay values are used by the Adaptor to update service priority 
for the applications in order to maintain the desired QoS values 
for each application. 

We take into account the need to minimize “delay spikes” 
in network applications. Therefore we take an average of N ,  
(dl, dz, . . . ~ d ~ ) ,  number of round-trip delay measurements and 

use, d,,, = as the control value to be used by the 

adaptor to update the service priority appropriately. The value 
of N (number of delay values to average over) should be varied 
depending on the network conditions and QoS requirements in 
order to achieve a stable control value. A stable control value 
is achieved when increaseing service priority does not provide 
further improvement to the received QoS or the require QoS is 
achieved. 

N 

“=I 

Iv .  IMPLEMENTATION AND RESULTS 
A.  Implementation 

We implemented a IEEE 802.1 1-based wireless adhoc testhed 
to incorporate the service adaptation design we have described. 
The setup is shown in Figure 4. The Audiosender is an audio 
application that capture audio from a microphone and sends 
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out the audio Dacket in real time at a rate of 8KEi/s. The C. Results 
AudioSender h& a QoS requirement for a minimum delay 
bound. The UdpSender is a data application that sends out 
data at rates up to 8Mhpsls. The UdpSender has elastic QoS 
requirement and does not have a strict minimum delay bound. 
The EXACT router [12] forwards each packet to the next hop 
in the delivery route. 

In this section, we evaluate our implementation to see 
how adaptation mechanism performed. In particular, we varied 
( i~daptat ion Parameters (a~, PI, 012, Pr), ($Number of Delay 
Value to average ovec N(n) and (iii)Amount of Background 
Trafic(BT) to understand how the AudioSenderS performance- 
could he affected. For the experiment, the audio application is -- 
initially given a priority level of 3 or 5 while the dataapplication 
is given a priority level of 1. A larger numerical value implies 
a higher service priority level. The delay bound of the audio 
application is specified as, d* = mindelay. 

... ",..% 

TABLE II 
Fig. 4. The adhoc lestbed implementation over IEEE 802. I 1  b wireless network 

The DelayManager has a view of all applications that are 
running on the node. For each application, the DelayMan- 
ager maintains a Delayobject that keep tracks of (1)sequence 
number, (2)sent time and (3)acknowledgement received time. 
The DelayManager interacts with its peer at the destination 
to obtain these values. The DelayManager contains a De- 
lay-WindowObjecr to maintain the history of per packet round 
trip delay. The average round-trip delay for each application is 
calculated as an average value over a specified N number of 
values. 

Based on the chosen priority adaptation policy and the Au- 
dioSender application's QoS specifications, the DelayManager 
determines the new priority value and updates the priority 
marking for each application's data packet accordingly. The 
marked packets are forwarded to the Drferentiated Scheduler 
which selects the appropriate packets to transmits. 

B. Experimental Setup 
We used the equipment in Table 1 for our experiments. We 

have three computing nodes in our wireless ad-hoc network 
(Figure 4). Each node uses the EXACT router to forward 
packets to its destination. In order to validate our adaptive QoS 
architecture, we use the data application (UdpSender) to saturate 
the wireless network. 

We show that as the network resource availability changes, 
our adaptive framework is able to hound the audio packet 
delays to a level that maintained an acceptable QoS for the 
audio application. In our experiment, the AudioSender and 
UdpSender are executed on machine 1 ,  while the AudioReceiver 
and UdpReceiver execute on machine 3 .  Machine 2 is used as 
an intermediate router between machine 1 and 3 .  

TABLE I 
EQUIPMENT USED 

ADAPTATION POLICIES AN0 PARAMETERS 

Fig. 5 .  Adaptation Results where Background Traffic = 15000 Bytesis. (ET = 

Background Traffic, N = No. of Delay Valws fa average over, AP = Adaprarion Policy, PI - Riariry Interval) 

I) Performance Effects of Adaptation: In Figure 5(a), we 
execute the UdpSender after first 100 audio packets. From the 
graph, we see that the average delay increases quickly from 
70ms to 800ms, when there is no priority adaptation. We 
compare this graph with Figure 5(h), where the UdpSender is 
also started approximately after first 100 audio packets. Using 
the priority adaptation policy 1, we observe that the average 
delay for the audio application was successfully bounded to 
< 150111s. The priority value was increased from 5 to 1280 
based on adaptation policy 1. 

Clearly, as the priority of the audio packets is increased, 
they are given higher service priority over the data packets. In 
particular, our middleware queue management design ensures 
that the audio packets are quickly forwarded to the head of 
the network queue in preference over the data packets. In this 
way, the delay becomes comparable to when there is only audio 
traffic in the network. 
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2) Valying N :  In Figure 5(c), we increased N ,  from 4 to 
10 packet delay values and observe high delays between 210th 
and 550th packets. The minimum average delay observed was 
increased from 40ms to 55ms. Hence, when d* = 55ms in our 
adaptation policy 1, the priority is not increased fast enough 
for the audio packets to be pushed to the front of the network 
queue. Instead, more lower priority data packets are being sent. 
The delay on the audio packets were cascaded until the observed 
delay, d, is > 3 x d*, before we see the falling edge of the 
plateau at around the 550th packet. 

We lowered the control threshold in adaptation policy 1 from 
3 to 2.5 in adaptation policy 2. The results in Figure 5(d) 
show that the observed delay has decreased as the priority were 
increased at a much faster rate. 

3) h y i n g  Adaptation Parameters and Network Saturation:: 
We saturated the network by sending data from the UdpSender 
at a rate of 1000000Bytes/s. Figure 6(a) shows a significant 
increase in the observed delay, and there was also significant 
degradation in the audio quality. However, once our adaptation 
mechanism was turned on, we were able to bound the delay on 
the audio packets to <15Oms over time. 

We further evaluate the performance of our implementation 
for different adaptation parameters based on Equation (5) and 
(6). The parameters for each adaptation policy is shown in 
Table I1 and the results are shown in Figure 6. 

Comparing Figure 6(a) and Figure 6(b), we see that the 
adaptation reached a steady state much more quickly when we 
increase the priority levels at a faster rate. Figure 6(c), shows 
that if we set the adaptation threshold too high, ( d > 7d*), 
the adaptation becomes less smooth than in Figure 6(a) and 
(h). In Figure 6(d), we see that the negative effects observed in 
Figure 6(d) can be offset when we start to increase the priority 
levels at a faster rate. 

Hence, depending on the criticality and the number of si- 
multaneously running applications, it is possible to adjust the 
various adaptation parameters to achieve desired performance. 
In general a mid-range delay threshold will bound the initial 
increase in delay to a smaller value. Additionally, a fast priority 
increase rate will allow a more critical application to adapt to 
steady state more quickly. 

v. CONCLUSION A N D  FUTURE WORK 

Through our experiments, we have shown that our mid- 
dleware adaptation framework can successfully improve QoS 
for applications appropriately. Using our integrated middleware 
approach, we are able to coordinate system-wide requirements 
and application specific requirements to ensure that applications 
do not adapt in a conflicting or unfair manner. 

We have only implemented a preliminary and coarse-grain 
control system and adaptation policy for our experiments. In 
our experiments, we manually fine-tune the various parameters, 
N, the adaptation policy and extent of network saturation for 
optimal performance. Future work for a more refined control 
system with better resource monitoring mechanisms will allow 
us to adapt the control algorithms automatically for better 
performance. 

(C) (4 
Fig. 6.  Adaptarion Results where Background Traffic = 1000000 Bytesls. (BT 
= Background Traffic. N = No. of Delay values lo average over, AP = Adaptation Policy, 
PI = Priority Intenal) 

Our current middleware framework is only focused on delay 
sensitive audio applications. In order to support other multi- 
media applications such as video-conferencing, our framework 
needs to be extended for a more complex, distributed control 
system in order to manage the priority levels for multiple 
streams. Furthermore, a multi-dimensional control system will 
be needed in order to adapt different QoS characteristics such 
as framerate and resolution. in addition to delay. 
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