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Abstract. This paper presents a piecewise framework for network awareness service (NAS) for wireless/mobile pervasive computing.
We investigate how piecewise consideration of wired and wireless elements of the framework architecture benefits service advertisement
and discovery and network-awareness techniques. We also discuss scalability of the NAS framework with respect to platform computing
capabilities. The framework is suitable for a wide range of computing devices, from powerful ones with multi-tasking operating systems
(OS) to small ones with lightweight OS. Case studies applying the NAS framework to sensor monitoring in home networks and data
streaming in pervasive multimedia computing are presented. The analytical results on the performance of the NAS framework in these
case studies show that it has significant advantages over traditional network-awareness frameworks in terms of reducing wireless bandwidth
consumption and saving battery energy of mobile devices.
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1. Introduction

1.1. Pervasive computing and network awareness

Pervasive computing [5,12] is the computing paradigm that
enables network devices to be aware of their surroundings and
peers, and to be capable of effectively providing services to,
and using services from, peers. Advances in data networking
and wireless communications, digital-system miniaturization,
and novel user-interfaces are driving the research and devel-
opment of pervasive computing. For example, in home net-
works [11], intelligent appliances with onboard-computers,
from cell phone to microwave, may be wirelessly intercon-
nected with the Internet, able to interact, and anticipate users’
needs.

To realize pervasive computing, network devices and ap-
plications first need to be aware of network environments.
Network awareness is a key component of pervasive com-
puting. In this paper, network awareness is defined as the
capability of devices and applications to be aware of the char-
acteristics of the network. For example, a rate-adaptive appli-
cation needs to be aware of the available bandwidth along its
communication path. Awareness of dynamic context, such as
the geographic location or proximity, may also be of interest,
but it is not studied here.

1.2. Wireless/mobile pervasive computing paradigm

Pervasive computing increasingly involves mobile devices
with wireless communication facilities. In this paper we only
consider such cases, i.e., wireless/mobile devices with wire-
less network interface cards (NIC) or wireless modems taking
part in computing tasks with other fixed and wired devices in
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the Internet, hereinafter referred to as pervasive computing
for simplicity.

Figure 1 shows the generic architecture of the pervasive
computing paradigm. The figure shows two main domains:
the wireless/mobile domain connects to the fixed wired do-
main via a wireless link. The former domain may include
mobile ad hoc networks (MANET) [18]. A dedicated proxy
or gateway as a service point is generally used to enhance
the performance of inter-domain communications. There are
three reasons for this [19]: (i) the wireless connection qual-
ity is too poor to sustain a typical client-server application,
(ii) the amount of data transferred to mobile devices must
be filtered because of the orders of magnitude difference in
bandwidth between the wired and wireless connections, and
(iii) portable computing devices have display and processing
limitations that must be addressed by the proxy before send-
ing the filtered response to the mobile devices.

1.3. Piecewise design for network awareness

An important consideration in designing network awareness
for the pervasive computing is that the cost of acquiring net-
work awareness does not exceed its utility: if not obtained
efficiently, network awareness could decrease performance,
especially when inter-domain communications are involved,
due to the resource consumption overheads in CPU, wireless
bandwidth, and battery energy at mobile devices.

Our approach to network awareness takes advantage of the
fact that the generic architecture (shown in figure 1) consists
of a wired and a wireless part. Thus, all issues related to
awareness about an end-to-end communication link are con-
sidered piecewise, i.e., the wired and wireless parts are con-
sidered separately and the end-to-end characteristics are de-
rived by combining the piecewise characteristics, whereas a
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Figure 1. The generic architecture of wireless/mobile pervasive computing paradigm.

unitary approach considers the entire communication path for
the awareness purposes as a single piece. The case studies and
performance analysis presented in section 3 below show that
this piecewise approach enhances the performance of perva-
sive computing by saving wireless bandwidth and battery en-
ergy and by reducing the inter-domain monitoring traffic for
network awareness that is transmitted through wireless links.
Moreover, piecewise network awareness is designed as a ser-
vice, so that it is ubiquitously available in a pervasive com-
puting environment.

1.4. Related work

Simple Network Management Protocol (SNMP) is a protocol
governing network management and monitoring of network
devices and their functions. It is formally specified in a se-
ries of related RFC documents, such as RFC 1067 [8], RFC
1212, and RFC 1213. The Network Weather Service [23] is a
distributed system that periodically monitors and dynamically
forecasts the performance that various network and computa-
tional resources can deliver over a given time interval. How-
ever, they each realize just part of the network awareness ser-
vice, i.e., monitoring computing resources. For example, nei-
ther can support service advertisement and discovery of other
available services in the environment. In addition, they do
not take advantages of piecewiseness in the heterogeneous
network architecture, which is the main characteristic of our
NAS framework.

Network awareness is also studied in the research of adap-
tive mobile data access. The Odyssey project [16] develops
a platform for adaptive mobile data access. In the Odyssey
scheme, the operating system is responsible for monitor-
ing resource availability and notifying applications of rele-
vant changes. Each application decides how to best exploit
the available resources [17]. However, Odyssey’s architec-
tural components reside on the mobile device, in either the
user space or the operating system, which could impose a
heavy computational load to portable devices with a light-
weight OS and limited computing power. As described in sec-
tion 4 below, our NAS framework is designed to be scalable
to both high- and low-power-computing platforms. The net-
work awareness in Odyssey is acquired at the mobile client;
in contrast, network awareness acquisition in our framework
is piecewise, which offers the advantages analyzed below.

In [22], an architecture is presented for exporting environ-
ment awareness to mobile computing applications. A change
in the environment is modeled as an asynchronous event and
an associated event delivery framework is proposed. Unlike
the NAS framework, the environment monitor resides in the
mobile device and only the push model is deployed for event
delivery. An additional framework for developing network-
aware applications is presented in [6] but the techniques for
awareness acquisition are not elaborated. The above frame-
works are unitary, i.e., not piecewise. Our research is distin-
guished in that the NAS framework is piecewise and scalable
to fit into the scenario of the pervasive computing paradigm
with mobile devices of very low capabilities.

The paper is organized as follows. In section 2, we
present a piecewise framework of network awareness service
(NAS) by which network devices and applications can acquire
inter-domain network characteristics efficiently. Case studies
and performance analysis are presented in section 3, where
multicasting in sensor monitoring and bandwidth-aware data
streaming are studied. We discuss the platform-related scal-
ability of the framework in section 4. Finally, section 5 con-
cludes the paper.

2. Piecewise network awareness service

Figure 2 illustrates the NAS framework. The framework ad-
vertises the network awareness service. It acquires, measures,
integrates, and distributes the parameters that reflect the cur-
rent characteristics of the heterogeneous data networks. Net-
work applications, protocols, and services that wish to use the
NAS can acquire those parameters and apply them to leverage
different pervasive computing tasks. The framework is trans-
parent to network applications, services and protocols that do
not explicitly use the NAS. It appears to them just as another
network application.

2.1. Piecewiseness in framework architecture

The architecture of the NAS framework consists of four main
components: the NAS daemon, the NAS data repository, the
NAS manager, and the NAS agent. The SNMP (Simple Net-
work Management Protocol) agent and manager in figure 2
are optional. Each piece realizes different functionality.
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Figure 2. Piecewise NAS framework.

Figure 3. Communications between NAS components.

2.1.1. NAS daemon
An NAS daemon implements different network-awareness
techniques, such as a method to obtain wireless-channel pa-
rameters or a method to measure the available bandwidth. It
is an optional component at the mobile device, subject to re-
source limitations and the framework’s scalability. Any net-
work device with active NAS daemon(s) can be a service
provider.

2.1.2. NAS data repository
The NAS data repository is a collection of all data of interest
that reflect the current characteristics of the networks. Data
are acquired from NAS daemons at the proxy or gateway,
collected from the NAS agents at mobile devices, integrated
via an inference engine, and distributed by the NAS manager.
Some data may be selectively acquired from other service
agents, such as SNMP agents and ICMP service. The reposi-
tory has a hierarchical architecture conforming to the SNMP
MIB standard for simplicity, extensibility, and compatibility.

2.1.3. NAS manager
The NAS manager manages the NAS data repository. It col-
lects, integrates, and distributes the NAS data. The man-
ager may communicate with other service agents, such as an
SNMP agent or SNMP manager, to acquire additional infor-
mation that the existing NAS daemons do not provide. Its
inference engine integrates data collected from the NAS dae-
mons and the SNMP manager or agent, if available. Also,
when the manager receives a query message from an NAS

agent, it replies with the corresponding NAS data. Once the
NAS manager is activated at the proxy or gateway, it adver-
tises NAS services through a well-known multicast channel
defined in the NAS implementation (case 1 in figure 3). The
advertisement includes the service name and description. The
manager also listens to the service advertisement and service
subscription messages from NAS agents.

2.1.4. NAS agent
The NAS agent is the portal for the network entities interested
in the services provided by the NAS framework. If the local
device computing capabilities permit, the NAS agent will ac-
tivate all the local NAS daemons. Otherwise it may use a
priority-based scheme for agent activation or may not run any
local daemons at all, in which case all the service daemons
will run at the proxy or gateway. In case there are local dae-
mons active, the agent advertises their services by sending
messages to the NAS manager through a well-known multi-
cast channel.

A protocol or application may subscribe to the agent for
services announced by the NAS manager in a push model of
NAS data distribution. On the other hand, the NAS agent is
explicitly queried in a pull model of data distribution. If the
information requested in the query can be obtained from local
active NAS daemons, the NAS agent will reply immediately
(case 2 in figure 3); otherwise, the NAS agent will relay the
query to the NAS manager to perform the awareness task and
return the reply (case 3 in figure 3).



272 L. CHENG AND I. MARSIC

The push and pull models can be considered as a tradeoff
between simplicity of implementation (pull model) and sim-
plicity of use (push model). Mobility in pervasive computing
imposes problems to both models. In the push model, the
NAS may have difficulties tracking the roaming user through
different networks. In the pull model, due to dynamically
varying network performance, the application may not know
when the time is appropriate to pull the information. The push
model provides timely updates of information, but there are
security and privacy concerns about the push model, since it
may reveal the current status of a mobile user. For this reason,
the pull model may be advantageous. The NAS framework
supports both models.

2.2. Piecewiseness in service advertisement and discovery

Service advertisement and discovery is an important com-
ponent of network awareness in pervasive computing, since
the main goal of pervasive computing is enabling network
devices to provide services to peers and to be aware of and
use the available services. The service advertisement and dis-
covery problem has been extensively researched in technolo-
gies such as Jini [2] and the service location protocol [21].
The NAS framework follows their designs. Service adver-
tisement and discovery are conducted by message distribution
through a specified multicast channel in the wired network
and infrastructure-based (non-MANET) wireless networks.
In infrastructure-based wireless networks there is only one
hop between the base station and a mobile device. The broad-
cast nature of wireless communication automatically enables
multicasting in such wireless networks.

The advent of wireless communication technology has fa-
cilitated the development of mobile ad hoc networks, in-
cluding sensor networks [13]. In this section, we consider
MANET in the wireless/mobile domain of figure 1. MANET
is a dynamically reconfigurable wireless network with no
fixed infrastructure due to the nomadism and mobility of mo-
bile devices. In addition, communication routes between mo-
bile devices are often multihop because of limited radio prop-
agation range. Thus, a separate protocol for service advertise-
ment and discovery in MANET would be highly appropriate.

In [9], based on the on-demand multicast routing proto-
col (ODMRP) [14], we presented a protocol for service ad-
vertisement and discovery in MANETs. Compared to other
multicast protocols for MANET, ODMRP is very effective
and efficient in most simulation scenarios presented in [15].
Basically, service advertisement and discovery information
is piggybacked in the ODMRP control packets (Join Query
and Join Reply). Therefore, implementation workload and re-
source consumption is lightweight once mobile devices sup-
port multicast routing.

Since the protocol and the packet format of the ODMRP is
different from that of the multicast scheme in the fixed wired
domain, we must translate service advertisements between the
domains. This is performed by the articulating point of the
heterogeneous data networks, i.e., the proxy/gateway, which

supports the query/reply mechanism. Thus, it bridges piece-
wiseness in service advertisement and discovery.

Note that the articulating point may not have overall infor-
mation of all existing services in MANET. The Time-to-Live
field in the service advertisement can control the geographi-
cal coverage of a service, so advertisement may not reach the
articulating point. Once a device needs a service, it sends a
query to a well-known multicast address for service discov-
ery, which corresponds to the service query/reply multicast
group, asking about the existence of the service. The multi-
cast group consists of servers and devices which support the
service query/reply mechanism, such as the proxy/gateway.

2.3. Piecewiseness in network awareness techniques

In traditional network awareness frameworks mentioned ear-
lier, awareness tasks are performed in a unitary fashion. The
awareness task is performed such that the entire communica-
tion path is considered as a single entity. Consider, for ex-
ample, the pervasive multimedia computing paradigm, where
a mobile device needs to send its on-site video stream to
a remote host located in an enterprise office. The mobile
device first acquires the average available bandwidth of its
inter-domain communication path to configure the resolu-
tion and frame-rate of the video stream. In unitary frame-
works, the mobile device may send a number of back-to-back
packet-pairs to the remote host, the remote host would bounce
back the packet-pairs, and the mobile host would receive the
packet-pairs and use the inter-packet time and packet-size to
compute the available bandwidth.

Unlike a unitary framework, techniques in the piecewise
NAS framework acquire end-to-end network awareness infor-
mation in a piecewise way. The network awareness is con-
sidered in two parts: the awareness of the wireless/mobile
domain and the awareness of the fixed wired domain. The
NAS manager or NAS agent integrates the intermediate re-
sults about these two domains and provides the final result to
the application. Here we present three examples of piecewise
techniques for end-to-end NAS.

2.3.1. Available bandwidth
The end-to-end available bandwidth is a frequently used pa-
rameter for adaptive applications. Generally, the end-to-end
available bandwidth is the bottleneck bandwidth along the
communication path. The essential idea of one method for
available bandwidth awareness [7] uses inter-packet time to
estimate the characteristics of the bottleneck link. If two
packets (e.g., ICMP probe packets) travel together so that they
are queued as a pair at the bottleneck link with no packet inter-
vening between them, then their inter-packet spacing is pro-
portional to the processing time required for the bottleneck
link to transmit the second packet of the pair (figure 4).

We have implemented the inter-packet time method in the
NAS framework. In our implementation, the probing pack-
ets can be payload packets as well as explicit ICMP probe
packets. When an application queries the NAS agent about
the available bandwidth, the agent delegates the NAS man-
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Figure 4. Available bandwidth awareness.

ager to perform this awareness task by sending a query with
the address of the destination device. The manager divides
the task into three steps. First, it activates the NAS daemon
at the proxy/gateway responsible for the awareness service of
available bandwidth to measure the available bandwidth be-
tween the mobile device and the proxy, say, b1. Next, it gets
the available bandwidth between the proxy and the remote
Internet device from the same awareness service by the NAS
daemon, say, b2. Finally the manager computes the end-to-
end available bandwidth b as

b = min(b1, b2) (1)

and sends b as the result back to the NAS agent. Note that the
first and the second step can be done in parallel. Finally, the
NAS agent replies with the result to the application.

2.3.2. Round-trip time
Similar to the awareness of the available bandwidth, the NAS
agent delegates this task to the NAS manager. The RTTs are
measured between the mobile device and the proxy/gateway
(rtt1) and between the proxy/gateway and the remote Internet
device (rtt2). The manager computes the end-to-end round-
trip time rtt as

rtt = rtt1 + rtt2 (2)

and sends rtt back to the NAS agent, which forwards it to the
application.

2.3.3. Packet loss type
In the wired Internet, all losses are assumed to be congestion-
type losses (e.g., by TCP). In the pervasive computing para-
digm, however, losses on wireless links occur frequently due
to signal corruption or for reasons other than congestion, and
such losses are called transmission losses. Congestion loss
is a relatively sustained phenomenon compared to transmis-
sion loss. It is beneficial and sometimes essential for net-
work applications to be aware of the different loss types, i.e.,
to differentiate between transmission losses and congestion

losses. For example, since TCP assumes that all losses are of
congestion-type, its performance degrades when temporary
transmission losses are mistakenly considered as congestion
losses, which unduly triggers TCP congestion control algo-
rithms such as slow start or window decrease [19].

The piecewise NAS framework can be used to enable
network applications at mobile devices to differentiate such
losses. Packets of communication sessions are snooped by an
NAS daemon at the proxy/gateway. Once a network applica-
tion at the mobile device observes a packet loss, it may query
the NAS agent about whether the NAS also observed the same
packet loss. If affirmative, then this packet loss is due to con-
gestion loss, otherwise it is due to transmission loss. Thus
the application is aware of the type of the packet loss and can
react correctly.

3. Case studies

3.1. Multicasting in sensor monitoring

3.1.1. Scenario overview
With the development of small, low-power devices that com-
bine general purpose computing with sensing and wireless
communication capability, sensors are becoming key com-
ponents in pervasive computing, especially in the home net-
working and MANET scenarios. Sensor monitoring refers to
receiving data reported by a sensor, such as a temperature sur-
veillance sensor.

For example, in a home network, a wireless surveillance
sensor measures the temperature of a certain space in the
home. It periodically reports the temperature value to several
monitoring stations, such as the central temperature control
station in the home network, a monitoring station at a nearby
community fire department, a monitoring program running at
the home-owner’s office computer, and so on. Because of
the intrinsic characteristics of one-to-many communications
in this scenario, multicast is commonly used to provide ef-
ficient network resource utilization by sending packets from
one to N group members rather than sending N unicast pack-
ets. The way the multicast group is formed can affect the per-
formance of the sensor-monitoring task. Here we illustrate
the performance enhancement in terms of wireless bandwidth
saving in such scenario by using the piecewise NAS frame-
work.

3.1.2. Performance analysis model
Suppose that there are N fixed devices acting as receivers that
need to get the data from a wireless/mobile data source. The
analysis presented below can also be carried out, with favor-
able outcome, for the case where the sender is a fixed wired
device and the receivers are wireless/mobile devices. In the
sensor monitoring example, temperature reports are sent pe-
riodically in unreliable UDP packets via a multicast group.
However, the fixed wired monitoring devices require reliable
temperature reports from the sensor.

Even though the wireless communication in MANET may
be multihop, the data path from a mobile device to the
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Figure 5. Performance analysis model for sensor monitoring.

proxy/gateway can still be abstracted as a one-hop link by
taking into consideration the packet-loss characteristics. The
performance analysis model is shown in figure 5. Similar to
figure 1, there is a wireless/mobile domain and a fixed wired
domain. The loss rate of the wireless/mobile domain is a,
which is the probability of a packet being incorrectly trans-
mitted/received between the mobile/wireless device and the
proxy/gateway. We assume that all wired links in the fixed
wired domain have the same packet loss rate, b, which is the
probability of a packet being incorrectly transmitted/received
between the proxy/gateway and the fixed devices, e.g., mon-
itoring stations. We assume further that the packet loss rates
of these links are independent.

In practice, a and b change dynamically. However, in this
performance analysis we assume that the heterogeneous data
network is in a steady state so that a and b remain the same
over a certain period of time, say, 10 RTTs. Note that the
above assumptions are about the link state and the following
analysis is independent of the source traffic pattern. Now, as-
sume that each report by the temperature surveillance sensor
fits in one data packet.

3.1.3. Wireless bandwidth consumption by unitary framework
In a unitary network awareness framework, the source is a
member of the multicast group and sends its packets, e.g.,
temperature reports, to the multicast group. To increase the
probability of all receivers correctly receiving a packet, the
packet needs to be sent to the receivers multiple times, consid-
ering the packet loss rate a and b. The awareness procedure in
this case can be represented as a discrete-time Markov chain,
where the state is the number of receivers that have received
the report packet correctly.

Given that i receivers have received a report packet cor-
rectly at the end of the nth transmission time, the probability
that i + j receivers receive the packet correctly at the end of
the (n + 1)st transmission time is given by

p(i, i + j) =
(

N − i

j

)
(1 − r)j r(N−i−j), (3)

where r is the packet loss rate between the sender and the
receiver, which is

r = 1 − (1 − a)(1 − b). (4)

Let P(k, n) denote the probability that k receivers have
received the packet by the end of the nth transmission time.
Thus,

P(k, n) =
k∑

i=0

p(i, k)P (i, n − 1), (5)

where

P(i, 0) =
{

1, i = 0,
0, i > 0.

(6)

The probability that all N receivers have received the re-
port correctly by the end of nth transmission is P(N, n).
Since the dominant IP packet loss rate in the US part of the
Internet is around 5–10% [3,4], we assume that a = b = 0.1,
thus r = 0.19. The probability of P(N, n) is illustrated in
figure 6.

The minimum number of transmissions, Mt, to achieve a
certain probability, β, that all N receivers have received the
packet correctly can be computed by P(N, n) > β. Since
the consumption of wireless bandwidth is proportional to the
number of transmissions, we use Mt as the performance in-
dex. For example, if β = 99.99%, then the relationship be-
tween Mt and the total number of receivers, N , is shown in
figure 7.

3.1.4. Wireless bandwidth consumption by piecewise
framework

In the piecewise framework, the wireless/mobile device is not
a member of the multicast group. Instead, it sends the packet,
e.g., a temperature report, to the proxy/gateway that is a mem-
ber of the multicast group, and the proxy/gateway relays the
report to the multicast group. The proxy/gateway can repeti-
tively relay the temperature report as many times as necessary
to achieve success probability of approximately 1 in the wired
network without consuming the wireless bandwidth. After the
first packet transmission, the probability, sp, of all receivers
receiving the report correctly is

sp = 1 − a. (7)

After the nth transmission, the probability, Pp, of all re-
ceivers receiving the packet correctly is

Pp = 1 − (1 − sp)
n. (8)

The relationship between Pp and n, with sp = 0.9, is shown
in figure 8. In order to achieve the probability of successful
awareness approximately equal to 1, n should be large. To
achieve the same probability of success β, β < 1, as with the
unitary framework, at least Mp packets should be sent, where

Mp = ceil
(
log(1−sp)

(1 − β)
)
, (9)

because β < 1 − (1 − sp)
n, if sp < 1, where ceil(·) is the

ceiling operator.
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(a)

(b)

Figure 6. Probability P (N, n). (a) Zoom-out view. (b) Zoom-in view.

Figure 7. Relationship between N,Mt, and Mp with β = 99.99%.

(a)

(b)

Figure 8. Probability Pp. (a) Zoom-out view. (b) Zoom-in view.

We use Mp as the performance index for the consumption
of wireless bandwidth. For β = 99.99%, the relationship
between Mp and the total number of receivers, N , is shown
in figure 7. The graphs show that Mt > Mp for the same β.
Therefore the performance enhancement in terms of wireless
bandwidth consumption is (Mt−Mp)/Mp, which is illustrated
in figure 9. The performance gain of piecewise framework
over unitary framework increases as the number of receivers,
N , increases.

3.2. Bandwidth-aware data streaming in pervasive
multimedia computing

3.2.1. Scenario overview
An important application in wireless/mobile pervasive com-
puting is telecollaboration. For example, an on-site worker
collaborates with an office-bound expert using multimedia ap-
plications. Multimedia applications, such as audio and video
ones, are helpful to enhance the collaboration experience. It is
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Figure 9. Performance enhancement with β = 99.99%.

Figure 10. Performance analysis model for bandwidth awareness.

important to improve the performance of the multimedia data
streaming in this scenario. One approach is to use bandwidth-
aware data streaming. For instance, a multimedia applica-
tion learns about the average available bandwidth of its inter-
domain communication path to configure its codec, e.g., the
compression ratio and frame-rate. Another common example
of data streaming in pervasive computing is mobile video-on-
demand (VoD). It is again helpful for the VoD application to
be aware of the available bandwidth.

In this case study, the awareness of the available bandwidth
is used for performance analysis of the piecewise framework.
More specifically, the performance in terms of wireless band-
width consumption will be compared between the piecewise
and the unitary frameworks as they provide bandwidth aware-
ness service to multimedia applications.

3.2.2. Performance analysis model
Based on figure 1, the performance analysis model is ab-
stracted as in figure 10. The end-to-end path of the mul-
timedia data stream is between the mobile host and the re-
mote host, i.e., an inter-domain communication path. Either
of them could be the sender or the receiver. Assume that the
path between the sender and the receiver is symmetric, mean-
ing that the communication path characteristics are the same
in both directions. In practice this is not true, though often the
difference is small.

We denote the loss rate of the wireless/mobile domain
as r1, which is the probability of a packet being incor-
rectly transmitted/received between the mobile device and the
proxy/gateway. The loss rate of the fixed wired domain is r2,
which is the probability of a packet being incorrectly trans-
mitted/received between the proxy/gateway and the remote

host. As in the first case study, assume that r1 and r2 are
constant and they are packet-independent. The probability of
a packet being successfully transmitted/received between the
mobile device and the remote host is

p = (1 − r1)(1 − r2). (10)

According to the available bandwidth measurement algo-
rithm (section 2.3.1), only when both packets in a back-to-
back packet-pair travel a round trip successfully can a correct
value of the available bandwidth be computed. For simplic-
ity, assume that the query and the reply packets between the
NAS agent and NAS manager have the same size as that of
the probe packet.

3.2.3. Wireless bandwidth consumption by unitary framework
In a unitary framework, the available bandwidth is determined
on the mobile device. The mobile device sends out the back-
to-back probe packet-pair, receives the bounced packet pair
from the remote host, and computes the available bandwidth.
Based on equation (10), the probability of obtaining a correct
measurement, which is denoted as α, if only one packet-pair
is used can be expressed as

α = p4. (11)

If multiple, say m, packet-pairs are used, then the proba-
bility of obtaining a correct measurement increases, which is
expressed as

1 − (
1 − p4)m. (12)

Therefore, to achieve the probability approximately equal
to 1, m should be large. To achieve the probability β of suc-
cessful service, at least Mt packet pairs should be sent, where

Mt = ceil
(
log(1−p4)(1 − β)

)
, (13)

because β < 1 − (1 − p4)m, if p < 1. Since the consump-
tion of wireless bandwidth is proportional to the number of
packet-pairs, we use Mt as the index.

3.2.4. Wireless bandwidth consumption by the piecewise
framework

In the piecewise framework, the available bandwidth mea-
surement in the fixed wired part does not consume the wire-
less bandwidth. Only the measurement in the mobile wireless
part contributes to wireless bandwidth consumption. Based
on the previous analysis, to achieve the same success proba-
bility β as for the unitary framework, at least Mp packet pairs
should be used:

Mp = ceil
(
log(1−q4)(1 − β)

) + 0.5, (14)

where q = 1 − r1. The 0.5 packet-pair comes from a query
packet plus a reply packet between the NAS manager and the
NAS agent.

Since p < q , it follows that Mt > Mp. Therefore the per-
formance enhancement in terms of wireless bandwidth con-
sumption is (Mt − Mp)/Mp. This can be substantial in the
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Figure 11. Performance enhancement with β = 99.99%.

presence of unreliable communication as is the case in the In-
ternet. As mentioned before, the dominant packet loss rate
in the US part of the Internet is around 5–10% [3,4]. The
performance enhancement for realistic loss rates is shown in
figure 11. An additional benefit of the performance enhance-
ment is the battery energy saving, since the power amplifier of
a radio device draws a much greater amount of power during
the transmission [10].

3.2.5. Analysis of awareness agility
The piecewise NAS framework involves communication be-
tween the NAS agent and the NAS manager, between the NAS
agent and the application, and between the NAS manager
and the NAS daemon. Therefore it is necessary to examine
whether the piecewise framework impairs the agility of net-
work awareness, i.e., the timely measurement and, ultimately,
the application’s response.

Assume that the RTT between the proxy/gateway and the
remote host is t1, and the RTT between the mobile host and
the proxy/gateway is t2. Also, denote the communication time
between the NAS agent and application as t3 and between
the NAS manager and the NAS daemon as t4. We ignore the
computing time. Finally, suppose that the interval between
the packet-pairs is so small that the duration from sending out
the first packet-pair to the last packet-pair in a measurement
can be neglected.

In the unitary framework, the time tt to achieve success-
ful bandwidth awareness is (t1 + t2).While in the piece-
wise framework, the timetp to achieve successful bandwidth
awareness is expressed as

tp = max(t1, t2) + t3 + t4 + t2, (15)

because the measurement between the mobile device and the
proxy/gateway and the measurement between the proxy/gate-
way and the remote host are conducted in parallel. The times
t3 and t4 can be neglected, since the RTT between different
hosts is several orders of magnitude greater than the inter-
process communication time between different applications
on the same host.

Therefore, assuming that the transmission times for Mt or
Mp packet-pairs are negligible, the time difference between
the piecewise framework and the unitary framework is

max(t1, t2) − t1, (16)

which is zero for t1 � t2, or t2 − t1 for t1 < t2. In the lat-
ter case the piecewise framework impairs the application’s
agility. However, since the RTTs are almost always in the
range of milliseconds, the impact of the information exchange
between NAS entities on awareness agility is negligible.

4. Platform scalability of NAS framework

4.1. Scaling up to a multi-tasking OS

As higher-performance and energy-efficient processors and
memory chips emerge, more and more mobile devices will
support multitasking operating systems. Thus multiple net-
work applications can be active simultaneously at a mobile
device. Suppose that the wireless link is the bandwidth bot-
tleneck. In a unitary framework N applications are adaptive
to the available bandwidth and perform the measurements
independently. To achieve the probability β of successful
awareness, the total wireless bandwidth consumption will be
N ×Mt, if there is no correlation among their individual mea-
surement successes.

In contrast, to achieve the same success probability β in the
piecewise NAS framework, the total wireless bandwidth con-
sumed will be only Mp. An application sends the query to the
NAS agent that delegates the task to the NAS manager. The
manager obtains the value of the available bandwidth, b, from
the NAS daemon at the proxy/gateway, and feeds it back to
the agent. Finally, the agent gets the traffic-multiplexing ratio,
γ , of that application from the traffic scheduler, and replies
with the final result, γ × b, to the application. Therefore, the
other applications can share the measurement result b multi-
plied by their corresponding traffic-multiplexing ratios.

4.2. Scaling down to a lightweight OS

The minimum footprint of the NAS framework at the mobile
device is the NAS agent, which is the service portal commu-
nicating with the NAS manager. The NAS daemons can all
run at the NAS manager’s host. The agent is a simple proxy
for invoking NAS manager’s services, thus making the frame-
work downward scalable.

5. Conclusions

This paper presents a piecewise framework for network
awareness service (NAS) for mobile pervasive computing,
which is based on the intrinsic piecewiseness of heteroge-
neous data networks. Piecewiseness in framework archi-
tecture, service advertisement and discovery, and network-
awareness techniques in the NAS framework are investigated.
Scalability of the framework is also discussed with regard to
platform capabilities. The framework scales up to powerful
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computing devices with multi-tasking OS and scales down to
small devices with lightweight OS.

Case studies of applying the NAS framework to sensor
monitoring in home networks and data streaming in pervasive
multimedia computing are presented. The analytical results
about the performance of the piecewise NAS framework in
these case studies show that it can gain significant advantages
over unitary network-awareness frameworks in terms of re-
ducing wireless bandwidth consumption and saving limited
battery energy of mobile devices. Our continuing work in-
cludes integrating the schemes for prediction of network pa-
rameters.
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