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ABSTRACT

Despite the proliferation of mobile devices, mobile
connectivity is still lacking. Information access ia
powerful tool in wired environments. It is even mor
important for mobile devices, which have limitedrsige
capacity and are not ideal for primary informat&torage
as they have the potential to be lost or brokene Th
combination of connectivity and mobility will enablsers
to access any data from anywhere. We present almbde
multi-channel proactive connectivity that suppahis goal.
Our two-pronged approach includes a proactive cachi
mechanism to support areas of low speed or no ageer
and we discuss the potential for a multi-channelpser to
prevent unnecessarily dropped connections.

INTRODUCTION

Background

The proliferation of mobile devices along with wass
networking capabilities over the past several yéas led
to an increase in demand for greater network cgeseand
continuous connectivity. Cell phones have evolien
being a simple telephony device to a powerful infation
exchange system; laptops and PDAs with Wi-Fi cdjbiisi
are becoming more common in offices and homes aed e
in public places such as cafes and libraries.

Throughput Latency (ms)
Wi-Fi 56 Mbps <1
UMTS 300 Kbps 250
EDGE 100 Kbps 450
GPRS 40 Kbps 650

Table 1. Comparison of existing wireless network
technologies.

Many technologies and standards are emerging, asch
802.11 variants and GSM (Global System Mobile) tHase
technologies such as GPRS (General Packet Radiic&gr

available at a particular moment. The user is irequto
make a tradeoff between connection speed and ildiiab
Today's wireless networks can be largely dividet itwo
main categories: those that provide wide area stEme
and thus relatively continuous connectivity yeteoffow
bandwidth (e.g. GPRS), versus those that offer high
bandwidth while usually remaining limited to a shelea
(Wi-Fi).  Taking the union of these two classes of
connectivity will allow the user to remain connetdl the
time and have access to broadband connections.

There have been a number of related attempts aiding
an integrated wireless connectivity service atosilevels.
They are mentioned in our related work section, d&ubf
them either involve a significant modification irhet
underlying network infrastructure, or do not ofeeway to
integrate  across  different network  technologies
simultaneously. Thus, they do not allow the usemtake
use of multiple available network connections & same
time. We also list in our related work section evaV
emerging technologies that seek to fill the gapwben
ubiquitous availability and high bandwidth, nonewvdifich
are enough to eliminate the need for an integrsystem as
described above.

Despite the absence of systems offering seamless
connectivity across different wireless network tealogies,
there are certain users out there who have the lkdoe
and the resources to configure or build their syste a
way that provides them with as close to a ubiqutou
connectivity experience as possible using the iexjst
network technologies. We call this type of user thavvy
user” and believe their techniques provide usefisight
into what functionality a UbiConn system should \pde.

For example, such a savvy user may anticipatestimauwill

be moving to a location with no network coveragd #ius
preemptively download web pages or emails thatnsigét
wish to have access to while offline. She may also
manually switch from one network connection to &eot

for example from Wi-Fi to GPRS, when she anticipdtet
one will no longer be available. However, theseirngp
mechanisms require the savvy user to predict what

EDGE (Enhanced Data rates for GSM Evolution), andinformation she will need and take the time to asc in

UMTS (Universal Mobile Telecommunications System).
However, the current state is such that there imtegrated
solution that allows a user to simultaneously tat#teantage
of multiple wireless technologies depending on \whice

advance. This takes time and effort on the pathefuser,
and unsophisticated users will not be able to denethis
much.



Goal intervene and specify desired routing behaviorhetivork
Due to the large number of wireless network techgiels  packets to appropriate network connections.

and their uses, we chose to look at a specific but

representative subset. For this project, we fooosa RELATED WORK

particular use case scenario involving an averagbilm  The areas of work related to this project fall irtee
user with a laptop computer capable of two of theren following categories: wireless technologies, comkions
common wireless connections, namely GPRS and Wi-Fi.of wireless technologies, and caching relevant data
The user roams from one location to another witfewint provide the illusion of connectivity.

network coverage. By “average user” we assume theat

user is not a savvy user and does not have thelkdge/to  Technologies

manually configure her system to deal with changing There are several emerging wireless technologied th
network connectivity. promise greater range and bandwidth. HSDPA (High
Speed Downlink Packet Access) is an enhancement to
UMTS that is expected to provide throughput ratésl o
Mbps on average, but is not slated to be deploy&d u
2006, and is still significantly slower compared Wi-Fi
[14]. The IEEE 802.16 standard commonly referreds

To get an idea of what such a user may experienee,
conducted an initial analysis of the network cotioec
management scheme on a typical mobile device gettin
We used a laptop computer running the Windows XP

operating system and equipped with a built-in Wiekrd 5 : .
and a GPRS card. We took the system through arkas Wi-Max seeks to provide yV|reIess access of up t WS
over a range of several miles [15]. However, prisnarily

varyin'g wireles§ ne’gwork coverage, and o_bserved thedesigned for providing last-mile broadband conmei
following behavior with respect to three main types into businesses and residences, and the mobiléonen$
applications. The motivation for the choice of #hes '

o . . . . the standard is not expected to offer the samel lefe
appI]catlon types is described in the Use Case Sien flexibility offered by the GSM-based technologies.
section.
There have been several previous proposals fogriatieg
UMTS connections and Wi-Fi 802.11 wireless LAN
networks [1]. Wireless and cell phone companieh sas
TMobile are providing 802.11 and GPRS integrated

When transitioning from the office with Wi-Fi aceet® a
bus with only GPRS connection, the web browser
continued to work over the GPRS connection whiléhbo

instant messenger (IM) and telnet applicationsiailiyt solutions under one service provider. Other conmgmaire

glfgr?]nrtwec;d g]uetol-Jrseecr(.)nrﬁscttheall‘t’\grap;p“cfz\t/lvons\g?s:\?js i oing the other direction and providing voice siolng over
P ’ i-Fi [6]. These various industrial efforts to cbime

:ﬁ:stﬁgle'?haed ﬁggt?;?t;gnul:rse'gg;hne]aﬁsgsre?gggﬁgggﬁ multiple wireless technologies are all based onntiwbile
PP q device only using one connection medium at a tirée

\é\gr-:l u?grceéjseste::iecrin?g: ar\ggﬂg ;g:\lnw?-tFithneet\(/:vﬂi ; seek to go beyond this and provide different gieslif
b P service to different applications simultaneouslyings

failed to establish a connection to the Internefter : . ;

- multiple wireless connections concurrently.
several manual rescans on the Wi-Fi adapter, thgpater P y
was able to reestablish connection through Wi-Fi. the Heterogeneous Networks

process, .lM and telnet conne_ctions were d_iscom;ieagd The BARWAN (Bay Area Research Wireless Access
al_‘ter a m'm.‘te or so, reestablished connecuongu:he Wi- Network) project [2] enables a mobile client tonisaion
Fi_connection. The v_veb browser a_utomat|ca!|y start amongst heterogeneous wireless technologies rariging
using the Wi-Fi connection as soon as it was abiela infrared networks to Wi-Fi to Regional-Area SatellData
Our goal is to create an integrated system thdtpadivide ~ Networks. Their focus is on providing seamlesstivak
an average user with a UbiConn “experience” in wgla handoffs across network of different wireless tedbgy
environment where multiple disparate wireless netwo and coverage profiles. They use an implementatibm o
connections are available, without the need for anyMobile IP variant as well as specific coverage gepby
modification in the network infrastructure. We firs information to facilitate connection handoff fromne
establish a use case scenario surrounding thimgearser ~ coverage area to another. While BARWAN deals with
and a set of core applications that she will baexgijsand  vertical handoffs between networks, our system uses
establish certain quality of service expectatidrat she has  heterogeneous networks in parallel to choose thgt be
in dealing with these applications. We then araliipw network for each application. We use available weses of
well they are satisfied under a base setup of mpapith ~ connections, power, and disk storage space to wepttoe
GPRS and Wi-Fi cards configured to connect to theiréxperience and maintain connectivity by using every
respective networks whenever they are availables thén  available network in parallel. This helps us selbet best
compare this result to our system that providesraatic ~ network for the service. For example, low bandwibligh
pre-caching of web content and semi-transparentconnectivity applications such as telnet can beised by
application-based routing (with the option for thser to GPRS. This will prevent it from being significantiffected

by changes in the network connectivity, as switghin



unnecessarily between GPRS and Wi-Fi simply becausédefore the user requests it. As opposed to shom te

Wi-Fi is faster will interrupt the telnet sessidrnus, we use
both GPRS and Wi-Fi, if they are available, to maixe
what is most important for the application: highm8aidth

or continuous connectivity. Our approach also dffsEom
the BARWAN solution in that we do not impose any
changes to the underlying network protocol or
infrastructure.

Homogenous Networks

The CHOICE network [8] deals with transitioning Wween
networks of the same type. Using the CHOICE netwark
mobile client is able to transition across multipMé-Fi
hotspots offered by different service providers. GGHE
manages the authentication and account manages stta
of these handovers. However, it does not deal mithiple
network technologies, and thus cannot benefit fribm
advantages of a network with more coverage sucbPagS.
For the CHOICE network to maintain connectivity, it
requires overlapping hotspots.

Caching Systems

Coda [18] is a distributed file system that support
disconnected operation. It uses cached data toovepiata
availability when the servers are not accessibledeC
caches some content locally. In a disconnectetg: $tés
cache is used to serve file requests. It uses wfiiele
caching, which makes sure an entire file is alwegshed,
to cause a simpler failure model. The Coda systeméh
priority-based cache management system with bopigin
(based on recent reference history) and explicésé€d on
user requests) sources of information for the dmti®f
what to cache. It uses both user specified priaity recent
usage to determine ranking. Our caching system svovier
a different domain; web pages rather than files. €ehing
heuristics are similar to this model, supportinghboser-
specified requests and implicit measures. Our Bydtas
more discrimination between implicit content thaod@, as
it automatically ranks different pages according dor
heuristics. We cache HTML pages in a piecewise mgnn
preferring high-value low storage cost content sastweb
text over images.

AvantGo [7] is a commercial service for portablevides
that does caching of content while the user synitis thie
server. It allows customers to sync with the semtethe
base station or over the Wi-Fi. It automaticallyaoads
specially formatted websites, such as www.cnn.cehile
the connection is available. It provides high-lewglys to
select sections of the web, and also allows usedefine
their own custom downloads. This allows for thehtag
of data but requires the user to specify what websshe
would like to have cached. It does not do the updat
automatically, nor does it automatically determivieat the
user may need.

Prefetching [9,10] is a proactive method of cachivtgch
attempts to predict what the user will need andhfebntent

prefetching, which uses recent access rates totssehed
content, long term prefetching uses long-term stesgte
access rates to identify objects to cache. Longn ter
prefetching uses statistical models to predictlitedihood

of a page being accessed, and caches pages baskid on
metric. Click-ahead caching refers to proactivesiching
links one page further than the current page, spgeap
response times when those links are accessed.

Web browsers such as MS Internet Explorer cachéenbn
as it is accessed. They provide support for arflifief
mode”, which allows users to access some of théeobn
they have seen already. However, this content is no
updated unless the user views it again, and it stdyes
pages that the user has viewed, not those he ey lib
view.

Programming for Mobile Systems

Rover [3] is a toolkit for mobile applications thahables
the development of mobile transparent or mobile rawa
applications. Mobile aware applications are given
information about the network connectivity statnsorder
to make decisions. Mobile transparent applicatidosot
use this information. The primary function of thilkit is

to provide a new paradigm of programming interfafogs
mobile computing. Their main tool for mobile comipgtis
having applications use distributed objects asr thain
method of transferring data over the network. Tdliews
their toolkit to manage network usage by many aafibns
over slow connections and queue up future transféen

in a disconnected state. Our approach is to woitk w
mobile transparent applications but support thenthsd
they can behave more like mobile aware applicationg
accomplish this by guessing what type of netwonkise
an application needs. Rover also provides a “R&VEFP
proxy” to support web browsers transparently. A®e best
of our knowledge, this proxy system does one tiahing
plus prefetching. This means the Rover HTTP privigs
to cache any web page it hasn't cached before é&sul a
caches a user specified number of sub-pages d€ap.
caching system contains this functionality but atkmes
predicative caching and proactive refresh of thehea

One possible solution to the problem of maintaining
connectivity as the mobile device is transporteshifrone
network to another is to use a Mobile IP [4, 17lugon.
Mobile IP is a proposed standard augmenting thetiegi
version of IP that seeks to address the problem of
maintaining TCP connection status when a mobilecgev
transitions to a different network (and thus chanie IP
address). Mobile IP works by associating the mobdde
with two IP addresses, the home address and tteofar
address. The home agent at the home addressctedire
traffic to the up-to-date care-of address, whictenth
forwards it on to the mobile node. Mobile IP endeus
challenges when faced with security implementatisunsh

as firewalls and ingress filtering. Mobile IP collé used



to maintain connectivity when handing off between but unnecessary and availability of content higldgirable,
networks. However, it is a more complicated scheimae 2) low bandwidth sufficient but connectivity dedila, and
requires a home agent and incurs the overhead dzting 3) low bandwidth sufficient and connectivity highly
the care-of address settings each time the molitke ris desirable.

moved. For our project, we place our emphasis
providing ubiquitous connectivity across heterogerse
networks, and thus view Mobile IP as a possiblaéneue
for solving the TCP connection persistence withacre
network, but not as the main focus of our pursuit.

Mhe following paragraph describes the sequencetidres
that our user follows in our scenario. First, starts off in
her office where she has all three of the applceti
running using the Wi-Fi connection. She then takes
laptop with her, leaves the building to get on 8.b®n the
bus, she desires to continue her work as much ssilppe
given the available network resources. Duringkie ride,
she has access to the GPRS network but not to arfyi W
network. She then disembarks at a café that ha&iWi
access, and resumes her work. After some timehsads
down to a subway station to board a train to hamtk
site. During the subway ride, she does not haeesscto
Wi-Fi or GPRS. Once she arrives at her client, stee
regains both her Wi-Fi and GPRS access.

Load Balancing and Multi-Channel Wireless

In the context of the MultiAdapter, there are dRigt
solutions that provide load-balancing functionalibyer
multiple network interfaces on one computer. Bareple,
Adaptive Load Balancing technology from Intel allow
single server with multiple network adapters coteedo
the same network to multiplex its transmissionossrall
the adapters [16]. There are also wireless braatiba
routers (such as Linksys Wireless-G Broadband Route
with SpeedBooster and X-Micro WLAN 11g Turbo Mode
Broadband router) that provide the ability to Idaalance
over multiple broadband connections (e.g. DSL aablec
modem) as well as allowing a wireless client to tipldx
transmission over multiple channels to achieve eased
throughput. However, these solutions only work ovee
type of network medium (e.g. wired Ethernet or 8Q02.
and do not offer intelligent routing of traffic avaetwork
interfaces of different mediums based on flow-sjeci
filtering.

SYSTEM DESIGN

As our use case scenario reveals, there are twaor fizgjets
to providing a UbiConn “experience”. connection
sustainability and data availability. In order #&oldress
these two needs, our system is composed of two lesdu
namely the MultiAdapter and the Caching System.

MultiAdapter

In order to enable certain subset of applicatiansde the
GPRS connection while others to use the Wi-Fi cotior
Our contribution lies at the intersection of thit ef related  when they are available, we developed a networdr filve
work. We provide for concurrent access to heteregas  call the MultiAdapter. The MultiAdaptor interceptstwork
networks, and have a caching system for areas of ndraffic from applications and routes the traffic tbe

connectivity. appropriate connection based on the applicatior tqy
protocol type). The decision about which connectio
USE CASE SCENARIO route the traffic to is based on several factof$ie most

In considering obstacles face a non-savvy mobié u$o obvious constraint is the availability of each netkv If
wants ubiquitous connectivity, we developed a higptital GPRS is the only connection available, then aptitina
user and a use case scenario around her in orderttfy that desire a Wi-Fi connection will have no chommg to
the problem points and constraints. Following is ause the GPRS connection. The second factor isdbaise
description of the use case scenario. the application’'s quality of service requirementass
characterized in the use case scenario sectioafficTfor
remote terminal application is routed through thBERS
connection even when Wi-Fi is available, in ordeebsure
that the connectivity is not interrupted when tserumoves
to an area without Wi-Fi coverage.

Our user owns a laptop computer equipped with aFWi-
card and a GPRS card, and works at an office that h
building-wide Wi-Fi coverage. We identify threereo
applications for our user that are meant to be a
representative subset of common applications tbaiire
network connectivity. They are: 1) web browserjrigtant
messaging (IM) application, and 3) remote terminal
application (e.g. telnet). Her primary use of thweb
browser is for accessing news websites. She uses h
instant messaging application often to keep in howith
colleagues, so it is desirable that her IM conoectbe
available as much as possible. She also usesehwte
terminal application for accessing her corporateveseto

run tasks, so it is highly desirable that this amiion
remains uninterrupted. Summarizing the different We support two types of caching for different reeso
applications our user uses, they can be categoiizedhe Click-ahead caching automatically downloads thekdin
following respective groups: 1) high bandwidth daisie from the page a user is already on, which speedthep

Caching System

Although it is true that wireless network coverage,
especially GPRS, is becoming more pervasive, tlaeee
still many locations even within a metropolitan amghere
there is no coverage from GPRS or Wi-Fi. Underhsuc
conditions, we can provide the user with a limiseshse of

a UbiConn experience through caching of web tradifid
proactive fetching during periods of available cectivity.



response time when the users clicks on a link. a@ee

conducted on the experimenter’'s web browsing habiis

caching, which we implemented to support weak or noexample, a page from Newsweek was correctly clasisifs

connectivity areas, makes predictions about fulaieavior
based on past behavior. In short, we attempt toe hav
available the pages and data the user accessas ofte

We would like to support network connectivity for
communication, information gathering, general briogs
searching and transacting. Some of these lendstblees
to caching better than others. For example, if areesses

the same static HTML news sites routinely, one can

predictably cache those sites. Also, communicaitiothe
form of email lends itself well to caching and jpetically
updating, while continuous communication such asaimt
messenger does not. Accordingly, for this projeetfocus
our caching efforts on web pages.

There are several factors involved in determiniaghing
heuristics to make sure the user has the dataestdsnThe
type of data can affect the need for it to be updlaFor
example, news, weather, and stock tickers are addabre

frequently than how-to pages or reference documents

Related to this is how often the data is updated,vehether
the information is time critical. Data that is vargportant
or user-specific is more important to cache colyeahd
frequently. User behavior (for example, if theygiuently
access the same content at a specific time of dag)
provide clues to correct cache planning. Page satent
type and download cost should also be taken
consideration when developing caching heuristics.

We developed the following initial heuristics toiquitize
cached resources: On a scale of 1 to 5, where&cised 5
times more frequently than 1.

into

news even though it was accessed from a non-natus li

Implementation

To simplify the implementation of our prototype weake
the assumption that the only applications that wdnet
fastest connection (as opposed to most consistent
connection) and need caching of data are web breswse
This allows us to build both the MultiAdapter anidet
Caching System on top of a local HTTP Proxy. The/o
requirement we have for web browsers is that thgpert

a proxy configuration (which all the popular welolwsers
do). A user or installer then just configures tiveb
browser to use a proxy on the localhost at a wedivkn
port.

We wanted total control over the HTTP content being
proxied, so we built our own HTTP proxy from sctatc
instead of using a preexisting HTTP proxy. We
implemented the HTTP proxy such that when a network
connection exists the caching system is sent a oo}l

the outgoing HTTP requests so that it may figure wiiat

to cache. When there is no network connectionptiosy
actually sends the request to the caching systefulfit

the request. In order for the MultiAdapter to knewkat
traffic comes from a web browser we need the prtoxtag

it as such. This is implemented using a well-knqvamt.

All traffic going out the proxy on port 80 gets dggd to a
special port number signaling it came from the prabdhen

the MultiAdapter changes its destination port b&zk80
and makes note this flow came from the web browser.
When traffic comes in to the MultiAdapter, it check
whether it is bound for a web browser and if songfes the

1. Images source port (it is the source port now becausgiitéoming
Images are usually more expensive to downloaddata) to the special port number. Notice this seh@nly
than text, and many images such as page header®arks web traffic on port 80. This is a limitatiofi our
do not change frequently. Thus, they are updatedsystem.
to the cache less often. The MultiAdapter serves two main functions: 1) ntoring

2. Ordinary content network connectivity and 2) routing network traffc and

. . . from applications through the appropriate netwatier.

Most content will fall into this category. We query the status of the network adapters usiag\DIS

3. Documents that contain the term “news” (Network Driver Interface Specification) interfacgdlowing
, , us to determine whether the adapter is connectedtond
This can later be replaced or augmented with ayhat their link speeds are. The MultiAdapter adsts as a
metric that looks at page structure or samples thepacket filter that monitors traffic passing througach of
frequency of change. the network adapters on the machine (in our cas&\thFi

4. Frequently accessed content and the GPRS adapters). This traffic is analyzasl,

_ discussed above, to determine which applicatiory tre
Currently hard coded, but will soon be coming from, and are routed either through the GPRS
automatically recorded. connection or the Wi-Fi connection, based on thisvork

5. User specified pages availability and application connection preferemmefile,

o ) o as described in the System Design section.
It is important to note that content that is nothead is still

downloaded when the user requests it. Howeves less
likely to be automatically updated, and might bewar in
regions of lower-speed connectivity. These workeiteq
well at classifying web pages in an informal evéhma

We implemented the MultiAdapter as a Windows nekwor
driver that installs in the same manner as a regudéwork
adapter for a physical Network Interface Card (NIQhe
architectural diagram of the MultiAdapter is showm



Figure 1. The applications communicate directlyhvane
of the protocols in the protocol layer, in our cdbes is
primarily the TCP/IP protocol adapter. Normalljhet
protocol adapter will communicate directly with oofthe

underlying miniport adapters, which represent fates to
the actual network interface cards (NICs). If thene
multiple compatible NICs for a particular protodel.g. a
WiFi card and a GRPS card), in the case of the Blirsd
XP operating system, a routing table manager fer Ith
protocol automatically routes data through the poni

corresponding to the NIC that is connected and thas
highest interface metric (faster NICs receiving ighbr

metric than slower NICs). This is one of the remswhy
connections can easily get dropped when transitgpfriom

an area with low-speed wireless coverage to higpeed
wireless coverage, since the routing table manhfiedly

switches connections even if the other connectfstiil

available.

As the figure shows, the MultiAdapter inserts itsa$ a
virtual miniport adapter (from the point of view ofie
actual protocol adapters) and as a set of virtwatopol
adapters (from the point of view of the actual ot
adapters).
underlying miniport driver, and therefore will alyguse
the MultiAdapter’s virtual miniport to transfer itdata.
Internally, the MultiAdapter establishes a binditw the
TCPI/IP protocol adapter (referred to as the miripqper

edge) and to each of the underlying miniport adapte

(referred to as the protocol lower edge) usingitierface
exported by the NDIS (Network Driver
Specification) library. During this initializatiophase, the
MultiAdapter also assigns a MAC address to theusirt
miniport (we simply use the same MAC address asafne
the NICs).

The protocol adapters now only see on

Interface

Applications Internet Explorer | | Telnet ‘ ‘ Proxy ‘
Protocols ‘ NetB I0S ‘ | TCP/IP
Fy
| ¥
Miniport edge
Virtual Miniport
MultiAdapter Internal bindings .
| Virtual Adapter | ‘ Virtual Adapter ‘ EUE
Protocol edge X 7y g
¥ [ 2 >
| g
4 [y
k ¥
Miniports | Adapter 1 | ‘ Adapter 2 ‘
4 [y
k ¥
Devices | WiFi NIC | ‘ GPRS NIC ‘

Figure 1: System Architecture Diagram

SWe built the Caching System and local HTTP proxyCih

on the .NET Framework 1.1 for the Windows OS. This
system consists of approximately 3,000 lines ofecod\s
stated earlier we configure web browsers to uselazal
HTTP proxy as their method of accessing the Inteamel
when connected a copy of each outgoing HTTP heisder
sent to the Caching System.

When an HTTP header arrives in the Caching Systém i
put in the Caching Classifier's queue. Each ofs¢he
headers is then classified into one of five grogps

Once the bindings are established, thedescribed in the system design section). It is thdded to

MultiAdapter determines the status of each of thethe caching queue.

underlying miniports, and forwards the data basedhs
following policy.

The MultiAdapter distinguishes the traffic flowirtgrough

it into two main categories. One is http traffaentified by

the application header, which gets routed throbghfastest
adapter that is connected and available. The aibhesists
of all remaining traffic, which is channeled thréughe

GPRS interface whenever it is available, and whénnot,

through the Wi-Fi interface. This results in thehbvior

such that all applications other than the web besvere
provided with the more persistent connection allibé

slower transfer speed, while the web browser, owings

stateless nature and richer content, is given actteshe
fastest connection available. Each time the caiorec
status of the underlying miniport adapters chanipe,

MultiAdapter receives a notification through the ND
interface and appropriately updates the list oftuair

adapters through which it can route traffic.

The caching system monitors the caching queue drehw
there is an available network connection of sugfiti

bandwidth, it caches the resource. This is dorermanner

such that items in higher priority classificatiogst cached

sooner than those of lower priority. Additionallyhen a

page is cached all child pages not already in theyue are

cached as well (click-ahead caching).

Over time, items in the cache may become outdafEd.
deal with this the caching system watches for agmgent
according to the last time it was updated and dshing
classification. High priority items that were cadhthe
longest ago get added to the cache queue firsen Bther
items are added to the queue as they become oldyeno
Thus, if a user accesses say a news website then ha
intermittent Wi-Fi access throughout the rest o thay, it

is likely the news website will, in fact, get upéatin the
cache with the new news so that it may be accasflete.

PRELIMINARY EVALUATION
We compare the user perceived performance of treeth
representative applications, based on the number of



connection interruptions and failed network request
attempts, under our user scenario without our sysied
with our system. We used a laptop computer operatin
Windows XP with built-in Wi-Fi transceiver and a B8
PC card, running Internet Explorer for the web aygion,
Yahoo Messenger for the IM application, and SSHitfer
remote terminal application.

In this preliminary evaluation we evaluate the d¢agh
system. We compare the caching classifier systéim av
control system in a field test. Note that the opegasystem
we use, MS Windows XP, will automatically down-suit
from Wi-Fi to GPRS when it loses the Wi-Fi connenti
and reconnect to Wi-Fi when it becomes available.

The computer remains open for the extent of théuatian.
While less reasonable on a laptop, some peopley carr
laptops this way and it is analogous to the behaofoa
PDA or other portable device. We study the user's
connectivity experience in terms of a realisticreg® with
representative connectivity. We then observe ther'sis
experience and connectivity characteristics ofptteocols.

Evaluation of the Caching System

a) The user begins in the Allen Center on the nfiaior.
The Allen Center has a Wi-Fi network open to therwsnd
there is occasional GPRS coverage. She browsewsehe
going to http://www.chi2005.org/, a conference hpage.
She also visits news.google.com, and clicks oridpehree
articles, the top US article, and the top sportielar Next,
she checks her email using Pine over SSH, for
approximately 5 minutes. Then she has a brief IM
conversation with a colleague.

In both the control and the caching condition, WeFi
was available in the Allen Center, but GPRS was
unavailable or spotty. The performance of the welgep
responses was the same in both conditions, fromeitte

to a couple of seconds. Note that in the cachirmglition,
while the user is checking her email, the cachiygiesn is
using the leftover bandwidth to proactively refrébla web
pages she has visited and click-ahead cache ths tin
those pages.

b) She then walks to the main floor of Engineeliigrary
among the stacks. The Engineering library doeshaeé an
accessible access point for a Wi-Fi network, andR&s
not accessible. The first task at this locatiortdsgo to
news.google.comlook at the top story, and two other
articles not read earlier. A second task is to goklto the
conference web page, http://www.chi2005.org/, amdl f
out more information about the late breaking alossrand
the registration deadlines (available on secongdages).

This area has no connectivity, so in the contraidition,
there was no response. The Google News page and t
conference page had been cached by Internet Expluure
the Google news page was out of date and the wsdd c
not access at all any of the secondary pages dwreit
Google News or CHI2005. In the caching condititire

h

responses were immediate, and the caching system ha
cached all the Google News stories accessed, imgutie
advertisements. For the CHI2005 secondary pagdsdt
cached the information on the pages, but had notifired

or cached the photographs of the late breakindtseshairs

on one page.

¢) The next location is upstairs in the Engineeliityrary.
Here, there is GPRS connectivity, but still no Wi-Fhe
task is to go tavww.google.comdo a search, and begin
composing an email. The GPRS took an about 13 giscon
to return the google.com main page (of size 2.51KB)
took 10s to return the search results, while thevese
response time was a negligible 0.16s. In the cbutiee,
the response times were much faster (about 1~2Vs).
attribute this to the variability of GPRS, and aateffect of
our system. The longest time needed to login tbl 86d
open the inbox of Pine on GPRS was 27s, not cogittia
user’s typing time. The user leaves the email oped
proofreads it as he walks back to the Allen Center.

d) As the user returned to the Allen Center, inhboases

the GPRS connection was dropped when the Wi-Fi dame
range. This caused the SSH to drop the connectimh a
refuse to accept user input, even though the GPRS
connection it had been using a moment before wthsatt

full connectivity. This is the challenge that theulit
Adapter was designed to correct, and it will bedssed in
more detail in the next section.

DISCUSSION

The results of our preliminary evaluation point tioe
advantage the caching system has over the control
condition. In areas of no connectivity, the cagh@ystem
immediately returns updated results on pages tiedtriked

to those used in the past. Without this systemrsusan
only look at outdated versions of pages they haens
before.

The evaluation also demonstrated in both conditithres
need for our MultiAdapter’s functionality. WhenrethVi-Fi
became available again, the SSH connection waspdtbp
and the email was lost despite the GPRS still being
available. We believe the MultiAdapter would haaed

in a way more consistent with the user's needs by
continuing to use GPRS for the SSH connection ag &s

the GPRS connection was available while lettingeoth
applications like the web browser use the newlyuaed
Wi-Fi connection.

While our approach to caching is similar to pregiouork

in web caching, the main contribution of this waskthe
combination of our caching approach and the simehas
multiplexing of multiple wireless technologies. i$mot
only allows our caching system to be more aggressith
r%spect to refreshing frequently changing and rsiguke
content, it allows the system to provide differitygpes of
service (if available) to different applications
simultaneously.
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CONCLUSION

coverage at higher speeds. However, new wirelessVe have presented a two-pronged approach to sotiiag

technologies do not completely alleviate the protdeour
system addresses. For example, all currently mego
technologies will still have many coverage gapshsas a
parking garage, the basement of an old buildingg oery
rural road. In these cases the ability to proide best
offline content is useful. Additionally, it is Btlikely that
different wireless technologies will continue to fesf
differing service with differing coverage makingthiea of
simultaneous multiplexing of wireless technologist|
relevant.

FUTURE WORK

The current status of our system implementationais
working Caching System and a partially functioning
MultiAdapter. Our most immediate future work is to
complete implementation of the MultiAdapter and lagage
the system as a whole in a field trial.

There are also other areas that we would like foloss
once the system is fully implemented. One is sndhea of
intuitive user interface for both notification ohanging
network status and user specification of preferendes the

system automatically determines when it is most

appropriate to draw content from the cache and hvhic
connection it should use, the question arises coimge
what is the best way to portray to the user whiddenthe
system is operating under. For example, if thetesys
decides to pull a web page from the cache instdéatieo
Internet, it may be crucial that the user is madare of the
fact that the content she is looking at is not.liv&lso, in
order for the user to gain control over the cacluritgria or

in specifying the connectivity versus bandwidth
characterization of certain applications, there tmhes an
intuitive and simple interface through which theeusan
specify the appropriate choices. Our caching systasthe
potential to improve performance in areas of sIGPRS)
connectivity as well as areas of no connectivityd anore
work needs to be done looking at cache contenhifiess
and when the cached data can be returned insteaalitiig
for the latest version over a slower connection.

Another area that we would like to look at is irhancing
the connectivity to available Wi-Fi networks, sutttat it
can seamlessly connect to open hotspots or thosehimmh

the user has an account. Management GUI for such

information also becomes an issue. We would akeotb
look into combining Mobile IP with our system suttiat
we enable seamless connectivity across multiplevorés
as well as across heterogeneous connection tyddss
would increase the extent of high-bandwidth regitmest
are available to the user.

We would also like to explore our caching metricsriore
detail, evaluating the efficacy of the heuristice Wwave
presented and looking at statistical long-term miess of
prediction versus hit rate and optimization of baiuth
usage.

problem of continuous connectivity. We present @aptive
caching system to store and update likely candsdé&te
web pages to be viewed in the future. We also dsthe
MultiAdapter, a new approach that uses multiplencieds

to support the most important connection needsaobus
applications. Our system was evaluated in an exampl
scenario and increased user perception of conitgctiv
allowing access to web pages that would have been
otherwise unavailable.
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