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Abstract

The Rover toolkit combinesrel ocatable dynamic objectsand queued
remote procedurecallsto provide unique servicesfor “roving” mo-
bile applications. A relocatable dynamic object is an object with a
well-defined interface that can be dynamically loaded into a client
computer from a server computer (or vice versa) to reduce client-
server communication requirements. Queued remote procedurecall
is a communication system that permits applicationsto continue to
make non-blocking remote procedurecall requestseven whenahost
is disconnected, with requests and responsesbeing exchanged upon
network reconnection. The challenges of mobile environments
include intermittent connectivity, limited bandwidth, and channel-
use optimization. Experimental results from a Rover-based mail
reader, calendar program, and two non-blocking versions of World-
Wide Web browsers show that Rover’s services are a good match
to these challenges. The Rover toolkit also offers advantages for
workstation applications by providing a uniform distributed object

architecture for code shipping, object caching, and asynchronous

object invocation.

1 Introduction

Application designersfor mobile “roving” computersfaceaunique
set of communication and power constraints that are absent in tra-
ditional workstation settings. For example, although mobile com-
munication infrastructures are becoming more common, network
bandwidth in mobile environments will often be limited, and at
times, unavailable. In addition, mobile hosts tend to have limited,
but variable hardware resources. A mobile host may be completely
disconnected, plugged into AC power, plugged into a wired net-
work, or docked. Docking stations can provide a wide range of
additional resources including co-processors, stable storage, and
user interface devices. Asamobile host gains accessto new hard-
ware resources, client-server computation allocation trade-offs may
change. Therefore, mobile application designers have a common
need for system facilities that minimize dependence upon contin-
uous connectivity, that provide tools to optimize the utilization of
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network bandwidth, and that allow for dynamic division of work
between client and server.

The Rover toolkit provides mobile application developerswith
a set of tools to isolate mobile applications from the limitations of
mobile communication systems. The Rover toolkit provides mobile
communication support based on two ideas: relocatable dynamic
objects (RDOs) and queued remote procedure call (QRPC). A re-
locatable dynamic object is an object with a well-defined interface
that can be dynamically loaded into a client computer from a server
computer (or vice versa) to reduce client-server communication
requirements. Queued remote procedure call is a communication
system that permits applicationsto continue to make non-blocking
remote procedure calls [6] even when a host is disconnected: re-
quests and responses are exchanged upon network reconnection.

The Rover toolkit offers applications a uniform distributed ob-
ject system based on aclient/server architecture. Rover applications
employ a check-in, check-out model of data sharing: they import
RDOs into their address spaces, invoke methods provided by the
RDOs, and export the RDOs back to servers. An RDO might beas
simple as a calendar item with its associated operations or as com-
plex as a module that encapsulates part of an application (e.g., the
user interface of a calendar tool). More complex RDOs may create
threads of control when they are imported. The safe execution of
RDOs s ensured by executing them in a controlled environment.

Rover permits disconnected hoststo update shared objects. Ob-
ject consistency is provided by application-level locking or by using
application-specific algorithms to resolve uncoordinated updatesto
a single object. In Rover, every object has a “home” server. A
mobile host imports objectsinto itslocal cacheand exports updated
objects back to their home servers. Update conflicts are detected at
the server, where Rover attempts to reconcilethem. Because Rover
can employ type-specific concurrency control [62], we expect that
many conflicts can be resolved automatically. In addition, we ex-
pect that certain applications will be structured as a collection of
independent atomic actions [16], where the importing action sets
an appropriate application-level lock.

Our initial implementation of Rover permits applications full
accessto the objects of the World-Wide Web (WWW) [4]. Objects
are named using Universal Resource Names (URNS) [52] and our
implementation is fully compatible with the HyperText Transport
Protocol (HTTP) [5]. Our research prototypeis modular, and favors
ease of implementation and experimentation over performance. The
Rover toolkit supports several transport protocols (e.g., HTTP and
Simple Mail Transport Protocol (SMTP) [45]) over variouscommu-
nication media (e.g., Ethernet, WaveL AN, and phonelines). SMTP
allows Rover to exploit E-mail for queued communication. We
have developed three Rover-based applications: an E-mail reader,
a calendar program, and a WWW browser proxy that provides two
non-blocking versions of common WWW browsers. These appli-
cations are representative of the set that mobile users are likely to
use. In these applications, RDOs are downloaded into the client
and executed to reduce communication requirements, and server
reguests are queued for asynchronous processing.



Experiencewith applications devel oped using Rover showsthat
it is possible to build interactive applications that isolate a user
from the loss of network connectivity and from limited network
bandwidth. For example, in the case of NCSA’'s Mosaic WWW
browser [41], Rover deliversinformation immediately if it is avail-
ablein thelocal Rover cache; in the case of a cachemiss, it queues
arequest and returns immediately. The user is later notified when
the information arrives. Thus, a user can “click ahead” of the
communication channel, and expect a stream of responses as they
become available. In addition, forms and other interactive com-
ponents that are typically implemented with server scripts can be
downloaded for local execution. Submitting a form is also imple-
mented asynchronously, and a user can proceed even if the mobile
host is disconnected. Form responses are delivered as they are
received.

Certain aspects of Rover are also attractive for workstation ap-
plications. For example, Rover provides distributed workstation
applicationswith a uniform object architecture. These applications
can use RDOsto offload servers by caching objects and download-
ing functionality from servers to clients, or vice versa. RDOs can
also be used to dynamically extend clients; for example, a WWW
browser can be dynamically extended to include a particular pay-
ment scheme. QRPCs can be used to send RPCs to remote hosts
(with SMTP as a transport protocol), which can permit servers
to batch process requests, and can shift low priority inquiries to
off hours. Responsesto these RPCs are transported by SMTPto a
nearby mail host, which can stage theresponsesfor rapid retrieval by
the client. Rover providesall these featuresin awell-defined object
framework, which simplifies the construction of high-performance
distributed applications.

We draw four main conclusionsfrom our experimental data:

1. Applicationswritten using afile systemmodel for sharingand
storing data can be relatively easily ported to Rover’s object
model. Porting Brent Welch's Exmh and Sanjay Ghemawat’s
Ical to Rover required simple changesto 10% and 15% of the
lines of code, respectively.

2. QRPC performanceis acceptableeven if every RPC is stored
inastablelog, or if SMTPis used asatransport protocol. For
lower-bandwidth networks the overhead of writing thelog is
dwarfed by the underlying communication costs.

3. Caching RDOs reduces|atency and bandwidth consumption.
A local invocation on an RDO is 56 times faster than sending
an RPC over a TCP/CSLIP14.4 [25] connection.

4. Migrating RDOs provides Rover applications with excellent
performanceover moderate bandwidth links(e.g., 14.4 Kbit/s
dial-up lines) and in disconnected operation. Exmh, aTcl/Tk
based E-mail browser, running over NCD’s PC-Xware 2.0's
Xremoteon a 14.4 Kbit/s line is 8.3 times slower than Rover
Exmh, our port of Exmh. Using RDOs also yields significant
improvementsin Graphical User Interface (GUI) responsive-
nesswhen using low bandwidth network links.

In the remainder of this paper we present the context of our
work (Section 2), the Rover programming model (Section 3), the
Rover architecture (Section 4), discuss the Rover implementation
and HT TP compatibility (Section 5), describe the current Rover ap-
plications (Section 6), review experimental results from the appli-
cations (Section 7), and conclude with observations on the benefits
and limitations of the Rover approach (Section 8).

2 Related Work

To our knowledge, no one has studied an architecture like Rover’s,
which provides both queued RPC and relocatable dynamic objects.
Queued RPC is uniquein that it provides support for asynchronous
fetching of information, aswell asfor lazily queuing updates. The
use of relocatable dynamic objects for dealing with the constraints
of mobile computing—intermittent communication, varying band-
width, and resource poor clients—is also uniqueto the Rover archi-
tecture.

The Codaproject pioneered the provision of distributed services
for mobile clients. In particular, it investigated how to make file
systems run well on mobile computers by using optimistic concur-
rency control and prefetching [30, 50]. Codalogs all updatesto the
file system during disconnection and replays the log on reconnec-
tion. Coda provides automatic conflict resolution mechanisms for
directories and files, and uses Unix file naming semanticsto invoke
application-specific conflict resolution programs at the file system
level [31]. A manual repair tool is provided for conflicts of either
type that cannot be resolved automatically. A newer version of
Codaalso supportslow bandwidth networks, aswell asintermittent
communication [39].

The Ficus file system also supports disconnected operation,
but relies on version vectors to detect conflicts [48]. The Little
Work Project cachesfilesto smooth disconnectionfrom an AFSfile
system [23]. Conflicts are detected and reported to the user. Little
Work is also able to use low bandwidth networks[22].

The Bayou project [11, 54] defines an architecture for sharing
data among mobile users. Bayou addresses the issues of tentative
datavalues[55] and session guaranteesfor weakly-consistent repli-
cated data[53]. To illustrate these concepts, the authors have built
a calendar tool and a bibliographic database. Rover borrows the
notions of tentative data, session guarantees, and the calendar tool
example from the Bayou project. Rover extends this work with
RDOs and QRPC to deal with intermittent communication, limited
bandwidth, and resource poor clients.

An aternative to the Rover object model is the Thor object
model [36]. In Thor, objects are updated within transactions that
execute entirely within a client cache. However, Thor does not
support disconnected operation: clients have to be connected to
the server before they can commit. An extension for disconnected
operation in Thor has been proposed by Gruber and others [19],
but it has not been implemented. Furthermore, it does not provide
amechanism for non-blocking communication, and their proposed
object model does not support method execution at the servers.

TheBNU project implementsan RPC-driven application frame-
work on mobile computers. It alows for function shipping by
downloading Schemefunctionsfor interpretation [61]. Application
designers for BNU noted that the workload characterizing mobile
platformsisdifferent from workstation environmentsand will entail
distinct approachesto user interfaces [33]. The BNU environment
includes proxies on stationary hosts for hiding the mobility of the
system. No additional support for disconnected operation, such as
Rover’'squeued RPC, isincludedin BNU. A follow-up project, Wit,
addressessome of these shortcomingsand sharesmany of the goals
of Rover, but employs different solutions [60].

RDOs can be viewed as simple Agents[49] or asalight-weight
form of processmigration[14, 46, 51, 56]. Other formsof code ship-
ping include Display Postscript [1], Safe-Tcl [7], Active Pages[21],
Dynamic Documents[26], and LISP Hypermedia[38]. RDOs are
probably closest to Telescript [63], Ousterhout’s Tcl agents [44],
and Java [18]. Most differences between RDOs and these other
forms of code shipping are immaterial because the particular form



of code shipping is orthogonal to the Rover architecture. The
key difference between Rover and other code shipping systems
is that Rover provides RDOs with a well-defined object-based ex-
ecution environment that provides a uniform naming scheme, an
application-specific replication model, and QRPC.

The InfoPad project [34] and W4 [3] focus on mobile wireless
information access. The Infopad project employsadumb terminal,
and offloadsall functionality from the client to the server. W4 em-
ploysa similar approach for accessing the Web from a small PDA.
Rover, is designed to be more flexible. Depending on the power
of the mobile host and the available bandwidth, Rover dynamically
adapts and moves functionality between the client and the server.

A number of proposals have been made for dealing with the
limited communication environments for mobile computers. Katz
surveysmany of the challenges[27]. Baker describesMosquitoNet,
which shares similar goals with Rover, but has not been imple-
mented yet [2]. Oracle recently released a product for mobile
computers that provides asynchronouscommunication [15]; unfor-
tunately, details and performance analysis are not available.

A number of successful commercial applications have been de-
veloped for mobile hosts and limited-bandwidth channels. For
example, Qualcomm’s Eudora is a mail browser that allows effi-
cient remote access over low-bandwidth links. Lotus Notes [28]
is a groupware application that alows users to share data in a
weakly-connected environment. Notes supports conflict detection,
but reflectsall conflictsto the user for resolution. The Rover toolkit
and its applications providefunctionality that issimilar to these pro-
prietary approachesand it does this in an application-independent
manner. Using the Rover toolkit, standard workstation applications,
such as Exmh and Ical, can be easily turned into “roving” maobile
applications.

The DeckScape WWW browser [8] isa " click-ahead” browser
that was developed simultaneously with our web browser proxy.
However, their approach wasto implement a browser from scratch;
as such, their approach is not compatible with existing browsers.

Several systems use E-mail messages as a transport medium,
and obtain similar benefits as we obtain by using QRPC. The Ac-
tive Message Processing project [57] hasdevel oped variousapplica-
tions, including a distributed calendar, which use E-mail messages
as a transport medium. In another project, researchers at DEC
SRC used E-mail messages as the transport layer of a project that
coordinated more than a thousand independently administered and
geographically dispersed nodes to factor integers of more than 100
digits [35]. The application is a centralized client-server system
with one server at DEC SRC that automatically dispatches tasks
and collects results.

Our research borrows from early work on replication for non-
mobile distributed systems. In particular, we borrow from Lo-
cus[59] (type-specific conflict resolving) and Cedar [17] (check-in,
check-out model of data sharing).

3 Rover Programming Model

In this section, we discuss the Rover programming model, QRPC,
RDOs, user interface issues, and Rover application development.

3.1 Overview

The Rover toolkit offers applications a distributed object system
based on aclient/server architecture. Clientsare Rover applications
that typically run on mobile hosts, but could run on stationary
hosts as well. Servers, which may be replicated, typically run on
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Figure 1: Rover offers applications a client/server distributed ob-
ject systemwith client caching and optimistic concurrency control.
Rover applications employ a check-in, check-out model of data
sharing by calling import, invoke, and export operations. A net-
work scheduler drains the stable QRPC log, which contains the
RPCs that must be performed at the server.

stationary hosts and hold the long term state of the system. Rover
applications employ a check-in, check-out model of data sharing:
they import objects into a local object cache, invoke methods
provided by the objects, and export the objects back to servers.
This processisreflected in Figure 1.

Rover objects are named by unique object identifiers, which are
URNS in our prototype. Servers store RDOs, which are objects
with well-defined interfaces that can be dynamically relocated from
the server to the client, or vice versa. An RDO might be as simple
as a calendar item with its associated operations or as complex
as amodule that encapsulates part of an application (e.g., the user
interface of acalendartool). Thesemore complex RDOsmay create
athread of control when they are imported. The safe execution of
RDOs s ensured by executing them in a controlled environment.

Rover applications can choose the degree of consistency used
for replicating objects. Rover caches objects on mobile hostsin a
cachethat is shared by all applicationsrunning on that host. Cached
objects are secondary copiesof objects; the exporting server retains
theprimary copy. When Rover invokesamethod on an object, it first
checksthe object cache. If the objectisresident, Rover modifiesthe
object without contacting the server. These updatesto the cached
copy aremarked tentatively committed. Eachupdatewill be marked
committed when the update is performed upon the server’s copy of
the object. By using tentatively committed objects, applications
can continue computation even if the mobile host is disconnected.
Rover applications typically reflect tentatively-committed objects
to users (e.g., by displaying them in a different color) so that users
can tell that their updates have not yet been committed.

If an object isnot present, Rover |lazily fetchesit from the server
using a QRPC. Rover stores the QRPC in a stablelog at the mobile
host and returns control to the application. The application can
register a callback routine with Rover, which will be called by
Rover to notify the application that the object has arrived. If the
mobile host is connected, the Rover network scheduler drains the
log in the background and forwards queued QRPCs to the server.
The Rover network scheduler may deliver QRPCs in a different
order from their enqueued order (i.e., non-FIFO), depending upon
associated priorities and the dollar costs for communicating with
the server.

Upon arrival of afetch request, the server fetches the requested
object and sends it back to the mobile host. If a mobile host is
disconnected between sending the request and receiving the reply,
Rover will replay the request from its stable log upon reconnection.
Upon receiving afetch reply, Rover inserts the object returned into
the cache and deletes the QRPC from the stable log. In addition, if



a callback routine is registered, Rover will perform the callback to
inform the application that the object has arrived. The application
can then invoke methods on the local copy.

When an invoked method modifiesa cachedobject, Rover lazily
updatesthe primary copy at the server by sending the method call in
a QRPC to the server, and returns control to the application. When
the QRPC arrives at the server, the server invokes the requested
method on the primary copy. Typically a method call first checks
whether the object has changed since it was imported by a mobile
host. Rover maintains version vectors for each object so that meth-
ods can easily detect such changes. If the object has not changed,
the method modifiesthe primary copy and sendsareply back to the
mobile host. Upon arrival of the reply, Rover changes the object
from tentatively committed to committed, deletes the QRPC from
the stable log, and invokesa callback (if oneis registered).

If a method call at the server detects an update-update con-
flict, then the conflict is resolved in an application-specific manner.
The Rover toolkit itself does not enforce any specific concurrency
control mechanism or consistency guarantees on copies of objects.
Instead, it provides a mechanism for detecting conflicts and leaves
it up to applications to reconcile them. For example, the Rover
Exmh E-mail browser exploits semantic knowledge about folders
and messagesto determine whether a conflict violates consistency.
For example, concurrently deleting two different messagesin the
same folder does not result in a conflict. If there is a conflict that
cannot bereconciled, the method returnswith an error. Theseerrors
are reflected to the user so that he or she can resolve the conflict.

Theinterval between the time an object isimported to an appli-
cation and the time it is exported back to the server represents the
time during which conflicting updates may occur. Applicationscan
eliminate this window by using application-specific locks or can
reduce this window through the use of periodic polling or server
callbacks.

The Rover shared object model is different from Coda’s shared
file model [30]. In the Rover model, consistency is provided
by application-level locking or by using application-specific al-
gorithms to resolve uncoordinated updatesto asingle object. In the
Codamodel, concurrency is provided by open/close operations on
files, extended with file-specific conflict resolvers[32]. The disad-
vantage of using afile model is that it providesonly coarse-grained
conflict resolution, since it does not allow for type-specific concur-
rency control and replication. By storing each datum in a separate
file some of the disadvantages of the Coda model can perhaps be
avoided; however, the Coda resolvers cannot distinguish between
two files of the same type. In addition, because Coda can only
use read/write operations, semantic information about operationsis
lost; without the semantic information, it may not be possible to
commute two writes.

Rover provides cryptographic authentication for client-server
interactions. Clients authenticate themselves and exported changes
to servers; likewise, servers authenticate themselves to clients.

3.2 Queued Remote Procedure Call

Queued remote procedure call (QRPC) is a communication system
that permits applications to continue to make RPC requests even
when ahost is disconnected, with requests and responsesbeing ex-
changed upon network reconnection. For example, when a client
imports an object from a server, Rover appends the import oper-
ation to a stable log and returns to the application. If the mobile
computer is connected, the network scheduler will send the request
totheserver. Whenthereply arrives, Rover deliversanotificationto
the application. If the mobile host is disconnected (or communica-

tion istoo expensive) the RPC remainsin the operation log until the
client is reconnected (or communication becomes less expensive);
at that point all enqueued QRPCsare sent. Thisasynchronouscom-
munication model allows applicationsto decouplethemselvesfrom
the underlying communication infrastructure. During disconnected
operation, the network simply appearsto be very slow.

Unlike simple message passing, QRPC incorporates stub gener-
ation, marshaling and unmarshaling of arguments, and at-most-once
delivery semantics. QRPC differs from traditional asynchronous
RPC in its failure semantics. A traditional RPC fails when a net-
work link is unavailable or when a host crashes. QRPCs are stored
in a stable log so that if links become unavailable or the sender
or receiver crashes, they can be replayed upon recovery. They are
deleted from the log only after a response has been received from
the server.

The Rover network scheduler is responsible for draining the
log and forwarding QRPCs to servers. It can transmit a group of
related operations together in a single message to improve trans-
mission efficiency. It supportsprioritization of QRPCs, both within
an application and between applications (see Section 4.4). It ex-
ploits the stable log and the application-supplied priorities to re-
order transmission of QRPCs. Reordering isimportant to usability
in an environment with intermittent connectivity, as it allows the
user (through applications) to identify the operations that are most
important. For example, a user who has been disconnected for sev-
eral days may have a significant amount of work stored in the log.
By allowing transmission reordering, Rover allows usersto choose
to send important information over a slow or expensive link, and
delay other sends until faster or less expensive communication is
available.

The split-phase communication model offered by QRPC pro-
vides several key benefits, including the ability to use separate
or different communication channels for the request and response
and allowing the communication channel to be closed during the
intervening period. Several existing and new wireless technolo-
gies offer asymmetric communication options, such asreceive-only
pagers and PCS phones that can initiate calls, but cannot receive
them. By splitting the request and response pair, communication
can be directed over the most efficient, available channel. Closing
the channel while waiting is particularly useful when the expecta-
tion is that the waiting period will befairly long (e.g., dueto server
load or operation complexity) and that the client is charged for use
of the channel based upon connectiontime.

Another potential advantage of QRPC is that it can be used to
stage messages near their destination. This addressesthe problem
of adisconnected client, saturated server, or failed link. It is useful
because it allows for faster data transmission once the condition
preventing data progress is removed. For example, staging data
near the next expected contact point of a mobile computer will
reduce the round-trip time penalties incurred during transmission
over alarge distance.

3.3 Relocatable Dynamic Objects
Rover applications can employ RDOs in at least four ways:

1. Graphical User Interfaces (GUIs) can be downloaded and
customized for amabile host. Using GUIs over wide-area or
low bandwidth networks can be an exercisein frustration. By
migrating a GUI to the client, input events can be processed
locally, even if the client becomes disconnected. In addition,
these interactive programs can change their appearance de-
pending upon the available display resources and available
bandwidth for fetching large images.



2. A server can send a decompression procedure along with
compressed data in order to obtain application-specific com-
pression, which can reduce network bandwidth consumption.

3. Applicationscanimplement their own consistency protocols.
For example, like other calendar tools, our distributed calen-
dar application schedulesa meeting by starting with a set of
choices and verifying the availability of a time slot in each
attendee’scalendar. It performsthe verification by examining
each calendar for a matching free time period. After it has
found such a period, it marks the time period as tentatively
scheduled on each calendar. If, after marking all calendars,
no irreconcilable conflicts have occurred, it marks the meet-
ing as scheduled. Otherwise, it deletes the temporary time
period and repeats the scheduling attempt with an alternative
time period. Eventually, if no satisfactory time is found, the
operation aborts and returns an indication of its failure to
the client. This two-phase commit processis an example of
how the Rover architecture allows application designers to
build applications with the desired degree of consistency for
application-level operations.

4. Clientscan export computation to the server. SuchRDOs are
particularly useful for two operations. performing filtering
actions against a dynamic data stream and performing com-
plex actions against a large amount of data. In the case of a
dynamicdatastream, without an RDO executing at the server,
the application would either have to poll or rely upon server
callbacks. While this might be acceptable during connected
operation, it is not acceptable during disconnected operation
or with intermittent connectivity. Furthermore, every change
to the data would have to be returned to the client for pro-
cessing. With RDOs, the desired filtering or processing can
be performed at the server, with only the processed results
returned to the client. For example, afinancial client making
decisions based upon a set of stock prices could construct an
RDO that would watch prices at the server and report back
only significant changes. This would significantly reduce
the amount of information transmitted from the server to the
client.

An added benefit of RDOs is that the Rover toolkit can be dy-
namically extended. Rover starts as a minimalistic “kernel” that
imports functionality on demand. This feature is particularly im-
portant for mobile hosts with limited resources.

Implementing RDOsinvolvesthree somewhat conflicting goal s:
(1) safe execution, (2) portability, and (3) efficiency. These goals
can be achieved by using approaches such as code inspection [12]
and sandboxing [58], pointer-safe languages [18, 47], or code in-
terpretation with limited environments (e.g., Safe-Tcl [43]). In our
initial implementation we use interpreted Tcl.

3.4 User Notification

Becausethe mobile environment may rapidly changefrom moment
to moment, it is important to present the user with information
about its current state. The Rover toolkit provides applications
with information about the environment for presentation to the user.
Applications may useeither polling or callback modelsto determine
the state of the mobile environment.

The environment consists of the state of imported RDOs and
the state of the network. The RDO life cycle consists of being
imported but not yet present, being present in thelocal environment,
being modified locally by method invocations, being exported to the
server, being reconciled or committed, and being evicted from the

environment. A network interface may be present or absent, and,
if present, is characterized by cost and quality of service: latency
and bandwidth. Applications can register methods to be invoked
for each changein the state of an RDO or of the network.

Applicationsreflect these notificationsto users. For example, in
an E-mail application, messagesthat have been imported but have
not yet arrived locally may be “grayed” or marked “loading” A
calendar application may mark tentatively scheduled events with a
particular color. When anetwork interface becomes available after
aperiod of disconnection, the user may be queried asto whether to
fetch E-mail. Alternatively, auser may instruct an E-mail reader to
fetch new messagesat the next opportunity.

3.5 Programming with Rover

To create an application with Rover, a programmer defines objects
for the data types manipulated by the application. Methods that
update an object should include codefor conflict detection and res-
olution. In addition, a programmer definesan object to encapsulate
the return value of an export operation. The return value may be
another object that may be created at runtime.

The interface between Rover and its applications contains four
primary functions: create session, import, invoke, and export.
Create session is called onceto set up a connection with the local
object-cache manager and returnasessionidentifier. It also provides
authentication information, which is used by the cache manager to
authenticate client requests that are sent to a Rover server.

To import an object, an application callsimport and provides
theuniqueidentifier for the object, the sessionidentifier, acallback,
and arguments. In addition, the application specifies a priority that
isused by the network scheduler to reorder QRPCs. | mport returns
apromise [37]. Applications can wait on this promise or continue
computation. The callback will be invoked upon arrival of the
imported object.

The current implementation also has a load operation that is
an import combined with a call to create a process. Using load,
applicationscanimport RDOsthat heed a separatethread of control.
Upon their arrival, Rover creates a separate process that runs the
RDO. The application and the RDO communicate through the Rover
object cache. The reason for a separate load operation is that the
underlying operating system (Linux, a UNIX operating system)
does not support multiple threads per address space and limited
dynamic linking. In afuture implementation, load will be directly
incorporated within import.

Once an object isimported, applicationsinvoke methods on it.
These methods read and modify objects in Rover’s cache. Rover
transparently queuesRPCsfor each updatein thelog when an object
is exported.

To export local changes to an object, an application calls ex-
port, and provides the unique identifier for the object, the session
identifier, a callback, and arguments. Likeimport, export returns
apromise. Upon arrival of the responsesto the requests, callbacks
areinvoked. In addition, the promise containsa pointer to thelist of
return values. The application traversesthislist of responseobjects,
marking objects as committed, updating the display, and checking
for unresolved conflicts.

Porting an existing UNIX application (such as those described
in Section 6) requires replacing the file model with the Rover object
model and dividing the application into a client part and a server
part. As discussed in Section 6, porting applications to Rover is
relatively straightforward.



4 Rover Architecture

Rover’s architecture addresses six important issues: (1) allowing
useful work to be donein the presence of network disconnections
by permitting applications to be loaded into mobile hosts and by
queuing fetches and updates as appropriate; (2) providing a means
for varying an application’s workload between servers and clients,
both to address computationally under-powered clients and over-
loaded servers; (3) efficiently using available network connectivity
from both quality of service and cost standpoints; (4) taking ad-
vantage of available network infrastructure to optimize the staging
of information; (5) exposing network connectivity to applications
and permitting applications to be involved in connectivity related
decisions; (6) providing an efficient application development envi-
ronment. The Rover architecture is structured as three layers and
consists of four components: the access manager, the object cache,
the operation log, and the network scheduler (see Figure 2); we
discuss each component in turn.

4.1 Access Manager

Each client machine has a local Rover access manager, which is
responsiblefor handling all interactions between client applications
and servers and among client applications. The accessmanager ser-
vices requests for objects, mediates network access, manages the
object cache, and logs modificationsto objects. Client applications
use the access manager to import objects from servers and cache
them locally. Applicationsinvokethe methods provided by the ob-
jects and, using the access manager, make changesglobally visible
by exporting the changesto the objects back to the servers.

Within the access manager, objects are imported into the ob-
ject cache, while QRPCs are exported to the operation log. The
access manager routes invocations and responses between applica-
tions, the cache, and the operation log. The log is drained by the
network scheduler, which mediates between the various communi-
cation protocols and network interfaces.

The access manager also handles connection requests from
servers. This is particularly useful when establishing a network
connection is a costly operation. For example, an E-mail service
could send a pager message to a disconnected mobile host when
incoming E-mail is received. The mobile host would then initiate
a network connection (e.g., by placing a cellular call) and retrieve
the messages. The key advantage is that the mobile host does not
have to perform an expensive polling operation to receive timely
updates.

Failure recovery is also handled by the access manager. This
task is eased somewhat by our use of both a persistent cache and
an operation log. After afailure, the access manager requeues any
incomplete QRPCsfor redelivery. At-most-oncedelivery semantics
are provided by unique identifiers and the persistent log. Oneissue
that remains an open questionis how to handleerror responsesfrom
resent QRPCs. Sincethe original application that issued the QRPC
isnolonger running, thereisno available delivery target. Restarting
the application does not solvethe problem, asthe appropriate action
may depend upon lost state. One solution we are considering is
extending the persistence model to incorporate portions of client
application state. However, this solution would have a significant
impact on application performance.

4.2 Object Cache

The object cache provides stable storagefor local copiesof imported
objects. The object cache consists of alocal private cache located

within the application’s address space and a global shared cache
located within the access manager’s address space. Client appli-
cations do not usually directly interact with the object cache. The
Rover toolkit automatically maps import and export operations
onto objects cached both within the application’s address space and
the access manager’s address space. When a client application is-
suesan import or export operation, the toolkit satisfiesthe request
based upon whether the object is found in a local cache and the
consistency option specified for the object.

Applications control the consistency model for the objects they
import. The object cache offers several options for maintaining the
consistency of an object relative to its primary copy. The options
are: uncacheable, immutable, verify-before-use, verify-if-service-
is-accessible, expires-after-date(i.e., alease), and service-callback.
Uncacheable objects are objects that cannot be cached (e.g., the
result of an export operation). Immutable objects are thosethat are
guaranteed not to change. Verify optionscontrol whether Rover will
verify that the object is up-to-date relative to the service's primary
copy beforeinvoking amethod onit. With verify-before-use Rover
awaysverifiesthe object, whilewith verify-if-service-is-accessible
Rover verifies only if the service is currently reachable under the
application’s requirements for communication costs. With expires-
after-date, Rover automatically removes the object from its cache
whenthe specified datehas passed. With service-callback the Rover
server will attempt to notify the Rover client if the object changes.

Cached copies of objects are updated in one of three ways: by
importing fresh copies from the home service, by applying method
invocationsprovided by the home serviceto refl ect updatesby other
clients, and by applying methodinvocationsfrom local applications.
Updates performed by local applications allow applications on a
single host to share datawithout requiring network communication.
The cachedistinguishesbetween updatesfrom the homeserviceand
local applications. Since the home service has the primary copy of
an object, information from it represents the “permanent” state of
the object (i.e,, the datais not dependent upon a pending operation).
Updates from local applications, however, are marked as tentative,
until they are propagated to and accepted by the home service.
Applications can specify whether they will accept tentative data
when importing an object.

An essential component to accomplishing useful work while
disconnected is having the necessary information locally available.
This goal is usually accomplished during periods of network con-
nectivity by filling the cache with useful information [29]. There
are two issues here: when and what to prefetch.

Applications decide which objects to prefetch. The usability
of Rover will be critically dependent upon simple user interface
metaphors for indicating collections of objects to be prefetched.
Requiring users to directly list the names of objects that they
wish to prefetch is inherently confusing and error-prone. Instead,
Rover client applications provide the access manager with priori-
tized prefetch lists based upon high-level user actions. For exam-
ple, Rover Exmh automatically generates prefetch operations for
the user’s inbox folder and recently received messages. It also
prefetches additional folders and messages based upon observed
user behavior or user selection.

The network scheduler decides when to prefetch objects based
upon network activity, available bandwidth, and transmission cost.
For example, while waiting for a server response on an idle com-
munication channel, the scheduler will send prefetch requestsbased
upontheir priority and the channel’scommunication costs. Clearly,
overly aggressive prefetching will impose an unacceptable over-
head.

For systems that provide for disconnected operation, prefetch-
ing is arequirement. During disconnected operation, Rover appli-
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Figure 2: The Rover architecture consists of three layers (application, system, and transport) and four key components (access manager,

object cache, operation log, and network scheduler).

cations will not block on an import, nevertheless, it may not be
possible for a user to complete a desired activity (e.g., viewing).
Wireless connectivity may provide a fallback mode of operation
for any objects that were not prefetched during a previous period
of connectivity. However, there will aways be instances where
connectivity is unavailable or expensive. Thus, it is critical that
prefetching during periods of connectivity is sufficiently aggres-
sive.

4.3 Operation Log

Once an object has been imported into the client application’s local
address space, method invocationswithout side effects are serviced
locally by the object. At the discretion of the application, method
invocationswith side effects may a so beprocessed locally, inserting
tentative data into the object cache. Side-effecting operations also
insert a QRPC into a stable operation log located at the client.
Upon server reception, an operation is performed on the server.
Log flushing is asynchronouswith application activity.

Support for intermittent network connectivity is accomplished
by allowing the log to be incrementally flushed back to the server.
Thus, as network connectivity comes and goes, the client will make
progress towards reaching a consistent state.

Theprice of local updatesis that the client’s and server’s copies
of an object will diverge over time. At some point, network con-
nectivity will be restored and modificationsto exported objectswill
have to be reconciled with any changesto the server’s copies.

In most cases, we expect that changeswill have been made only
to the server’s copy or only to the client’s copy, but not to both. The
likelihood of conflicting modificationsis strongly application- and
data-specific. For example, it is unlikely that a user’s private data
would be modified by another server or client. On the other hand,
it is quite likely that a public calendar of interesting talks would
be modified by others. Our experience with Rover applicationsis
that handling independent updates is a rather simple task. While
conflicting updates are more difficult to handle, we believe that
our approach of allowing applicationsto specify conflict resolution
procedures on a per-operation basis will help in two ways. First,

it will help reduce the granularity of updates below that found in
traditional filesystem-based approaches, which will reducethelike-
lihood of aconflict and provide more information about the conflict.
Second, per-operation conflict resolution offers more flexibility in
handling a conflict.

We have already seen benefits from both effects in our use of
adistributed calendar application. The pre-Rover version is based
upon shared calendars stored in files. Updates to the calendars
have a window of vulnerability when two or more users try to
update the same calendar. The Rover version of the calendar uses
two techniques to reduce the likelihood of a conflict: it reduces
the granularity of conflict resolution to the individual appointment
and noticelevel and it handlescertain combinationsof simultaneous
changes(e.g., oneuser changing thetime of ameeting while another
changesthe topic).

There will be cases where conflicts cannot be resolved. To
provide for such occurrences, applications can include application-
specific information in each operation that can be used by the ap-
plication to provide the user with a clear indication of the cause of
aconflict resolution failure.

Another issuethat Rover addresseswith an application-specific
approach is the growth in size of the operation log during discon-
nected operation. The ability to convey application-level semantics
directly to serversis an important functional advantage, especially
in the presence of intermittent connectivity. However, it may lead
to an operation log that grows in size at arate exceeding that of a
simple write log. To address this potential problem, Rover directly
involves applications in log compaction. Applications can down-
load proceduresinto the access manager for manipulating their log
records. For example, an application can filter out duplicate re-
quests (e.g., duplicate QRPCs to verify that an object is up-to-date
can be reduced to a single QRPC). In addition, applications can ap-
ply their own notion of “overwriting” operations to the operations
inthelog.



4.4 Network Scheduler

The network scheduler groups rel ated operations together for trans-
mission. We leverage off the queuing performed by the log to gain
transmission efficiency. The result is a reduction in per-operation
transmission overhead and an increase in connection efficiency by
amortizing connection setup and teardown across multiple requests
and responses; this amortization is especially important when con-
nection setupis expensive (either in terms of added latency or dollar
cost).

The network scheduler may reorder logged requests based upon
two primary criteria: the session’s consistency requirements and
application-specified operation priorities. Using these criteria, the
scheduler provides an ordering for flushing operationsfrom thelog.

Rover applicationsprioritize requestsby usinga*“ quality of ser-
vice” model to specify delivery importance. This model closely
matches other familiar service models, like postal delivery. A per-
son requiring long-term postal delivery usesa 32 cent stamp. They
recognize that the mail may be delivered anytime within a day or
two or perhaps more. Imposing a two day delivery deadline in-
creases the cost to 3 dollars. Delivery overnight costs 10 dollars;
same-day delivery is100dollars. Thissame* pay morefor faster de-
livery” model can be applied directly to message delivery between
clients and servers. The user’s desire for delivery speed can be
directly balanced against transmission costs, especially considering
that the cost of communication is considerably higher for wide-area
wireless communication.

Quality of service is also a factor in the choice of delivery
transport. For example, the requested quality of service would
influence a choice between SMTP and TCP.

Client applicationsthat import objectsare not the only sourceof
network traffic. The object cache generatestraffic for revalidation of
cached objects. In addition, client applications may issue prefetch
requests. Such background traffic can be used by the network
scheduler to fill gapsin primary network traffic and optimize link
utilization of connection-based networks.

The Rover network scheduler controls when and which com-
munication interfaces are opened and what should be sent over the
interface. The scheduler performs a matching function between the
quality of service desired for a request and the available network
transport options (based upon information provided by the commu-
nication layer). Likewise, objects sent to servers also include cost
information which is used to determine when to send results back
to the client. Thus, returning to the previous financial application
example, a user can specify the importance of receiving timely in-
formation, which can then be conveyed in the object sent to the
server.

We are continuing to investigate when to open a communica-
tion interface. Knowledge of the user’s willingness to pay a given
amount is not sufficient. What is needed is knowledge about ex-
pected future communication options. For example, consider a
person traveling to a remote destination via an airplane. While on
the plane, the person performs several operations, generating alog
of changes. The person assigns a moderate level of delivery fund-
ing per operation, alevel that is sufficient that the aggregate sum of
funding is above the threshold for use of an expensivewirelesslink.
However, at the end of the flight, significantly cheaper linkswill be
available. Without such future knowledge, a naive scheduler will
yield less than optimal cost efficiency.

[ Function | Operation |
Rover_AddWrite Mutate an RDO
Rover_Export Export a modified RDO
Rover_Flush Flush a cached RDO
Rover_GetDV Get an RDO’s dependency

vector

Rover_GetPid Get an RDO's process ID
Rover_Import Import an RDO

Rover_LoadApplication
Rover_MarkPermanent

Import an RDO and execute
Mark an operation permanent

Rover_NewSession Create a new session
Rover_PendingWrites Get acount of pending writes
for an RDO

Rover_PromiseClaim Claim apromise

Rover_QRPC Issue a non-blocking QRPC
Rover RPC Issue ablocking RPC
Rover_Shutdown Shut down a client application
Rover_Update Update the Rover RDO

cachefrom alocal RDO

Table 1: Rover library functions.

5 Rover Implementation

Since Rover is a research platform, we have chosen a layered,
modular approach to implementation, which favors flexibility over
performance. Our intention is to use the prototype as a testbed for
awide range of ideas.

Rover is implemented on IBM ThinkPad 350C and 701C lap-
tops running Linux 1.2.8, DECstation 5000 workstations running
Ultrix 4.3, and SPARCstation 5 and 10 workstations running SunOS
4.1.3_U1. The Rover server can execute either asa Common Gate-
way Interface (CGI) application of NCSA's httpd 1.4.2 server (run-
ning on Ultrix and SunOSin the non-forking, pool of serversmode),
or asa standalone TCP/IP server. Rover server code consists of ap-
proximately 1500 lines of C code.

The Rover client code relies upon CERN's pre-release multi-
threaded version of the Web Common Library (version 3.0pre3) for
HTTP support. The client code consists of approximately 10000
lines of new C code plus an additional 200 of modifications to the
Web Common Library.

Network connectivity is provided by 10 Mbit/s switched Ether-
net, wireless 2 Mbit/s WaveL AN, and dial-up lines. In addition to
HTTP over TCP/IP, we have implementations that uses SMTP over
TCP/IP and raw TCP/IP.

Our primary mode of operation isto usethe laptopsas clients of
the workstations. However, we also use the workstations as clients
of other workstations.

The Rover implementation is composed of three primary layers:
server and client applications, system support, and transport. We
discuss each layer in the following sections.

5.1 Client and Server Application Layer

The highest layer in Rover is the client and server application
layer. Rover applications consist of Tcl/Tk scripts [43] and binary
applications. The Tcl/Tk scripts are interpreted using a Tcl/Tk in-
terpreter environment that has some simple C extensionsto support
RDOs(see Table 1) and linked with aRover library. Thelibrary pro-
vides functionsfor communicating with the Rover accessmanager.
Using the C extensions, server applications construct Tcl/Tk RDOs



in response to client requests; the RDOs are then transported by
Rover to client applications. Likewise, client applications construct
modification operations, which are kept by Rover in a per-object
data structure. When an application calls export, these modifi-
cations operations are turned into QRPCs and stored in the stable
operationlog. Binary applicationsaredirectly linked with the Rover
communication functions.

We chose this implementation approach becauseit greatly sim-
plified development of our initial prototype. However, werecognize
that this is an interim solution. In our prototype, we are not using
a secure or safe language. Instead, limited security is provided by
executing some RDOs in a separate address space, by interpreting
RDOs written in Tcl, and cryptographic authentication of all mes-
sages exchanged between the access manager and Rover servers.

5.2 System Support Layer

System support in Rover consists of a set of client-side and server-
side modules. The server modules exist mainly as library routines
invoked by incoming requests from clients.

TheRover server isasecure setuid application that authenticates
reguests from client applications, mediates access to RDOs, and
provides a Tcl/Tk execution environment for RDOs from client
applications.

We provide two implementations of Rover servers. Oneis com-
patible with the Common Gateway Interface (CGlI) [40] of standard,
unmodified HTTP compliant servers (e.g., CERN or NCSA’s httpd
servers). The other implementation is a standalone TCP/IP server
which provides a very restricted subset of HTTP. Both servers of-
fer identical functionality and communication interfaces to Rover
client applications.

The HTTP server forks and executes a new image of the CGI
implementation of the Rover server. As aresult, any state that
needs to be persistent across connections must be re-read for each
connection. In addition, there is a significant amount of overhead
associated with using the CGl interface (e.g., the cost for the f or k
and execve required to start the application). Thesewere the mo-
tivating reasons behind our choice to also implement the standalone
TCP/IP server.

On the client side, we use a local client-server model: each
Rover application executes in a separate address space and com-
municates viaLocal Remote Procedure Call (LRPC) with the local
Rover access manager. To improve efficiency, a copy of each
imported object and RDO is cached within a client application’s
address space. This copy is unavailable to other applications on
the mobile host, but, if desired by the application, will be kept
consistent with the global Rover object cache.

The access managers are multithreaded with non-preemptive
servicing of client application requests and incoming responses
from servers. In addition, they have several background house-
keeping threads that perform operations such as log flushing, cache
cleaning, and revalidating cache entries.

Theclient-sideimplementation is designed to be used in a boot-
strapping mode, where the accessmanager loads application scripts
and binaries from a Rover server and starts executing them.

The Rover client cache is implemented using ordinary UNIX
files: one file contains a list with the cache's contents, and one
file is used for each cached object. The content list is stored in
memory in a hash table. When an object is entered into the cache,
it isfirst stored in a memory-resident table. A background process
periodically flushesnew or modified entriesto disk and updatesthe
disk copy of the content list. When the access manager receives

an import reguest, it queries the cache; the access manager first
searchesthe memory-resident table before searching thecontent list.
For cache maintenance purposes, the cache records several useful
attributes for each entry: when the object wasoriginally loaded, the
cost to load the object (currently, this is the time measured from
when the request was sent to a server to when the response was
received), and the last time an application referenced the object.

The Rover client log is also implemented as an ordinary UNIX
file. Rover usesthefile to save log entries, track the log entries that
have been sent to servers, and record the log entries that have been
deleted (either because a response has been received or because an
application deleted the request). When an application callsexport,
a set of QRPCs is entered into the log and Rover performs both a
flush and a synchronize operation to force the new QRPCs to the
disk. Thus, the flush is on the critical path for message sending.
Our prototype implementation favors simplicity over performance:
it does not perform any compression on the log [29] and it does not
employ efficient techniques for implementing stable storage (e.g.,
Flash RAM [13] or group commit [20]).

5.3 Transport Layer

Thetransport layer isthelowest layer of Rover, andisitself splitinto
two levels. The upper portion of Rover’s transport layer converts
Rover URNs into an HTTP POST message with a URL speci-
fying the server application (e.g., http://www.pdos.lcs.mit.edu/cgi-
bin/rover/e-mail) and a message body containing the RDO request
method and an authenticator. The server application verifiesthe au-
thentication information and, for import requests, generatesa copy
of the desired RDO and returns it in the HTTP response. For ex-
port requests, the server constructs an interpreter and interprets the
operation log provided in the data part of the request. URNSs have
the advantage that they add a layer of indirection to the resource
location problem. Thus, we can move resources based upon vary-
ing requirements (e.g., server load or availability) without exposing
such changesto end users.

The lower layer consists of a network scheduler and commu-
nication protocols. Messages can be sent over both connection-
based protocols (e.g., TCP/IP) and connectionless protocols (e.g.,
SMTP) [9, 24] and IP or non-IP based networks. The choice is
handled by the network scheduler and is based in part upon the
reguested quality of service. The implementation of the network
scheduler has several queues for different priorities and it chooses
a network interface based on availability and quality. Our current
implementation of the network scheduler does not rely upon an
economic model for making reordering decisions.

The implementation assumes that networks can reorder, drop,
or arbitrarily delay messages; thisis especially important for SMTP
delivery. Thetransport layer usesuniqueidentifiers and retransmis-
sion to provide at-most-once delivery semantics.

With TCP, the network interface directly communicates with
the server. For each QRPC, it opens a TCP connection, sends the
data, and then closesthe connection. We chosethis implementation
instead of an implementation that amortizes the cost for setting up
the connection over multiple QRPCs, since this what the HTTP
server currently does.

With SMTP, it communicates with alocal mail delivery agent,
which will forward the request on to remote proxy. The remote
proxy isimplemented as a mail filter program. For ordinary Rover
reguests, it opens a TCP connection to the requested server, sends
the requests, receives the response, and uses SMTP to send the re-
sponseback to the original sender where another mail filter delivers
the response.



We choseto use SMTP as one of the communication protocols
becauseit allows usto experiment easily with split-phase commu-
nication and staging datacloseto the destination. Theuse of SMTP
has its drawbacks. In particular, mail delivery can be plagued with
intermittent delivery problems, mostly relating to variable deliv-
ery latencies or intermediate gateways modifying message content
(e.g., truncating messagesand lines, reformatting content, or mutat-
ing lines containing special sequences). This complicatesthe Rover
implementation aswe must encode any databeing sent and perform
extra checks to ensure at-most-once delivery. For these reasons,
we view SMTP as an interim solution that is most useful because
it iswidely deployed. However, our architectureis structured in a
manner that will allow usto seamlessly incorporate support for any
future alternatives.

6 Rover Applications

To demonstrate our ideas and the Rover toolkit, we have im-
plemented three applications: a distributed calendar, an E-mail
browser, and a Web browser proxy. The suite was chosen to test
several hypotheses about our ability to reasonably meet users’ ex-
pectations in a mobile, partially-connected environment. These
applications represent a set of applications that mobile users are
likely to use. Because RDOs affect the structure of applications,
wefelt it wasimportant to test our ideaswith complete applications
in addition to using standard quantitative techniques.

6.1 Rover Exmh

To investigate the application design space of Rover, we have de-
veloped Rover Exmh, a port of Brent Welch's Exmh Tcl/Tk-based
E-mail browser. Parts of the browser itself and messagesare loaded
from a remote server in the form of RDOs. These RDOs cre-
ate the browser interface and load the user’s E-mail messages. In
addition, RDOs are used to implement application-specific consis-
tency and prefetching strategies. This was the first application we
implemented after implementing the core Rover client and server
functionality. It took us approximately three person-weeksto com-
plete theinitial port of Exmh to Rover.

Rover Exmh is organized as follows. The core of the browser
is unchanged from Exmh and is implemented as Tcl/Tk scripts.
Exmh’sfile system-based interface to the E-mail message handling
system, mh, was replaced with an object-based interface, which is
contained in RDOs retrieved from an HTTP server when the user
first loads the browser. The browser imports the user’sinbox (asan
RDO) and list of recently visited folders (also as an RDO). After
thelist RDO isimported, it automatically issuesprefetchingimport
operationsfor each of the folders on the list. When the user selects
a message for viewing, if it is not already present, it is imported
from the server and marked as loading in the folder display. The
messages states are updated as the messages arrive and become
ready for viewing. The browser’s interface runs entirely on the
client, so that button clicks and typing result only in local method
invocations, and are not exported to the server until after the user is
done. Thiseffectively demonstratesthe value of RDOsfor reducing
client dependence on connectivity and bandwidth.

For the Rover Exmh server, we added a thin veneer of Tcl/Tk
commands so that RDOs could invoke the appropriate E-mail mes-
sage handling commands. We also added support for detecting and
resolving conflicting modifications to a user’s folders and generat-
ing updates for informing clients of changes.

In terms of GUI issues, we modified Exmh’s display functions
to show the sizes of mail messages and to indicate (using color)
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Figure 3: The Rover Web Browser Proxy log display with anumber
of QRPCs and their status. Entries can be deleted, viewed, or
reloaded.

which messages were locally cached. We used RDOs to provide
this dynamically updated functionality.

We considered alternative approaches, such as using a POP
server. However, POP only provides message delivery and tem-
porary message storage. It does not work well in an environment
wherethereis no shared message storage. For example, in order for
auser to access messagesfrom both a mobile host and a fixed host,
the user must resort to temporarily storing messages in the POP
server when accessing them from the mobile host. Using Rover,
the Rover server is the repository for the user's mail and ensures
that the user sees a consistent view from any client.

6.2 Rover Webcal

Rover Webcal is a port of Ical, a publicly available Tcl/Tk and
C++ based calendar and scheduling program written by Sanjay
Ghemawat. Ical providesan X interface for maintaining acalendar,
which contains a set of items. An item is either an appointment or
anotice. An appointment starts and ends at particular times of day,
while anoticedoesnot have any starting or endingtime. Noticesare
useful for marking certain days as special; for example, a calendar
may contain anotice for April 15th indicating that taxes are due.

Under Ical, users sharing a calendar must share a file system.
Consistency is provided on a per file (calendar) basis. Ical peri-
odically checks the modification date of calendars so that it can
display the most recent information. Conflictsmay occur when two
or more users attempt to simultaneously update the same calendar.
When a conflict occurs, the user is given the choice of overwriting
the changed calendar or flushing his or her own changes. Thelike-
lihood of the race condition being a problem is a function of how
often clients modify calendars and how often they check calendars
for changes. In practice, on a distributed file system, there has not
been aproblem. In a disconnected environment, on the other hand,
we expected that this form of conflict would be extremely likely.
As such, we decided to move the consistency granularity to the
individual item level.

In Rover Webcal, each individual item isan RDO and is used as
the unit of consistency control. Rover Webcal uses RDOs in place
of items and calendars. Users can schedule events (e.g., modify
or create new items or calendars), which will then be marked as
tentative. Once the changes have been accepted by the server, they
will be marked as permanent.

In choosing the item as unit of consistency we address two
issues: update conflictsin the form of multiple changesto the same



Rover Base Rover Server
Program client code | client code code
Exmh 24000 Tcl/Tk | 250 Tcl/Tk 2600C
120C
Webcal 33000 C++ 4400 C++ 5600 C++
and Tcl/Tk | and Tcl/Tk | (from client)
660 C
and Tcl/Tk
Web Proxy none 250 Tcl/Tk none
2800C

Table 2: Lines of code changed or added in porting Exmh and
Webcal to Rover and implementing the Rover Web Browser Proxy.

calendar, and propagation of changesto general interest calendar
entries (e.g., meetings and talks) to mobile hosts.

Update conflictsare avoided in many casesbecausemost calen-
dar changesareto independentitems. However, we can also handle
certain classes of changesto the same item (e.g., one user changes
the item’s time, while another user changes the content). In addi-
tion, we have flexibility in the choice of action to take in the event
of anirreconcilable conflict. For example, when scheduling meet-
ings, the head of a department could mark their changesas always
overriding any other changes made by others in the department.

The second issue addressed by changing the granularity of con-
sistency control is the timely propagation of changes to affected
users. This issue is addressed both through the use of server call-
backsand by the need for the server to only send RDOsfor changed
attributes (and not the completeitem or calendar). Thissignificantly
reduces network traffic and network bandwidth requirements.

To port Ical to Rover, we split Ical into a client and server by
placing the GUI, calendar, and item handling code in the client,
along with an interface to Rover. We created the server by adding a
thin veneer of Tcl/Tk commandsto Ical’s file reading, parsing, and
writing code. We also added conflict detection and resolution code
and code to generate update information for clients registered for
callbacks.

We are also exploring the use of RDOs to perform group
scheduling functions as we consider this to be an good example
of where avariable division of labor is useful. When amobile host
iswell connected, it could handle the scheduling function; likewise,
when it is only partially connected, the scheduling function could
be off-loaded to a server.

We do not have an accurate measurement of the time to port
Ical asthe porting was done concurrently with theinitial client and
server implementations.

6.3 Rover Web Browser Proxy

The Rover Web Browser Proxy [10] is a unique application. It
will interoperate with most of the popular Web browsers. Using it
enabled usto rapidly produce one of the first full-function browsers
that allows usersto “click ahead” of the arrived data by requesting
multiple new documentsbefore earlier requests have been satisfied.
The proxy intercepts all web requests and if the requested item is
not locally cached, it returns a null response to the browser and
engueues the request in the operation log. When a connection
becomes available, the page is automatically requested. In the
meantime, the user can continue to browse already available pages
and issue additional requests for pageswithout waiting.

The proxy will also directly control NCSA’'s Mosaic [41] and
NCC’sNetscapeNavigator [42] browsersusing their remote control
interfaces. Cached Web documents are used whenever possible, to
allow for fast accessin the absence of anetwork connection. If an
uncachedfile is requested and the network is unavailable, an entry
is created in a displayed list of outstanding and satisfied requests.
Thelist is actually created by an RDO (Figure 3 showsan example
display). The display exposesthe object cache and operations log
directly to the user and allowsthe user limited control. For now, the
cacheis mostly managed explicitly by the user (hencethe “ Delete”
and“Reload” buttons); this seemsto beafairly reasonable solution,
especially in the case of results from form submissions, in which
only the user can decide for how long the requested data is useful.
One automated feature is prefetching: the delay between the user’s
reguest and its arrival at the remote proxy is used as an estimate of
the network latency. If the delay is above a user-specified threshold,
documents that are directly accessible from the one requested are
prefetched.

The design of the proxy is general enough that it will allows us
to experiment with using RDOsto dynamically generate web pages
(e.g., to ship Dynamic Documents [26] or fragments of databases
to mobile hosts).

Our Rover Web Browser Proxy has been used to interact with
Web resources through the SMTP-based transport layer, and has
been found to work reasonably well even on slow or very infre-
quently connected networks, aswell as on non-1P networksthat do
not permit HTTP connections. A certain amount of adaptation is
reguired onthe user’s part. Since documentsmay arrive in an order
different from that in which they were requested, the user must
be able to discover which resources are available at a given time.
The dynamically updated display list appears to do a good job of
allowing this.

Development of the proxy also occurred during initial system
development, making it difficult to determine the amount of time
spent implementing it. However, an initial prototype was imple-
mented within afew person-weeks.

6.4 Discussion

The three applications illustrate how RDOs can be used to adapt
workstation applicationsto amobile environment. Theweb browser
usesRDOsto create the GUI. Rover Exmh usesRDOsto implement
the user interface, resolve conflicts on updates of folders at the
server, and prefetching. Rover Webcal uses RDOs to provide the
GUI, to perform conflict resolution at the server, and to propagate
changes back to user. A generalization of Rover Webcal that is
under development uses RDOs to schedule appointments at the
server. All applications use QRPCsfor lazily fetching and updating
objectsand RDOs.

As can been seen in Table 2, the three applications also illus-
trate that porting file system-based workstation applications to an
object-based Rover model is relatively easy. For example, port-
ing Exmh and Ical to Rover required simple changes to 10% and
15% of the lines of code respectively. Most of these changescame
from replacing the file systems call with object invocations; these
modifications in Rover Exmh and Rover Webcal were made almost
independently of the rest of the code.

The implementation of the Rover Web Browser Proxy provided
a unique demonstration of how easily we could construct Rover
applicationsthat easily interoperate with existing applications. The
proxy wasinitially developed for Mosaic; however, adding support
for Netscape was a simple operation.



Server:SS5/70 TCP
Transport Latency | Throughput

Client null RPC 1 MByte

[ SS5/70 | Ethernet | 5] 52 |

Ethernet 8 5.0

TP 701C/75 WaveL AN 11 1.03
CSLIP14.4 380 0.025
CSLIP24 2100 0.002

Table 3: The Rover experimental environment. Latencies are in
milliseconds, throughput isin Mbit/s.

7 Results

We designed a set of experiments to validate our ideas and to
measure how effectively the Rover toolkit meets our goals. In
particular, the experimentstest the following hypotheses:

1. QRPC performanceis acceptableeven if every RPCis stored
inastablelog, or if SMTPis used as the transport protocol.

2. Caching RDOs reduceslatency and bandwidth consumption.

3. Migrating RDOs provides Rover applications with excellent
performanceover moderate bandwidth links(e.g., 14.4 Kbit/s
dial-up lines) and in disconnected operation.

In this section, we first provide details on our experimental
methodology and establish the baseline for QRPC performance.
Then, we test each hypothesisin turn.

7.1 Baseline Performance

Our test environment consisted of a single server and multiple
clients. The server was a SPARCstation 5 (70Mhz microSPARC-
1) workstation running SunOS 4.1.3_U1 as the server. The Rover
server ran as a standalone TCP server. The clients were IBM
ThinkPad 701C laptops (25/75Mhz i80486DX4) running Linux
1.2.8. All of the machines were idle during the tests. The net-
work options consisted of switched 10 Mbit/s Ethernet, 2 Mbit/s
wireless AT& T WaveL AN, and Serial Line |P with Van Jacobson
TCP/IP header compression (CSLIP) [25] over 14.4 Kbit/sand 2.4
Kbit/s dial-up links. To minimize the effects of network traffic on
our experiments, we configured the switched Ethernet such that the
server, the ThinkPad Ethernet adapter, and the WaveL AN base sta-
tion werethe only machineson the Ethernet segment andwereall on
thesameswitch port. Thestandard deviationsfor our measurements
were within 10% of the mean values.

To establish the baseline performance for QRPC, we measured
the latency and bandwidth of various representative network tech-
nologies. The results are summarized in Table 3. The table shows
the latency for null ping-pong and the throughput for sending 1
Mbyte using TCP sockets over a number of networking technolo-
gies. Thethroughput over CSLIPis high, becausethe compression
that is performed by the modem on ASCII data. The 1 Mbyte of
ASCII data is very compressible (GNU's gzip -6 yields a 14.4:1
compression ratio); since Rover is sending Tcl scripts (ASCII),
we expect that Rover application will also observe the benefits of
compression.

[ Protocol | Transport || Latency | Throughput |

Ethernet 47 0.74
TCP WaveL AN 61 0.48
CSLIP14.4 500 0.02
CSLIP2.4 3600 0.001
Ethernet 5600 0.02
SMTP WaveLAN 5800 0.02
CSLIP14.4 11000 0.007
CSLIP2.4 43000 0.001

Table 4: Timein milliseconds for a null QRPC (a 290-byte request
with a 5-byte reply). Throughput measured in Mbit/s for 16-Kbyte
QRPC requests.

[ Transport || Latency [ Throughput |

Ethernet 8 3.6
WavelL AN 13 0.92
CSLIP14.4 420 0.022
CSLIP2.4 3100 0.001

Table 5: Time in milliseconds to open a TCP connection, send
290 bytes, receive a 5 byte response, and close the connection.
Throughput measured in Mbit/s for 16-Kbyte requests.

7.2 The Performance of QRPC

To obtain insight into the performance of QRPC, we measured
the costs for performing various sizes of QRPC operations with
synchronous logging and compared these costs to the overhead of
corresponding TCP operations. Table 4 displays the times for per-
forming null QRPCs over various network technologies. For anull
QRPC, approximately 290 bytes are sent and 5 bytes are received.
We measured the throughput of Rover sending 16-Kbyte QRPC
requests. We have chosen these data sizes because they reflect the
sizesof small and large RDOs. The overhead of performingaQRPC
includes the time for the access manager to synchronously log the
RPC to stable storage, transmit the RPC, receive a null response
from the TCP-based Rover server, and lazily delete the RPC from
thelog. For comparison, Table 5 gives the latency and throughput
for TCP using the same data sizes asin the QRPC experiments.

We make two observations about the numbers for QRPCs on
slower networks. By comparing the QRPC numbers to the TCP
numbers, we see that the overhead imposed by QRPC is not sig-
nificantly greater than the minimum overhead imposed by TCP,
both for latency and throughput. Second, the cost of synchronously
logging datais dwarfed by the underlying communications cost.

We also observe that latency and throughput on fast networks
is sub-optimal. The difference between TCP and QRPC on these
networks is due to the overhead of writing the log entry, which
takesabout 37 milliseconds. (In the throughput experiments, Rover
writes the log using 16-Kbyte entries at 1.9 Mbit/s.) Most of this
overhead can be simply eliminated by employing a more sophisti-
cated implementation of the operation log: the current simplistic
approach to implementing the log accountsfor almost all the addi-
tional overhead over base TCP.

The performance when using SMTP is much worse than we
initially expected. There are several reasonsfor the high overhead,
including: the times to encode and decode the HTTP request and
response, the time spent sending and receiving the request and
response using sendmail (twice on each end), the time spent in



[ Type ]| NullRDO | 16KB RDO |

Tcl/Tk 0.06 0.06
Client 32 32
LRPC 74 20

Table 6: Timefor aninvokeon alocal RDO invocation in millisec-
onds.

the remote proxy processing the request, and the time spent in the
local mail filter processing the response. In addition, several of the
applicationsrequire processforks and must beloaded into memory.
We are investigating methods for reducing the overhead. However,
it is important to remember that Rover’s architecture moves the
QRPC off the critical path for an application.

While the extra overhead of using SMTP gatewaysis obvious,
there are benefits which may not be so evident. Oneis that SMTP
isfundamentally aqueued background process; it is more appropri-
ate than the interactive HT TP protocol for fetching extremely large
documents, such as video, which require large amounts of time
regardless of the protocol. Indeed, we see from Table 4 that the
differences in throughput are not nearly as pronounced for larger
QRPCs on slower networks. Another advantageis that the IP net-
works required for HTTP are not always available, whereas SMTP
often reaches even the most obscure locations. Of course, for small
documents, HTTPis still highly preferable when it is available.

7.3 The Benefits of Caching RDOs

To obtain insight into the benefits (reduction in latency and
bandwidth consumption) of caching RDOs, we compare the time
for a local invocation with the time to export an RDO. First, we
measured Rover’'s performance for three different kinds of local
null invocations: Tcl/Tk, client, and LRPC. A local invocation
occurswhen the target RDO is located on the mobile host, either in
the client application’s cache or in the shared cache. A null RDO
consistsof 45 bytesof Tcl/Tk codeand no data, while a16KB RDO
consists of 45 bytes of code plus an additional 16 Kbytes of data.

Table 6 lists the times for performing local null invocations.
The Tcl/Tk measurement isthe time for anull procedurecall within
the Tcl/Tk interpreter. The client measurement isthe time to export
an RDO from the local client application cache into the Tcl/Tk
interpreter and perform a null procedure call on the RDO. The
LRPC cost adds the additional step of performing alocal RPC to
the access manager to retrieve the RDO before exporting it and
performing a null procedure call.

Our cost for crossing address spaces (LRPC) is approximately
an order of magnitude greater than the underlying system cost (ap-
proximately 400 microseconds for sending and receiving a 4-byte
message across a pipe). We believe that this is due to the simplistic
approach we used to implement LRPC: it dynamically allocates
buffers, copies the data several times, uses an expensive protocol
for transferring messagesacrossa pipe, and usesanaive marshaling
scheme. All of these overheads can easily be eliminated.

We can now compare the local invocation time to the time to
export an RDO. (We measure the time for an export instead of
an import, because an export has to write the full RDO into the
log.) Exporting an RDO consists of performing an LRPC from
the application to the access manager with the updated RDO. The
accessmanager constructsa QRPC for the updated RDO and queues
the request with the RDO in the stable log. The network scheduler
dequeues the request and issues the update to a Rover server. The
server then constructsasmall reply RDO and returnsit to the mobile

[ Protocol | Transport || Latency | Throughput |

Ethernet 59 0.36
TCP WaveLAN 75 0.28
CSLIP14.4 555 0.02
CSLIP2.4 4100 0.001
Ethernet 5600 0.02
SMTP WaveL AN 5800 0.02
CSLIP14.4 11000 0.007
CSLIP2.4 44000 0.001

Table 7: Time for an export of a 57-byte RDO in milliseconds.
Throughput measured in Mbit/s for 16-Kbyte RDOs.

host. Finally, the access manager removes the QRPC from the log
and notifies the client application.

Table 7 provides the results for exporting small (47 code bytes
and 10 data bytes) and large (50 code bytes and 16K data bytes)
RDOs. Most of the overhead for exporting a remote RDO can be
attributed to the cost for performing an LRPC and a QRPC. The
remaining time is the communication transport time, the time to
create the RDO, and the time to process the request within the
access manager and the Rover server.

By comparing the time for an LRPC (7.4 milliseconds) with the
time for the export of a small remote RDO (59 milliseconds), we
concludethat LRPC is only asmall fraction of the total cost of ex-
porting aremote RDO. Therefore, caching RDOs can substantially
reduce the latency of method invocations. Similarly, we conclude
that caching can substantially reduce bandwidth consumption.

More interesting is the comparison between the time for a null
RPC over TCP and the time for LRPC, since the TCP numbers
give a lower bound on how efficient QRPC could be. Using the
fastest transport protocol, anull RPC over TCPtakes8 milliseconds
(see Table 5), which is already almost one millisecond slower than
our inefficient implementation of LRPC. We therefore conclude
that caching is worthwhile even when using the fastest transport
protocols. With the slower networks, the gains from using caching
become much larger: for a 14.4 dial-up line an LRPC is 56 times
faster (7.4 versus 420 milliseconds).

All measurementswere done using the standalone Rover server.
Using the CGl-based Rover server with Ethernet/TCP adds approx-
imately 110 milliseconds to the cost of exporting a small RDO.
About half of the cost is from internal HTTP server processing,
while the other half is the cost to fork and execute the Rover server.
Although the price for backwards compatibility with HTTP servers
is considerably high, it allows Rover to leverage off the extensive
available WWW infrastructure.

7.4 The Benefits of Migrating RDOs

To understand the performance benefits of dynamically migrat-
ing RDOsin an environment with moderate bandwidth linksand dis-
connected operation, we performed two system-level experiments.
In the first experiment, we measured the time to perform a simple
task using Exmh and Rover Exmh: starting the application and read-
ing all of the messagesin auser’sinbox (eight messages, rangingin
sizefrom 0.79 Kbytesto 32.7 Kbytes, totaling 65.4 Kbytes). For the
second experiment, we measured the time to perform a simple task
using Ical and Rover Webcal: starting the application and viewing
the appointments for a week’s activities (the user’s base calendar
included 16 other calendars, ranging in size from 16 bytes to 20
Kbytes, totaling 79.5 Kbytes).



Environment |

Transport | Time

X11R6 Ethernet 0:55
X11R6 (NFS) CSLIP144 | 2:36
Xremote (Windows 3.1) || 14.4Kbit/s | 9:08
Rover/App cached CSLIP144 | 1:34
Rover/App cached CSLIP2.4 7:56

Rover/Full cache CSLIP14.4 | 1:06
Rover/Full cache CSLIP2.4 1:37
Rover/Full cache none 1:.02

Table 8: Timeto start Exmh and Rover Exmh, and read all messages
in user'sinbox. Times are minutes.seconds.

[ Environment [ Transport | Time |
X11R6 Ethernet 0:15
X11R6 (NFS) CSLIP144 | 1:.02
Xremote (Windows 3.1) || 14.4Kbit/s | 3:20
Rover/App cached CSLIP14.4 | 1:09
Rover/App cached CSLIP24 | 10:16
Rover/Full cache CSLIP144 | 0:33
Rover/Full cache CSLIP2.4 1:11
Rover/Full cache none 0:29

Table 9: Time to start Ical and Rover Webcal, and check a week’s
appointments and reminders. Times are minutes:seconds.

The resultsfor the system-level experiments are summarizedin
Tables 8 and 9 respectively. As abaseline, we used the unmodified
version of each application running on the server and using X over
Ethernet to provide the user interface to the mobile host. For
limited bandwidth connectivity, we used NCD’s PC-Xware 2.0's
Xremote running under Microsoft Windows 3.1. We also tested
each unmodified application using NFSto accessthe server. Inthis
test we ran the application locally on the mobile host, which used
NFS to obtain and cache data (mail folder and calendar files).

For the Rover tests, we used Rover versions of each application
running locally onthe mobilehost. Wetested the performancewhen
the application binary and supporting RDOs were locally cached.
Thus, for Rover Exmh, we measured the time to retrieve the RDOs
representing the inbox folder and the messages contained within it,
while for Rover Webcal, we measured the time to retrieve the RDOs
representing the user’s calendar and the calendar items contained
within it. The “full cache” numbers measure the time when, in
addition to caching the application, all the RDOs encapsulating
the data were locally cached. However, the network was used to
validate that the RDOs, including the application code, were up-
to-date. Finally, the fully disconnected case measured performance
when all information was locally cached and validation requests
were enqueued and logged to stable storage for later delivery.

We first compare the Rover applications in disconnected mode
with the unmodified version of the application running on the server
and using X over Ethernet to providethe user interfaceto the mobile
host. When considering this comparison, it is important to recall
the relative performance differences between the server (SPARC-
station 5) and the mobile host (ThinkPad 701C), and that Rover
logs validation requests. We see that the Rover applications perfor-
manceis competitive with the unmodified applications (1:02 versus
0:55 for Exmh and 0:15 versus 0:29 for Rover Webcal). From this
experiment we concludethat Rover delivers excellent performance
in disconnected operation.

If we compare the unmodified applications running over Xre-
mote with the Rover applications over a 14.4 dial-up line, we see
that the Rover applications perform substantially better than the
unmodified applications over Xremote (1:06 versus 9:08 for Exmh
and 0:33 versus 3:20 for Rover Webcal). Even if the Rover cacheis
cold, the Rover applications still perform substantially better (1:34
for Exmh and 1:09 for Rover Webcal). What the numbers do not
show is the extreme sluggishness of the user interface when using
Xremote. Scrolling and refreshing operations are extremely slow.
Clicking and selecting operations are very difficult to perform be-
causeof thelag between mouseclicksand display updates. Because
of this, we could not run Xremote effectively over a2.4 dial-up line,
while the Rover applications ran fine over 2.4. From this experi-
ment we conclude that dynamically migrating RDOs (in this case
the GUI) delivers substantial performance benefits.

If wecompare X 11R6 (NFS) with Rover, we obtain aroughidea
of how systems with caching but without migrating RDOs might
perform. We seethat the Rover applicationsrun substantially faster
than the unmodified applications on lower bandwidth links. With
a 14.4 dialup-line the unmodified Exmh runsin 2:36, while Rover
Exmh runsin 1:06. Similarly, unmodified Ical runsin 1:02, while
Rover Webcal runsin 0:33. Again, most of the performance benefits
are coming from Rover’s capability to dynamically migrate the GUI
using an RDO.

8 Conclusions

We have found that the integration of relocatable dynamic objects
and queued remote procedure calls in the Rover toolkit provides
a powerful basis for building mobile applications. We have been
pleased by how easy it has been to adapt applications to use these
Rover facilities to create applications that are far |ess dependent on
high-performance communication connectivity. For example, one
might conjecturethat it would be difficult to build amobile version
of Mosaic that provides a useful servicein the absence of network
connectivity. In practice, we have found that the combination of the
Rover cache, relocatable dynamic objects for interactive support,
and queued remote procedure calls results in a surprisingly useful
system.

The largest, most important, drawback of the Rover approach
is that application designers must think carefully about how appli-
cation functions should be divided between a client and a server.
For example, to permit a disconnected client to interact with server
facilities, the application architect must create appropriate relo-
catable dynamic objects and make sure they are loaded into the
client’'s cache. If adisconnectedclient is permitted to make updates
to server-based objects, application-specific consistency constraints
must be implemented. Queued remote procedure calls may require
user interface adaptations that correspond to the idea of delayed
responses to requests. However, we have found that certain ap-
plications, including Mosaic and Netscape, can use queued remote
procedure calls with the creative re-engineering of existing proto-
cols.

It is possible that relocatable dynamic objects and queued re-
mote procedure calls will find application in workstation environ-
ments as well as mobile environments. For example, relocatable
dynamic objects can be used to off-load scripting tasks from Web
servers, and queued remote procedure calls permit the background
delivery of large objects, such as video segments.

Mobile computing has the potential to make a dramatic impact
on people’s lives, and we are encouraged by the wide range of
applications that are possible in the absence of continuous, high-
bandwidth connectivity. The next steps in our research program



will be to further understand how to accommodate an increasing
range of mobile applications that reflect the full capability of the
mobile environment to the end user.

Acknowledgments

We thank the anonymousreviewers (including the Stanford students
from Mary Baker's distributed systems course), Mitchell Charity,
Greg Ganger, Wilson Hsieh, Kirk Johnson, Chanathip Namprem-
pre, Peter Szilagyi, Bienvenido Vélez, Carl Waldspurger, Deborah
Wallach, and Ron Weiss for their careful readings of earlier ver-
sions of this paper and insightful discussions. We would also like
to thank Michael Shurpik and Sanjay Ghemawat for helping with
the development of Rover and Webcal.

References

[1] Adobe Systems. Programming the Display PostScript System
with X. Addison-Wesley Pub. Co., Reading, MA, 1993.

[2] M.G. Baker. Changing communication environments in
MosquitoNet. In Workshop on Mobile Computing Systems
and Applications, pages 64—68, Santa Cruz, CA, 1994.

[3] J.Bartlett. W4—the Wireless World-Wide Web. 1n Workshop
on Mobile Computing Systems and Applications, pages 176—
178, Santa Cruz, CA, 1994.

[4] T. Berners-Lee, R. Caillau, A. Luotonen, H. Frystyk, and
A. Secret. The world-wide web. Communications of the
ACM, 37(8):76-82, August 1994.

[5] T. Berners-Lee, R. T. Fielding, and H. Frystyk. HyperText
Transfer Protocol — HTTP/1.0. IETF HTTP Working Group
Draft 02, Best Current Practice, August 1995.

[6] A.D.Birrell and B.J. Nelson. Implementing remote procedure
calls. ACM Trans. Comp. Syst., 2(1):39-59, Feb. 1984.

[7] N.S.Borenstein. EMail with amind of its own: The Safe-Tcl
language for enabled mail. In IFIP Transactions C, pages
389415, Barcelona, Spain, June 1994.

[8] M. H.BrownandR.A. Schillner. DeckScape: An experimen-
tal web browser. Technical Report 135a, Digital Equipment
Corporation Systems Research Center, March 1995.

[9] D. H. Crocker. Standard for the format of ARPA internet text
messages. RFC 822, Aug 1982.

[10] A.F.deLespinasse. Rover mosaic: E-mail communication for
a full-function web browser. Master’s thesis, Massachusetts
Institute of Technology, June 1995.

[11] A. Demers, K. Petersen, M. Spreitzer, D. Terry, M. Theimer,
and B. Welch. The Bayou architecture: Support for data shar-
ing among mobile users. In Workshop on Mobile Computing
Systems and Applications, pages 2—7, Santa Cruz, CA, 1994.

[12] P. Deutsch and C.A. Grant. A flexible measurement tool for
software systems. Information Processing 71, 1971.

[13] F.Douglis, R. Caceres, F. Kaashoek, K. Li, B. Marsh, and J. A.
Tauber. Storage alternatives for mobile computers. In First
Symposium on Operating Systems Design and Implementa-
tion, pages 25-37, Monterey, CA, November 1994.

[14] F. Douglisand J. Ousterhout. Process migration in the Sprite
operating system. In Proc. of the 7th Inter national Conference
on Distributed Computing Systems, pages18-25, Berlin, West
Germany, September 1987. |EEE.

[15] A.Downing, D. Daniels, G. Hallmark, K. Jacobs, and S. Jain.
Oracle 7, symmetric replication: Asynchronous distributed
technology, September 1993.

[16] D. K. Gifford and J. E. Donahue. Coordinating independent
atomic actions. In Spring Compcon ’85, pages 92-92, San
Francisco, CA, February 1985.

[17] D. K. Gifford, R. M. Needham, and M. D. Schroeder. The
Cedar file system. CACM, 31(3):288-298, March 1988.

[18] J. Gosling and H. McGilton. The Java language environ-
ment: A white paper, 1995. http://java.sun.com/whitePaper/-
javawhitepaper_1.html.

[19] R. Gruber, M. F. Kaashoek, B. Liskov, and L. Shira. Discon-
nected operation in the Thor object-oriented database system.
In Proceeding of the Workshop on Mobile Computing Systems
and Applications, pages 51-56, Santa Cruz, CA, 1994.

[20] R. Hagmann. Reimplementing the Cedar file system using
logging and group commit. In Proc of the Eleventh Symposium
on Operating Systems Principles (SOSP), December 1987.

[21] H. Houh, C. Lindblad, and D. Wetherall. Active pages. In
Proc. First International World-Wde Web Conference, pages
265-270, Geneva, May 1994.

[22] L.Hustonand P. Honeyman. Partially connected operation. In
Proceedings of the Second USENIX Symposiumon Mobileand
Location-Independent Computing, pages 91-97, Ann Arbor,
MI, April 1995.

[23] L. B. Huston and P. Honeyman. Disconnected operation for
AFS. In Proc. USENIX Symposium on Mobile & Location-
Independent Computing, pages 1-10, Cambridge, MA, Au-
gust 1993.

[24] Information Sciences Institute. Transmission Control Proto-
col: DARPA Internet ProgramProtocol Specification. Internet
RFC 793, September 1981.

[25] V. Jacobson. Compressing TCP/IP Headers for Low-Speed
Serial Links. Internet RFC 1144, February 1990.

[26] F. Kaashoek, T. Pinckney, and J. Tauber. Dynamic documents:
Mobile wireless accessto the WWW. In Workshop on Mobile
Computing Systems and Applications, pages 179-184, Santa
Cruz, CA, 1994.

[27] R. H. Katz. Adaptation and mobility in wireless information
systems. |EEE Personal Communications, 1:6-17, 1994.

[28] L. Kawell Jr., S. Beckhardt, T. Halvorsen, R. Ozzie, and
I. Greif. Replicated document management in a group com-
munication system. Presented at the Second Conference
on Computer-Supported Cooperative Work, Portland, OR,
September 1988.

[29] J. J. Kistler. Disconnected Operation in a Distributed File
System. PhD thesis, School of Computer Science, Carnegie
Mellon University, May 1993.

[30] J. J. Kistler and M. Satyanarayanan. Disconnected operation
in the Coda file system. ACM Transactions on Computer
Systems, 10:3-25, 1992.



(31]

[32]

(33]

[34]

(39]

(36]

(37]

(38]

(39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

P. Kumar. Mitigating the Effects of Optimistic Replication in
a Distributed File System. PhD thesis, School of Computer
Science, Carnegie Mellon University, December 1994.

P. Kumar and M. Satyanarayanan. Supporting application-
specific resolution in an optimistically replicated file system.
In Proc. of the Fourth Workshop on Workstation Operating
Systems (WWOS-1V), pages 66—70, Napa, CA, 1993.

J. Landay. User interface issuesin mobile computing. In Proc.
of the Fourth Workshop on Workstation Operating Systems
(WWOS1V), pages 40-47. |IEEE, October 1993.

M.T. Le, F. Burghardt, S. Seshan, and J. Rabaey. InfoNet: the
networking infrastructure of InfoPad. In Compcon’ 95, pages
163-168, 1995.

A. K. Lenstra and M. S. Manasse. Factoring by electronic
mail. In Advances in Cryptology — Eurocrypt '89, pages
355-371, Berlin, 1989. Springer-Verlag.

B. Liskov, M. Day, and L. Shrira. Distributed object manage-
ment in Thor. In M. Tamer Ozsu, Umesh Dayal, and Patrick
Valduriez, editors, Distributed Object Management. Morgan
Kaufmann, 1993.

B. Liskov and L. Shrira. Promises: Linguistic support for
efficient asynchronous procedure calls. In Proc. SGPLAN
88 Conf. on Progr. Lang. Design and Impl., pages 260-267,
Atlanta, GA, June 1988.

J.C. Mallery. A Common LISP hypermedia server. In Proc.
First International World-Wde Web Conference, pages 239—
247, Geneva, May 1994.

L. B. Mummert, M. R. Ebling, and M. Satyanarayanan. Ex-
ploiting weak connectivity for mobile file access. In Proc. of
the Fifteenth ACM Symposium on Operating Systems Princi-
ples (SOSP), Copper Mountain Resort, CO, 1995.

National Center for Supercomputing Applications. Com-
mon Gateway Interface. University of lllinois in Urbana-
Champaign, 1995.

National Center for Supercomputing Applications. Mosaic.
University of Illinois in Urbana-Champaign, 1995.

Netscape Communications Corporation. Netscape Navigator.
Mountain View, CA, 1995.

JK. Ousterhout. Tcl and the Tk Toolkit. Addison-Wesley,
Reading, MA, 1994.

J.K. Ousterhout. TheTcl/Tk project at Sun Labs, 1995. http://-
www.sunlabs.com/research/tcl.

J. B. Postel. Smple Mail Transfer Protocol. Internet RFC
821, August 1982.

M. L. Powell and B. P. Miller. Process migration in DE-
MOS/MP. In Proc. of the Ninth Symposium on Operating
System Principles (SOSP), pages 110-119, October 1983.

J. Reesand W. Clinger. Therevised® report on the algorithmic
language Scheme. Al Memo 848a, Massachusetts Institute
of Technology Artificial Intelligence Laboratory, Cambridge,
Massachusetts, September 1986.

P. Reiher, J. Heidemann, D. Ratner, G. Skinner, and G. J.
Popek. Resolving file conflicts in the Ficus file system. In
USENIX Summer 1994 Technical Conference, pages183-195,
Boston, MA, 1994.

[49]

[50]

[51]

[52]

(53]

[54]

[59]

[56]

[57]

(58]

[59]

[60]

[61]

[62]

[63]

D. Riecken, editor. Intelligent Agents. Communicationsof the
ACM, 37(7), July 1994.

M. Satyanarayanan, J. J. Kistler, L. B. M., M. R. Ebling,
P. Kumar, and Q. Lu. Experience with disconnected opera-
tion in a mobile environment. In Proc. USENIX Symposium
on Mobile & Location-Independent Computing, pages 11-28,
Cambridge, MA, August 1993.

J. M. Smith. A survey of process migration mechanisms.
Operating Systems Review, 22(3):28-40, July 1988.

K. Sollinsand L. Masinter. Functional Requirementsfor Uni-
form Resource Names. Internet RFC1737, December 1994.

D.B. Terry, A. J. Demers, K. Petersen, M. J. Spreitzer, M. M.
Theimer, and B. B. Welch. Session guarantees for weakly
consistent replicated data. In Proc. of the 1994 Symposiumon
Parallel and Distributed Information Systems, pages140-149,
September 1994.

D. B. Terry, M. M. Theimer, K. Petersen, A. J. Demers, M. J.
Spreitzer, and C. H. Hauser. Managing update conflictsin a
weakly connected replicated storage system. In Proc. of the
Fifteenth ACM Symposium on Operating Systems Principles
(SOSP), Copper Mountain Resort, CO, 1995.

M. Theimer, A. Demers, K. Petersen, M. Spreitzer, D. Terry,
and B. Welch. Dealing with tentative data valuesin discon-
nected work groups. In Proc. of the Workshop on Mobile
Computing Systems and Applications, pages 192-195, Santa
Cruz, CA, 1994.

M. Theimer, K. Lantz, and D. Cheriton. Preemptable remote
execution facilities for the V-System. In Proc. of the Tenth
Symposium on Operating System Principles (SOSP), pages
2-12, Orcas |sland, WA, December 1985.

J. Vittal. Active message processing: Messages as messen-
gers. In Proc. of IFIP TC-6 International Symposium on
Computer Message Systems, pages 175-195, Ottawa, Canada,
April 1981.

R. Wahbe, S. Lucco, T. Anderson, and S. Graham. Effi-
cient software-based fault isolation. In Proc. of the Fourteenth
Symposium on Operating Systems Principles (SOSP), pages
203-216, Asheville, NC, 1993.

B. Walker, G. Popek, R. English, C. Kline, and G. Thiel. The
LOCUS distributed operating system. In Proc. of the Ninth
ACM Symposium on Operating Systems Principles (SOSP),
pages49-70, Bretton Woods, NH, 1983.

T. Watson. Application design for wireless computing. In
Workshop on Maobile Computing Systems and Applications,
pages 91-94, Santa Cruz, CA, 1994.

T. Watson and B. Bershad. Local area mobile computing on
stock hardware and mostly stock software. In Proc. USENIX
Symposium on Mobile & Location-Independent Computing,
pages 109-116, Cambridge, MA, August 1993.

W. Weihl and B. Liskov. Implementation of Resilient, Atomic
Data Types. ACM Trans. Prog. Lang. Syst., 7(2):244-269,
April 1985,

J. E. White. Telescript technology: The foundation for the
electronic marketplace, 1994.



