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Abstract

Designing context-sensitive applications is challenging. We design and implement
SmartReminder to explore designing context-sensitive applications and to demonstrate how
the Solar system can be used in developing such applications. SmartReminder is an appli-
cation that reminds the user basedon contextual information. Current appointment-reminder
applications remind the user about their appointments at an arbitrarily speci¯ed time. For
instance, they might remind the user ten minutes before each appointment. SmartReminder,
on the other hand, usescontextual information, like location, to better estimate the appropriate
reminder time for each appointment. It reminds the user basedon where they are, where they
need to be, and how long it will take them to get there. This paper presents SmartReminder
asan illustration of how context-sensitive applications can be designedusing the Solar system
for dissemination of contextual information.

1 In tro duction

A context-sensitive application is one that is aware of its context and acts or adapts accordingly.

The context is the environment in which the application is running. It is determined by many

types of context information. With the advent of wirelessnetworking, allowing for easymobilit y,

location is an increasingly important part of an application's context. Other aspectsof the context

include weather, lighting, noiselevel, network connectivity and tra±c conditions. The applications

needsensorsto detect their context information and remain aware of their environments.

This project was supported by the Cisco Univ ersity Research Program, by Microsoft Research, and by DoD
DURIP contract number F49620-00-1-0212.
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This thesis explores the design of context-sensitive applications. It starts by giving a broad in-

tro duction into issuesthat one must consider when designing such applications. Next, it shows

how SmartReminder, the application we developed, is one such context-sensitive application. The

rest of this paper focuseson SmartReminder: its design, its operation, and how it deals with the

various issuesencountered by context-sensitive applications. The goal is to demonstrate a method

for designingcontext-sensitive applications, and SmartReminder is a sampleapplication.

1.1 Con text-Sensitiv e Applications

Context-sensitive applications are aware of their surroundings. They adapt to changesin context

such as location of use, collection of nearby people, hosts on samesubnet, schedulesfor the day,

and so forth. Context-sensitive applications can be further divided into the following categories[5]:

Aw areness of pro ximate resources: Applications that detect resources,places or people of

interest to the user fall under this category. For example, they might detect the printers or

video camerasthat are closeby, or display a list of nearby restaurants.

Automatic Con textual Recon¯guration: This category includes applications that recon¯g-

ure devices based on the current context. For example, a device that is sensitive to the

lighting in its environment can adjust the brightnessof the screen. Similarly a device might

keepits disk spinning for longer if it has a power connection.

Con textual Information and Commands: Such applications adapt so that when a request is

received, the information they provide is di®erent basedon location. Considera web browser

whosehomewebsitedi®ersbasedon location. If you are in a dining area,and open a browser

it might show you the menu, while if you are in the music center it might show you the list

of performances.

Con text-triggered Actions: These applications perform actions, such as notifying the user,

based on a prede¯ned set of rules about contexts. They are di®erent from the previous
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categoryin that their actionsareautomatic and they arenot dependent on the userrequesting

information. SmartReminder is one such application.

Designing applications that are aware of their contexts is challenging. The challenge lies in the

complexity of capturing, representing and processingcontextual data. An application should have

an e±cient way to receive contextual information and adapt quickly to it.

2 Challenges of Con text-Sensitiv e Applications

While designing a context-sensitive application as described above, one must be aware of the fol-

lowing issuesand incorporate them into the design:

1. These applications are heavily dependent on sensors. But, most sensorssend redundant

information. For example,a location sensorwill constantly sendupdatesabout the location of

the device. Sincefor most contexts, the application is only interested in changes,it should be

noti¯ed only when such a changeoccurs. If the application doesindeed needall information,

it should be able to receive the raw stream of sensoroutput.

2. The application depends on several types or sourcesof context information. Some of the

context information might have con°icting implications. Applications must be designedto

handle such a possibility smoothly. To resolve the con°ict, certain context information must

take precedenceover others, or all information must be consideredbefore deriving an inter-

pretation of the information.

3. These applications are useful if they work on devices that can be carried around by their

users. These devicesare often less powerful than conventional desktops. The application

designshould take this into account and minimize the sizeof the application running on the

mobile device.

4. To make the application that runs on the device thin, it might have to use the network

extensively. Sincethe application usesthe wirelessnetwork, however, the user might venture

into areaswhere the signal is weak or non-existent. The applications should gracefully deal
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with the possibility of disconnection from network resources. It should also immediately

realizewhen the network connectionhas beenrestored and return to performing like normal.

5. Similarly, the application might losecontact with the sensorsthat detect contextual informa-

tion. Again, it should gracefully continue functioning as best it can until sensorinformation

is available, at which time it should resumenormal functioning.

6. Contextual information is the most important piece of information for these applications.

Someof the information they receive, however, might not be totally accurate. For instance, if

the location sensorplacesthe deviceat a certain location, how certain is the application that

the user is actually at that location? Applications should compensatefor possibleuncertainty

in the contextual information they receive. There will also be information that is certain.

Applications should know how to properly interpret the information they get.

7. Section 4 intro duces location-sensingsystems. These systems work either outdoors or in-

doors. Most context-sensitive applications require location information both when the user

is outdoors and indoors. Therefore, applications might need to work with location informa-

tion from two systems,one for outdoors and one for indoors. Integrating information from

thesetwo systemscould be a complex task becausethe two systemsmight represent location

di®erently [10].

3 SmartReminder

There are many reminder applications available that remind the user about meetings on his/her

schedule, for example, by beeping or by popping up a window on the computer screen. A vast

majorit y of them, however, do not have the abilit y to discern the appropriate time to notify the

user of a meeting or event. A context-sensitive application that is aware of its environment should

choosea reminder time appropriate to the context of the user. In particular, it should remind the

user about a meeting based on his/her current location and how long it will take to get to the

meeting venue. Such an application must be aware of several typesof context information. These

include:
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Time: This is the most trivial piece context information that a reminder should use, and one

that most, if not all, reminders currently use.

Lo cation: Location is a powerful pieceof data to consider when deciding the time and content

of the reminder. Location sensorsgive the application the abilit y to answer questions like:

Where is the user now? How far is the user from the place they have to be soon? Answering

these two questions makes the application extremely useful. For example, if Charles has a

meeting down the hall from his current location, he only needsa reminder a few moments

before the meeting. But, if his meeting is acrosstown, he should be reminded early enough

so that, had he forgotten about the meeting, he would still make it on time. Alternativ ely,

if the application determinesthat he is on his way to the meeting, it doesnot needto notify

him, and hencecan cancelor postpone the reminder.

User's schedule: A reminder application reminds the user of meetingson the schedule, so it is

essential that the application be aware of any changes.If an appointment is added,deletedor

modi¯ed, the reminders are updated accordingly. Since the application knows the locations

of the meetingsand the time it takesto get to them, it can alert the useraheadof time about

meetingsthat could potentially be hard to make. It may also be possibleto usethe location

of other userswho are slated to attend a meeting. Using this information, the application

could decideif another person is running late, and delay the reminder.

Pro ximate Users: The application can be aware of the location of other users. Using this

information, the application has the abilit y to remind a user about something he/she needs

to discusswhen they are with a certain person. Often we ¯nd ourselves wanting to discuss

something with someone,but forgetting when we are actually with the person.

W eather and Tra±c: Weather is a major factor to considerwhen calculating the time needed

to reach a destination. So too is tra±c. Although weather and tra±c can drastically a®ect

travel time, they are di±cult to quantify . We have not found a quanti¯cation, and save its

integration for future work.
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We designedSmartReminder, a protot ype context-sensitive reminder application, using most of

the types of context information listed above. In addition to adapting to di®erent contextual

information, SmartReminder must account for many of the common issueslisted above.

4 Lo cation-Sensing Systems

Location is clearly an important piece of information for most context-sensitive applications. In

the caseof SmartReminder, it is probably the most important. If we look at the list of contextual

information the application receives, the main decision on when to remind is basedon the user's

distance from the destination. Someof the other typesof context information are usedto improve

the estimate of best reminder time.

Commercial systems that detect location in an outdoor setting typically use Global Positioning

System (GPS) or cellular phone networks. Systemsthat detect location indoors, however, are less

commonly available. Designing a system to detect the location of a device indoors is complex for

a number of reasons. These reasonsinclude administration and management overhead, system

scalability and the harsh nature of indoor wirelesschannels. Indoor environments often contain a

substantial amount of metal and other such materials that distort the propagation of radio frequency

signals,making it hard to detect location using such signals [8].

Since determining location is imperative for the proper functioning of SmartReminder, and since

SmartReminder is gearedtoward the o±ce professionalwho is largely indoors, we consider a few

location-sensingsystemsthat aredesignedto work indoors. Wepresent three representativ esystems

here.

4.1 The Activ e Badge System

The Activ e Badge system was developed at Olivetti Research Lab in the early 90's [6]. The o±ce

personnelwore badgesthat transmitted IR signals. Sensorsaround the building picked up these

signals and reported them to a central server. An application could query the central server to
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obtain the location of any person.

4.2 The Cric ket Lo cation-Sensing System

Cricket is a location sensingsystemdeveloped at MIT [8]. It usesbeacons to disseminateinforma-

tion about a geographicspaceto listeners. A beaconis a small device attached to somelocation

and represents a certain space,such as an o±ce or conferenceroom. A listener is a small device

that can be attached to the mobile device carried by the user. The listener detects messagesfrom

the beacon,and usesthesemessagesto identify the spaceit is currently in. The boundariesbetween

adjacent spacescan either be real | like a wall | or virtual, such as regions of a large lecture

hall. The system has an API to allow applications on the mobile device to determine the device's

location.

4.3 The Nibble Lo cation System

Nibble is a location-sensingsystem under development at UCLA [9]. It works di®erently than the

others in that it does not use special hardware to determine the location of the user carrying a

wirelesscomputer. Instead, it usesthe signal quality from the accesspoints in the wirelessdata

network, as reported by the computer's wirelesscard. During a training phase,the system learns

the signal quality to expect at various locations. It takesinformation about the location, a namefor

example,and incrementally builds a Bayesiannetwork basedon the signal quality at that location.

This information can be used at a later stage to determine the most likely location basedon the

signal quality signature. This system also has an API that can be used by programs on mobile

devices to determine location. Nibble returns a list of probable locations with the probabilit y

estimate of being at each of those locations.

There is an element of uncertainty involved in the location estimate that the mobile devicereceives

from thesesystems.SmartReminder must account for this uncertainty when it makesits decisionon

the best time to remind. The designof the SmartReminderapplication incorporatesthe uncertainty,

as described in the next section.
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5 SmartReminder Application Design

Context-sensitive applications require largeamounts of information about their surroundings. They

must run in a framework that supports the dissemination of the context information collected by

sensors.This framework should scaleeasily to support diverseapplications running on dozensof

mobile devices. It should also abstract the context-sensing layer from the application. The core

application should not require modi¯cation to support a di®erent sensingsystem. SmartReminder

usesthe Solar system [12], developed at Dartmouth, to enable it to properly receive and adapt

to contextual information. There are other systemssimilar to Solar under development, which

are discussedin Section 7.1. We believe, however, that thesesystemslack su±cient scalability and

°exibilit y.

5.1 The Solar System

Solar represents contextual information as events. Sensorsare referred to as sources and they

publish a stream of events. An application subscribes to event streams | an event stream is a

sequenceof events | that it caresabout and adapts to events it receives. Context-sensitive appli-

cations are generally not interested,however, in a raw stream of events from a sensor.Applications

can ¯lter, transform, mergeor aggregatetheseevent streamsby de¯ning objects that support such

operations. Theseare called operators; the application programmer composesoperators into a tree

that transforms raw sensorevents into the high-level events the application needs.

Solar implements events as objects. Events are of a certain class that de¯nes their type. A

publisher producesan event stream, and an event subscriber receivesthe event stream and handles

each event accordingly. Each operator receives one or more event streams, and produces a new

event stream. Operators can subscribe to sourcesor other operators, but they need to form an

acyclic graph of event °ow, called an operator graph. An application extends the existing Solar

event graph, as needed,to produce the desiredevent stream, and subscribesto that event stream.

The Solar approach allows applications to receive events that meet their needs. It also allows for
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Figure 1: SmartReminder Design

an object-oriented design,which meansthat operators can be reused,and the context-sensinglayer

canbeabstractedfrom the application. Weexploit theseproperties in the designof SmartReminder.

5.2 SmartReminder Design using Solar

The SmartReminder designis illustrated in Figure 1. The circular objects represent sourcesand the

rectangular objects represent operators. The diagram is onepossibledesignand makesassumptions

about the working of the sensingsystems. This section is dedicated to explaining this ¯gure and

showing how the application works using this design. It also demonstrateshow the designcan be

modi¯ed to support other sensingsystems. Subsequent subsectionsdemonstrate how this design

solvesthe complexities we expected to encounter with this context-sensitive application.

9



5.2.1 Reminder Application Adapting to Changes in Con text

Operators notify the application of changesin context information. The noti¯cation is in the form

of an event (represented by solid arrows in the ¯gure). Theseevents are objects. They derive from

a baseReminderContextChangeEventtype and have updateReminder methods that the application

calls to update the reminder times. The application passesthe schedule,current context and list of

the reminder times to the method, and the method modi¯es the reminder times of the appropriate

appointments. The events handle the task of modifying the reminders and, therefore, are speci¯c

to the reminder application. This approach minimizes the modi¯cations necessaryto the core

application to support new typesof context information. One might arguethat the approach is not

modular becausewe depend on the context-sensing layer to provide application-speci¯c events. To

support the useof non-application-speci¯c sensingsystems,wesimply add an additional operator to

take a genericevent from the context-sensinglayer, and publish a ReminderContextChangeEventto

the application. Thus, we minimize the modi¯cations necessaryto the core application to support

new typesof context information, yet maintaining the modular nature of context-sensingsystems.

The remainder of this section discussesthe designat a higher level and is not concernedwith this

particular issue.

5.2.2 Schedule Information

A central databaseholds the scheduleof each user. Several applications canmodify a user'sschedule

becausethe databaseresideson an accessibleserver. SmartReminder reads this databasewhen it

starts up. To ensure that it always has a current version of the schedule, it must be aware of

changesto the database. The schedule can be kept current either by SmartReminder continually

polling the databasefor changes,or by events notifying SmartReminder of a change. The former

approach is ine±cient. Therefore, we choosethe latter approach as shown in Figure 1. A Calendar

source,which is an application that can be usedto modify the schedule,both updates the database

and noti¯es SmartReminder of the change. SmartReminder receives the noti¯cation and adapts

accordingly. This designensuresSmartReminder always has an accurate schedule.
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5.2.3 Lo cation Information

Location is an important form of context information in this application. The designfor handling

location information is somewhat dependent on the type of location-sensingsystem we use. The

system could either be one in which the mobile devicesensesits own location, or one in which the

sensorin a location sensesdevicesin its space.The Cricket and Nibble sensingsystemsdescribed

in Section4 usethe former approach and Activ e Badgeusedthe latter approach. Figure 1 assumes

the former approach. The location sensor,a sourceon the mobile deviceitself, continually publishes

information about the location of the device. The application is only interested in knowing about

changesin location, so a Location Changeoperator subscribesto this source,and publishesevents

to the application only when it decidesthat the mobile device has changed location. If instead,

the location-sensingsystem followed the secondapproach, with the mounted sensorsin the room

detecting the devicesin their space,the location-sensingoperator graph would look like Figure 2.

A room source,like Room A in this example, would publish events to which the Location Change

operator subscribes. This operator would maintain a list of the locations of various mobile devices.

When it ¯nds that a device'slocation haschanged,it publishesan event. There areseveral operators

listening for such events. Each ¯lters the event stream, forwarding only those events referring to a

speci¯c user or device.
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We might need to integrate two location-sensingsystemsto get information about location when

the user is outdoors and indoors. To do this, we would add an operator which aggregatesthe

location information from the two systemsand sendsthe Location Change operator the location

represented in a form it can understand. The architecture can thus be modi¯ed to integrate the

secondlocation-support system without modifying the reminder application.

5.2.4 Supp ort for Errand Reminders

SmartReminder allows the user to maintain a list of miscellaneouserrands to do when she has

the time. Many such \to do" items are errands to run at a particular location, such as a store.

SmartReminder conveniently reminds the user about each of these items when it decidesthat the

user has enoughtime to run the errand. To support this feature we have an Errand operator that

publishes an event to the reminder application telling it that there is an errand to be run. This

operator could either send the application a list of possibleerrands to run and let it decidewhich

ones to display, or send only the errands for which it knows the user has su±cient time. If the

operator is aware of both location and schedule information (seeFigure 1) it can discern whether

there is su±cient time to run an errand. It noti¯es the user | with an event | that an errand can

be run. The operator also sendsan event to the application when there is no longer enough time

to run an errand. If, instead, the operator is only aware of location information, it will not be able

to make a decisionon whether there is time to run an errand. It sendsan event to the application

giving information about the errand, including the distance from the user'scurrent location. Using

this information along with the user's schedule, the application can determine if it is appropriate

to alert the user. The former approach (in Figure 1) minimizes the computation on the mobile

device. It means,however, that the schedule information is stored twice. This aspect of the design

is discussedfurther later.

5.2.5 Distance Service

Solar is designedfor unidirectional °ow of event streams in the event graph of its publish-and-

subscribe framework. Applications might, however, need to use services that take parameters

and return information. These servicesdo not simply provide information regarding their own
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state as a sensorwould. In the caseof SmartReminder, we need a mechanism for computing the

duration of the commute from one location to another. We could do this computation on the

mobile device, but since we are interested in reducing the computation there, we need a service

that, given information about the two locations, will return the distancebetweenthem. The Solar

framework itself does not support such a query-oriented service. Therefore, as illustrated in the

Figure 1, we include a Distance Service. This application, external to the Solar architecture,

listens for requests and returns its estimate about the time it takes to travel between the two

locations. The Distance Service is designedto take into consideration other context information

when it makes its decision about travel time. The contextual information must, therefore, be

passedto the service. The ¯gure shows oneapproach: the reminder application sendsthe necessary

context information with every request to the service. Alternativ ely, the Distance Servicecould be

a Solar application, subscribing to the samecontextual information. As a service, it could listen

for connectionsfrom SmartReminder that are external to the publish-and-subscribe framework of

Solar . There are tradeo®sbetween the two approaches. The latter better matches the Solar

model, where applications subscribe to events. It also means, however, that there must be one

instance of the Distance Serviceapplication for each device,sinceit must subscribe to the context

of that device.

5.2.6 Pro ximate Users

SmartReminder keepstrack of a list of items that the userneedsto remember whenhemeetscertain

people. For example,Bob might needto be reminded to wish a certain personfor their birthday if

he meets them. The application should remind him at the appropriate time. There are two ways

in which we can senseother users who are close to us. One way would be to have the devices

directly senseproximate devices. For example, Bob's handheld might have an infrared sensorto

senseother devicesin its vicinit y. The application will know if he is with a friend, sinceit can detect

his friend's handheld. Given such a setup, the application is designedas illustrated in Figure 1.

A Proximate User source detects nearby users. It then publishes an event to an operator that

subscribesto theseevents. The job of this operator is to publish the event to the application only

if the application needsto be noti¯ed. SmartReminder needsnoti¯cation if a personit caresabout
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is nearby. Therefore, the operator must only publish an event that implies a pertinent personis in

the vicinit y. Alternativ ely, proximate userscan be sensedby their presenceat the samelocation.

If we usesuch an approach, this portion of SmartReminder would be designedlike Figure 3, where

Alice is interested in knowing when Bob is near. Again, this design will depend on the type of

location-sensingsystem available.

5.2.7 W eather/T ra±c Information

The application is noti¯ed of changesto weather and tra±c by a ¯lter operator. The operator

is noti¯ed of the weather and tra±c conditions periodically, and it decideswhether the change is

signi¯cant enoughto notify the application. This designignoresthe issueof how thesecontexts are

sensed.Both tra±c and weather are hard to quantify , and this is left for future work (Section 8).

The design assumesthat we have a proper way to quantify these contexts, and the operator is

designedbasedon this quanti¯cation method.

5.2.8 Summary

The overall design needsmodi¯cation basedon the type of sensorsavailable. The modi¯cations

necessaryto support the di®erent sensorsystemsdo not involve changesto the coreapplication, but

only to the layout of the operator graph. Weimplemented a protot ypeusingsomeof thesedesignsto

demonstrate that they are workable solutions. Section 6 discussesand demonstratesthe protot ype
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of this application. The subsectionsthat follow illustrate how the designof SmartReminder handles

the complexities of a context-sensitive application.

5.3 Smooth Handling of Con textual Changes

The designof the SmartReminder application provides a convenient way for it to becomeaware of,

and adapt to, changesin pertinent context. An event noti¯es the application of each contextual

change. Operators that can discern whether information they receive must be forwarded, reduce

the amount of redundant and inconsequential information the application receives. We illustrate

the manner in which the application adapts easily to contextual changeswith a simple scenario.

Alice usesSmartReminder. She is in her o±ce and it will take her 10 minutes to get to her next

meeting, which is in 15 minutes. She realizes,without the help of SmartReminder, that she has

this meeting, and begins walking towards the venue. Enroute she meets a colleagueand stops to

talk. Her meeting is in 10 minutes, but from this location it would take her only 5 minutes to

get to the meeting. Five minutes later, she is still talking to this person, and has not moved. So,

SmartReminder pops up a reminder, and shesays bye and leaves. Shemakes it to the meeting on

time.

In terms of events, here is what happens to ensure that the application behaves as expected.

When the application starts up, it readsthe calendar. With the aid of the Distance Serviceand its

contextual sensors,it estimatesthe best time to remind Alice of each of the upcomingappointments.

It decidesthat it should remind her about her ¯rst appointment 5 minutes from now. It makesthis

decisionbecauseit knows the appointment is in 15 minutes and the user is 10 minutes away from

the meeting location. As long as Alice remains in her o±ce, the location sensorwill continuously

transmit the o±ce as her location. The operator that ¯lters out redundant information will wait

until she leaves the o±ce before sending a location-change event to the application. This event

causesthe application to modify its reminder plan. When Alice meets her colleague she is 5

minutes away from the meeting location and the meeting is in 10 minutes. The application knows

her current location, so will set the reminder for 5 minutes from now. She talks to the colleague
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and no noti¯cation of a location change is sent to the application. Since there is no contextual

information being sent to the application, it does not modify its reminder time for the next 5

minutes. She continues talking, and, 5 minutes later, the application knows that it is time to

remind, so up pops the reminder.

Consider instead that Alice does not meet the colleague. The application never pops up the

reminder, becauseAlice is always going to be at the meeting on time. The location-changeevents

causethe application to modify the reminder time as the user walks closer.

Now, supposeAlice forgot about the appointment and started walking in the opposite direction.

Given the same°ow of events, the application modi¯es its reminder time basedon location, and

realizesthat the reminder time needsto be earlier than previously calculated.

This simple scenarioillustrates the easewith which the application adapts to contextual changes.

In a similar manner, the application can adapt to each of the di®erent typesof pertinent contextual

information.

5.4 Handling Con°icting Con textual Information

The application usesinformation that could potentially con°ict. It adapts to location and also to

the user'sschedule. The calendarmight state that the user is supposedto be at a certain location.

The location sensorsmight, however, report otherwise. SmartReminder is expected to base its

reminder decision on the location of the user. The design supports this requirement. Initially ,

the application sets up reminders for each item in the schedule basedon the location of the prior

appointment. It assumesthe user's location before he leaves for an appointment is the location

of the previous appointment. If the calendar changes,the application gets an event notifying it

of the change. SmartReminder recalculatesthe reminder times for appointments that are a®ected

by the change, again based on the location of the previous appointment. The appropriate time

to remind for the ¯rst meeting is decided basedon current location. After the ¯rst meeting, the

application has a reminder time for the next meeting computed using the location of the ¯rst
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meeting. If the user remains at the location of the ¯rst meeting, this reminder time is correct.

If the user moves somewhereelse, however, the reminder time for the next meeting should be

basedon the new location and not on the location of the previous meeting. The application gets a

noti¯cation of the location change,and hencecomputesthe reminder time using the new location.

It will, therefore, correctly give the location information it receives, precedenceover the calendar

information. Applications designed in this manner will be noti¯ed of all pertinent information

in a timely fashion, allowing them to decide how to adapt, and which information should take

precedencein the event of a con°ict.

5.5 Using Net work Resources

This section is devoted to two of the challengeslisted in Section 2. To compensatefor lesspow-

erful mobile devices, the application should make use of remote systemsto perform someof the

computation. Thesedevices,however, use the wirelessnetwork, and might occasionally lose their

connection to the network or to their sensors. Although such an occurrence limits the accuracy

of the application, the application should still be designedto handle such an event gracefully, and

work as best it can.

5.5.1 Handling Minimal Computing Power

Our design avoids excessive computation on less powerful mobile devices. First, the use of the

Distance Servicerelievesthe devicefrom having to compute travel times. This calculation requires

extensive map data. Second,since the application as a whole consists of sourcesand operators,

someof theseobjects can run on a remote machine instead of on the handheld. For example, the

Errand operator need not be on the mobile device. Since it runs on a remote machine, and only

publishesevents it knows are important, the load on the mobile application is reduced. The same

applies to other objects. Figure 4 shows how the objects might be distributed betweenthe mobile

deviceand remote machines.
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18



5.5.2 Handling Net work/Sensor In terruption

The application maintains state information, soif it is disconnectedfrom its sensors,it will continue

to function basedon the information it received earlier. If disconnectedfrom its location sensor,the

application will remind the userbasedon the current calendarand last available location. Sincethe

remindersaresetup initially with calendarinformation, and no newlocation information is received,

the application will automatically use the calendar, and hencehandle the disconnection from the

location sensorgracefully. Admittedly , the reminder might not be correct, but the application has

no way of knowing the location of the user. The application may allow the user to enter their

current location. When sensorinformation becomesavailable again, it will automatically be used

becausethe application will receive an event.

Network interruption meansthat the application doesnot have accessto the Distance Service. This

interruption is a problem, becausethe application now cannot make useof contextual information

even if it gets it. If this happens, SmartReminder either picks an arbitrary time, say 10 minutes

beforethe meeting, to remind the user,or it popsup a dialog askingthe userwhenthey would like to

be reminded about the meeting. It decideswhich to do basedon user preferences.The application

always ¯rst attempts to make the network connection, so it will make use of the network if it is

available.

Both these interruption-handling mechanisms ensure that the application continues to function

as best it can with the information it has. They also allow for the immediate resumption of the

serviceonce the connection to the network/sensors is restored. All context-sensitive applications

must handle an interruption from network resourcesor sensorsin a way that ensuresthat they

resumeregular functioning when the interruption ceases.

5.6 Comp ensating for Uncertain ty in Lo cation Information

Location-sensingsystemsattempt to accurately identify the location of the user. They are, how-

ever, not always successful. Systems like Nibble return the user's location as a list of probable
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location A B C D E
probability .10 .15 .50 .20 .05

minutes away 3 5 8 12 16

Table 1: Probabilit y of being a certain time from meeting at remote location, given the current
location is A,B,C,D,or E.

locations with the probabilit y of being at each of these locations. Context-sensitive applications

that depend on location information should considerthis uncertainty. SmartReminder must factor

the uncertainty into the travel-time calculation. It should be able to take a list of probable locations

along with probabilities and estimate of the travel-time to the destination. The application can

convert the locations into a list of travel times betweenthe location and the destination using the

Distance Service. The procedure it should follow to estimate the reminder time is best explained

using an example. Say the application has inputs as shown in Table 1, and that the meeting is

in 15 minutes. Assumealso that Alice depends on this application completely. If the application

givesa reminder, then Alice will leave immediately for the meeting. If not, then shewill not move

from her current location. How happy will Alice be with the application? Alice will be dissatis¯ed

if she is late for the meeting, and the later she is, the more dissatis¯ed shewill be. Conversely, if

the device tells Alice to leave too soon, shewill be dissatis¯ed becauseshehas to wait. Again, the

earlier sheis, the longer shehas to wait, and hencethe more dissatis¯ed shewill be. The objective

of the application is to make the user as happy as possible. We can model this objective using a

cost function. The reminder time that makesthe usermost satis¯ed is the time that minimizes the

expected cost.

5.6.1 Estimating Best Reminder Time with Cost Function

Let x be the number of minutes early the user arrives for the meeting. We need a cost function

that penalizesthe application for being either late or early. For simplicit y we usethe cost function

C0(x) = x2. In the next subsectionwe present cost functions that are more suitable for SmartRem-

inder. In this example, there will be no cost associated with reminding at a time such that the

user arrivesat the meeting at exactly the correct time. The application will su®era penalty that

is quadratic in the number of minutes early or late the reminder is.
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The goal of the application is to remind at a time that minimizes the penalty. Alice's meeting is

in 15 minutes, and according to Table 1 there is a 10%, 15%, 50%, 20%,and 5% chance that she

is 3, 5, 8, 13, and 16 minutes away, respectively. If the user leaves now (becausethe application

pops up a reminder), there is a 10% chancethat it will only take 3 minutes to get there, and thus

shewill be 12 minutes early. The device will su®era penalty of 122 = 144 in this case. Similarly,

there is a 15% chance that the user will be 10 minutes early resulting in a penalty of 100, and so

on. What is the expected penalty? Let's call it F .

F =
X

i

pi C0(t ¡ t i )

wherepi is the probabilit y that it will take t i minutes to get to the meeting from location i . t is the

amount of time before the event that we choseto present the reminder, so t ¡ t i = x. For t = 15,

F = 0:1 ¤ 144+ 0:15¤ 100+ 0:50¤ 49+ 0:20¤ 4 + 0:05¤ 1 = 54:75

This is certainly not the best we can do. A later reminder will probably be better. The application

must decide the optimal time to remind. Similarly, using t, we substitute into F and use the

derivative with respect to t to ¯nd the t that will minimize F and hencebe the optimal amount of

time before the meeting to display the reminder:

F (t) = 0:1 ¤ (t ¡ 3)2 + 0:15¤ (t ¡ 5)2 + 0:5 ¤ (t ¡ 8)2 + 0:2 ¤ (t ¡ 13)2 + 0:05¤ (t ¡ 16)2

F 0(t) = 0:2 ¤ (t ¡ 3) + 0:3 ¤ (t ¡ 5) + 1:0 ¤ (t ¡ 8) + 0:4 ¤ (t ¡ 13) + 0:1 ¤ (t ¡ 16)

= 2:0 ¤ t ¡ 16:9

t = 8:45

Using this approach, SmartReminder can estimate the appropriate reminder time given a list of

possiblelocations and the probabilit y that the user is at each of theselocations.

5.6.2 Cost Function for SmartReminder

The reminder application needsa cost function that penalizesboth early and late reminders. For

most people, however, being late for a meeting is much worse than being early, so late reminders
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should su®era higher penalty than early ones. For this reason,a cost function shaped like the onein

Figure 5(a) is appropriate. Its cost grows linearly with each minute early, but grows quadratically

with each minute late. The assumptionis that a positive x implies an early reminder and a negative

x implies a late reminder. Now that we have a graph of a function that we think is suitable, the

next step is to ¯nd a function that behaves in a similar manner. We have identi¯ed two functions

that behave like Figure 5(a). The ¯rst is

C1(x) = S(x) ¤ ax + (1 ¡ S(x)) ¤ bx2

where a and b are constants and S(x) is a sigmoid function that approximates a step function.

S(x) =
1

1 + e¡ cx

S(x) is shown in Figure 5(b). It estimatesa function that is 0 when x is negative and 1 when x is

positive.

C1(x) has two terms. When x is positive, since S(x) is 1, C1(x) is linear in x, and, when x is

negative, S(x) is 0, and C1(x) is quadratic in x. We can use this function in the place of C0(x)

from the previoussection. Using C1(x) in F (t), wheret is the number of minutes beforethe meeting

to remind, we again ¯nd the t that minimizes F (t) by taking the derivative.

Another possiblecost function is

C2(x) = a ¤ (x + jxj) + b¤ (x ¡ jxj)2

Again, when x is positive, C2(x) is linear in x, and when x is negative, C2(x) is quadratic in x.

Again, the constants a and b can be adjusted. We can use C2(x) in F (t), but since this function

has absolutevalueswe cannot directly take the derivative to ¯nd the optimal value of t. Here is an

alternate method to ¯nd the reminder time that minimizes the expected cost.

Consider the example from Table 1. We substitute into F (t):

F (t) = 0:1 ¤ (a ¤ (t ¡ 3 + jt ¡ 3j) + b¤ (t ¡ 3 ¡ jt ¡ 3j)2)
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Cost

(a)

Figure 5: (a) Cost function for Reminder Application (b) Approximate Step function

+ 0:15¤ (a ¤ (t ¡ 5 + jt ¡ 5j) + b¤ (t ¡ 5 ¡ jt ¡ 5j)2)

+ 0:5 ¤ (a ¤ (t ¡ 8 + jt ¡ 8j) + b¤ (t ¡ 8 ¡ jt ¡ 8j)2)

+ 0:20¤ (a ¤ (t ¡ 13+ jt ¡ 13j) + b¤ (t ¡ 13¡ jt ¡ 13j)2)

+ 0:05¤ (a ¤ (t ¡ 16+ jt ¡ 16j) + b¤ (t ¡ 16¡ jt ¡ 16j)2)

The objective is to ¯nd the value of t that minimizes F (t). Figure 6 is a graph of F (t) with

a = 3 and b = 1. Clearly, F (t) is minimized for 3 · t · 16, where 3 and 16 are the shortest

and longest possible travel times according to the Distance Service. When t is less than 3, F(t)

grows quadratically, becausethe linear terms cancel out. Similarly when t is greater than 16, all

the quadratic terms cancelout, henceF(t) grows linearly from t = 16 and has a positive slope.

The key to our solution is to note that if we pick valuesof t in certain regions,we can eliminate the

absolute values. In this example there are 4 regions to consider. These are values of t between 3

and 5, 5 and 8, 8 and 13, and 13 and 16. In the third region (8 · t · 13), for example,we simplify
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F (t) to G3(t), after evaluating the absolute value terms basedon t being between8 and 13.

G3(t) = (0:1 ¤ 2a ¤ (t ¡ 3)) + (0:15¤ 2a ¤ (t ¡ 5)) + (0:5 ¤ 2a ¤ (t ¡ 8))

+ (0:20¤ 4b¤ (t ¡ 13)2) + (0:05¤ 4b¤ (t ¡ 16)2)

G0
3(t) = 0:2a + 0:3a + a + (1:6b¤ t) ¡ (1:6b¤ 13) + (0:4b¤ t) ¡ (0:4b¤ 16)

= 2b¤ t ¡ 27:2b+ 1:5a

Figure 7 graphs the functions for each of the regions above. In each region i , the curve for G i (t)

matchesthe curve for F (t). If a region i contains the minimum point for Gi (t) then the minimum

for F (t) is at that point. This is true becausethe curve for F (t) has a single turning point. Since

the region contains a turning point for Gi (t) and the curvesmatch in the region, F (t) will alsohave

the sameturning point. The turning point for Gi (t) is a minimum point, therefore, F (t) has the

sameminimum. Similarly, no other region j , can have a Gj (t) such that the minimum for Gj (t)

is in the region j , becausethis will contradict the assertion that F (t) has a single turning point.

Therefore, if a region i contains the minimum point for Gi (t) then the minimum for F (t) must be

at that point.

We can use the above fact to determine the minimum value for F (t). First we calculate F (t) for
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each of the input points; the input points are the region boundaries. Next we ¯nd the value of

t from this set that has the lowest F (t). Since F (t) has one turning point, there are now three

possibilities: The minimum is in the region to the left of t, in the region to the right of t, or at

t. We ¯rst remove absolute values from F (t) using the region to the left. For this example, from

among the 5 possible region boundaries, F (t) is least when t is 13. We generatea function like

G3(t) above for the region 8 < t < 13. Then we take the derivative and solve for the value of t

that minimizes G3(t). If the value is in the region 8 < t < 13 then this is the minimum value of

F (t) and we are done. If not, we do the samefor the region to the right, in this case13 < t < 16.

If the minimum value is not in that region either, this is a boundary caseand the minimum value

is when the t is 13. For this particular example, with a = 3 and b = 1, G3(t) is minimized when

t = 11:35. This value of t is in the region between8 < t < 13, so this must be the minimum value

of F (t). From the graph, we can seethat this result is correct. In this way we can solve the cost

function for the value of t that minimizes F (t).

We can useeither of thesecost functions to estimate the optimal time to remind. Of course,other

cost functions are possible.

6 Implemen tation of a SmartReminder Protot yp e

We built a SmartReminder protot ype from our design. The protot ype runs on Fujitsu Stylistic

C-500Pen Computers, using Windows 2000. We addeda CiscoAironet 340WirelessLAN Adapter

in the PC card slot, for accessto the 802.11wireless networks. Solar is implemented in Java,

so SmartReminder is also implemented in Java. The location-sensingsystem has not yet been

installed, so the protot ype has a sourcethat takes the location as input from the keyboard, and

publishes the events accordingly.

6.1 Demonstration of SmartReminder

Alice arrivesat work at 10:00AM, and turns on the reminder application on her mobile computer.

She is vaguely aware of her schedule for the day, but trusts her SmartReminder application to
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Figure 8: Screenshotof Dialog that noti¯es of con°icts in schedule

Figure 9: SmartReminder Alert

notify her of her meetingsso shecan make them. When the application has initialized, it displays

a dialog like the one in Figure 8(a). She realizesthat the secondcon°ict is becauseof a meeting

in her calendar that she intends to leave early. This item in the Con°icts list can be ignored. She

doesnot know what is causingthe ¯rst con°ict, however. Alice looks at her calendarand seesthat

she is scheduled to pick up a tape from Bob at the Medical School at 10:15 AM. She does not

have enoughtime to pick it up and still make her meeting at the Hop on time. Accordingly, Alice

calls Bob and asks him to leave the tape outside his door, so she can pick it up later. She then

removesthe meeting from her schedule, and movesit to the list of errands shehas to do when she

has the time. SmartReminder updates the Con°icts screento the one in Figure 8(b). She knows

that SmartReminder will remind her to pick up the tape when shehas the time.

It is now 10:10 AM and since she has just removed a meeting, she knows she has time to get

something to eat before her next meeting. Shewalks towards the cafe, and as sheenters, shesees

a long line. Unsure whether shewill get food or not, shedecidesto join the line, and wait until her

SmartReminder tells her to leave. To her dismay, a few minutes later sheseesthe dialog shown in
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Figure 9 and realizesshehasto leave for her meeting if sheis going to reach it on time. The meeting

at the Hop is quick and ¯nishes in 15 minutes. Shedecidesto check if shecan run an errand now.

When Alice clicks the To Do button on the earlier reminder (Figure 9) shegets a dialog listing the

errands that shecan do beforeher next meeting, Figure 10(a). The library is nearby and sheneeds

to return a book. She has time to run the errand, so she returns the book, and clicks the Done

button on the dialog. The reminder to pick up the tape from Bob doesnot appear becausethere

is not enoughtime to go to the Medical School and make it to the next meeting. Sheis reminded

about her next two appointments, and shemakesthem on time. It is now noon, and onceagain, she

clicks the To Do button on the last reminder. This time the reminder, as shown in Figure 10(b),

tells her shecan go get the tape. Shegoesto the Medical School to meet Bob. He is actually in his

o±ce, so Alice gets the tape and beginsto talk to him. There is a beepfrom her mobile computer,

and shelooks at it to seea reminder to ask Bob how his wife is feeling. Alice then remembers that

Bob's wife had surgery a week ago. Prompted by SmartReminder, she asks Bob about his wife.

Alice soon gets the reminder for her next meeting, so says bye to Bob and leaves.

The example above demonstrates the functionalit y of SmartReminder. It is an extremely useful

application for Alice.

6.2 Performance of Protot yp e

Oneof the goalswhendesigningSmartReminder wasto devisea way to easily integrate newtypesof

contextual information. While developing the application, weaddedonetypeof context information

at a time. We added operators and sourcesto handle the new types of context information, but

made minimal modi¯cations to the core reminder application. The events that operators publish

to the application perform most of the reminder updates. Thus, we demonstrated that our design

handles integration well.

The protot ype adapts in a timely manner to context changesand handles failure gracefully. We

ran tests with di®erent combinations of contextual changesto ensurethat the application adapted

appropriately. Initially , SmartReminder seemedoverly conservative in deciding on reminder time
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Figure 10: SmartReminder Errand Alerts

when confronted with uncertainty. It returned reminder times that werecloseto the farthest possi-

ble distance. We changedthe constants in the cost function to make the decisionslessconservative.

We intend to allow the user to de¯ne theseconstants in preference¯les (seeSection 8).

7 Related Work

There are two categoriesto consider. First, we examine systemsother than Solar that support

dissemination of context information to the applications. Second,we describe applications similar

to SmartReminder that are under development.

7.1 Con textual -Information-Dissemination Systems

Many systemssupport transformation of raw sensorinformation into high-level context, which is

available to applications. They are lesseasily expandable,becausethey do not provide support for

applications to derive re¯ned information from new information providers. Somesystemslike those

below attempt to overcomethis problem.

The Context Toolkit is a distributed systemthat represents each sensorwith a widget [1]. A context

widget is similar to a GUI widget. As in Solar , applications subscribe to contextual data published

by thesewidgets. Applications deploy \aggregators" similar to Solar operators to transform the

data beforeit is published to the application. It is unclearwhether theseaggregatorscanbestacked.
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The Context Information Service(CIS) is an architecture that represents the world asobjects [4, 10].

Objects include people and devices. Each object has state, and this state is determined by its

context. The CIS updates the state of the objects basedon the sensors.Applications can obtain

the state of theseobjects.

7.2 Other Con text-Aw are Reminders

Proem is a system that supports pro¯le-based cooperation [11]. Userscan write simple rules that

indicate their interests in other people. When someoneclose(in location) to the user has a pro¯le

that matches the interests of the user, the system alerts the user. It allows the user to identify

peoplewith more than just their name. SmartReminder is not quite as expandablewhen it comes

to nearby users. On the other hand, Proem doesnot support reminders basedon schedules.

The comMotion project provides support similar to SmartReminder's reminder about errands [2].

It reminds the user when shearrivesat the location of the errand. It doesnot, however, notify the

user if she is just closeto the location of the errand, and there is enoughtime to run the errand.

CyberMinder is a reminder system that allows the users to de¯ne the contexts when a reminder

should be displayed [7]. For example,it allows Alice to set a reminder for herselfwhen Bob is in her

o±ce. In this way it is very expandable. CyberMinder usesthe Context Toolkit for dissemination

of contextual information.

Each of theseapplications displays reminders when contexts meet a certain set of requirements. In

this way they aresimilar to the errand feature of SmartReminder. SmartReminder'smost important

feature, however, is that it provides timely reminders about meetingson the user's schedule based

on distance from the current location. This feature is not supported by any other reminder system

and is listed in the Future Work section of the CyberMinder system.

In terms of design,the architecture of SmartReminder is °exible. It allows for minimal modi¯cation
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to the application to support the addition of new types of context information and also di®erent

typesof sensingsystems. Other applications like Hippie [3], a context-sensitive nomadic exhibition

guide that usesa \mo deling approach", are less °exible and less generic. The generic nature of

the SmartReminder's design,using Solar , meansthat a similar designcould be usedin designing

other context-sensitive applications.

8 Conclusion and Future Work

SmartReminder is working now, but it is rudimentary. The features that need to be added are

listed below:

² We do not have a location-sensingsystem installed and a system should be added. The

application itself is ready to use location events supplied by such a system.

² We do not have support for weather and tra±c information incorporated into the system.

This information can have a drastic e®ecton travel time, and hencereminder time, so we

have to devisea way to senseand quantify this type of information.

² The support for uncertainty in location information assumesthat one location (the desti-

nation) is certain. Destination information is not necessarilycertain. Consider the caseof

detecting nearby users with location. The cost model must be extended to support both

locations being uncertain.

² Usersshould be given the abilit y to enter their preferencesinto the application. For example,

Bob might want his SmartReminder application to remind him of meetings5 minutes before

he should leave, but Alice might like them at the exact time. Also, a preferencecould be used

to adjust the constants in the cost function for deciding the optimal reminder time.

To understand how well our designor our approach to uncertain sensorreadingsextends to other

context-sensitive applications, we need to develop someother applications. Our experiencewith

SmartReminder demonstratedthat such applications can be designedusing Solar and gave insight

into the challenges involved in designing these types of applications. We devised methods for
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designingapplications using Solar and werecareful to ensurethat our designdecisionshad generic

context-sensitive applications in mind, and not just SmartReminder. We, therefore, believe that

we will be able to easily develop other applications if we follow an approach similar to the one we

usedin SmartReminder.
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