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ABSTRACT 
The current proliferation of computers and wireless devices 
has enabled researchers to explore interesting ubiquitous 
computing applications, such as those posited by Mark 
Weiser in his 1991 article for Scientific American [4].  One 
service envisioned for this pervasive technology is the 
automated capture of everyday experiences made available 
for future access.  In this research, we have developed an 
infrastructure, known as INCA, to support novel 
exploration of the capture and access design space.  We 
validate the usefulness of this infrastructure by researching 
a number of previously investigated issues: 1) to simplify 
the development of applications, 2) to facilitate extending 
new system features onto an existing system, and 3) to 
understand the implications of a number of privacy 
policies. 
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INTRODUCTION 
Applications that automatically capture details of a live 
experience and provide future access to that experience are 
increasingly common in the ubiquitous computing 
community.  These applications leverage what computers 
do best – record information.  In return, humans are free to 
fully engage in the activity and to synthesize the 
experience, without having to worry about tediously 
exerting effort to preserve specific details for later perusal.   
There are many examples of automated capture and access 
systems (for a full review, consult [3]).  However, many of 
the new prototypes simply revisit ideas already investigated 
in earlier work.  The level of difficulty involved in 
developing these systems has impeded progress and novel 
exploration of the design space, meaning those who might 
have the most creative applications for automated capture 
and access still can not easily realize their visions.  Existing 
applications, however, typically are not leveraged as 

research platforms for further investigation because of 
challenges in managing and evolving them.  As a result, 
few studies have investigated the long term uses of such 
systems in authentic settings. 
With confederations of sensors and other ubicomp devices 
replacing the typical desktop input and output technologies, 
existing UI architectures that facilitate the building of 
traditional interactive systems often fail to support 
adequately the development efforts of this particular class 
of applications.  To address the difficulties involved in 
designing, building and evolving capture and access 
applications, we have developed INCA —an infrastructure 
for capture and access applications.  INCA supports an 
explicit architecture that embodies relevant design 
abstractions and separation of concerns that permits 
research of a number of issues not previously investigated: 

1. an environment to simplify the application 
development effort,  

2. the evolution of complex applications to include a 
number of interesting features, and  

3. the implications of different privacy schemes. 
INCA: INFRASTRUCTURE FOR CAPTURE & ACCESS  
While the specifics of why users want capture and access 
services are very dependent on the domains and situations, 
the broad goal of this suite of applications can be 
generalized.  In his 1945 Atlantic Monthly article, 
Vannevar Bush described his vision of the memex, a 
generalized capture and access application [1].  He noted 
that a “record … must be continuously extended, it must be 
stored, and above all it must be consulted.”  The point of 
every capture and access application is to preserve some 
portion of an experience so that it can be accessed in the 
future.  From the users’ perspective, all capture and access 
applications need to support: 

• the preservation of details from an experience, 
• the marking of associations between these captured 

artifacts, and 
• the availability of all information on a topic from 

previous experiences when needed. 
A capture and access application is typically comprised of a 
confederation of heterogeneous components that must work 
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seamlessly together.  As a result, application developers are 
often forced to exert large amounts of effort and time at 
tediously creating the “glue” that allows these independent, 
distributed, and heterogeneous systems to work together.  
However, these are accidental tasks – tasks not directly 
related to the developer’s primary goals in the development 
of the application.  This points out the potential for lower 
level support to aid in the construction of capture and 
access applications.  
We designed INCA with a small set of key architectural 
abstractions in mind to help focus the development effort 
on the essential features of the capture and access 
application.  From the design perspective, the similar 
structure of applications in the design space we have 
presented (in [3]) allows any capture and access application 
to be expressed in terms of these basic functions: 

• Part of the system is responsible for the capture of 
information as streams of data that are tagged with 
relevant metadata attributes.  A given application may 
have any number of capture devices. 

• Part of the system is responsible for the storage of 
information along with metadata.  

• When information needs to be converted into different 
formats and types, part of the system must transduce 
the information. 

• Part of the system is responsible for the access to 
multiple, related, or integrated, streams of information 
that are gathered as response to context-based queries; 
i.e., support for the integration of information can be 

wrapped directly into support for the access of the 
information, such that when information is requested, 
related streams of information are jointly provided. 

For any given application, there may be more than one 
instance of each of the above functions.  From the 
implementation perspective, INCA provides a direct way to 
translate applications designed the following way into 
executable form.  For each functional component above, 
INCA provides an encapsulated module that a programmer 
extends or uses as part of the application code. 
The previous four features of INCA presented abstractions 
meant to guide a designer in thinking about how to create a 
specific capture and access application. In addition to those 
essential application features, there are a number of other 
concerns that INCA supports to simplify the development 
and evolution process. Some of these features alleviate the 
programmer from concerns of a complex distributed 
system: 

• A network abstraction prevents a programmer from the 
worry of locating distributed modules; 

• INCA treats captured data as only raw bytes with 
tagged attributes; therefore, all data can be handled in 
the same generic fashion.   

• INCA has an extensible library of reusable components 
for common data types, currently including audio, 
video and ink and Web visits. 

• The Registry and all the specialized network modules 
are implemented with a watchdog thread which 
monitors its network connectivity, increasing 
reliability and self-maintenance. 

• INCA employs a simple network filtering method to 
minimize the amount of bandwidth consumption to 
increase the scalability of the overall system. 

• INCA supports a number of transport protocols, 
including HTTP, and FTP, in addition to its own 
specialized protocol.   

Other features of INCA provide support for desirable and 
more complex features of a capture and access application: 

• Attribute-triggered automated garbage collection 
allows the system to discard unwanted data.  

• An ObserveModule provides a detailed description of 
the run-time state of the system. A ControlModule 
allows for the modification of this run-time state. 
Together, these features allow for implementation of 
privacy and security features, instrumentation for 
extended evaluation purposes and dynamic adaptation 
of application features. 

EVALUATING INCA 
As part of this research, we will conduct two separate 
studies to evaluate the following hypotheses: 
• INCA can support the development of general capture 

and access applications. 

 
Figure 1.  General architecture for systems built using INCA.  A 
Registry is running at some well-known location and any number 
of applications acting as Capturers, Accessors, Storers, or 
Transducers can connect to it and share captured information 
through instances of specialized networked modules (such as a 
CaptureModule, AccessModule, etc.). 



• INCA can be used as a research testbed for 
investigating interesting capture and access issues that 
were previously unexplored. 

Developing Applications Using INCA 
We have completed the first version of the capture and 
access infrastructure and have made this distribution 
publicly available.  We have provided the infrastructure to 
members of our research group as well as several other 
research institutes.  INCA has been used to successfully 
build a number of applications, such as: 

• In under a week’s time, a student added the ability to 
capture and review interactions on a very large-scale 
input surface, covering two entire walls of a meeting 
room using six chained Mimio™ recording devices.  

• A student with no prior Java programming experience 
built a capture system for a Tablet PC that supports 
researchers at a school for children with autism record 
video of children during the school day and directly 
annotate the video with commentary on the progress of 
the child. 

• A number of students have contributed to a library of 
reusable components with specialized INCA capture 
and access modules for whiteboard, chat, audio and 
video.  

Novel Exploration of the Design Space Using INCA 
We will use INCA as a research testbed to investigate a 
number of particular issues in the capture and access design 
space: 

1. simplifying the development process to enable novel 
users to easily build applications from a smaller design 
space, 

2. building and evolving a complex classroom application 
to include a number of novel features, and  

3. investigating the implication of different privacy 
schemes. 

CAPE: A Tool for Simplifying Application Development 
Existing examples of capture and access typically target a 
small number of fixed environments and serve very specific 
purposes.  However, there exists a richer set of potential 
applications that remains to be investigated. To enable this 
exploration, we want to empower individuals within 
capture-enabled environments with the ability to build a 
variety of applications that meet their own needs.  We 
assume a sensor rich physical environment, such as the 
Aware Home at Georgia Tech, where rooms are 
instrumented with microphones, speakers, cameras and 
interactive displays —devices that are now more 
commonly found and cheap enough to imagine that they 
could be available in potentially every room. Raw audio 
and raw video are common captured streams of information 
that are rich in content and can always be processed to 
derive additional streams.  We plan support for additional 
devices in the future (e.g., recordable writing surfaces).    
The ideal physical environment also has knowledge of the 

location of its occupants; this is a service readily available 
within the Aware Home. 
CAPE is a Java–based client server system built on top of 
two toolkits developed at Georgia Tech in the past few 
years: INCA and the Context Toolkit [2].  CAPE provides 
the user with a GUI for selecting and specifying the capture 
and access behaviors of input/output devices distributed 
throughout a physical environment. Describing an 
application consists of defining the conditions under which 
different devices throughout an environment should capture 
information (for who, when and where a service should 
begin), what information should be captured, the conditions 
under which other devices access and display previously 
captured information, and the conditions under which 
captured information is removed, if at all.   
Potential applications that can be built using CAPE include: 

• Photo Album of Precious Memories. An application 
for selecting pictures to save as part of an electronic 
photo album. 

• Personal Audio Loop.  A near-term audio recording 
system designed to assist with the resumption of 
interrupted conversations. 

We are currently in the process of deploying CAPE in the 
Aware Home.  We will conduct focus group studies in the 
future to understand the kinds of applications users will 
want to build given the capabilities provided by CAPE.  A 
usability study will be performed to learn if users are able 
to use the tool to realize these visions. 

 
Figure 2. CAPE high-level architecture. The user interface acts 
as a client for creating applications by assigning behaviors to 
devices available in the physical environment.  Based on the 
conditions defined to trigger capture/access behaviors, devices 
can subscribe to a Context Toolkit widget that provides indoor 
position tracking and a clock.  Taggers for adding attributes that 
specify people present in a location, the current time, the data 
type being captured and the location are automatically added to 
capture devices.  Applications successfully created are then 
managed by an application server. 



Building and Evolving a Complex Classroom Application 
Challenges in managing and evolving ubiquitous 
computing applications have prevented researchers from 
evaluating their systems under authentic use and then 
modifying them to include interesting functionalities 
according to continual feedback from the user population.  
As a result, we continue to see the researchers develop 
capture and access systems that simply revisit ideas already 
investigated in earlier work.  The separation of concerns 
and abstractions designed into INCA can facilitate the rapid 
prototyping and then evolution of applications.   We will 
demonstrate how INCA supports novel exploration of a 
design space, in particular the commonly studied classroom 
domain. 
We have prototyped a canonical classroom application (see 
Figure 3) that supports the capture of a number of public 
streams that include slideshow presentations, audio, video, 
ink written on a physical or electronic whiteboard, and 
visited Web pages.  A Web interface provides access to the 
lecture notes and allows users to index into specific 
portions of the audio or video of the live experience.  We 
will then show how INCA facilitates extending this system 
to include a number of important or interesting features 
such as: 

• showing a history of slides captured during the lecture, 
• being able to swap out the use of electronic 

whiteboards as the capture technology with vision-
based techniques, 

• capturing additional prepared information, such as 
through a scanner and a document camera,  

• integrating personal note-taking with public capture, 
• using multiple interactive electronic whiteboards, and 
• muting of audio capture when privacy is desired. 

Investigating the Implications of Different Privacy Schemes 
Privacy is a major concern in this application space.  
Though sometimes invasive by nature, applications are 
rarely retrofitted with robust support for protecting privacy.  
As a result, privacy by design has become an important 
research issue.   

In the domain of automated capture and access, privacy can 
be accomplished in a number of ways.  Support for 
managing the lifetime of and access control to the 
information will allow application designs to easily specify 
how to preserve, discard and share captured information.  
Examples of potential privacy schemes include: 

• deleting information after some period of time expires, 
• selectively removing information in a manner that 

mirrors how artifacts decay in real life, and 
• preserving all information but restricting who has 

access to the captured data over time. 
New policies can be defined and reused in different 
applications to allow us to investigate the implications of 
various privacy schemes. 
SUMMARY AND FUTURE RESEARCH 
Our research is aimed at providing application developers 
with an infrastructure that makes it easier to build capture 
and access systems and to explore interesting issues not yet 
studied.  We have distributed this infrastructure to a 
number of developers of varying programming 
backgrounds to validate that INCA can be used to develop 
general capture and access applications.  We have 
developed CAPE, a tool that simplifies the development of 
applications in a smaller design space; this effort 
investigates enabling a group of users without 
programming skills to create their own applications.  We 
have used INCA to quickly prototype a canonical 
classroom system and evolved it to include interesting 
features; this effort validates INCA’s support for building 
complex systems and being able to extend it with important 
functionality.  We are currently researching INCA’s 
support for managing the lifetime and access control to the 
information as a means to flexibly specify privacy schemes; 
this effort will allow us to potentially understand the 
implications of different privacy schemes. 
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Figure 3.  A canonical classroom capture system that we built 
and will extend with new functionalities.  3a shows the capture 
interface.  3b shows the Web interface for reviewing the lecture 
notes. 


