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Abstract. We have been interacting with paper(-like) 
documents for millennia and have developed practices 
based on such technology. Likewise, we’ve been 
interacting with electronic documents for decades, 
developing a set of practices based on that technology. 
As the promise of ubiquitous computing is realized, we 
will soon have a rich new set of document technologies 
that will replace or augment our use of distinct 
paper/electronic documents. However, as McLuhan 
noted, “We shape our tools and thereafter our tools 
shape us.”[1] Practices will co-evolve with our use of 
new technologies, and those practices may be very 
novel. At Pitney Bowes, we are trying to create a 
ubiquitous computing environment that will help us 
“discover” potential new document practices. The 
environment must be capable of capturing and 
leveraging users’ interactions with documents as they 
work. Also, it must be flexible so that we can easily 
experiment with the interplay between technology and 
practices. This paper presents our ongoing work in 
developing such an environment.  

1   Introduction 
There once was a belief that paper would disappear as 
digital technology was more universally adopted, that 
all of our document-based practices would leverage 
only the digital technology. Yet, people continue to use 
paper. Digital technology even appears to promote its 
use, especially in office and related work 
environments. Researchers at the School of 
Information Management and Systems at the 
University of California at Berkeley have been tracking 
the growth of information, including that rendered on 
paper. In their 2003 study, they say:   

Paperless society? The amount of information 
printed on paper is still increasing, but the vast 
majority of original information on paper is 
produced by individuals in office documents 
and mail, not in formally published titles such 
as books, newspapers and journals [2]. 

Social scientists have been studying the use of paper 
for decades, trying to better understand why it persists 
– and grows – as it does. In The Myth of the Paperless 
Office[3], Sellen and Harper have proposed that paper 
has affordances that help people use documents to 
better support their work. The Berkeley study 
substantiates their hypothesis. 

There have been several different types of efforts in 
this area over the last 10 years [4], [5], [6], but as 
Wieser’s vision of invisible computing [7] becomes a 
reality, we can revisit this work on his terms. Paper is 
ubiquitous. It provides a natural means for interaction 
with invisible computing environments. The 
environment that we build must be able to capture and 
identify these interactions, and must be able to present 
the context of document use in a way that can enrich a 
user’s work experience.  

At Pitney Bowes, a key and growing part of our 
business is mail and document management for our 
office and industrial customers. We provide services 
for the creation, production, distribution and storage of 
documents in both paper and digital form. To this end 
we are developing an immersive environment that we 
work within and that we can easily deploy for others. 
From this, we hope to see new document practices 
emerge as afforded by ubiquitous computing 
technologies. And as we learn, we need an 
environment that can easily evolve to better support 
those new practices. 

We began by defining a responsive environment, 
called Atira. We emphasized the need for runtime 
flexibility, so that we could better experiment with a 
wider set of interactions. Our work has yielded an 
environment comprised of two pieces. First, we’ve 
defined a high-level architecture that includes a model 
for context, an infrastructure service that manages 
context, and an API that applications can use to 
leverage the service. Second, we’ve defined a 
framework, called the PAUR Pyramid, for building 
components that leverage sensed information to 
construct context and that determine and announce 
interesting happenings in the environment.   

This rest of this paper describes key insights and 
our current approach, based on those insights. Section 
2 briefly describes our initial prototype. Section 3 
describes some insights we gained from building the 
prototype and interacting with the environment. 
Section 4 defines our second, and current, iteration on 
our high-level architecture and framework for building 
context. Section 5 discusses related work and how we 
might leverage the work as we progress. Section 6 
presents issues and work that lay ahead of us.  



2   Early Work 
To build out an environment that was responsive to 
physical documents, we embarked on a three-step 
approach. First, we proposed an approach that would 
be capable of capturing interactions that document 
users would have with paper documents. This approach 
included attaching RFID tags to documents, thereby 
providing them with both identity and a means to 
communicate. Second, we defined a high-level 
architecture, as shown in Figure 1, that segmented the 
work needed to intercept, analyze, and leverage 
document-based activities. Third, we built an initial 
prototype that supported a range of activities, as 
described in an interaction script. The script included 
using physical documents as a means of transferring 
knowledge that was gained by others who read the 
document, keeping track of documents actively in use, 
finding related physical documents using digital search 
mechanisms, and explicitly retiring a document. 
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Figure 1 

Given that physical entities (people and documents) 
are tagged with RFID, we enriched the environment by 
adding readers to doorways, work surfaces, and cabinet 
drawers. We also added “virtual sensors” to 
applications that support document interaction, e.g., 
searching for a document. With this sensor-enriched 
environment, when a person interacted with a 
document and this interaction was detectable by 
sensors, messages were generated and posted to a 
publish/subscribe message space. Messages were 
customized to the instance of the sensor, e.g., those 
deployed at doorways produced a message noting entry 
or exit. Those deployed on work surfaces produced a 
message noting containment.  

The context management infrastructure built 
context, storing it as a set of properties within a set of 
entity models. These models represented all entities 
known to the environment, including people, 
documents, application, devices, and locations. We 
used RDF[8] to describe the state of each entity. The 
models were pre-populated with people, applications, 

and devices known to the environment. These types of 
entities had to be explicitly managed. Documents, 
being more dynamic in nature, did not need to be 
explicitly identified. If an unknown document was 
sensed, then new instances were made in the model, 
and document owners could augment the state using a 
special annotation application. 

 The context management infrastructure also 
determined how the environment should respond to 
context changes caused by interactions sensed in the 
sensor-enriched environment. We designed a layered 
framework that allowed us to incrementally add 
“intelligence” to the infrastructure in support of user 
tasks within the environment. This framework, called 
the PAUR pyramid, is shown in figure 2. It is 
comprised of four layers of components. Components 
within a layer play the same overall role, but are 
capable of specialized function by subscribing to a 
subset of messages from the layer below and 
processing these messages to add functionality within 
the layer. This approach thus enabled us to 
incrementally add function within the layers as we built 
out our user scenarios.   
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Figure 2 

The bottommost layer, Perception, is used to filter 
the types of stimuli used to build the context. This layer 
is populated with perceptor components, including 
ones for entry/exit, containment, touch, and command. 
The perceptors ensure that the sensed entities are 
known to the environment. Documents, if unknown, 
are registered. The perceptors then post the valid 
interaction messages back to the message space. 

The Awareness layer is populated with 
components, called monitors, that manage the state of 
active entities known in the context. Our prototype 
included document, application, and occupant 
monitors. The monitors determine activities – a person 
carrying a document, for example – that also may 



indicate a change in state and update all affected entity 
models. The monitors post a message whenever a 
model is updated. 

The Understanding layer is used to support 
intelligence in the behavior of the responsive 
environment. It is populated with components called 
grokkers, that determine the types of activities that are 
underway in the environment. Our prototype includes 
skeleton document, occupant, and application grokkers. 
We did not include much intelligence for our first 
attempts.  

The top-most layer, composed of components 
called responders, is intended to semantically drive 
environment function. It posts messages that describe 
the types of actions needed to cause the behaviors 
identified by the grokkers. Our prototype did not 
exercise this level of functionality and the responders 
were basically a pass-through.  

Our environment was enhanced with two 
prototyped applications, a browser-based interface to 
the environment called the Atira Browser, shown in 
Figure 3, and an application launcher. The browser 
showed the current state of the environment, including 
all persons physically or virtually participating in the 
environment and the set of documents being actively 
used by the person logged into the Atira Browser. 

 
Figure 3 

Our prototype allowed us to automatically sense the 
use of physical documents. When we used a document, 
the Atira Browser would list that document, and so we 
could easily access it to add online information about 
the document. We could then create a digital version of 
the content by scanning a document with a sensor-
enhanced scanner. The digital version would 
automatically be associated with the physical version 
by linking the unique identifier of both renderings. 

Our prototype also supported “functional spaces,” 
that is, spaces that imply intended behavior. One such 

space, an archival cabinet, provided a tangible interface 
for retiring a document. When a document was placed 
in the archive cabinet, it would be removed from all 
active document lists.  

3   Insights 
The prototype and interaction script showed the value 
of using a responsive environment to help bridge the 
use of physical documents to the digital representation 
of information, and to provide tangible access to that 
information. We were also able to use the prototype to 
support a mini-experiment that investigated the 
usability of digitally capturing partial information from 
physical documents. This use of the prototype was 
unplanned, but it supported the experiment very well. 
In short, the overall approach looked sound and 
warranted a second iteration. For this next iteration, we 
focused on three findings:  

1) Sensors should report only what they actually 
know,  

2) Entity-based context management is 
unwieldy,  

3) Ambiguity comes in two forms,  
a) Uncertainty: Interactions are sensed but 

could mean multiple things and  
b) Ignorance: Interactions may be missed.  

First, sensors in our prototype generated messages 
based on their use. A tag reader at a doorway would 
introduce an “entry/exit” message into the 
environment. A tag reader under a desk surface would 
introduce a “containment” message. The perceptors 
were shallow pass-throughs for valid messages. This 
uncovered both practical and theoretical problems. 
From a practical perspective, having “use-sensitive” 
sensor deployment meant that the same type of sensor 
contributed to the environment in different ways.  
Moving a sensor from one place to another could mean 
more than a geographic change. It might also mean a 
functional change. Second, from a theoretical 
perspective, the higher-layer perceptors were dumb 
while the sensors below them were smart. 
Function/abstraction typically increases as information 
propagates upwards.   

Second, entity-based context was unwieldy. For our 
use, we found that we were duplicating information 
across various entity instances. For example, the person 
entity included a list of active documents. The 
document entity included a list of active users. Both 
lists were needed to properly show the context of the 
entity. If a document was archived, the redundant 
information contained in the person entity had to be 
tracked down and removed. In general, systems that 
encourage duplicated information become complex 
quickly and are prone to errors when redundancy is not 
handled properly. 



Relationship Models  Third, the ambiguity introduced by sensor-enriched 
environments comes in two forms. Sensors may miss 
events. For example, a person may be missed by a 
sensor at the doorway of a room, but detected at a table 
within the room. The person clearly went through the 
door. Should the system rectify its ignorance? Sensors 
may also detect a set of entities, but be unable to 
provide enough information to distinguish the activities 
associated with the set. For example, the simultaneous 
appearance of a person and several documents within 
the field of a door sensor strongly implies that a person 
is walking through the door carrying the documents. 
However, if a second person enters at the “same” time, 
then the environment is uncertain about who is 
carrying the documents. Should the environment 
handle both types of ambiguity in the same way?  In 
both cases, further events help to resolve ambiguity of 
what happened. With ignorance, however, context is 
omitted. When the ignorance is resolved, context is 
added. With uncertainty, context is present but may be 
probabilistic. Context may be removed as the 
uncertainty is resolved.  

The addition of relationships for representing 
interactions between entities is one of the bigger 
changes from our previous work. In our work, 
relationships are binary in nature; they show the 
relation between two entities. Relationships, as shown 
in Figure 4, associated two entities (subject and object) 
using a linking verb. These verbs are classified into 
categories, including presence, proximity, and work. 
Generally speaking, we’ve restricted the scope of what 
we call “context” to be the set of relationships that 
currently hold. Relationships that are no longer valid 
are removed from our context and placed in a historical 
context model where they remain available, using 
access methods similar to those for current context.  

 

Verb Category
Verb Value
TimeToLive
IsResolved

CertaintyLevel
IsValid

Timestamp

Entity URI
EntityType
Description

Informaiotn Intrinsic to Entity

Subject Object

Entity URI
EntityType
Description

Informaiotn Intrinsic to Entity

 

4   Atira As She Stands Today 
For our second iteration, we’re focusing on the 

nature of context and the definition of the lower three 
layers. The view of the environment as the introduction 
of stimuli (at the bottom) and the initiation of behavior 
(at the top) are unchanged. The use of an infrastructure 
to build context and to notify the environment of 
changes in context is also unchanged. The biggest 
changes are in the semantics of our context models and 
the “intelligence” of our sensors. Both of these changes 
have impacted the definitions within the PAUR 
Pyramid framework. The following sections present 
our current architecture and framework definitions. As 
we are in the process of building a second prototype, 
we’ll defer the implementation discussion to a later 
paper.   

Figure 4 

Sets of relationships can be used to show more 
aggregated context. For example, we will have 
individual relationships between documents and their 
users (Person Is_Using Document). To determine all 
documents in use by a person, we can query the context 
model for all relationships where the subject identity is 
set to the person’s URI, the linking verb set to 
“Is_Using,” and the type of the object is set to 
document type. A list of relationships for all the 
documents currently in use by the person is returned. 
To determine all persons using a given document, we 
can query the context model for all relationships with 
the type of subject set to person type, the linking verb  
set to “Is_Using,” and the identity of the object set to 
the document’s URI. A list of relationships for all 
persons actively using the given document is returned. 
With this flat hierarchy, no duplicated information is 
needed, nor is any conditional tree processing needed. 

4.1   Atira Context Model 

To address insight 2, the models now differentiate 
between the intrinsic properties of entities and the 
relationships that entities may have with one another. 
Both entities and relationships are identified with 
unique URIs (Uniform Resource Identifiers)[9]. 
Entities have existence, e.g., people, documents, 
sensors, containers (i.e., spaces), and applications. 
Their properties describe aspects of their existence that 
are more statically defined in nature, e.g., name, 
author, and/or deployment information. Vocabularies 
for each entity type that determine the properties 
describing the entity are defined.  

4.2   Atira Framework 

We’ve revisited our framework, focusing on the 
bottom three layers. Figure 5 shows the updated PAUR 
Pyramid conceptual design. We’ve enhanced the 
semantics of the messages between layers and have 
revamped the roles played by components in the 
bottom two layers. We’ve also augmented the 
capabilities in the understanding layer to include 
support for initiating personalized behavior based on 



changes to the underlying context, involving specific 
entities or entity types. 

Sensors Report What They Know   
Sensors now report only what they truly know, as 
suggested by insight 1 above. We currently have four 
types of sensors enabled in our environment, including 
those that detect entities, pressure (i.e. touch), motion, 
and user messages.1 Messages sent by these sensors 
simply identify the sensor and pass information that the 
sensor is capable of detecting, e.g., the data in an RFID 
tag. 
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Perceptors Identify Interactions   
Perceptors receive messages from sensors based on the 
class of sensor. They use the name of the sensor 
included in the message to access the sensor’s 
deployment characteristics from the sensor model. 
Deployment characteristics include location where the 
sensor can sense, containers it “watches,” and devices 
it may control. Perceptors use the information provided 
by the sensor message along with the deployment 
information to determine interactions like: “a person 
has just appeared in an office” or “a document has just 
moved to a new location.” The perceptor posts a 
message reporting the new interaction to the message 
space. 

Monitors Determine Relationships 
Monitors listen for messages that describe new 
interactions and so may influence the current set of 
relationships known to the environment. All monitors 
are responsible for managing new relationships and 
cleansing the context of relationships that no longer 

hold. Additionally, monitors provide an interesting 
level of abstraction in which to investigate ambiguity 
(identified by insight 3 above) caused by non-perfect 
sensing, and mechanisms to resolve or tolerate it. 
When the context has been updated, the monitors post 
a message to the message space for each new piece of 
context. These messages include references to context 
that was retired as a result of the interaction.  

Grokkers Determine Interesting Happenings and 
Support them 
Grokkers listen for messages that describe changes in 
context and are designed to drive the “responsiveness” 
portion of the responsive environment.  
Responsiveness can occur as a result of either newly 
generated or retired context. The type/occurrence of 
responsiveness can be personalized to a specific subject 
entity and a specific object, or based on any (type) of 
entity. 

5  Related Work  
During the last few years, researchers have begun to 
look into the area of context. They’ve asked: What 
comprises context? How is it represented? What types 
of methods provide the best access to it? From this, 
we’ve seen the beginnings of a rich set of ideas and 
papers. Among the earliest, the Context Toolkit[11] 
advocated a design-time approach to building context-
aware applications. Applications are directly “wired” 
(via callbacks) to use widgets wrapped around sensors 
or widget aggregators. These may be discovered as the 
application runs. The context-based middleware[12] 
proposed by members of the Gaia[13] group define 
context producers, synthesizers, consumers, and 
discovery services for building awareness of context 
directly into applications. This work emphasizes the 
semantics of context drawing from methods used in the 
Semantic Web[14], and it explicitly builds high-level 
context using agent-based technologies. Researchers at 
Berkeley opted instead for an infrastructure-based 
approach[15] targeted at run-time support for context-
aware applications. They’ve defined an infrastructure, 
called ContextFabric[16], for creating and storing 
context information, and letting applications access 
context using a specialized query language. This work 
has been extended recently to provide more semantics 
to the context by a project called ContextMap[17]. 
ContextMap provides a uniform tree-based 
representation of the underlying InfoSpaces supported 
in ContextFabric for both physical and social context.  
Researchers at Stanford support application-based 
context using a lightweight XML database, called 
Context Memory[18] on top of their EventHeap[19].  
There are several other works that attempt to highlight 
definitions (or the proliferations thereof), issues, etc. 
These works include [20], [21], [22], and [23].  

                                                           
1 Note that sensors can be hierarchical. If multiple sensors are added to a window to 

determine position of touch, as done in [10], a hierarchical sensor could be defined that 
would be capable of identifying position and pressure, as reported by leaf sensors. In the 
work cited, the “Knock classification/Position Estimation” software could be augmented 
with such a sensor. 



Our work is very synergistic with several of these 
efforts and we hope to leverage some them as we 
continue with our experimentation. We use the same 
notions of semantics as proposed by the Gaia context 
middleware. Our monitors are close in function to their 
context synthesizers, though we represent the entire 
context in a separate database, similar to the Context 
Memory approach. We feel it is important to provide 
one place for context because new context 
(relationships) is derived from newly perceived 
interactions and existing context. Having one place for 
context helps us better change the nature of the 
environment as we learn more about emerging work 
practices.  

We distinguish intrinsic and relational context as is 
done in the ContextMap. However, we feel that a tree-
based representation, proposed in ContextMap, 
suggests a hierarchy among entities. We prefer to use a 
non-structured, binary relationship model and a 
separate set of models for our “intrinsic” context. We 
plan to follow this work as it evolves because it has the 
potential to grow into a system that would meet our 
requirements for managing context models.  

As for underlying infrastructure… We are currently 
using a publish/subscribe middleware based on 
JMS[24]. The EventHeap provides similar capabilities, 
and it would allow us to move beyond being simply a 
sensor-enriched environment. Potentially, we could 
adopt this approach and so be capable of leveraging 
more interaction devices in a more adaptable manner.     

6 Current Status and Future Work  
Our top priority is to enable enough of the environment 
to begin living in it. As part of that, we are trying to 
expand our document-interaction technologies beyond 
RFID. We plan to create “documents” that span 
rendering technologies and use these both 
electronically and digitally. By doing this, we hope to 
better understand current and emerging document 
practices for ubiquitous computing environments. 
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