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"No Man is an island
Entire of itself.
Every man is a piece of the continent…."
-- John Donne (1572-1631)

1 Introduction
One of the challenges for knowledge-based systems is interoperation with other software,
intelligent or not. In recent years, our research group has participated in various
integration efforts, where interoperation was supported through translation techniques,
mostly at the syntactic level and more recently through ontology-based approaches. In
this article, I argue that the interoperation challenge will not be met with current
approaches, since they entail trapping knowledge into formal representations that are
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seldom shareable and often hard to translate, seriously impairing its mobility. I propose
an approach to develop knowledge bases that captures at different levels of formality and
specificity how each piece of knowledge in the system was derived from original sources,
which are often Web sources. If a knowledge base contains a trace of information about
how each piece of knowledge was defined, it will be possible to develop interoperation
tools that take advantage of this information. The contents of knowledge bases will be
more mobile and no longer be confined within a formalism. The Semantic Web will
provide an ideal framework for developing knowledge bases in this fashion. We are
investigating these issues in the context of TRELLIS, an interactive tool to elicit from
users the rationale for choices and decisions as they analyze information that may be
complementary or contradictory. Starting from raw information sources, most of them
originating on the Web, users are able to specify connections between selected portions
of those sources. These connections are initially very high level and informal, and our
ultimate goal is to develop a system that will help users to formalize them further.

2 The Need for Knowledge Mobility
This section argues the need for knowledge mobility from two viewpoints. First,
knowledge-based systems need to be built to facilitate interoperability and thus the
knowledge they contain needs to be more accessible to external systems. Second, our
knowledge bases capture knowledge in such a way that it is very hard to get out or
translate what they contain.
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2.1

No Knowledge Base is an Island

Knowledge-based systems are no longer built to function in isolation. Every application
that we have built with the EXPECT architecture [Blyhe et al., 2001; Kim and Gil 2000;
Gil and Tallis, 1997; Gil and Melz, 1996] in recent years has been integrated within a
larger end-to-end system in order to provide the overall functionality required. This
section describes several integration efforts that illustrate important challenges in terms
of knowledge mobility:
Significant differences in representation languages. We have found on several
occasions that different systems use representations and languages that adequately
support certain functionality or problem solving capabilities. Requiring that all the
systems in the integration adopt the same representation may be an option in some
cases, but many times doing this may be technically challenging or simply unfeasible
in practice. An alternative approach that ends up being more acceptable in practice is
to allow each problem solver to use different languages and representations and then
have ways to map back and forth between the two.
Discrepancies in modeling styles. Even when different knowledge bases are
developed in similarly expressive languages, different knowledge engineers practice
different modeling styles and approaches. Translators between different languages
help import knowledge bases written by different developers, but they only translate
one syntactic expression into another and do not address deeper differences in
representational styles. The rationale for modeling the original knowledge as a
certain suite of expressions is never captured in the knowledge base.
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Maintaining consistency among related pieces of knowledge. A single domain
description may be modeled piecemeal in separate parts of the knowledge base to
reflect different views or functions of the description. The individual pieces may not
be explicitly related in the knowledge base, especially when different pieces are only
used by different components of the overall integration. In general, very few of the
many and varied relations between individual pieces of knowledge are captured in the
resulting knowledge bases.

2.1.1 Plan Generation and Evaluation

Figure 1 shows the architecture of a knowledge-based system for Workarounds Analysis
that we developed for the DARPA High Performance Knowledge Bases Battlespace
Challenge Problem [Cohen et al., 1999]. This system estimates the delay caused to
enemy forces when an obstacle is targeted (e.g., a bridge is destroyed or a road is mined),
by reasoning about how they could bypass, breach, or improve the obstacle in order to
continue movement (e.g., by repairing a damaged bridge or installing a temporary one,
fording a river, removing mines, choosing an alternative route). Several general
ontologies relevant to battlespace (e.g., military units, vehicles), anchored on the HPKB
upper ontology, were used and augmented with ontologies needed to reason about
workarounds (e.g., engineering equipment). These ontologies were represented in
LOOM, a knowledge representation and reasoning system based on description logic
[MacGregor 1991]. The system also included two main problem solvers. A Course of
Action Generation problem solver creates several alternative solutions to the problem.
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Each solution lists several engineering actions for that workaround (e.g., deslope the
banks of the river, then install a temporary bridge, etc.), includes information about the
resources used (e.g., what kind of earthmoving equipment or bridge is used), and states
temporal constraints among the individual actions to indicate which can be executed in
parallel. This problem solver was developed using a state-of-the-art planner [Veloso et
al., 1995]. A Temporal Estimation/Assessment problem solver evaluates each of the
alternatives and selects one as the most likely choice for an enemy workaround. This
problem solver was developed in EXPECT. It used the information about engineering
equipment and techniques included in the ontologies as well as several dozen problem
solving methods to estimate how long it would take to carry out a given workaround plan
generated by the Course of Action Generation problem solver. This system was the only
one to attempt full coverage in this DARPA Challenge Problem, and demonstrated best
performance at this task.
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Figure 1 A Knowledge-Based System for Plan Generation and Evaluation

One of the challenges for integration illustrated by this system is differences in
representation. We found a huge gap between the representations used in the state-ofthe-art knowledge representation and reasoning systems and those of a special-purpose
reasoner, in our case a state-of-the-art plan generation system. The ontology of
engineering actions shown in Figure 1 was sufficient to support the temporal estimation
problem solver, but it needed to be significantly augmented by knowledge engineers to
develop the action descriptions required by the planner. These descriptions could not be
represented declaratively in the ontology, and thus had to be separately developed and
maintained. Conversely, the planner generated very detailed plans that included many
causal and temporal links among the actions, as well as steps and bindings that were
helpful for plan generation but had no counterpart in an engineering plan. Thus, only
portions of the final plan were incorporated back in the knowledge base. It is important
to notice that the issue was not a difference in content, but in the expressivity of the
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language regarding planning-specific knowledge. Although it may be possible (though
certainly non-trivial) to coerce the planner's representations into the ontology, it is not
clear that it is a superior representation for that kind of knowledge.
Another problem was maintaining consistency in the knowledge base. We needed to
keep three different parts of the knowledge base closely aligned: the ontology
engineering actions, the ontology of engineering techniques, the methods for time
estimation, and the planner's augmented engineering actions. Since each of these
ontologies required different expertise, different knowledge engineers were resposible for
each of them. The EXPECT knowledge acquisition tools [Kim and Gil, 1999] were very
useful in pointing out inconsistencies between the methods and some of the ontologies,
but the planner's actions were not accessible to EXPECT. Consistency across the
different parts of the knowledge base had to be maintained largely by hand. Some of the
performance problems during the evaluation of this system were traced to these kinds of
inconsistencies.

2.1.2 Mixed-Initiative Plan Generation

Another active area of research within our project is mixed-initiative tools to help users
create strategic plans, in particular in air campaign planning. In order to plan what air
operations will be conducted in a campaign, military planners use a strategies-to-task
methodology where low-level tasks are derived from higher level national and campaign
goals. For example, a campaign objective like attaining air superiority results in an
operational subobjective of suppressing enemy air sorties, which in turn creates an
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operational task of damaging key airbase support facilities. Ultimately, these objectives
are turned into missions stating which specific aircraft, crews, and airfields will be used
to accomplish the lower-level tasks. At the higher, strategic levels of planning users
prefer to maintain control of the planning process and specify the objectives themselves,
leaving automatic plan generation to the lower levels of the planning process. A series of
plan editors were built to allow a user to define objectives and decompose them into
subobjectives, possibly invoking automated plan generation tools to flush out the plan at
the lower levels. Because the plan creation process is mostly manual (at least at the
higher levels), it is prone to error. This is aggravated by the size of the plans (several
hundreds of interdependent objectives and tasks) and by the number of different people
involved in its creation. In order to help users detect potential problems as early as
possible in the planning process, we developed INSPECT, a knowledge-based system
built with EXPECT that analyzes a manually created air campaign plan and checks for
commonly occurring plan flaws, including incompleteness, problems with plan structure,
and unfeasibility due to lack of resources. For example, INSPECT would point out that if
one of the objectives in the plan is to gain air superiority over a certain area then there is
a requirement for special facilities for storing JPTS fuel that is currently not taken into
account. Without INSPECT, this problem might only be found when a logistics expert
checks the plan, a day or more after the execution of the overall plan is started.
INSPECT reasons about the kinds of objectives in the plan, notices that gaining air
superiority requires providing reconnaissance missions, which are typically flown in
stealth aircraft that need specific kinds of fuel (e.g., JPTS) that need to be stored in
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special facilities. INSPECT was very successfully received by users, since it always
found unintentional errors in the plans created by INSPECT’s very own designers.

Plan Editor
(Mastermind)

Plan Decomposition
Aid
(SDA)

ONTOLOGIES
Plans
Air campaign
objectives

Aircraft
and equipment
Airfields

Plan Server
(CORBA)

EXPECT-based
Plan Critiquer
(INSPECT)

Logistics
resources

Map-based
Visualization

Problem solving
methods
for critiquing

Time and
locations

Objectives
Specification

Plan
Generation
at lower levels

Figure 2 An Integration Framework for a Plan Critiquer

INSPECT was integrated in several architectures of very different nature. Figure 2 shows
an integration of INSPECT with a few knowledge-based tools within a pre-existing
software architecture that was CORBA-based. There was a plan server that contained not
only air campaign plans but also land and maritime activities in joint operations. The
plan server was not amenable to any major changes, so many of the plan details and
constraints that were used by the knowledge-based tools never made it there. Figure 2
also shows the different ontologies in INSPECT's knowledge base, whose integration and
development is described elsewhere [Valente et al., 1999].
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Figure 3 Integrating a Plan Critiquer in a Multi-Agent System

Figure 3 shows another integration, this time with several other planning aids within a
multi-agent planning architecture. This integration is another illustration of the
representational mismatch among different systems. The plan server in this architecture
contained rich representations of plans regarding their hierarchical decomposition, causal
and temporal dependencies, and overall planning process management. It lacked,
however, rich representations of objectives that were needed by the plan editor and by
INSPECT in order to analyze the requirements of each objective, and as a result these
representations were not incorporated in the plan server and were not available to any
other tool. We suspect that other modules found similar discrepancies between their
particular representation formalisms and the plan server.
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2.1.3 Critiquing Courses of Action

Another important integration effort was to develop an end-to-end system to help users
develop military courses of action, depicted in Figure 4. Users input a sketch on a map to
specify the activities of each force and a statement of the objectives of the course of
action. Several critiquers were developed by different groups to analyze different aspects
of the course of action in order to give users feedback about possible problems in their
design. We developed a critiquer with EXPECT to check problems related to plan
structure and use of resources. The other critiquers had complementary capabilities since
each of them addressed different kinds of critiques.
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Figure 4 Critiquing Courses of Action
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The application-specific ontologies used by our system were developed by other groups
involved in this effort. Importing these ontologies into our knowledge base was a
significant effort, as it was transforming the input course of action into a format
consistent with our representation.

The simpler translation issues arise in translating original ontologies in MELD or KIF
into LOOM, although sometimes mapping different names was necessary (e.g., to map
"TranslationLocationChange" into "Move"). More complex translations are required
because of deeper representational mismatches. For example, some expressions used to
describe the course of action stated that a certain task had protect as a purpose when there
was something to protect, while our representation created an instance of protect as the
purpose of the task. At times, some of the decomposition structure of the course of action
was implicit in the order of the statements, and we had to reconstruct that structure so that
it would be available in our knowledge base. We used the OntoMorph rewrite engine to
support these more complex mappings, which are described in more detail in [Chalupsky,
2000]. In essence, supporting this integration was challenging even though the languages
used by the different systems were comparable in terms of their expressivity. The
differences in modeling approaches and representations were quite significant and
required a complex translation system like OntoMorph.

2.1.4 Translation among Intelligent Agents
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As part of the initial stages of a new project to develop ontology-based translation
services for multi-agent systems, we conducted a study of an existing multi-agent system
(not developed by us) to determine the requirements of such a translation service [Gil,
2000]. This multi-agent system was developed to support non-combatant evacuation
operations, and was used to organize groups of helicopters to take people out of a
dangerous area and into a safe heaven. The agents participating included a suite of
interface agents that interact with users to get the initial helicopter team composition and
critical locations as well as unexpected threats to the mission (e.g., explosions), a route
planner, a threat (SAM site) finder, and helicopter agents that can work in teams in a
simulated environment. All of these agents were initially developed in radically different
contexts, and originally did not even share the application domain.

In a typical run, a few thousand messages are exchanged among the agents. We analyzed
the content of messages that are representative of the communications regarding
significant events and activities during the mission. Some of the findings include:

•

Syntactic translators are relatively easy to build and are often readily available for
many formats and languages. Yet, in the years ahead we will see large
communities of heterogeneous agents where pairwise translations will become
impractical. Each agent will have to advertise its capabilities and requirements in
one (or just a few) formats, and rely on translators and mediators to map those
requirements into those of other agents. In this particular system, syntactic
translations were often required even though the developers often agreed to

13

message formats that would minimize these needs. Even when the same kind of
information was transmitted different formats were used. For example, the latlong coordinates sometimes use the convention of an "X" and "Y" label, in other
cases the coordinates were preceded by "-lat" and "-long" (this happens when the
critical locations are given to helicopters by the interface agents), or just ordered
within parentheses (this is the format used by the threat finder to send threat sites
to the helicopter agents). A complex case of syntactic mapping was required
because the threat finder takes queries in SQL format.

•

Mismatches across representations were numerous and often due to modeling
with different granularities and levels of abstraction. For example, the route
generated by the route planner needed to be transformed to a coarser-grained
route in order to be useful to the helicopter agents. The route planner sends a
route composed of points that are 9 meters apart. The helicopters are tasked one
route segment at a time, and when a helicopter is given a route that is of a small
size (like 9 meters) it will say that the route is achieved without even taking off.
Dropping details from a plan is often needed when planning agents exchange
plans. This may involve dropping steps, dropping parts of steps, or may require a
completely different plan altogether. Another example of the need for such
transformations is that the helicopters consider routes to be composed of point-topoint segments, and the threat finder needed to be given a rectangular area to
initiate its search. The route segment was made into the diagonal of the
rectangular area, and as a result there were threats returned that were in the area

14

but not very close to the route itself. Similarly, the interface agents specified
helicopter landing zones as areas, while the helicopter agents take only a point as
landing zone.

•

Mapping among different representations may be complex, and invocations of
third-party agents may be necessary. The route planner and the threat finder use a
lat-long coordinate system, the helicopters use an "x,y, cell" format, and the
interface agents use UTM coordinates. Although it is possible to build ontologybased translators to mediate these communications, it may be more practical to
use the ontologies to simply detect the mismatch and then invoke a third party to
do the conversion since many such conversion systems are already available.
Other cases when invocation of other agents would be useful arise when an agent
can fulfill a request but needs information that the requesting agent may not have.
For example, the route planner required a map URL, the interface agents require a
range around a location, etc.

This particular multi-agent system illustrates the challenges in supporting interoperation
among intelligent systems, even in relative small scale and numbers. It would not be
simple to replace a subset of the agents involved by other agents of equivalent
functionality, which could probably not be done without some additional changes and
adaptations in the original remaining agents.
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2.1.5 Summary

Current efforts in the knowledge-based systems community aim to support
interoperability through shared ontologies and diverse translation tools. Drawing from
past experiences within our own research project, this section illustrates several points:
Shared ontologies do not address all integration issues. Content can be agreed upon,
but representational needs are determined by the functionality required of the
individual problem solvers and components within the system.
Maintaining consistency in the knowledge used by several components is a great
challenge. Some components may have some consistency checking facilities, but that
is often not the case with all the components in the overall system.
Differences in modeling methodologies make translation an arbitrarily complex task.
Syntactic translation and mappings are adequate only when such differences are
minor.

To paraphrase John Donne, no knowledge based-system is an island. There is an
increasing demand to have individually developed intelligent systems become part of
larger end-to-end application, and current paths to integration are not able to support
interoperability appropriately.

2.2

Educating Knowledge Bases
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Large knowledge bases contain a wealth of information, and yet browsing through them
often leaves an uneasy feeling that one has to take the developer's word for why certain
things are represented in certain ways, why other things were not represented at all, and
where might we find a piece of related information that we know is related under some
context. Although the languages that we use are quite expressive, they still force
knowledge into a straightjacket: whatever fits the language will be represented and
anything else will be left out. Many other things are also left out, but for other reasons
such as available time and resources or perhaps lack of detailed understanding of some
aspects of the knowledge being specified.

Furthermore, knowledge ends up represented piecemeal, compartmentalized in whatever
expressions the modeling language supports. Many of the connections between different
pieces of knowledge are never stated, nor can they be derived by the system given what it
knows. We see no value in representing redundant information or alternative ways to
deduce the same facts: if the system can derive something in one way that may be more
than sufficient.

Knowledge base developers may consult many sources presenting contradictory or
complementary information, analyze the different implications of each alternative belief,
and decide what and how to model the knowledge. In essence, developers often capture
in the knowledge base only their final beliefs about some body of knowledge. The
rationale for modeling the knowledge the way it appears in the knowledge base is not
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captured declaratively. Only consistent and complete information is captured. No
indication of inconsistent but possible statements is added to the knowledge base.

As Minsky argues it [Minsky, 1970]:

There is a real conflict between the logician's goal and the educator's.
The logician wants to minimize the variety of ideas, and does not mind
a long thin path. The educator (rightly) wants to make the paths short
and does not mind -- in fact, prefers -- connections to many other
ideas.

Knowledge base developers seem to prefer the role of logicians rather than seeing
themselves as educators of intelligent systems.
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Figure 5 How Knowledge Bases are Built Today

Figure 5 illustrates the limited kinds of knowledge that are captured in the final
knowledge base. Developers (at least non-experts) start by consulting manuals and
tutorial material, asking questions, and requesting clarifications. Their main task is to
analyze and different information sources, grouping information, indexing related
definitions and terms, and gathering as much raw material as possible in order to
understand what needs to be represented and how. Next, they organize the information in
semi-formal ways by structuring it in tables, itemized lists, and detecting opposite and
complementary descriptions. Finally, they build the knowledge base itself by turning the
refined results of this analysis into formal expressions that fit in the particular knowledge
representation language used. Whatever documentation ends up in the knowledge base
will be the only trace left of all the design and analysis process that was done to create it.
None of the documentation is captured in declarative languages. The rationale of the
knowledge base design is lost: the original sources, the analysis and structuring of the
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knowledge therein, and the tradeoffs that were considering before deciding on the final
formalization. As a result:
It is hard to extend knowledge bases. When the knowledge base needs to be extended
or updated, the rationale for their design is lost and needs to be at least partially
reconstructed. The knowledge sources are no longer readily available and may need
to be accessed.
It is hard to reuse knowledge contained in knowledge bases. While it is the case that
entire knowledge bases can be reused and incorporated into new systems, it is harder
to extract only relevant portions of them that are appropriate in the new application.
Parts of the knowledge base may be too inaccurate for the new task, or may need to
be modeled in a different way to take into account relevant aspects of the new
application.

In summary, knowledge has a very modest degree of mobility once it is incorporated into
our current systems. Some researchers are creating shared upper ontologies that can
serve as a common substrate for the more detailed knowledge in specific knowledge
bases, thus facilitating interoperation and reuse. Some have argued that the brittleness in
our knowledge bases can be addressed by providing common-sense and other
background knowledge to these systems. These approaches may be part of the solution,
but it will not address some of the issues brought up here. Current intelligent systems are
hard to integrate, maintain, and understand because their knowledge bases have not been
truly educated on the topics they are supposed to know about.
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3 A New Generation of Knowledge Bases: Resilient Hyper
Knowledge Bases
In order to empower intelligent systems, we believe we need to allow them access to the
roots and rationale of the knowledge they contain. Furthermore, the knowledge base
should not just contain a body of formalized expressions; rather, we should extend our
view of a knowledge base to include a variety of formats and representations as well as
alternative renderings of the same (or related) knowledge. They should include as many
connections as possible, as stated in the original sources and as they result from the
analysis of the knowledge base developer. This approach would create a new generation
of knowledge bases: Resilient Hyper Knowledge Bases (RHKBs), that will be more
resilient to change and reuse and will be heavier in connections and hyperlinks.
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Figure 6 A Resilient Hyper Knowledge Base (RHKB)
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Figure 6 depicts a Resilient Hyper Knowledge Base in contrast with the current
approaches illustrated in Figure 5. Originally, the development of the knowledge base
starts with documentation, examples, dialogues (perhaps with experts), detailed
explanations of special cases, notes on exceptions, hints and comments on specific topics,
etc. From these, the developer will extract templates, relevant dialogue segments,
itemized lists and tables to organize information, etc. This should be done while always
keeping a trail of connections to the original sources. The developer will also indicate
some connections between different portions of the original sources. It is our experience
that many of the original sources either exist or are converted into resources on the Web,
and as a result the developer can exploit the hyperlinks and connections that already exist
in these original sources. As the developer continues this analysis, additional sources
may be sought and incorporated at the higher levels, further enriching the grounding of
the final knowledge base that is being developed.

Next, the developer can identify descriptions and associate with them prototypical
examples as well as exceptions, pieces of problem solving knowledge in terms of steps
and substeps, tables of parameters and values, etc. Any of these new distillations will
continue to be connected to any other pieces in the knowledge base that they were
derived from. The developer can also mark alternative views on the same knowledge,
indicate contradictory statements by different sources, and dismiss some pieces of
knowledge that may not seem useful for current purposes.
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Finally, a developer can turn the more structured components into formalized
expressions, in one or more languages and formalisms. Contradictory statements can be
formalized and connected and marked as contradictory, for someone to pick and choose
as they incorporate knowledge into a reasoning engine.

During this process, the developer can annotate the reasons for making certain decisions
regarding which knowledge to model and how to model it. These annotations will help
further in understanding the rationale for the development of the knowledge base.

We have described here the process with four stages to show the incremental nature of
this analysis, but there may be as many levels of refinement as the nature of the
knowledge and the final system may require.

Notice that in the higher levels of refinement, the representations may be richer, more
versatile, but at the same time more ambiguous. In some sense, plain human language
(i.e., text) may be the most mobile vehicle to state knowledge. The many users of the
World Wide Web use the same pages for a variety of purposes and tasks, the ultimate
signature of true knowledge reuse. At the lowest levels of refinement, the representations
are more formal, more concrete, and also more introspectible, lending themselves more to
automated analysis and reasoning.

There are many benefits to this approach:
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Knowledge can be extended more easily. The formalized, final expressions may
not necessarily contain every detail in every knowledge source, but if the need arises
the system is better positioned to digest additional knowledge. This could be done in
two ways: the developer could incorporate the additional knowledge or perhaps the
system could use some automated tools to extract that knowledge itself (since it has
access to the sources and how they were originally processed).
Knowledge can be reused and translated at any level. Another system can be built
by reusing only the higher levels of the design process and incorporating other
sources to create different final formalized expressions. Other developers can tap into
any intermediate results of the analysis and do not have to start from scratch.
Knowledge does not have to be reused only at the lowest level as it is today.
Knowledge can be integrated and translated at any level to facilitate
interoperability. Translators can be built to transform and map knowledge at higher
levels. The rationale and meaning of different pieces of knowledge can be available
to support translation and interoperation.
Intelligent systems will be able to provide better explanations. We find that many
users are reluctant to accept the solutions presented by the systems and ask for
explanations not of how the system derived an answer automatically but instead ask
for explanations of why the system starts out with a certain fact or belief. When users
are shown the reasons for certain assumptions and the fact that certain sources were
consulted to make that assumption they are reassured in the competence of the system
to provide those answers. Capturing this trail within the knowledge base will enable
the system to generate these kinds of justifications and explanations.
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Content providers will not need to be knowledge engineers. Although only those
trained in the art of designing, modeling, and writing formal expressions can build the
more refined portions of RHKBs, anyone can contribute to the higher levels. Many
people in diverse disciplines acquire the analytical skills that suffice to organize and
digest knowledge sources.

Many existing tools for text extraction (e.g, to extract significant event descriptions from
news articles) and discourse analysis (e.g., to segment text into meaningful portions)
could be used to support these earlier steps of the analysis. Existing approaches to derive
interdependencies among pieces of knowledge may be used to help users create
connections among diverse pieces of knowledge. Other tools can be developed to
support transformations at the lower levels (e.g., to turn tables into instances and role
values). The overhead that may be incurred in creating knowledge bases using this
approach is, in our view, not as significant compared to the analysis efforts that
developers undergo. It may even save developers time if others can look up the rationale
trail instead of asking them directly detailed questions about the portion of the knowledge
base they are developing.

The approach presented here has many relations to software engineering methodologies
to capture the rationale for software development, and to higher-level languages and
frameworks to develop knowledge-based systems. Unfortunately, these methodologies
are not common practice among developers of knowledge bases for lack of adequate
tools to support developers in this process. Moreover, these methodologies are aimed at
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software and knowledge engineers and are not very accessible to other potential
knowledge base developers, such as end users and/or domain experts.

The Semantic Web will provide an ideal substrate to ground knowledge bases into their
original knowledge sources, and to contain the progressively defined pieces of knowledge
and the connections among them. More and more every day, knowledge originates and
ends in the Web, and we find ourselves extracting knowledge from the Web, processing it
inside of a knowledge base, then putting the results back on the Web. It only makes
sense to integrate knowledge bases (their content and their reasoning) more closely with
the Web.

4 TRELLIS: Building Resilient Hyper Knowledge Bases
The TRELLIS project is our first step towards enabling the creation of RHKBs. In
previous work within the EXPECT project, we have investigated several approaches to
developing knowledge acquisition tools to enable end users to extend a knowledge base,
including analysis of Interdependency Models, scripts to plan acquisition dialogue,
exploiting problem solving methods and other background knowledge, and creating
English-based structured editors [Blythe et al., 2001; Kim and Gil, 2000; Gil and Tallis,
1998; Swartout and Gil 1995]. EXPECT helps users enter knowledge at the lower levels
of an RHKB, and has been shown to be quite effective in several user evaluations with
subjects not familiar with programming and formal languages. TRELLIS acquires more
informal knowledge and is aimed to support the higher levels of development of RHKBs.
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The key innovative ideas behind our approach are:
Supporting users to create knowledge fragments from the original sources as
well as from other fragments. The key is to capture how a developer progressively
generates new knowledge that results in added value to the original raw information
sources. Our goal is to support users to highlight key salient information from large
reports and documents, to add new knowledge fragments based on their analysis and
integration of existing information, and to finally create semi-formal fragments.
Capturing and exploiting semantic interrelationships among information items.
TRELLIS will 1) facilitate semantic markup of relationships between different pieces
of knowledge, 2) exploit semantic markups in given problem solving contexts, and 3)
suggest additional relationships based on those already specified by the user. Users
will be encouraged and rewarded to add valuable annotations over raw information
sources, since the more annotations they add the more help the system can provide in
their work. When the user chooses to do little or no annotation, the system will
provide weaker support (based on default heuristics and strategies) and will still help
the user as much as possible.
Extensible semantic markup of information items and their relationships. Users
will be able to draw from a core semantic markup language that will contain a basic
domain-independent vocabulary to formulate annotations. They will also be able to
extend this core language with additional terminology useful in their particular
domain. Using this language, users will be able to annotate not only the information
items themselves, but they will also be able to annotate the relationships among them,
which will enable them to qualify and describe interdependencies between different
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information sources and how they relate to a new conclusion or assessment added by
the developer. In essence, links between the information items will be first class
citizens in the knowledge base.

Figure 7 shows an overview of the architecture of TRELLIS. A User typically starts
searching the Web for a certain document, or indicating a pointer to a specific Web
resource that contains useful information. Each is considered an information item.
Information items may include raw information sources (an image, a text document, a
video, etc.) as well as products of previous analysis (by the user or by other users.) All
the information items are in some sense the knowledge base that TRELLIS operates on,
and we refer to it as the Semantically Marked Information Base, or SMIB. We refer to an
information item as an EI2 (Extended Information Items).

Semantic
Annotation Vocabulary

TRELLIS

Interdependency
Schema

EI2 Creation
Tool

Domain Schema

SMIB

SMIB
Analyzer

(Semantically Marked
Information Base)

Learning and
Adaptive
Assistant
EI2 (Extended
Information Items)

Figure 7 Overview of the TRELLIS Architecture
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EI2 Annotation
Tool
Query
Facility

Users extend the SMIB using two tools: the Annotation Tool and the Creation Tool.
They can use the EI2 Annotation Tool to add semantic annotations to an EI2 to describe
its contents and to relate them to other EI2. For example, an EI2 may be annotated as
containing a map, or an interesting event. The Annotation tool can also be used to relate
EI2. The tool will provide an editor with a set of connectors. An example is a connector
to denote that two EI2s are contradictory. This way, the user may link an EI2 that
contains a description of a product as having a tag price of $20 to another EI2 that has
the same product with a price of $25.

The Annotation tool draws on a library of semantic annotations and connectors that will
be based on a core domain-independent language defined by the Semantic Annotation
Vocabulary. An Interdependency Schema defines a vocabulary for connectors based on
a variety of dimensions: pertinence, reliability, credibility, structural (x is example of y, x
is part of y, x describes y, etc.) causality (x1 x2...xn contribute to y, x1 x2...xn indicate y,
etc.) temporal ordering (x before y, x after y, x simultaneous with y, etc.), argumentation
(x may be reason for y, x supports y, etc.). The Domain Schema contains a core
vocabulary to annotate the content of documents that extends the Interdependency
Schema with domain terms. Our plan is that TRELLIS will provide a core vocabulary,
and users will be able to extend it with additional terms.

The Creation Tool enables users to create new EI2. For example, a user may create an
EI2 as an assessment that he or she formulates based on existing EI2. If a combination of
some subparts of EI2 lets a user conclude or decide on some definition, then the subparts
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can be captured into a new Information Item, that drops all other irrelevant parts of the
original EI2. A new EI2 can be added by extracting or summarizing some of the
previous results.

Figure 8 shows a snapshot of the current user interface of TRELLIS. In this case, a user
is using TRELLIS to decide whether a mission to take Navy SEALs to Athens is feasible.
Given the Web sources consulted and the indicated capabilities of the SEAL team (shown
on the left), the user has entered the rationale for deciding that the operation is not
feasible.

Figure 8 A Snapshot of the Current TRELLIS Interface
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We plan to extend TRELLIS with learning and adaptive techniques in order to offer to
the user improved and extended capabilities over time. As users annotate more EI2 and
create new EI2 that capture their analysis, TRELLIS will be able to exploit this
information and become increasingly more proactive. We also plan to add a Query
Facility that will allow users to search the SMIB based on the semantic annotations of the
EI2. It will include a structured editor to guide users to formulate queries using the
semantic annotation vocabulary defined in the schemas.

In summary, TRELLIS provides users with tools that enable them to specify information
in increasingly more structured form, and to specify semantic annotations that can be
exploited for processing and integration of separate information items.

5 Conclusions
Integrating knowledge-based systems within end-to-end systems remains a challenge. In
this article, we have shown some practical examples of the difficulties of enabling
interoperability among knowledge bases. We have argued that current approaches will
only partially solve the interoperability problems, since the knowledge will continue to be
trapped in low-level representations with no roots or connections to the rationale that was
used in creating them. We have presented a different approach that would create
Resilient Hyper Knowledge Bases, which contain knowledge from its initial rendering in
unstructured raw information sources and captures how it was refined and interrelated

31

until the developer created the final formal representations. This new generation of
knowledge bases will be more resilient to changes and integrations, and will contain
highly interconnected knowledge fragments at all levels of abstraction. It will also enable
people who have no training in knowledge engineering to contribute content, at least in
the initial stages of development. The Semantic Web is an ideal substrate for these
knowledge bases, and will be a great contributor to solving interoperability issues.

The spirit of the Web was clearly to empower all people to access and publish
information. The Semantic Web will enable them to turn this information into
knowledge that can be understood by machines. We must embrace this spirit, and not
continue to keep knowledge bases out of the reach of the public at large. Or each other.
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