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Abstract
Over the past 15 years, the authors and their colleagues have
developed and fielded a large number of human-computer
collaborative applications that have embedded within them
real-time, dynamic models of intentions for two or more
active entities.  This paper describes the services provided
by real-time dynamic models of intentions, an overview of
the technical approach taken in these models and a survey of
a sample of the collaborative applications to indicate the
range and complexity of the work undertaken to date.

Introduction
Intentions are a controversial subject within the cognitive
science community.  There is a large and diverse
literature, with contributions from psychology, philosophy,
linguistics and artificial intelligence.  We take an
engineering view to the development of models of
intentions that is focused on the delivery of a set of
services within an intelligent systems architecture that
includes multiple humans and multiple intelligent
processes that must collaborate in a complex task
environment.

The architecture reference model for our work was
described by Rouse, Geddes and Curry (1987), and
consists of:

§ One or more controlled dynamic systems
§ Two or more sources of sensor data
§ Two or more Situation Assessors
§ Two or more Dynamic Planners
§ Two or more Plan Executors

The initial context of this reference architecture was
collaboration between a human and an intelligent system,
in which both were empowered to assess, plan and act.
This architecture is known as an associate system, after
the original DARPA Pilot's Associate program (Lizza and

Banks 1991; Edwards and Geddes 1991; Geddes 1997).
The role of the real-time dynamic model of intent in this
architecture is to represent the current and future
behaviors of one intelligent entity to the other intelligent
entity without requiring explicit dialog (Geddes 1985).

By representing the current and expected future
behaviors of the intelligent entities, a number of useful
services can be provided within the associate systems
architecture.

§ Focus of attention for assessment.  Intentions can be
used to determine the aspects of the environment that
are to be assessed and monitored in order to manage
dynamic planning and plan execution.

§ Control of distributed planning and execution.
Intentions coupled with authority provide for control
over dynamic planning and execution.

§ Conflict detection and resolution.  Intentions can be
used to detect potential conflicts before they appear in
execution.

§ Information management.  Intentions can provide a
basis for proactive distribution of relevant information
to collaborating parties.

§ Error analysis and remediation.  Intentions are
essential to identifying errors in planning and in
execution, and in determining the best means for
error correction.

These services, enabled by a dynamic real-time model of
intentions, provide a rich and robust ability for human-
computer collaboration in operating complex systems.

Collaboration
As our experience with associate systems evolved in the
early 1990s, we recognized that the associate system
architecture was already imbued with the ability to support
large-scale collaboration involving hundreds of humans
and intelligent software systems.  As guidance, we defined
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the following set of enabling features for a collaborative
system (Geddes, Smith and Lizza 1998):

§ Mixed initiative.  Collaborating parties may use
their own initiative to determine when and how to
contribute to the collaboration.

§ Shared sense of situation.  Collaborators must
share at least a portion of their assessment of the
situation.

§ Shared sense of purpose.  Goals and methods for
goal achievement must be shared across the
collaborating parties.

§ Shared methods for selecting plans and goals.
Collaborators need to be able to share the criteria
for decision making.

§ Communications richness.  The parties must be
able to communicate richly about the exercise of
initiative, situation, purpose, and decision criteria.

These enabling features suggest that shared knowledge at
several levels of abstraction is a critical factor in
establishing and maintaining collaboration.

Intent Interpreter
The intent interpretation model used in our work was
developed by Geddes (1985, 1989).  It combines a
procedure follower with a non-monotonic, greedy,
abductive search process to provide efficient interpretation
of both procedural and non-procedural entity behaviors.
Each entity is assumed to have multiple simultaneous
intentions that are dynamically changing as the entity
interacts with its task environment.  As each observation
is processed, its likely interpretation is found, but the
interpretation is repeatedly refined as new data is received.

Figure 1 –Sample Plan-Goal Graph Segment for Emergency Helicopter Operations

Knowledge representations
The intent interpreter uses knowledge representations
derived from the natural language processing work of
Schank, Cullingford and Wilenski (Schank and Abelson
1977; Schank and Riesbeck 1979).  Interpreting the
intentions of active entities in a strongly causal
environment has many characteristics common to
interpreting narrative stories.

Actions.  Entities must interact with the environment by
performing actions.  Actions are chosen to represent the
primitive manipulations of the environment that will serve
as the directly observable inputs to the intent interpreter.

Scripts.  Scripts represent procedural knowledge as
weakly ordered sequences of events.  Events are composed
of actions and constraints.  Scripts are segmented to
provide serial and parallel execution paths.

Plans.  Plans represent abstract methods that might be
expected to achieve one or more goals.  While a plan may
have a script associated with it that defines its nominal
execution, this is not required.

Goals.  Goals represent desired states of the environment
that may be achieved at some time in the future as a result
of performance of a plan.
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Plan-Goal Graph (PGG).  The goals, plans and actions
that describe the causality of a domain are linked together
in a directed acyclic graph (Figure 1).  The terminal nodes
of the graph are abstract plans, which are linked to
abstract subgoals.  These are, in turn, linked to more
concrete plans that might achieve them.  At the input
nodes are the primitive actions.

Interpretation process
The first step in interpretation of an input primitive action
is to determine if the action is a part of an ongoing
procedural sequence, represented by an active script. If it
is found to be an appropriate part of an active script, the
input action is explained.  If all active scripts are
evaluated and the action is not appropriate for any of the
scripts, interpretation using the PGG is attempted.

PGG interpretation is an abductive process that
traverses the PGG until a successful path is found from the
input action to an active instance of a plan or a goal.  The
simplest case is when the action is directly linked to an
active plan instance, and is simply the continued execution
of a plan that was already active.

If the input action is the start of new intended activity,
the search through the PGG will identify hypothetical
plans that the action might be a part of and hypothetical
goals that might be being pursued.  This search may
terminate in a path from the action through a series of
lower level plans and goals until reaching an active plan
or goal instance at a higher level of abstraction.  The
resultant path is the explanation of the action, and all plan
and goal instances on the path are now promoted to active.
In addition, truth maintenance processing is performed
and any scripts associated with any of the new plan
instances are promoted to active.

The entities whose behavior is being interpreted are not
assumed to be completely consistent or correct.  In
addition, the knowledge in the intent interpreter is not
assumed to be perfect.  As a result, an input primitive
action may not be explained.  Unexplained inputs provide
a mechanism for both causal error analysis and for
machine learning.

Application of interpretation
The value of intent interpretation is visible throughout

the operations of the various other components of the
Associate. As a common representation and understanding
of intentions between cooperating  humans is productive,
so too within an architecture of cooperating software
processes where unity of purpose can reduce processing
while improving relevance of results.

Situation Assessors are responsible for consuming large
quantities of raw data, aggregating and abstracting that
data into useful information, and insuring the currency of
that information to support the purpose-driven demands of
the problem space. Given the active plans and goals

representing the intentions of one or more system
operators, the Situation Assessors benefit from a focus of
attention on computation and currency of the most
relevant information, and attention to monitoring of
changes in information that affect the validity or state of
those plans and goals. Intentions also provide the basis for
sharing of world state information between Associates to
both maintain a shared situation and to reduce the need
for redundant processing of the same raw data.

The Dynamic Planners exploit the product of intent
interpretation to provide the focus for planning in support
of the assessors, adaptive aiding, and decision support.
The Dynamic Planner reasons from active plans and
goals, representing current intentions, to lower level plans
a goals that represent the evolution of a problem solving
process through a feasible and reasonable sequence of
additional objectives. This action, in essence, ‘sets-up’ the
Associate to expect the next series of actions of the
operators, or to provide focused, automated support along
the purpose and relevant actions as the operators. The
Plan Executors use the script knowledge of active plans to
provide this adaptive automation, certain of the relevance
of its authorized actions to both the situation and the
intentions of the operators.

Intentions may also be easily shared between Associates
to facilitate collaboration in planning. Shared intent
allows an agent to ‘consider’ the current purpose and
problem solving strategies of every other agent towards a
cohesive, cooperative planning solution. Detection and
resolution of conflicting purpose is also derived from
shared intent (Geddes 1994). The taxonomy of conflicts of
interest include:

§ direct goal conflict, in which the state of the macro-
system needed to satisfy some active goal instance Gl
and the state needed to satisfy a second goal instance
G2 cannot co-exist over the time intervals of the goal
instances.

§ indirect goal conflict occurs when it is in principle
possible to satisfy mutually exclusive goals G1 and G2
sequentially, but there is no feasible plan (activity)
that can start with initial conditions at either of the
goal states and result in the achievement of the other
state within its time requirements.

§ subgoal conflict, where two plan instances Pl and P2
have subgoals that have either direct or indirect goal
conflicts.

§ resources conflict, where the two plan instances require
the simultaneous and complete use of a permanent
resource or the preemptive depletion of a consumable
resource.

§ side effect conflict, in which the activity of Pl produces
an incidental change in the state of the macro-system
that is not related to any of the possible the parent
goals of P1, but which is mutually exclusive with a
side effect of P2 or with its parent goal.



 Figure 2–Primary Associate  System Interactions

Several other benefits accrue directly as a result of
interpreted intentions. A representation of current
intentions also provides for an understanding of the
information needs of the operators to maintain their
situation awareness. Intentions provide the context for
information management decisions based on active plans
and goals the include information requirements that direct
the content and presentation of information to the
operators. Finally, the intent interpreter’s analysis of
feasible explanations for observed actions may result in an
action being currently noted as ‘unexplained’. An error
analysis and remediation process can evaluate the
consequences and criticality of the unexplained action,
and determine the appropriate response of the system. The
Associate may ignore an action without significant
consequence, notify the operators in some cases or even
intervene in an action or effect a remediation response if
appropriate and authorized.

The effective value of intent interpretation in intelligent
systems is to facilitate the emergence of genuine human-
centered computing. Accurate interpretation of intentions
allows the intelligent computing processes to follow the
lead of the operators in a dynamic and adaptive fashion.

Example Applications
The applications described in this paper are a sample of
the collaborative systems in which we have implemented
an the intent interpreter and the associate systems
architecture discussed above.

Pilot's Associate
The DARPA Pilot's Associate was the first large-scale,
real-time intelligent decision aiding system to be built
(Lizza and Banks 1991; Rouse, Geddes and Hammer
1989).  The Pilot's Associate was a collaborating system of
one pilot and five intelligent systems, one of which was
the intelligent Pilot Vehicle Interface.  The Pilot Vehicle
Interface included a real-time intent interpreter that
interacted with the pilot, two intelligent planners and two
assessors, as well as the substantial automation of the
aircraft itself.  Envisioned originally, and a bit naively, as
a suite of cooperating, rule-based expert systems, the
Pilot’s Associate embodied the concept of a human-
centered system without specific ideas on the feasibility or
true nature of the concept. It was only with the
introduction of the intent interpreter that the emergence of
an associate became visible through the Pilot Vehicle
Interface in adaptive and proactive support of the pilot.
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As the first of its kind, Pilot’s Associate defined and
guided the future of Associate Systems technology, and
successfully demonstrated the power of an intelligent,
intent-driven system.

Rotorcraft Pilot's Associate
The success of the Pilot's Associate was immediately
followed by the Army/Boeing Rotorcraft Pilot's Associate
(RPA) (Johnson 1997, Andes 1997).  Using the same
architecture as the pioneering Pilot's Associate, the RPA
integrated two pilots and a single associate system.  A
single real-time intent model coordinated the activities of
both of the humans and the intelligent subsystems of the
associate system.

The RPA was flight tested in 1997-1998 onboard an
AH-64D Apache Longbow combat helicopter, after
extensive evaluation in high fidelity mission simulations.
The RPA showed that robust intelligent aiding that
incorporated intent interpretation was highly effective in
increasing combat capability.

During the course of the RPA program, the Army
recognized the ability to perform highly complex
distributed collaborative operations using associate
systems.  A number of additional applications are under
development by the Army that link the RPA to other
associate systems on other platforms.

Air Traffic Management Partnership
As a result of our continuing development of intent-based
distributed collaborative systems, we participated in the
development of the NASA/Lockheed Martin Air Traffic
Management Partnership (Geddes et al 1996; Geddes,
Smith and Lizza 1998; Geddes and Lizza 1999).  As a
part of this effort, a large-scale system of over 100 aircraft
and 3 air traffic coordinators was demonstrated that used a
single shared model of intent to detect potential conflicts
in purpose within the air traffic system and advise the
affected aircraft and controllers well before the conflict
occurred.  This real-time, manned simulation system was
able to update the model of intentions every 300
milliseconds based on surveillance data and user actions.
By the end of the manned evaluation, the intent interpreter
exceeded 90% accuracy in explaining the actions of the
manned cockpits and controller stations.

Intelligent Control of Automated Vehicles
In parallel with the development of manned systems such
as the RPA, we recognized the value of real-time intent
interpretation for the supervision of intelligent unmanned
roving vehicles (Geddes and Hoffman 1990).  Under
DARPA sponsorship, we developed the prototype of a
distributed collaborative command and control system for
intelligent unmanned vehicles (Geddes and Lee 1998).

In this system, the intelligent vehicles share situation
and intent data to collaborate with the group and with the

mission controller.  As a result of intent-level information
exchange, bandwidth requirements are substantially less
than if the vehicles shared raw data.  In addition, manned
evaluation of the system showed significant workload
reductions and task improvement for the human mission
controller.

Supply Chain Collaboration
We are currently using intent interpretation as a part of
our distributed collaborative supply chain management
system, eValue.  Using the eValue system, the
autonomously owned companies that make up a supply
chain can choose to share intentions.  The shared
intentions allow the companies in the supply chain to see
the economic value of their chain as they make day-to-day
operational and tactical decisions.  The sharing can be
revoked or modified at any time as trust and mutual value
are realized.

In our pilot studies of the use of eValue in
manufacturing, substantial savings were realized very
quickly.  These savings were as high as 10% of the value
of the chain.

Summary
Real-time dynamic intent interpretation is an extremely
valuable part of distributed collaborative systems.  Shared
intent requires shared knowledge, but its use can
dramatically improve performance and reduce
communications bandwidth. Perhaps the most significant
value of intent interpretation is the realization of
computing systems singularly dedicated to following the
implicit direction of humans. Complex computing systems
that either force changes in work processes to match their
design, or require constant operator intervention to derive
utility are promising candidates for the insertion of intent-
driven processing.
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