


the history of a knowledge acquisition session. A
knowledge analysis module and an analogy module support
the interaction manager and let SHAKEN take the initiative
in helping an SME enter knowledge [17]. For example, the
knowledge analysis module helps users verify and validate
their process descriptions by analyzing the results from
normative simulation. The vision for the interaction
manager is to make the knowledge entry similar to a
student/teacher interaction, where both the user and the
system take the initiative at different times[19].
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Figure 1: SHAKEN functional architecture

The KB server provides facilities for efficient storage
and access of knowledge, based on KM [7]. It stores both
domain-independent and domain-specific knowledge.

Knowledge verification based on normative simulation
is used during knowledge entry by SMEs. KB clustering
and diagnostics are used off-line both to support the
development of domain-independent knowledge, and to do
a post-hoc analysis of the knowledge entered by the SME.

Task: Courseof Action Analysis

A military COA is a plan outline used by a commander to
communicate to his subordinates one way to accomplish a
mission. Normally, commanders consider severa different
ways to accomplish a mission, that is, severa different
COAs. They evaluate competing COAs using appropriate
comparison criteria and decide on one to build into a
complete action plan for the mission. In this paper, we
consider COAs for ground military forces conducting
offensive (attack) operations. The detail captured in the
COA depends on the echelon. We consider here COAs at
the level of a military division, a brigade, or a batallion.
We consider only the COAs of friendly forces. Possible
COAs for the enemy forces are not considered.

A COA specification is formulated in response to a
specific situation between opposing forces and a mission
directive. For purposes of description, we organize a COA

specification into two parts: problem statement and solution
statement. A COA problem statement consists of the
following: (1) a situation sketch (on a map), indicating
terrain features such as roads, rivers, lakes, hills, forests,
and current Blue and Red unit placement; (2) a scenario
narrative, including any details not easily captured on the
map (e.g., relevant recent history, current dynamics,
expected future evolution, unit status descriptions); (3) a
mission specification, indicating specific forces under
command, required objectives, and constraints (e.g.,
Capture Objective JAYHAWK by 1400 hours tomorrow
with the following restrictions in place ); and (4) the
commander s estimate of the situation.

Faced with such a problem statement, a commander
must formulate a plan for his forces to accomplish the
mission. He considers one or more options, or COAs. A
COA solution consists of: (1) a COA sketch an overlay
on the problem statement s situation sketch, and (2) a COA
narrative a structured description stating the mission,
commander s intent, desired end state, and the concept of
operations, including main attack, supporting attack, fire
support, and reserve. Each task in the COA must indicate
what units perform what actions for what purposes.

Given enough time to consider alternatives, the
commander s staff evaluates the candidate COAs in a
subjective critiquing process, usualy resulting in a matrix
comparing the viable ones, and presents the results to the
commander for a decision on the preferred COA.
Commonly used COA-critiquing criteria include mission
accomplishment, reserve availability, speed, simplicity,
terrain use, risk, and position for follow-up operations.
With help from domain experts, we created an extensive
taxonomy of critiquing criteria. The COA critiquing task is
to evaluate aformally represented COA with respect to key
critiquing criteria. The purpose of critiquing and comparing
different COAs is to help the commander decide how best
to accomplish the assigned mission.

Given this definition of the COA analysis problem, the
tasks to be performed were twofold: (1) given textua and
graphical COA problem statements, formally represent
selected elements of these in a knowledge base, and (2)
author (conceive of and formally represent) knowledge to
support effective COA critiques, which can then be applied
to any formally represented COA solution statement.

We now briefly consider the possible deployment of a
COA critiquing system. The critiquing knowledge will be
entered in an Army laboratory long before the system is
actualy used in the field. The COA problem and solution
statements will be entered at the time of actua usage of the
system. Thus, when the critiquing task is performed in
response to an actua need, the relevant critiquing
knowledge will already be available. Given that we were
developing an initia prototype, the task of entering COA
problem and solution statements, and the task of authoring
critiquing knowledge, are interleaved much more than they
might in a situation when a COA critiquing system has
been built and deployed.



Solution: Using SHAKEN to Acquire and
Apply COA Critiquing Knowledge

As stated in the previous section, the overall task has two
main aspects. COA authoring, and COA critiquing. With
reference to the functional architecture of Figure 1, the
tasks of authoring the COA and the critiquing knowledge
are supported by the knowledge entry subsystem. COA
authoring relies on battlespace knowledge that is built into
the knowledge base. The SME enters the critiquing
knowledge during development, which is stored in the
knowledge base. The module focused on using knowledge
supports the critiquing task. The interaction manager and
the knowledge verification module play a supporting role
in the overall solution of the problem.

COA Authoring

To formally author a COA, we needed to solve two
problems: (1) provide a vocabulary of terms that can be
used in COA authoring, and (2) provide a natural user
interface for commanders.

Vocabulary for COA authoring: To support COA
authoring, we need to represent military units, terrain, and
military tasks. For military tasks, we developed two
different representations: one suitable for declarative
inference, and the other suitable for empirical smulation.
Let us consider these two in more detail.

To develop representations for knowledge anaysis, we
leveraged the domain-independent representations in the
component library to provide military-specific terms. For
example, consider the military task Canalize. This is a
tactical mission task where a military unit restricts enemy
movement to a narrow zone. We represented this domain-
specific action by speciaizing the domain-independent
action Confine. The Canalize task differs from Confine in
that its agent and object are military units, and its baseis a
piece of narrow terrain. It is similar to Confine in that its
base plays the role of a container, and the object is inside
the base after the action has been performed.

Empirical simulation requires a model of the domain
and a model of the processes that occur in that domain. Our
domain model is built on the University of Massachusetts
Abstract Force Simulator (AFS) [2]. Military engagements
are represented using circular agents moving on a coarse
representation of real terrain. The agents have many
properties, but most of the ones significant to military
modeling (training, weapons type, troop strength,
experience, and so on) are agglomerated into a single
property: mass. The process model represents actions as
lists of desired effects on key properties. Figure 2 shows
the action model for Defeat, which is broken into two
phases: one for the friendly forces to reach the enemy and
one for the engagement. Each phase has corresponding
goas for the action. The action models for the military

tasks in the field manual are represented within AFS using
Tapir, a genera purpose, semi-declarative hierarchical
agent control language that can express goals, sensors and
actions using a unified syntax [18]. During each simulation
run, the action models control the military agents;
dynamically reacting to the changing properties of the
simulation in order to achieve their goals.
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Figure 2: Action model for Defeat

User interface for COA authoring: We needed an
interface that was as familiar to commanders as possible.
Commanders work with maps and overlays to show the
geography, unit locations, and military tasks. The map is
usually accompanied by a textua description. The
nuSketch system is explicitly designed to support COA
authoring, and met this requirement very well [12], [13].

NuSketch provides a graphical interface where COA
terrain, units, avenues of approach, and tasks can be
described. The user can aso specify the commander’s
intent for the overall COA and individual tasks. An
example COA sketch is shown in Figure 3.
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Figure 3: nuSketch COA authoring interface

NuSketch elements have a precise declarative semantics
that is reflected in the SHAKEN component library
ontology. Once the COA is specified in nuSketch, it is
trandated to a SHAKEN concept map (CMAP). The
translator maps terms in the nuSketch ontology to the



corresponding termsin the SHAKEN component library. In
some cases, the knowledge is processed to resolve
ontological mismatches, for instance, the task timing
information in nuSketch is based on the quantitative start
and end times, whereas SHAKEN relies on qualitative
ordering information among tasks; therefore, the translator
processes the quantitative information to derive the
necessary qualitative ordering.

As expected, the experts want the interface to be as easy
and quick to use as their regular pen-and-paper way of
doing things. The primary obstacle to achieving this was to
find a suitable combination of sketching gestures, and a
layout of windows that would enable rapid authoring of the
COA. Currently, it takes 1 to 2 hours to author a COA.
The SMEswould like to be able to do it within 15 minutes.

Critiquing Knowledge
Critiquing relies on both domain-independent and
specialized knowledge. Domain-independent knowledge is
leveraged as domain-specific terms are created, by
specializing domain-independent terms. We will primarily
discuss here the domain-specific critiquing knowledge.
Two kinds of domain-dependent critiquing knowledge
were needed: (1) necessary and sufficient slot values of
concepts, and (2) critiquing rules. We now consider in
more detail how each was entered.

Necessary properties of conceptss The SHAKEN
graphical interface is the primary means used to creste the
domain-specific concepts from domain-independent ones.
For example, for each kind of terrain, we encoded its
trafficability for each kind of unit. For each unit, we
encoded the equipment it possesses, and its combat power.
For each military task, we encoded how much relative
combat power is generaly thought to be sufficient to
effectively perform this task. The tasks are encoded using
a STRIPS-like language used by many Al planners[4].

As a concrete example, Figure 4 shows the
representation of the concept of Rolling-Hills.  This
concept map indicates that rolling hills offer relatively
unrestricted movement for armor and infantry units. See
[8] for a description of how logical axioms are synthesized
from graphs such as this.
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Figure 4: Trafficability definition for Rolling Hills

Sufficient properties of concepts: For many concepts, it is
possible to define both necessary and sufficient properties.
For example, if Blue-Military-Unit represents the class of
al friendly units, then any military unit whose alegianceis
Blue is a member of this class. A domain expert specifies
the sufficient properties of a concept by annotating the
graph representing the necessary properties.

The most common application of sufficient properties
was to create subclasses of actions representing a specific
situation, indicating a special case. For example, the
required relative combat power ratio for the most general
case of each military action is built into the system.
However, the actua relative combat power ratio depends
on the specifics of the situation. For instance, aratio of 3is
normally desired for a general attack, but when an aviation
unit attacks an armor unit, a combat power ratio of 0.5 is
adequate. When a commander authors a COA, he may use
the general attack action vocabulary. But, if the knowledge
base includes a subclass of the attack action whose
sufficient properties are that the agent is an aviation unit,
and the object is an armor unit, its lower relative combat
power ratio will be used whenever such a situation arises.
Figure 5 shows the concept map for such a class. See [16]
for more details on entering special cases of actions.
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Figure 5: A special case of the Attack action. The nodes
grouped in a box indicate sufficient properties.

Critiquing rules: We devised a special kind of rule, called
a pattern, where the antecedent represents a collection of
assertions pertaining to the situation being critiqued, and
the consequent is a critiquing score on some critiquing
dimension. Figure 6 shows an example pattern that rates a
COA as good if some forces are kept in the reserve. The
portion of the graph linked to the root with the has-pattern
relation indicates an antecedent, and the portion linked
using critique-score indicates the consequent of the rule.

Critique scores can be positive or negative, and asingle
pattern can apply to more than one critiquing dimension.
Critiquing dimensions for COA patterns include such
concepts as Risk, Casudlties, Maneuver Effectiveness,
Command and Control, Terrain Use, Preparedness for
Enemy Response, Simplicity, Resource Use, and
Synchronization. Applying these rules, organized by the
critiquing dimensions, gives adirect rating of a COA.



Figure 6: A pattern indicating that allocating areserve
isgoad for Blue-Reserve-Avail ahility

Exercising Critiquing Knowledge

SHAKEN currently suppats three different kinds of
critiquing: dedarative inference, normative simulation, and
empiricd simulation. (SHAKEN's anaogicd reasoning
cgpabiliti es can also be used for critiquing [10], but thisis
not covered in the present paper.)

Critiquing by dedarative inference COA critiquing by
dedarative inference systematicdly finds and applies all
applicable COA patterns and assgns them a score. The key
technicd chalenge in matching patterns against a COA is
that matches may not be syntadicdly exad. Therefore, we
built a utility that can compute matches modulo a set of
transformations. For example, we may know from the COA
that a Blue force is in a dty; we may also have apattern
saying that if an armor unit is in a dty, it is poa for
seaurity of that unit (unlessit is accompanied by infantry
that can proted tanks in narrow streds and alleys from
short-range antitank wegoons). The pattern matcher will
match the COA and the pattern, noticing that the Blue force
has an armor unit that is in the same locetion. The pattern
meatcher contains afew hundred such transformations.

Figure 7: A report from critiquing by patterns

Figure 7 shows an example report generated by matching
patterns, as presented by the SHAKEN interface The top
of the report indicates the aitiquing scores. The COA
being evaluated has a score of Very Good on the dimension
of deception. The table that follows indicates which nodes
in the pattern matched which nodes in the COA. For
example, B2ndTankBde conducts the main attadk, and
B4thTankBde conducts the supparting attadk.

Critiquing by normative simulation: Normative
simulation critiques a COA by exeauting ead step. It relies
on the KM situation medhanism, and exeautes ead step
based on its effeds (add/delete lists). It anayzes
dependencies between conditions and effeds, cheding that
the required conditions for ead step are met when the step
is suppacsed to take place and that the expeded effeds of
the overal processare, in fad, obtained. It aso chedks
how different steps are related to ead other, including their
tempora ordering and causal relationships. The simulation
reports possble erors and presents them as critiques. For
instance, for ead step in the COA, normative simulation
computes the net relative cwmbat power available, and
compares it against the required relative combat power
ratios already encoded in the system.

Figure 8 shows an example normative simulation
report. In this case, one of the preconditions of a military
adion hes failed: the given combat power ratio is not high
enoughto perform the given task. The net relative cmombat
power of a military unit is computed based on the combat
power of its subunits. The explanation sedion of the report
shows in detail how the combat power was computed by
combining various pieces of information, including urit
equipment, default combat power, and remaining urit
strength, through multiple COA steps. The user can chedk
this explanation to seewhy the condition fail ed.

Figure 8: COA critiquing by normative simulation



