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ABSTRACT
In this step the candidate courses of action are analyzed

This paper discusses and identifies problems with tactical through a "war-gaming" process to determine if they are valid._ In
event resolution, one of the sub-steps in the Course of Action the war-game  a repr_esentatlve from eac_h of_ the battlefield
Analysis phase of the Army’s Military Decision Making Process. functions (maneuver, fire support, etc) prowde_s input about the
Some related work is identified, a solution is proposed, and th@xPected results as the friendly courses of action are played out
design of a system implementing the solution is presenteddainst the_enemy courses c_)f action. The res_ults from e_ach course
Software agents representing biases of human planners deve%)aa'on will be used later in th€ourse of Action Comparison
reasonable allocations of combat effects. These allocations apase. The steps of the war-gaming process are:
examined through a genetic algorithm survival test based on a
simple combat-results mechanism and a crisp-rules-based system
to determine the “best” resolutions based on specific fitness
functions. Information about the best resolution is then presented
to the user. The paper concludes with a discussion of preliminary
results and an evaluation of the system.

Gather the tools.

List all friendly forces.

List assumptions.

List known critical events and decision points.
Determine evaluation criteria.

Select the war-game method.

Select a method to record and display results.
War-game the battle and assess the results.
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INTRODUCTION

The United States Army uses the Military Decision MakingTactical Event Resolution
Process (MDMP) in the development of plgAsmy 1997). One
of the phases within the MDMP Eourse of Action Analysis.

Within this phase, tactical events involving portions of both the Th.is pr(_)j_ect focuses on the eighth step, in which the critical
friendly and enemy forces must be resolved. events identified in the fourth step are resolved and the results

determined. This is normally a manuad, hoc, process where the
forces and combat effects on each side are tallied and the
Operations officer and the Intelligence officer determine the

. . _ outcome.
Battle staffs in the United States Army use the Military

Decision_Making Process (MDI\_/IP) to 'develop a plan thatTHE PROBLEM
synchronizes the efforts of subordinate units to accomplish a given
mission. In theCourse of Action Development step the staff . L .
prepares several candidate courses of action (COAs) based on the 'I_'actlcal event resolution in the manuaburse of Action
mission and the commander's guidance. Tharse of Action Analys_s phase suffers from se\_/eral pr_oblems. These PFOb'emS. are
(COA) Analysis step (commonly referred to as “war-gaming’) prlmarlly_ re'Iate_d to constrained time and to dlfflculty_ in
helps the staff determine the outcome of the COA. Validity offommunicating ideas between staff members. More specifically,
each proposed course of action is based on criteria includinqj'e problems can be stated as follows:

suitability, feasibility, and acceptability. Results from the war-

Military Decision Making Process



(1) Time constraints of the manual process don't allow for (4) As the system considers various ways to conduct the
more than a cursory examination of each tactical event. event it must be able to remember resource consumption and be
able to return to a previous level if necessary. The system should
(2) Communicating the tactical event resolution takes timeUse automation to keep track of everything, from resource
and it is difficult to create, share, and maintain a commorgonsumption through intermediate results to conclusion of the
understanding of how the event is resolved. tactical event. Ultimately, this system should provide the results to
a higher-level planning system.

(3) Staff officers have different ideas about the methods that
should be used to resolve tactical events. These individual biases (5) The system needs at least a minimal representation of
and interpretations have to be explained and clarified, furthdpoth space and time that allows the staff to consider the effects of
slowing the process. time and space on the outcome of the event. For instance, the staff

should be able to set up the event as one engagement, simultaneous
(4) The resolution of an event involves the consumption of"dagements, sequential engagements, or a combination of
available resources, such as direct fire strength, indirect firéeduential and simultaneous engagements.
capability, expenditure of minefield-breaching assets, and fuel and
ammunition consumption. It is difficult for the staff to keep track (6) Provide a mechanism that examines the effect of different
of all of these resource expenditures. allocations of combat effects that is integrated with the ordering
mechanism and can be guided by the rules or biases identified

(5) Typically, the staff just lumps all of the enemy and @POVve.
friendly capabilities together and decides the outcome, ignoring
any ordering of engagements within the tactical event which might (7) Segregate the fundamental results mechanism so that the
yield different results. The resolution of an event will involve thestaff can choose the one they think is appropriate. This will ensure
placement and movement of forces, both of which require #hatthe same results mechanism is used consistently and uniformly
representation of space and time. throughout tactical event resolution and that every member of the
staff can understand exactly how the results were determined.

(6) Similarly, changes in allocation of forces or effects
between engagements within the tactical event might yiel®RELATED WORK
different results, but are ignored in the aggregated approach.
There is a great deal of work being done in planning,
(7) At its basis, tactical event resolution requires adecision-making, and command and control operations. Most of it
fundamental combat results mechanism. Although many resulis at much higher levels than the scope of this project. For
mechanisms are available, staffs often just “wing it” withoutexample, the Army Modeling and Simulation Office (AMSO) has

defining and enforcing a particular mechanism. identified technology voids in the areas of automated decision aids,
COA tools, and tactical information aids. (Delaney 1999. Personal
PROPOSED SOLUTION communication.) This project could support, in a small way, all

three of the areas mentioned.

Any system that is designed to make tactical event resolution . .
better must provide capabilities that address each of the problems  The Army Research Laboratory (ARL) is generally focusing
that have been identified. The entire process must b&N (_je_veloplng the |r_1frasf[ruc_ture to support command and control
accomplished faster than the current manual methods, determifl§cision-making (visualization, software agents, collaboration
the best application of the available combat power effects, ang0!S, multi-modal interaction, etc.) (Emmerman 2000. Personal
incorporate in a transparent fashion the different methods arfPMmunication). ARL is also funding a research program in

interpretations of the staff members. The solution lies in providingtelligent Information Processing for VisualizatifDFL 2000).
the following capabilities: One of the IDFL projects, FOX-GA, is a tool that uses course-

grained representations in order to provide timely COA generation

(1) Overcome time constraints with automated support foANd assessmefitiayes and Schlabach 1998). lIts relation to this

tactical event resolution. A great deal of the ad hoc manudVork lies in its use of a genetic algorithm for allocation of assets,
process can benefit from automation. but at the higher brigade COA level (Schlabach et al. 1998). FOX-

GA will be transitioned to the Communications-Electronics
Command (CECOM) to be part of the Command Post XXI
édvanced Technology Demonstration (Slife 2000. Personal
mmunicationDARPA 2000).

(2) Provide a graphical user interface for quick input,
common understanding, and visualization. This will help to ensur
every staff member has the same understanding of what's goiff§
on.

Army Major Robert H. Kewley, Jr., combines fuzzy

(3) Incorporate selectable rules or the ability to select biase¥)ference systems with genetic algorithms to form a fuzzy-genetic
This will allow different people’s ideas about how the event shouldl€cision optimization (FGDO) system that he applied to the

be resolved to be included in the system, and make them apparé@talion-level tactical course of action (COA) development
to everybody else. problem (Kewley 1999). In his system a fairly sophisticated

tactical simulation module is used to evaluate the outcome of



proposed COAs. The performance of each COA is fed into a fuzzy SYSTEM ARCHITECTURE

preference module.  From this module an overal fitness for the

COA isfed bgc;k into a genetic algorithm modulet_hat continues to The system architecture can be broken down at the highest
produce modified COAs. Kewley's gpproach differs from this  |evel into three processes: event generation, analysis, and
project in that he focuses & the higher (battalion) level course of  yjsualization of the event resolution. Event generation takes inputs
action and uses a sophisticated simulation. Naturdly, it takes  from the user and converts them into an event description useable
much longer to solve such a complex problem. This project,  py the analyzer. Analysis uses a genetic-algorithm-based analyzer
although it could be used & battdion level, is focused more @ the  or 5 crisp-rules-based analyzer to resolve the event. Visualization
individua tank or platoon level and uses a simple combat results  f results is where the resolution of the event, and any intermediate
mechanism.  The similarity between the two projects lies in their  jnformation, is displayed to the user. A depiction of the major and
use of genetic algorithms to determine better outcomes. AlSO,  minor components of the system (which also shows the details for
Kewle_y’s project _recommends future work on bl_asmg the initiakpe genetic-algorithm-based analyzer) is in Figure 1. The
selections, which is a fundamental part of this project. following sections describe the three processes in detail.

Genetic Algorithms (GAs) draw on the adaptive “survival of
the fittest” capabilities inherent in Darwinian evolution. One
fundamental aspect of a GA is an encoding that allows the
description of every possible state of a system, but which is alsc
amenable to rapid calculation. This encoding is typically referred
to as the “chromosome,” although the term “genome” may be
appropriate if the encoding contains distinguishable sub-sections
Another fundamental piece is a “fitness function” which is used to
decide how good the outcome of the system is when a particula
chromosome is used. The algorithm creates an initial populatior
of the chromosomes, possibly using heuristics to ensure a prett
good set. The fitness function is applied to each chromosome
allowing them to be ranked. As the algorithm produces each new
generation, the more fit member of the previous generation have a
higher probability of reproducing. Children for the new generation Figurel: System Architecture (GA Analysis)
are produced by pairing two parents, and with some probability
crossing their genes. Also, with a small probability, the childrerEvent Generation
may experience a mutation in the elements of the chromosome. A
seminal discussion of genetic algorithms appears in DeJong’s  The event generation process begins with inputs from the
dissertation (DeJong 1975). Goldberg provides a thorough user. The Graphical User Interface is a drag-and-drop display
presentation of GAs in his bogksoldberg 1989). mechanism that allows easy interactive creation and setup of the

events. The output of the process ig€aent Description

Software agents are notoriously difficult to define, since the
title can be applied in many ways. Russell and Norvig define an  Interactive Event Creation. The GUI allows the user to
agent as “anything that can be viewed as perceiving itsdefine a static enemy (also known as the Red force) situation. In
environment through sensors and acting upon that environmentder to accommodate time/space ordering, the enemy can be
through effectors” (Russell and Norvig 1995). Franklin andbroken down into any number of levels, where forces in the lowest
Graesser provide a taxonomy of agent types, of which softwarlevel must be dealt with first. Also, within levels the enemy forces
agents are one branch, and a description of agent properti@@n be broken down into different forces. This is the mechanism
Among these properties are reactivity, autonomy, goal-orientatiofor allowing different allocations of friendly (also known as the
and temporal continuity (Franklin and Graesser 1997). Blue force) effects against the enemy. The Blue force is created in

a similar fashion, but is not given any ordering or allocation

Rule-based systems allow knowledge to be represented Histructions — those will be performed in the analysis phase. The
actions to be taken when certain conditions are matched. The§8d result of the interactive event creation process ifvant
heuristics, or "rules of thumb," are normally chosen by a domaifP€scription.
expert and encoded by the developer. These rules allow abstract,
symbolic approaches to be used in specifying knowledge based on  Event Description. The tactical event is described by the
human logic. CLIPS is a forward chaining LISP-like rule-basedstatic Red plan (described above), the Blue force, and the resources
language that has inferencing and representation capabilities andaigailable to each. The resources are direct-fire (DF) effects, such
used to build rule-based expert systef@arratano and Riley  as tanks or mechanized infantry, indirect-fire (IF) effects that
1989). CLIPS processes the rules by using RETE, an algorithriuppress direct-fire elements, minefield (MF) effects, and mine-
that solves the difficult many-to-many matching problemclearing (MC) effects. — The static Red plan provides the

encountered when matching rules with f4&srgy 1982). conf_ig_u_ration of all of the Red resources, bu_t the Blue_ resources
are initially not allocated. ThEvent Description is passed into the

Analyzer, which can be either genetic-algorithm-based or crisp-
rules-based.




Analyzer: Genetic-Algorithm-Based level 1 has three main defense forces with a mech effect and a
minefield effect each, and level 2 has one reserve force with a tank

The GA version of the Analyzer can evduate a single feffgct. T_he available Blue_ effects _(M for mech, T for tank, IF for
engagement, all engagements within alevel (with allocation), and indirect fire, and MC for mine-clearing) are along the other axis.
multiple levels (with allocation). The GA Analyzer has two major
functions (Initid Allocation, Generation and Analysis of New The bits in the encoding of the genome represent whether
Allocations) and two data structures for passing information each Blue combat effect participates in the engagement against a
between modules (alocation, force summary/result). The GA particular enemy force. The setting of the bits is subject to
anayzer was custom-built using the Java programming language. constraints from the COA. For example, a direct fire unit can

participate in all events in a sequential chain (unless it has lost its

Allocator. The Allocator receives the event description strength), but it can only participate in one of a set of simultaneous
from the GUI. It then extracts the available resources to determine ~ €vents. In contrast, an artillery suppression mission can be used in
which types of biased agents to launch. These biased agents only one engagement of t_he event — a new suppression mission
represent staff member's ideas about how battlefield functiong'ust be used (if available) in a different engagement.
should impact initial allocations. The agents are used to propose
some user-specified number of initial allocations based on their Survival Test. Generation and analysis of new allocations
biases. One of the key reasons for this approach is to determi@ecurs in the survival test. A user-specified number of allocations
“pretty good” initial allocations out of a very large space of(default of 16) form a generation. Within the generation, each
possible allocations. allocation is evaluated for fithess. The higher-fitness genomes have

a higher probability of reproducing new genomes for the next

Biased Agents Biased agents represent the human idea§€neration. Generations are allowed to propagate in this manner
used to allocate the tactical effects against the enemy plan. SorHBlil the required number (specified by the user) of generations has
common-sense ideas are built in, such as only applying MC agairﬁ?e” reached. Each new allocation is p:_assed through Fhe _Results
MF and only applying IF against DF. To replicate the input 0f_ln'[erface to the Co_mbat Resu_lts Mechanism for det_ermmatlon of
staff members from some of the battlefield functions, the agentés outcome. The Fitness Monitor keeps track of the fitness of each
launched by the Allocator are given some biases in creating trdlocation for use in selecting the next generation of allocations.
initial allocations. For instance, a maneuver agent can be biased to
propose COAs that mass on the weakest point, bypassing some Results Interface. While processing each allocation the
enemy units, or to try to defeat all enemy units, without massing. Aystem should not destroy the original event description when
fire support agent can be biased to mass artillery fires at criticaecording the results. Specifically, the system should not have to
engagements, or to selectively apply artillery where it will make ananage the strengths of the tactical effects and then restore them
difference in the local outcome of more engagements. Finally, before each next analysis. On the other hand, the system should
mobility agent could be set up to mass mine-clearers at one evengt have to make a complete copy of all the objects in the event
freeing direct fire effects for other events, or to apportion minedescription, either. This takes too much time, and it is exacerbated
clearers against the available minefields. by the nested nature of the process. There must also be a

mechanism for tracking the intermediate results of the

Allocations. These are the genomes of the genetic€hgagements (since a Blue direct-fire effect can be used against
algorithm. The genome is a matrix-like encoding that represenf§0re than one Red force). The solution to these problems lies in
the resolution of the event (see Table 1 for an example). The ReHf creation of &orce Summary for each engagement.
direct fire effects (M for mechanized infantry, T for tank) and
mine-field (MF) effects are first organized by level, then within Force Summary (and Results). The Force Summary is a
each level they are assigned to forces. In the example, level O haich smaller data structure using only fundamental data types (no
one outpost force consisting of one mechanized infantry effeciew objects) that is appropriate for the Combat Results

Table 1: Genome Encoding for an Allocation

Red Elements Blue Elements

Leved | Force |Effetc [ M [ MMM M| M|T|I T[T MC|MCI|IE]IF]IF]IF
0 Outpost | M 11 1 1 1 1 1 1 1 1 1 1 1 1 1
1 Main M

One MVELO 1 0 1 0 0 1 0 0 1 1 1 1 1 0

Main M

Two MELL O 0 0 1 0 0 1 1 0 0 0 0 0 o©

Main M

Three MEL? O 1 0 0 1 0 0 0 0 0 0 0 o0 1
2 |Reeve! T 14 1 1 1 1 1 1 1 1 1 101 1 1 1




Mechanism. As the alocation is processed each engagement of
blue effects against a red force within a level is converted into a
force summary. The Force Summary is fed into the Results
linterface, and the modifications made on the summary by the
Combat Results Mechanism are provided back to the Generations
Agent as Results. For each allocation the Generations Agent
creates and maintains a Status data structure that pardlels the
alocation. This Status structure holds the intermediate results.
The next time a Blue effect is used itsinitia strength is taken from
the Status structure, not the original all ocation.

Combat Results Mechanism.  The Combat Results
Mechanism receives a Force Summary of Blue and Red effects
involved in an engagement and determines the outcome by running
it through a results determination process. In this project, either a
simple combat results table or the crisp-rules system can be used.
However, this could be any sufficiently robust tactical simulation

also be used to evaluate all engagements within different levels,
providing the complete result for the entire event. The crisp-rules-
based analyzer is based on the Java Expert System Shell (JESS), an
expert system shell and scripting language written in the Java
language(Friedman-Hill 1999). JESS is based on the CLIPS
rule-based system. JESS supports the development of rule-based
expert systems, and these rules can be tightly coupled to code
written in the Java language. Although CLIPS and JESS have a
capability for handling fuzzy concepts and reasoning, the rules
used in this project are crisp and do not have a probabilistic
component in determining which rule to fire.

The rules-based agent has a total of 22 rules and there are
three levels of salience. Salience allows a priority-based scheme to
be placed within the rules. In order of priority they are the default
level, the step change level, and the phase change level. The rules
are in a separate file and are loaded at run time. They can easily be

that can provide “good enough” answers in “fast enough” timemodified or updated without changing the program code.
The Results of the combat are returned to the Generations Agent /

Fitness Monitor.

Generations Agent / Fitness Monitor.

The Generations

The rule-based system goes through a series of steps to
resolve a single event or battle. Forces are allocated, then combat
is resolved, and the results are evaluated for success. If not

Agent / Fitness Monitor keeps track of the best allocations anguccessful then a new allocation will be tried until either all forces

determines which one to present to the user.

When all of there expended unsuccessfully or a force mix is found that is

Results are returned for a particular allocation a fitness function isuccessful. The rules follow the same combat model that the GA
applied. This fitness function is configurable, but currently onlyanalyzer uses in resolving combat effects.

through code changes. This fithess evaluation is the mechanism

for biasing the selection of the “best” allocations. An example Rules are also in place to allow the rule-based system to step
fitness function is to select allocations that reduce all Red forces h)rough the list of events that need to be achieved. Once all events
the same percentage (which might cause lower Blue end strengHaye either been successfully or unsuccessfully tried the rule-based

Alternatively, the fitness function can select for lowest overall Redystem tabulates the results and passes them back to the GUI for
end-strength, which might leave an enemy force completelmismay.

untouched. A simple example fithess function that provides
reasonable results is the maximization of Blue direct-fire end-
strength modified by the proportion of Red direct-fire strength tha&chi e
survives. In other words, the more surviving Blue strength and thr‘?ot tr
less surviving Red strength, the better.

The rule-based agent tries to use a minimum of force to
ve the objectives. This means that other options are currently
ied. However, expanding on the rules present in the system
can modify additional biases.

With probability ! elated to the_ir fitness, two aIIoc_:ations are The advantage of the rule-based system is that it can present
selected for reproduction. Each pair creates a new pair for the neé(tview of its computations that is understandable by a human
generation. As two allocations combine to produce two chlldre%

; ; : - perator. This is not as simple with the multiple generations of the
for the_ next generation there is a h_'gh probability (default of 0.705 0 approach. The intermediate results are output as text messages
that bits of the parent genome will crossover to form the chil

. ) : - Wwhile the rule-based system moves through its rules in computing a
genome. This crossover is also subject to event constramg Y 9 puting

Dlution.
mentioned above (indirect-fire can only be used once, etc.). After

each child allocation has been created, there is a very lo
probability (default of 0.01) of mutation of any gene, again subjec
to constraints from the event.

isualization of the Event Resolution

The Most-fit allocation from the GA-based analyzer or the
M ost-Fit Allocation. The Survival Test identifies the "best” €sults from the crisp-rules-based analyzer (including intermediate

outcome based on the utility function. Once the best outcome fSults) are provided back to the GUI. The allocation of effects is

the event llogt-Fit Allocation) is determined it is passed back to @Pplied to the graphical entities and the user can “walk through”
the GUI for display to the user. the levels to see how the allocation occurred. Simultaneously, the

strength results are extracted from the Status structure and used to
modify the strength display for each entity. See Figure 2 for an
example of an event resolution on the system screen, and Table 1

. . ) for the corresponding allocation.
The crisp-rules-based analyzer is very flexible. It can be

used at the lowest level as a fundamental results mechanism. It
can be used to evaluate all engagements within one level. It e o

Analyzer: Crisp-Rules-Based

The Red outpost force in level 0, to the west, was subject to
ntire strength of the Blue elements, and has been destroyed
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Figure2: Example Visualization of Tactical Event Resolution — Second Level

and over-run. The screen is displaying the results of the second This level demonstrates the influence of the biased agents.
level, which represents amain defensive belt. The Red force to the The mobility/counter-mobility agent has applied all available MC
north consists of a mechanized infantry effect (M) with aminefield assets against a single enemy force, while the fire support agent
effect (MF). It has been allocated two Blue mech effects, one tank has chosen to mass indirect fires against the same force. In tactical
(T) effect, two mine-clearing (MC) effects, and three indirect fire  terms, both the mobility/counter-mobility and fire support agents
(IF) effects. The Red force in the center (one mech, one mine- are supporting the maneuver agent’'s choice of an economy-of-
field) has been dlocated two Blue mech effects and two tank force mission in the south, a block task in the center, and a
effects. The Red force to the south (one mech, one minefield) has penetration of the enemy defensive belt in the north.

been dlocated two Blue mech effects and one Blue indirect fire

effect. RESULTS

At the end of the engagement, the strengths (represented by The entire system performed remarkably well, from the GUI
status bars under the icons) of the three Blue DF effects inthe  jnterface through the event descriptions into the analyzers and back
north are “green,” meaning fully combat effective. In the centerg 1o the GUI display. This allowed several tests to be conducted
all four Blue DF effects are high amber, meaning weakened bt different parameters. In every test, the outcomes of the
effective (amber does not show well in black and white). In theynaiysis of each event seemed quite reasonable, and the evaluation
south, the two Blue DF effects are both red, meaning they will ngit the project was favorable; however, there are a few limitations
be effective in future engagements. All of the Red effects in thigf the system that should be noted.
level have been reduced to a status of red or black, meaning
completely ineffective. The Red reserve force, to the northeast,
will not be engaged until level 2, so it still has a green status.



Testing

The test protocol used an incremental approach to evauate
and demonstrate the system. Initidly, the tests were limited to
resolving a single event with direct-fire (DF) engagements with
only a few DF effects on each sSde and satisfactory DF
engagement outcomes were demonstrated. Indirect fire (IF) and
minefiedd (MF) / mine-clearing (MC) effects were added, and aso
yielded satisfactory results. From that point on, increasing levels
of complexity and numbers of effects were added, dl of which
yielded good results. When parameters for the GA analyzer were
changed for complex scenarios, improvements were noted with
increased numbers of genomes over more generations. As the
situations became more complex the time consumed by Java object
creation was overcome by the devel opment of the Force Summary,
after which the system ran an order of magnitude faster.

Limitations

There are severd limitations to this first prototype system.
First, the system does not consider side effects and consequences
external to the event that could have an impact on the event. For
ingtance, using artillery in one engagement may cause the guns to
be targeted for counter-battery fire, reducing the availability of
indirect-fire effects in the next event. Second, the system allows
direct-fire forces to conduct unredistic maneuvers, such as
attacking first in the south, then moving all the way up to the north
in the next level. Finally, the alocation mechanism in the GA-
based andyzer can suffer from alocal maximum problem, wherein
much better allocations can't be reached.

CONCLUSION

Perhaps the most important question to be asked
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