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ABSTRACT

We are in the process of developing a Joint, progressive, multi-resolution course of action analysis (COAA) capability.
This capability augments government off the shelf (GOTS) simulation tools by using a well-defined course of action
(COA) datainterface in keeping with the Department of Defense (DoD) vision for GOTS simulation tools. In addition,
it makes use of common synthetic natural environment (SNE) representations and reasoning agorithms through a well-
defined data interface, consistent with the DoD vision for acommon SNE. The progressive COAA tool allows planners
to quickly identify candidate high-level plans, and then focus time and computational power on detailed exploration of
the viable alternatives. The progressive COAA tooal is broadly applicable for training, rehearsal, and real world opera-
tions. The approach provides a mechanism for standards-based data exchange between the COAA tool and GOTS simu-
lation. By exploiting multi-resolution modeling (MRM) capabilities of the GOTS simulation, we provide a deeper un-
derstanding of the data interface needs for COAA and other components that need to link to the COTS simulation. In
addition, the project will contribute further understanding to the needs of common SNE for MRM-based COAA. This
effort expands on our internal research and development (IRAD) project on variable mode fidelity for progressive
course of action analysis of the Joint battlespace. We leverage our experience with a data-centric simulation architec-
ture, MRM, and common synthetic environments, and our ongoing efforts supporting DoD and adapting our COAA
system to the Joint context.

An early version of this paper was presented at the 2006 Spring Simulation Interoperability Workshop. This paper has
been expanded based on comments and ongoing work.
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Introduction

As part of a series of ongoing collaborative research ef-
forts conducted by SAIC and ARL into next generation
simulation and high performance computing (HPC) ap-
plications, we are engaged in a process of applying simu-
lation tools to the automation of the course of action
analysis (COAA) process (Pratt 2006). This effort cen-
ters on making the process more efficient by presenting
the planner with the evaluated results and recommenda-
tions for a series of auto-generated plan templates. Fol-
lowing the philosophy that each level of command is
concerned with the command and control of units one
echelon down; we used a series of plan decomposition
techniques to disaggregate the units into a series of lower
level units and eventually to the platform level. By its
very nature the proof of principle described in this paper
simplifies the problem of joint combat, and we believe
the architecture is robust enough for further study. Addi-
tionally, we will discuss implementation of aggregate
units as primitives into the OneSAF objective system as
one of the key enablers of this approach.

M otivation

While the research is driven by the time and effort re-
quired to develop operational battle plans in the real
world, we viewed that addressing that issue was a bridge
too far for any small effort. Rather we determined that
looking at the problem and solution architecture and how
simulation could aid the planner in the selection of plan
alternatives would be an appropriate research goal. In
doing this, we realized that the “low hanging fruit” was
the time and effort it takes to set up a simulation exer-
cise. In using simulation to support COAA, this often
becomes the driving cost and time element. Thus, it be-
came our objective to produce a realistic set of executa-
ble plans given an operational scenario. While the plans
might not be perfect, they should be good enough to pro-
vide the context for the adjacent and opposing forces and
allow the event planner to augment their units with more
detail.

The longer term motivation is to develop a COAA tool
that will alow the planner to enter (or better yet have the
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data drawn directly from the operations command, con-
trol, communications, computer, and intelligence (C4l)
system) the current operationa state (to include the en-
emy position), and the operational goal; and from these
initial conditions, develop a set of ranked operational
plans that can form the basis of the next set of orders.
Through the use of simulation and high performance
computing (HPC) resources, the ability to perform rapid
iterations on the plans and explore non-traditional plans
would be greatly enhanced. Thus, both the timeliness
and confidence in the orders will increase. While this a
currently beyond the state of practice, programs like the
Army’s Future Combat System (FCS) that make use of
embedded simulation connected via Network Centric
Warfare systems to the next generation High Productiv-
ity Computer Systems (HPCS) are creating the infra
structure for such a system in the not too distant future.

PreviousWork

The concept of automating COAA is not unique; one of
the more recent examples is that of Project Albert
(USMC 2006). This system primarily focused on the use
of agent technology to evolve and understand complex
behaviors and responses. As an agent-based system,
planning and coordination was largely done at the entity
level and proved it was possible to use a few simple be-
haviors, run over multiple iterations, to produce realistic
looking scenarios. However, these were emergent vice
top down doctrinal behaviors. For the purpose of this
research, we are looking at going from the top down.

In (Tolk 2003) discusses the need for and ability of deci-
sion support systems (DSS) to support military planners.
It is most interesting that Tolk does not take the tradi-
tional computer scientist view of the problem. Rather, he
looks at it from the needs of the user. In (Tolk 2005) he
describes how agent-based systems can support the in-
teroperability requirements needed by such systems. In
both cases, the discussion centers on the needs and the
function of the DSS system to support COAA.

In his seminal paper, “The Base of Sand Problem,” Davis
discusses the use of simulation and some of the inherent
limitations (Davis 1991). Sadly, while the paper is al-
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most 15 years old, it is still as relevant to current state of
COAA simulations as when it was written. As the paper
points out, the human element in the evaluation and exe-
cution of the modelsis key. For this reason, we believe
that any system designed for COAA should provide the
planner recommendations and cannot be considered “the
final answer” for planning process automation. In many
ways, thisis similar to the retrieval phase in Case Based
Reasoning (CBR) Systems. A National Academy report,
(Pew 1998), drew the same similarities between CBR
and the planning process.

Likewise, this project is not the first to suggest the use of
multiple resolution models (MRMs). In his tutorial,
Davis presents some of the history and implications of
MRMs (Davis 2005). It is interesting to note the refer-
ence to linking different models together. Since many of
the models were developed in isolation from each cther,
there are key implementation differences that yield dif-
fering results at each level. Thus, while the models may
feed each other, the differing algorithms used in the
models and the creation / deletion of information calls
the validity of the linkage into question. For this reason,
we chose to extend the U.S. Army’s OneSAF Objective
System (OOS) and create aggregate models within the
same framework as the entity instance. This effectively
eliminates the simulation induced variations in the ter-
rain, environment, and behaviors between the various
echelons.

The elements of the proposed systems have their basisin
well-referenced literature. However, as stated earlier, we
did not find any references to the same model being used
at different levels of aggregation or that the plans were
linked at different levels to develop the recommended
COAA.

Hypothesis

The basic hypothesis is that through progressive refine-
ment of high-level auto-generated plans, a realistic plan
can be developed. At each of the levels, three candidate
plans will be developed based upon the best performing
higher level plan. At the highest level, the plan consists
of the starting location and the objective. At the lowest
level, the plan consists of the defined routes for each of
the entities in the battle space. The plans vary by the
routes generated for the entities by each of the three
route-planning algorithms. The resulting control flow is
shown in Figure 1.
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Figure 1. Decomposition Approach

The evaluation process is very similar to the selection
and propagation methodology used in Genetic Algo-
rithms. At each echelon and for each plan, multiple itera-
tions are run using different random number seeds. The
results from each of the runs are then computed and the
like runs are combined to produce an average score.
Combined with the natural non-determinism in OOS, this
approach provides the datasets we will use for the data
reduction, evaluation, and selection phase. At this point,
the “best” plan is brought forward and decomposed.

In essence, we are implementing a directed search
though the scenario solution space. The use of the
evaluation function provides a pruning mechanism al-
lowing us to evaluate nine cases (three at each level)
rather than the full tree of 39 cases (three at Company,
nine at Platoon, and 27 at Entity). By limiting the cases
to three at each decision point, we have artificially con-
strained the number of possible aternatives. In an opera-
tional system, there would be considerably more choices
producing a combinatorial explosion of possible cases
requiring pruning of the case tree to reduce the problem
to atractable solution space. However, given that this a
proof of principle, we felt that the constraint does not
unduly limit the validity of the approach.

System Description

A common approach to analyzing candidate COAs is to
execute them in an entity based training and analysis
simulation system such as Joint SAF (JSAF) or the One-
SAF Testbed Basdline (OTB). This technique requires a
separate set up for each of the COAs. A largely manual
activity, this process often results in a high time and
computational cost of running multiple scenarios within
these high-fidelity systems. One way to mitigate this
cost is to employ variable levels of aggregation to sim-
plify the number of simulated elements that must be
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planned and controlled. As Figure 2 indicates, this tech-
nigue tailors the COAA to use low-fidelity aggregate
models quickly, using closed form simulation techniques
in the beginning to trim the search tree. This series of
runs executes faster than real time without a human in
the loop (HITL). As the search tree is reduced, higher
levels of fidelity and resolution are employed to obtain
more accurate results. The final step in the processisto
run real-time HITL executions to support final COAA, in
essence, a mission rehearsal event. Prior to this MRM
approach, different, and not always interoperable, tools
are used as computer-based aids in the COAA process.
Our approach makes use of a single simulation system
that is capable of altering its fidelity and resolution to
apply appropriate resources to the COAA problem in an
efficient and timely manner.
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Figure2 . Variable Fidelity over Multiple Phases

The use of multiple resolutions and fiddlities in a com-
posable simulation system such as the OneSAF Objec-
tive System (OQOS) provides an important discriminator
for this effort. Nowhere in our literature search did we
find an approach that uses successive fidelity and aggre-
gation increments to partition the solution using a single
simulation platform. The OOS architecture and models
are designed to support the composition of fidelity and
resolutions ranging from simplistic, low-fidelity models
to more complex, high-fidelity models of individual sol-
diers, vehicles, and building interiors. Composition of
these capabilities is obtained either through application
building or through parametric composition. In applica-
tion building, separate executable versions of the tool
incorporating different levels of functionality are in-
cluded in a single application. In parametric composi-
tion, variable levels of fidelity are included in the models
and activated by setting key parameters in the system at
exercise run time. We take the viewpoint that the simu-
lation system is independent of the COA tool, so we do
not mandate a particular simulation system (such as
0O0S) but rather we define data interfaces between the
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COA tool and the simulation tool. This means that the
COA tool could be implemented with any COTS simula-
tion tool selected by the user, provided that the simula-
tion tool supports the composition ideas outlined above.

Client Interface

Rated Plans, Efrors,
System Status

Planning Engine

D

Evaluator Rated COAS Generator
( J

Parametric Data

Fitness | Psformene | Constructive | T

Funcion [@=— Smulation | Communication
(00s, 078) {

Figure3. COAA Framework Conceptual View

Figure 3 illustrates the course of action analysis proc-
esses architecture framework as it stands today. We be-
lieve this fundamental architecture is sound for the larger
operational context; the main extension needed is the
Parametric Data for the Evaluator component (with the
increased complexity of joint operations the evaluation
of events is more complex and might involve second and
third order effects). However, al components of the
architecture will be extended to support Joint and non-
kinetic operations. We have adapted the Planner and
Evaluator to satisfy a simple Joint course of action re-
quirements and develop support for synthetic environ-
ment analysis tools provided by a common synthetic
environment representation.

Figure 4 presents a conceptual view of a complete sys-
tem, which formed the road map for the IRAD prototype
and the later joint ARL / SAIC effort. As indicated,
there are several components to the system. A client in-
terface allows the user to set parameters such as the sce-
nario to be used, the number of plans to be created, and
the duration of the planning session. The Planner and
Evaluator (implemented in the IRAD prototype using
OTB and extended in this project to encompass Joint
operations in the OOS context) provide complementary
functionality. Planning begins when the Planner creates
an initial set of COAs, which it passes to the Evaluator.
The Evaluator then executes the COAs, assigns a fitness,
or “goodness,” rating to each COA and returns the result
to the Planner. The Planner decomposes the most prom-
ising COAs into lower echelons (higher fidelities and
resolution). This set of COAs is passed back to the
Evaluator and the cycle continues until some predefined
termination condition is met. At the current time, the
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stopping condition is the entity level. By working to-
gether in this way, the Planner and Evaluator alow crea-
tion and incremental improvement of candidate COAs:
an evolutionary process intended to yield high-quality
plans at a reasonable computational expense.

Scenario oS
Specification Planner 00S
Generate plans for
Force composition ™| highest echelon Executeplans
Objectives (faster than real time)
Terrain

Decompose plans -1
to next echelon

No Best
|l ower plan
echelon

Rate plans‘
(Eva Func
Output best plan(s)

Output battle statistics
(XML)

MY

Figure4. COAA System Conceptual View

Plans are made and evaluated starting at the highest
echelon and entities are aggregated at each echelon level
to reduce computation. For example, at the Brigade
level, entities are aggregated as Battalions, and each Bat-
talion treated as indivisible. Each aggregate entity has
attributes such as strength or attrition. Plans are then
formulated using a small number of these Battalion enti-
ties, with rules governing things like logistics and ave-
nues of approach that pertain to aforce of Battalion size.
As described above, aggregating the planning at this low
level of fidelity allows alarger space of possible plansto
be evaluated in the Planner. The search space is pruned
to include only the best of the resulting plans, and the
planning moves on to the next lower echelon.

Components of the COAA Architecture

Major requirements of the COAA architecture include
the ability to:

1. ldentify asituational awareness package defini-
tion that can be sent to the Planner

2. Define asimple mechanism for the Planner to
generate COAs

3. ldentify aformat for the COAsto be sent from
the Planner to the Evaluator

4. Develop away to integrate the Planner and Ex-
ecutor, including a communications protocol
and implementation and testing of a communi-
cations mechanism

5. Provide a consistent simulation environment
that reduces the simulation induced discrepan-
cies between the echelons

6. Implement a consistent methodology for rating
plans based on execution outcome
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Functional Scenario

From its inception, this effort was targeted as a proof-of-
principle of the process and architectural structures rather
than an operational system. As such, we were able to
bound the problem space to ajoint close air support mis-
sion. This scenario includes a blue tank battalion with a
section of supporting A-10s advancing to an objective
point with the possibility of encountering ared tank com-
pany enemy force along the way. Figure 5 shows the
notional lay down of the scenario.

Suspected
Objective is to secure ] Enemy Tank
Road Junction Alpha at Coin
1600. Current time is EI Defense
1400. A Tank Bn is
available 30Km away
and an A-10 Section is
available 50Km away
An enemy tank Co is
suspected to be in the
vicinity on Alpha

Obstacle

Obstacle

Road
Network

Obstacle

Figure5. Notional Scenario

From some of our preliminary runs, the overall scenario
using the direct path planning agorithm requires ap-
proximately 30 minutes of wall clock time and the red
and blue forces do engage each other. Aswill occur in al
OOS based simulation runs, there are some variations
due to the simulation-induced variability. These are
overcome by running each COA multiple times and av-
eraging out the figures of merit.

Unit Levelsand Models

The forces in Table 1 are part of the scenario described
above. The rows indicate the various levels of decompo-
sition we will be using for this project. The first row
represents the traditional aggregate model where all
forces are represented as units. Similarly, the third row
represents the typical entity model in that al the plat-
forms are explicitly presented. The middle row repre-
sents the most interesting case in that the entity aircraft
engage the aggregate enemy tank platoon. The relative
sizes of the aggregate units and entity-level simulated
objects are shown in Table 2. The size of the aggregate
units is based on the notiona geographic extents of the
unit when they are in a diamond formation. We treated
the units as “blobs’ and moved them as a single entity
using OOS movement primitives.
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Table 1. Smulated Battlespace Objects

Command Ground Ground Air Air En-
Level Entity Entity Entity tity
Count® Count?
Battalion Company 4/1 Section 1
Company Platoon 16/4 A-10 2
Aircraft
Platoon M-1/ 64/16 A-10 2
T-80Tank | (bluefred) | Aircraft

Table 2. Sizes of the Simulated Entities

Unit Width Length

Company 614.24m 629.36m

Platoon 207.12m 214.68m
Entity 3.56m 7.34m

Route Planning

As discussed above, the three path planning algorithms
are one of the two methods used to introduce COA vari-
ability. This section briefly discusses the three path plan-
ning algorithms. The other means of injecting variability
is though the use of different random number seeds. This
results in different random number draws generating
different execution and results. We accounted for this
variability by running each COA 10 times. Since the
system is run in the single threaded closed form mode,
the variability induced by human interaction or network
delaysis eliminated.

Direct Plan

The simplest of the three paths is the direct path. In this
case, the entities proceed in a direct line from the origin
to destination. As shown in Figure 6, there is a red
chance this path will encounter some obstacles and result
in the detailed reactive behavior of the entity slowing
down and going around a restricted mobility area. Since
the detailed path planning is non-deterministic, these
lower level functions introduce the stochastic variability
in the system. A sample dynamically replanned route is
shown in purplein the figure.

! The counts are listed in the form of number of blue
entities/ number of red entities at that given level.
2 There are not any enemy aircraft in the scenario.
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Route

Figure 6. Notional Direct Path

Minimum Cost / Preplanned Route

As the name implies, this agorithm attempts to take the
fastest route from the origin to the destination point using
a minimum cost trafficability function. OOS uses a
modified version of the A* search to find the route with
the highest trafficability values, generating the shortest
route in terms of time. As shown in Figure 7, the entities
follow, in line, a direct path to the road and then follow
the road and avoid entering the area marked “Obstacle.”
The contact avoidance and station keeping algorithms
will introduce some variations, but are minimal. As
shown in Figure 7, the avoidance of the obstacle is pre-
computed for the assigned COA.

Obstacle

Obstacle

Obstacle

(=

Figure7. Notional Minimum Cost Path

While this approach takes longer to preplan, the thought
is that these routes will exhibit less variability during run
time and the time from crossing the line of departure to
the objective will be reduced.

Double Envelopment

The final and most complex path algorithm is the double
envelopment path. As shown in Figure 8, the force is
split in half and uses a pincer movement to reach the
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objective from both sides. The algorithm generates the
turn points along the route as intermediate points based
on the distance between the point of departure and the
objective while OOS does the detailed planning and ob-
stacle avoidance. While the paths are roughly equal
length, the time to traverse them depends on the type of
terrain and obstacles encountered. This could lead to the
two sub units arriving at the objective at different times.
For the sake of the evaluation function, we use the arrival
time of the last unit to arrive.

Figure 8. Notional Envelopment Path

Lanchester Equations

There are many arguments against the use of Lanchester
equations due to their lack of representation of current
operational reality. While many of these arguments are
valid, these equations do provide a degree of simplicity
for aggregate level interactions and have been used ex-
tensively to model force-on-force combat®. Thus, we
chose to use the Lanchester equations, described in (Sid-
ran 2006) and shown below, as the basis for the interac-
tions between aggregate units with out loss of generality.
Weran one turn per interaction.

drR
o - Ko RO=R,
dB
r =-k:®. BO)=B,

3 Asdiscussed earlier, if we take into account the second
and third order and non-kinetic effects often considered
in joint operations, or most large service centric opera
tions for that matter, the Lanchester equations are clearly
unsuited and the details of the Evaluator will have to be
adapted.
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R(t) and B(t) represent the strength at time t of the red
and blue forces, and kg and kg the effectiveness of ared
and blue individual, respectively. In this project we
based strength on the number of weapons remaining in
the aggregate entity. While each of the weapons repre-
sented one platform, we captured this as a parameter of
the aggregate unit. Thus, at the company level, each
entity had sixteen weapons and at the platoon, each en-
tity had four. As attrition took place, the entity / weapon
count was decremented to reflect the loss of a platform.
When the entity had no more weapons, it was considered
dead and no longer moved. We turned off collision de-
tection to avoid the problem with the dead aggregate
entities blocking each other.

Evaluation Function

As the scenario unfolds, time, space, and position infor-
mation (TSPI) is logged to a XML formatted file, as are
the interactions (weapon firing and impacts) and their
results. This information is then post-processed and re-
duced. The resulting data is collated and used as the
input for the evaluation function described below. We
have set up the equation so that the smaller the figure of
merit, the better the plan.

The generalized evaluation function is defined by the
following scenario-specific parameters:

M = Mission Attainment (Boolean value if the mission
was successful (0= True, 1 = False))

T = Time on Target (the value is the delta from the esti-
mated time to complete the operation normal-
ized by the estimated time)

Cys = Casualties count, killed, friendly

Cye = Casudlties count, killed, enemy

C,o = Casualties count, killed, other

Cus = Casualties count, wounded / disabled, friendly

o = Casualties count, wounded / disabled, enemy

Cuwo = Casualties count, wounded / disabled, other

k;.. = Weighting constants for each of the terms (defined
by the mission parameters)

The resulting equation is shown below.

F(M! Tl Ckf !Cke ;Cko ] CWf ] C\NE! C:WO) =
KaiM+k, T+K3Cr+KaCietKsCrotKeCut+K7Cwe +KeCuio

The use of the scenario defined weighting constants al-
lows us to change the relative importance of the factors.
For instance, in a given situation, the appropriate time on
target is more important than the number of enemy killed
or wounded. In other missions, the minimization of col-
lateral damages to non-combatants might be the most
important factor. Having the ability to adjust the pa
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rameters allows us to guide the selection of the plans. In
this prototype, we have chosen to implement a single set
of parameters for the evaluation function at each level
and for each of the elements. However, thisis not are-
quirement, and each entity could have its own evaluation
parameters. Additionally, since the Lanchester equations
did not take into account the wounding of entities and
there were no “Others’ in the simple scenario both of
these weighting factors were set to zero.

Results

One of our major concerns was that the variability of the
OO0S would mask any of the variability induced by the
plans. However as shown in Table 3, this was not the
case. As computational scientists, vice Subject Matter
Experts (SMEs), our choices of parameter weightings
might be sub-optimal, but they were deemed redlistic.

Table 3. Relative Evaluated Values

Plan Value
Direct Plan 1242.18
Minimum Cost / 1187.24
Preplanned Route
Double Envelopment 1233.00

The use of the higher echelon TSPl XML files as way
points for the route planning also proved successful.
However, there were times when the routes were, at best,
guestionable. For example, after three successive double
envelopments, the routes were rather cumbersome. An
example of this is shown in Figure 9. The blue is the
classic double envelopment. The orange lines represent
the derived double envelopment decomposition of the
double envelopment. From this it is easy to see that not
al of the possible COAs are reasonable. However, just
the fact they were generated was proof positive the archi-
tecture and processisvalid.
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Figure9. Overly Complex Generated Path

Conclusions

Like all proof of principles, the validity and applicability
isin the eye of the beholder. Having said that, we feel we
did proof the soundness of the basic architecture and
approach, as well as the ability of the OOS system, with
afew simple extensions, to support aggregate level mod-
els. The recommended solution, like many of the CBR
based systems, often requires some “tweaking” to de-
velop a near optimal plan. While the plans, in many
cases, were clearly not ones developed by SMEs using
deliberate planning, they were of sufficient validity and
variability to support adjacent and opposing forces. In
that context, we consider this proof of principle a success
and the concept warrants further study. However, it is not
ready for operational use.

FutureWork

As the system stands right now, the process described in
Figure 1 is largely a manua process. While we have
ported the OOS and evaluation elements to a High Per-
formance Computer (HPC) Linux Cluster (Powell at
ARL), we have not automated the scripting and linkages
between the elements. Thiswill entail the construction of
the batch job submission framework, a means of inject-
ing different random number seeds for the OOS runs,
and automated file management. While none of these
steps are difficult in isolation, the sequencing and coor-
dination between all the different processes and the files
systems make this a logistical challenge. For example,
OOS tends to exhibit “silent failures” when it runs out of
resources. Since OOS shuts itself down, the system in-
terprets this as a successful run. Thus, the issue of join-
ing after al the runs are completed will produce errone-
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ous responses. It is this type of nuance that makes the
scripting of the system a challenging task.
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