Proceedings of the 2008 Winter Simulation Conference

S. J. Mason, R. R. Hill, L. Ménch, O. Rose, T. Jefferson, J. W. Fowler eds.

A MULTI THREADED AND RESOLUTION APPROACH TO SIMULATED FUTURES EVALUATION

David R. Pratt
Robert W. Franceschini
Robert B. Burch
Robert S. Alexander

Science Applications International Corporation
12901 Science Dr.
Orlando, Florida

ABSTRACT

As part of the DARPA Deep Green efforts, SAIC devel-
oped a multi-threaded and resolution approach to con-
structing and evaluating simulated futures to address the
SimPath component. By making use of heuristically de-
rived breakpoints in a provided plan, we can construct a
series of possible futures that are grouped into what is re-
ferred to as the probabilistic fluent graph (PFG). Evalua-
tion of the PFG is done through a multiple resolution and
fidelity modeling system that applies computational re-
sources to the areas of highest likelihood. In this paper, we
will describe the architecture, processing, and data struc-
tures needed to bring this concept to fruition.

1 INTRODUCTION

At the most basic level, military operations can be divided
into two phases: planning and execution. During the plan-
ning phase, the commander and staff develop a set of pos-
sible futures with the intelligence officer (commonly re-
ferred to as the S2) playing the role of the opposing force.
This is largely a deliberate process that makes use of the
commander and staff’s experience and insights to develop
a best course of action that is issued as a plan for execution
in the next phase. The time constraint in developing this
plan is largely driven by higher headquarters. Once the
plan has started execution, the commander and staff must
now recognize when the actual state of the world deviates
from the plan and replan accordingly. Instead of having the
luxury of time to think and play out the options in a delib-
erate manner, the commander and staff must react and de-
velop the new course of action in a matter of minutes. As
such, reliance on personal experience in analyzing the of-
ten incomplete data that is coming in from the field often is
the only tool the commander and staff have for developing
a new course of action and making decisions.
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In military planning, the evaluation of potential futures
is commonly referred to as the course of action (COA)
analysis process. The generation and evaluation of these
courses of action are some of the most time-consuming and
subjective tasks in the mission planning process. Often
done under severe time pressure, most staffs revert to their
experiential base to select options and determine their vi-
ability. Since this is a subjective process, it is fraught with
the typical issues associated with most human tasks. Re-
cent advances in cognitive and computational sciences al-
lows us to address some of the issues of the large number
of options considered and conduct objective evaluations of
them in a timely manner. This representational and proc-
essing element is the SimPath component of the DARPA
Deep Green effort.

In the abstract, Deep Green is a commander and staff
aid to help rapidly develop, evaluate, and interpret plans. It
is critical to understand that it does not remove the com-
mander or staff from the command and control process.
Rather, as a cognitive and tracking aid, it allows them to
more rapidly respond to dynamic and unfamiliar situations.
It still relies on the commander and staff knowledge, ex-
perience, and insight to interpret, understand, and execute
the recommended plans.

This paper will briefly discuss the overall Deep Green
system and then focus in on the SimPath component. Spe-
cifically, we will cover the representation and execution of
the possible future plans. While the issue of the environ-
mental representation is a critical part of the overall Sim-
Path effort and consistency of results, to do the topic any
justice is beyond the scope of this paper.

2 DEEP GREEN ARCHITECTURE

At the highest levels, Deep Green is comprised of three in-
terrelated components, shown in Figure 1. The com-
mander and staff interact with the Commander’s Associate
while the Crystal Ball and SimPath elements operate in the
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background. The Environment referred to in the figure be-
low is the Command and Control (C2) environment in
which Deep Green operates. It provides the context in
terms of inputs from (FBCB2), Command Post of the Fu-
ture (CPoF), and Publish And Subscribe System (PASS).
Likewise, orders are sent to subordinates via standardized
interfaces to the C2 systems.
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Figure 1: The Deep Green Architecture

Commander’s Associate (CA) is the Warfighter Com-
puter Interface component for Deep Green. The sketch-
based interface uses more natural human interface interac-
tion styles for capturing a Commander’s intent. To do this
effectively, the system must operate in the Commander’s
context for interactions and must make intelligent infer-
ences about the intent and the execution details of the plan.

The functions of Crystal Ball are to build and maintain
the Futures Graph, keep the Commander well-supplied
with good options, and eliminate blind alleys. The SAIC
team’s innovative approach is to implement the Futures
Graph as a probabilistic fluent graph (PFG), which pro-
vides a common Futures Graph for Commander’s Associ-
ate and SimPath, as well. Since the generation and man-
agement aspect of the PFG and the simulation process do
not have clear sections, there is not a clear conceptual
boundary between the Crystal Ball and SimPath. As such,
we will be discussing some elements of both Crystal Ball
and SimPath in this paper in order to provide a comprehen-
sive view of how we manage the simulated futures.

SimPath is the synthetic battlespace engine that pro-
duces correct and qualified predictions of future activities
based on the Commander’s expectations. It must provide
accurate generation of topical and relevant optional actions
based on current intelligence and COE experience. It must
be able to support predictive models that unfold accurate
futures within challenging timeframes. Accurate predic-
tions must be coupled with learning and the ability to pre-
dict tactical creativity as seen in current conflicts. SimPath
must be able to support all aspects of the COE and be able
to predict at both the macro- and the micro-level, depend-
ent on the level of the Commander’s abstraction into the
plan. As Deep Green is employed across different eche-
lons, SimPath must be able to support various abstractions
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in a manner that correlates up and down the command hi-
erarchy.

3  PLAN REPRESENTATION

For the sake of simplicity, we are going to assume a single-
level plan representation. In reality, each of the plan nodes
can be decomposed down to multiple subordinate plans.
While this fractal nature is a key element of the C2 proc-
ess, and a topic of follow-on work, we can discuss single-
level plans without loss of generality. Likewise, other than
synchronization points, we are not considering adjacent
and supporting units plans. The follow-on hierarchical ver-
sion of Deep Green will address them as well as part of the
hierarchical planning process.

At the lowest level, a plan is constructed of a series of
task nodes or fluents, shown in Figure 2 (Cohen 2001). At
the level we are planning, these represent atomic actions.
The contents of the nodes can be divided up into roughly
three categories. The static information contains the Task
Name, Activity, Resources, Preconditions, estimated dura-
tion, and stopping condition. These are planned during the
initial planning process and could be updated during the
replan process. Of key interest is the Stopping condition
that signifies a planned transition out of the current task.
This could be time-driven (Attack at 1000), geographic-
based (When reaching a phase line), coordination-driven
(Link up with 2" squad), event-driven (When you take en-
emy fire), etc. Obviously, a time or distance transition will

provide a better Estimated Duration value.
Task Name

Activity

Resources
Precondition
Stopping Condition
Est. Duration
Percent Compete
Next Task (s)
Likelihood of task (s)

Figure 2: Task Node / Fluent Representation

The dynamic portion of the plan is Percent Complete
slot. As the node is being executed, the value is updated to
project progress to the planned stopping condition. This
value provides a metric into the status of the plan and al-
lows the commander and staff to monitor the execution
progress.

The remaining part of the plan node is of variable
length. Initially, as shown in Figure 3, there are follow-on
single tasks to each task. This is consistent with the mili-
tary planning process, where that plan is a linear sequence
of tasks. However, as SimPath executes, possible alterna-
tive futures are generated through plan perturbation (ini-
tially, this is largely a geographic consideration such as
taking a left or right at a road junction) or interaction with
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the enemy (spotting, attack/defend, etc.). This results in a
possibility of having more than one possible follow-on
task. Thus, the link to the next task and the probability of
taking that link are stored with the task node.

As shown in the figure above, there are three catego-
ries of task nodes. Previous nodes are nodes that have been
executed and are preserved for historical and After Action
Review (AAR) purposes. The Current node is highlighted
and the one that the commander and staff believes we are
currently in. This task is the one currently being executed
and updated. This node serves as the root of the futures
tree. The Planned future nodes, shown in blue are, as the
name implies, the planned future tasks and have not been
executed.
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Next Task(s)
Likelihood of task (s)
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Figure 3: Plan Representation

The Start and Goal States are just tags to indicate
where the plan begins and the expected outcome if the plan
executes as anticipated. Since we will be discussing the
operation of SimPath during actual events, for the remain-
der of the paper we can assume that we are in mid plan.
This allows us to assume that the initial plan has been de-
veloped and the execution of it has started. Likewise, we
have not reached the goal state, so successful termination is
not an issue.

4 FUTURES REPRESENTATION

As discussed above, the initial plan is a sequential organi-
zation of the task. One of the old adages is “no plan sur-
vives first contact with the enemy.” Well, this is not quite
true; many plans do not even make it that far. So experi-
ence has taught us that the future is much more like what is
shown in Figure 4. The PFG can best be thought of as a
directed cyclic graph rooted at the current node.
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Figure 4: The Potential Futures Graph

There are several key things to note about the PFG. First is
that it is cyclic. There are situations where a node loops
back on itself (bottom center of the picture). An example
would be “Conduct patrolling operations until enemy con-
tact is made.” This is different from a holding task such as
“establish a defensive posture,” in the sense that the unit
subordinates are actively doing things that are repetitive.
Larger loops, like the one shown in the center, are when a
series of tasks link back on themselves. An example of this
would be to clear out a building and then have to come
back and do it again after the adversary had reoccupied it.
These loop constructs are quite common for asymmetric
and peace keeping operations where it seems that some ac-
tivities repeat.

Also shown in the figure is the dead end or “blind al-
ley.” As shown in the center top of the figure, these are one
or more tasks that lead to a terminator that is not the goal
state, and there are no more viable tasks that can be per-
formed to reach the goal state. Obviously, these are options
that, if known about in advance, should be avoided.

The final construct to note is the placement of the ar-
rows. The majority of the tasks have the arrow leaving the
right side and entering the left. This is to indicate normal
commencement and completion of the task. As shown in a
few of them, the arrows enter or leave the top or bottom.
The leaving indicates a task that was interrupted prior to
completion and another action commenced. An example of
this is the enemy setting up an ambush along a trail. Like-
wise, when the task is entered through the top or bottom, it
is joined in progress without preparation.

The two hardest issues to deal with are accurate pre-
dictions and timely execution. As the Commander’s plan
progresses, variability and decisions occur that may permit
alternative future paths. Accurate predictions of the vari-
ability and potential decisions are modeled. Each point of
variability assumes particular conditions and can be as-
signed initial assessments based on analysis of world state
against those conditions. These assessments are used to de-
termine if there needs to be a parallel split to the world
state.
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As part of the construction of the PFG, we make use
of Multi-Trajectory Control to help guide the generation of
new trajectory and tasks. Multi-trajectory simulation fu-
tures heuristics are embedded in the branch-chooser capa-
bility. During simulation of a trajectory, a branch-chooser
is invoked at the conclusion of a task or at the arrival of an
event (subsumption) and will choose between several al-
ternatives.

The first alternative is that branching may be “turned
off” for that type of branch. In this case, the branch-
chooser does not generate a node for the Futures Graph. It
invokes a deterministic or stochastic response in the execu-
tion of the simulation, according to the features of the un-
derlying simulation model.

The second alternative is that the branch-chooser may
determine that a trajectory should be “pruned.” In this case,
the simulation will stop the execution of that trajectory and
add a node to the Futures Graph, with information about
the applicable state and an explanation of the termination
criteria.

The third alternative that the branch-chooser would
make would be to determine the level of fidelity of the
multi-resolution model used to estimate future states ema-
nating from the node in question.

From this discussion, it is easy to see that the defini-
tion of a task and the linking of the task are central to the
execution and management of the PFG. To that end, we
have developed a set of rules for the construction and link-
ing of tasks:

e  Tasks should be atomic for the level of unit being
planned.

No decision that could result in different follow-
on tasks should be made in task.

If a branching point is established within a task,
the tasks is broken into two tasks.

Linear tasks are not combined into a compound
task.

From these rules, it is easy to see that even for simple
military operations there will be a large number of tasks.
We have made an overt trade-off in the number of tasks for
simplicity of the task itself. This follows the agent para-
digm:It is easier to manage a lot of simple well behaved
things than it is to mange a few complex things with lots of
exceptions. Thus, as SimPath executes, new states are add-
ed and old non-reachable states are pruned from the PFG.

5 THE AUGMENTED PFG

The PFG provides a good representation as to what might
happen, but is actually quite sterile in its meaning. For that
reason, we have augmented it with some additional plan-
level information. As shown in Figure 5, the coloring of
the futures boxes allows us to rapidly see which of the
states fall into the three desirability categories. A simplistic
taxonomy of Desirable, Borderline, and Undesirable pro-
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vides the commander and staff an easy way of annotating
each task as to how they feel about executing each of them.
In some cases, there is a natural deterioration of the tasks.
In others, things go bad quickly.

There is a series of green threads shown in the figure.
These are the potential futures as represented by the linear
plans. These are the trajectories the future might take.
While we can not be certain any one of them will be cor-
rect, together the threads weave a tapestry that represents
the likely future. Additionally, the trajectories prove use-
ful as an organizing concept for the simulation excursions.
In essence, these provide the scenarios for the simulated
runs executed by SimPath. As each of these threads is exe-
cuted multiple times, using standard design of experiments
methodologies, the next probabilistic values for the next
state can be derived. Likewise, if there is a trend to branch
to an unplanned or unforeseen state, a new task can be
added to the PFG.

Plan Horizon 2

Least
Probable

Plan Horizon 1 - “

Future

Y

Most
Probable
Future

Probable
Future

Borderline States

. Undesirable States

Green Threads are possible future traversals

Figure 5: The Annotated PFG

Shown by the different color crosshatching, the likeli-
hood of executing a task is also divided into three catego-
ries: Most Probable, Probable, and Least Probable. As we
all know, there are some potential futures that are not very
likely, but the consequences of that action are severe and
need to be considered. The probability of the path can be
derived using the Likelihood of Task fields for the trav-
ersed tasks.

The final annotations are the two Plan Horizons. These
are how far out we are planning with a degree of certainty.
They can be expressed temporally (the next 72 hours) or
based upon some task attainment (when we get to Phase
Line Delta). Either way, the further out we look, the less
certain we are as to the correctness and viability of the
plan. So, while we should consider these tasks, the amount
of resources we should spend evaluating them is reduced.
In our design, we have implemented two Plan Horizons
since this matches with our evaluation process. Note that
the Plan Horizon lines do not break up tasks, rather they
assume the completion of the task. As the system matures,
we expect to be able to push the plan horizons to the left
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and provide increasingly more valuable and insightful plan
evaluations to the commander and staff in a timely manner.

6 FUTURES GENERATION

The Multi-Resolution Modeler subcomponent of SimPath
accepts a set of plans and creates the qualified futures
space. The core of the multi-resolution modeler is a multi-
trajectory simulation implemented by incorporating multi-
trajectory branching capabilities within the Department of
the Army’s OneSAF” (PEO STRI 2008). OneSAF, as the
simulation engine for the entity and aggregate models, will
have to be extended to support the task primitives and plan
structures. The introduction of the branching and probabil-
istic considerations are two of the elements we will have to
insert. We have not finalized the selection of the model for
qualitative modeling portion, but might use the OneSAF
simulation engine.

The rationale for the multi-resolution modeling is dri-
ven by the number of trajectories, the size of the PFG, and
the number of iterations required to produce a statically va-
lid response. It is constrained by resources and timing re-
quirements. This leads us to the construct shown in Figure
6. At this time, the probability numbers shown for the fu-
tures are notional.

Prior to PH1 Prior to PH2 Post to PH2
Most Probable Entity Modeling Aggregate Qualitative
Future (>50%) Modeling Modeling
Probable Future | Aggregate Qualitative Qualitative
(50% > X > 25%) | Modeling Modeling Modeling
Least Probable Qualitative Qualitative Qualitative
Future (<25% ) Modeling Modeling Modeling

Figure 6: Futures Evaluation Schema

This schema allows us to allocate our computational
resources in a manner where we have the greatest return on
investment. What we are doing is putting the cycles where
we have the most certainty of having the task take place.
Since we have vague notions of what will happen the fur-
ther out we look, it makes less sense to apply precision to
analyzing these tasks. However, there has to be a third plan
horizon that is the cutoff point for the simulation. The sim-
ple cutoff point is anything after the goal state or below a
minimal probability of occurrence does not get simulated.
As time elapses and the plan is executed, the probability of
selected nodes will increase, and they can be expanded at
that time.

6.1  Entity Modeling

The modeling of discrete entities in the battlespace is the
traditional OneSAF space. In this realm, the physical con-
structs (tanks, soldiers, airplanes, etc.) and their interac-
tions are explicitly modeled. Intuitively, it is the most real-
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istic and understandable of the simulation classes. It is
also, by far, the most computationally complex.

6.2  Aggregate Modeling

Aggregate modeling takes a slightly different approach in
that it models the logical entities in the battlespace. Most
commonly, these are the units (squads, platoons, compa-
nies, flights, etc.) that are involved in the action. We im-
plemented aggregate models in OneSAF making use of the
entity composer and developing simplistic Lanchester equ-
ation based attrition for the models. (Pratt 2006)We made
use of the OneSAF terrain without modification. We are
using that same approach for Deep Green.

6.3  Qualitative Modeling

One of the best analogies for qualitative modeling is the
Risk board game (Wikipedia 2008). It is a fairly simplistic
model that uses a basic terrain representation and arbitrates
the interactions via a comparison of the relative strengths
and a roll of five dice. While our version will be slightly
more complex than the game, it will be significantly sim-
pler that the other two classes of modeling. Using simpli-
fied pixel-based terrain for movement and intervisibility
and Lanchester-based interactions, the resulting modeling,
when executed over multiple times, proves a reasonable,
low fidelity approximation of the possible futures.

These models have many advantages; however, in
some situations, their predictive power is limited by vari-
ous modeling effects and human ingenuity. For these chal-
lenging situations, we use a Motivational and Unconven-
tional Local Effects (MULE) module based on the
predictive technology underlying the Real-time Adversar-
ial Intelligence & Decision (RAID) adversarial reasoning
module (Kott 2005). MULE produces local (i.e., low-
echelon) combat simulations that incorporate human moti-
vational factors (e.g., tendency to fight/run), unconven-
tional tactics (e.g., hiding among civilians), and non-linear
local effects (e.g., effect of specific local terrain) based on
observed historic patterns.

MULE is applied to classes of states the PFG probabil-
ity weighting indicates likelihood are relatively poor. For
these situations, MULE executes a local situation assess-
ment where local combat factors, such as entity distribu-
tion, entity activity, and high-value local terrain, are disag-
gregated from the higher-level model using historic
patterns of local behavior. These local situation factors are
used as context for two predictive processes: motivation
assessment and a local effects simulation, both of which
expand on previous intent recognition and combat simula-
tion work done in RAID and other programs. While not
perfect, the inclusion of the “soft factors” helps balance the
traditional bias of qualitative modeling to physical attrib-
utes.
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6.4  Simulation Cloning

To evaluate the PFG in the time allotted, the sequential ex-
ecution of the models using brute force is not viable, even
using the multiple resolution modeling techniques de-
scribed above. We have to introduce a degree of parallel-
ism, running of the models is not supported in traditional
simulation execution. For this, we turn to simulation clon-
ing (Hybinette 1997). Simulation cloning enables the crea-
tion of several new copies of a running simulation sharing
a common starting point and each modeling a different tra-
jectory. The clones are inserted into the ongoing simulation
as branch points, and each new clone proceeds in parallel.
Here, a branch point defines the point in a simulation
thread at the completion or interruption of a task when the
simulation model is cloned; thus, the original and cloned
simulation is then free to execute along different execution
paths.

Simulation cloning improves simulation performance
in two ways. First, simulations that are interactively cloned
at a branch point are able to share the same execution path
before the branch point, so the computations before the
branch point need to be executed only once. Second, after
cloning, multiple versions of the simulation may be able to
share a single execution of certain computations that are
common among them. Additionally, clones can be pruned,
i.e., deleted, when it is apparent that the COA they are eva-
luating will not be competitive with respect to others. The
cloning framework will include three components: 1) a sit-
uation database built from data feeds that characterize the
current state of the system under investigation; 2) a faster-
than-real-time forecasting simulator; and 3) an interactive
environment that interfaces with both the database and the
forecasting tool for what-if evaluation of alternative COAs.
6.5  Parallel Processing Model
The combined use of multi-resolution modeling and simu-
lation cloning allows us to make use of parallel processes
to execute the threads concurrently. In the early phases of
the PFG evaluation process, the entity-based simulation
model dominates the processing resources. Based upon our
experience, these models run quite effectively distributed
in a load-balanced, conservative time management scheme.
As the model reaches the Plan Horizon 1 or the less likely
nodes, the simulation is cloned and the lower single-
threaded, lower resolution models are used. Since these
models are single threaded, we can run them in discrete
event as fast as possible (AFAP) mode. Thus, we can run
more threads and the same number of processors in a given
time. This helps to account for the combinatorial explosion
of tasks as the PFG grows.

In the parallel processing mode, we make use of the
branch and rendezvous construct to provide a consistent
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evaluation of a given state before the results are cloned for
further simulation.

7 CONCLUSIONS

Presented in this paper were some of our concepts and ap-
proaches used for the SimPath element of Deep Green, as
of the writing of the paper. As an ongoing program, the
concepts will evolve over time. But the basic approach is
sound and elements of it have been proven on several dif-
ferent efforts. It is important to note that this system will
not replace the commander and staff. Rather, it will aug-
ment their abilities and allow them to be more responsive
and effective.
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