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ABSTRACT

Human factors, such as fatigue and injury, are often represented in wargames at a low level of fidelity. Although this
approach enables performance impacts to be considered in planning and adjudication, it limits the generalizability of
insights. Modeling and simulation tools for human factors effects are available and improving in resolution.
However, an infrastructure does not exist for integrating these tools into wargames or with digital tools commonly
used for wargames. To address this gap, a pipeline was created to integrate two models of human performance with
an existing digital gameboard tool, developed in support of wargames, Combat Operations Mission and Basing
Analysis Tool (COMBAT). One model represents pilot alertness as a function of circadian rhythms, sleep history,
and hours awake. Over a 24-hour period, the model can identify periods of low risk (green), moderate risk (yellow)
and high risk (red). The second model represents effects of a ground-based laser dazzle weapon on visibility during
takeoff and landing. When integrated, the resulting tool, ' COMBAT-AFRL/711", shows planned sorties that are
affected by risk associated when either of these factors are flagged. Players and adjudicators may choose to remove
flagged sorties based on risk posture or scenario rules. Users may specify sortie schedules and base location of laser
dazzle risks. Once the scenario is run, analytics are generated showing users the mission impacts of the human
factor risks in the scenario, including canceled sorties and incomplete mission objectives. The tool was applied to
data from an unclassified wargame scenario. The analysis of the unclassified scenario revealed significant
immediate and cascading effects of canceled sorties on mission objectives. This is important because it highlights
ways in which fatigue risks may have unforeseen, downstream operational consequences. The tool enables
integration of high-fidelity human factors effects into large mission-level wargames.
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INTRODUCTION AND BACKGROUND

Wargaming is a critical tool in the Warfighter arsenal to help train and plan wartime strategy and maneuvers. Although
wargaming has existed for centuries, only recently have digital simulation capabilities been integrated into scenarios
(Appleget, 2021; Caffrey, 2000). These capabilities have greatly advanced the ability of wargames to be more realistic
and effective in terms of simulating logistics and material resources. However, human resource and performance
fidelity is lacking (Appleget, 2021), decreasing the overall potential of these tools. In wargames, to the extent they
are considered at all, humans are typically modeled as optimized assets that are easily regeneratable - far from the
reality of operational missions. Recent efforts have been made to take this limitation into account and increase human
factors fidelity in wargaming (e.g., Morris et al., 2022). The current effort focuses on developing a digital gameboard
that enables wargame players and adjudicators to plan, simulate, and adjudicate missions and sorties while accounting
for risks associated with human factors. Specifically, fatigue and directed energy modeling capabilities are integrated
into the Combat Operations Mission and Basing Analysis Tool (COMBAT), creating a new implementation of the
software, COMBAT-AFRL/711.

COMBAT Software

COMBAT is a digital gameboard framework, developed by Booz Allen Hamilton, that integrates multi-domain
models and disparate data types into a single environment to provide end-to-end simulation for wargame move
analysis. The software was developed using R (R Core Team, 2022) with the RShiny package (Chang et al., 2023) for
the user interface, and the framework is based on data fields and scenarios commonly found within Air Force Futures
Title 10 Wargames (Bradford, 2022). These wargames include a digitized modeling suite that includes several
mission-specific tools, such as base defense and aerial refueling, among others. However, these tools do not take into
consideration human factor elements, limiting their fidelity for assessing mission and campaign-level operations.

Fatigue Modeling Capabilities

A pervasive issue in military communities is cognitive fatigue resulting from sleep restriction/deprivation, circadian
desynchrony, time-on-task, and high levels of cognitive load (Caldwell, 2005; Miller et al., 2011). Fatigue is
associated with reduced performance and costly mishaps across Department of Defense (DoD) services (e.g., Gaines
etal., 2020; Kelley et al., 2018; United States Navy, 2017). Wartime is especially fatiguing given the extreme demands
and operation tempo needed to compete with adversaries. As such, it is critical to represent fatigue in wargaming
scenarios and how it affects the performance effectiveness and readiness of Warfighters. An initial effort was
conducted by the Air Force Research Laboratory (AFRL) to model fatigue effects associated with data from a
wargaming logistics software (Morris et al., 2022). Specifically, an application was developed in R and RShiny that
ingested Air Tasking Order (ATO) inputs from Frontier Technology Inc.’s Integrated Sustainment Wargaming and
Analysis Toolkit (ISWAT) and produced fatigue estimates for aircrew and maintenance personnel based on a
biomathematical fatigue model and algorithms for realistic sleep schedules. The Sleep, Activity, Fatigue, and Task
Effectiveness (SAFTE; Hursh et al., 2004) biomathematical model produces a performance effectiveness value from
0 to 100%, with typically 77.5% and above reflecting low fatigue and good performance, 70% to 77.5% reflecting
medium fatigue where individuals need to think about mitigation strategies, and 70% and below reflecting high fatigue
where mitigation is needed immediately. Performance effectiveness at 70% has been found to be equivalent to a .08%
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blood alcohol concentration (Hursh et al., 2006) in respect to effects on some cognitive processes. Along with this
biomathematical model, algorithms were developed with input from subject matter experts to develop generalized
sleep schedules for aircrews and maintainers. Using a mock-up wargaming scenario with optimal and realistic sleep
scenarios, the effort found that certain aircrews were experiencing high levels of fatigue, creating safety risks and
likely degrading performance. These effects were not captured in the wargame scenarios without the fatigue modeling
and have important implications as to the performance to expect from these crews, their readiness throughout the
scenario, and cascading effects on related missions. The modeling capabilities of this initial effort were integrated
into the COMBAT software and will be further discussed in the Method section.

Laser Dazzle Modeling Capabilities

Directed energy weapons are a critical concern for the military as adversaries have harnessed these technologies to
degrade and defeat operations. Directed energy weapons are electromagnetic systems that convert electrical or
chemical energy to focused, radiated energy (Hoffman, 2022). This focused energy is targeted on a range of entities
such as electronic devices, vehicles, missiles, and humans. Directed energy’s effects on humans is referred to as
bioeffects, how energy affects living tissue. Laser dazzle is a common method of disrupting operations, where laser
energy is dispersed across an individual’s retina, causing temporary, or possibly permanent, visual loss (Williamson
& McLin, 2018). Given the effects of laser dazzle, it is important to be able to model its bioeffects to inform prediction
of effects on human performance and to inform methods of protecting our military personnel. Researchers at AFRL
along with collaborators have developed models of laser dazzle effects on human perception, showing effects on
specific perceptual processes such as saccadic targeting and feature extraction (e.g., Williamson et al., 2017; see
Williamson et al., 2013 and Williamson, 2016 for additional information on models of laser dazzle effects). We
integrated one of these models into the COMBAT software and this will be further discussed in the Method section.

METHOD
Human Factors Modeling Integration

In order to develop the new digital gameboard software, the framework and methodology from the original COMBAT
software was leveraged for grouping missions, flight paths, tracking engagements, and map visualizations. This
framework is based on Future Games 2023 data fields and scenarios. Four mission types were focused on: Offensive
Counter-Air (OCA), Defensive Counter-Air (DCA), Fires (where targets are destroyed on the ground from the air),
and Aerial Refueling (AR). Aircraft types for these missions included fighters, bombers, unmanned aircraft vehicles
(UAVs), and tankers.

Serendipitously, COMBAT and the fatigue modeling software were both developed using R and RShiny, so it was
most beneficial to continue using this program (R version 3.6.3) to develop COMBAT-AFRL/711. In order for the
underlying models to inform each data source, R package RSQLite (Miillert et al., 2023) was also used to embed a
relational database management system within the framework that interfaces with R Studio (RStudio Team, 2020).

To model fatigue, the following data was used from simulated sorties: the departure time, arrival time, location (base),
type of aircraft, and number of aircraft performing the mission. Fatigue modeling assumptions from previous work
(Morris et al., 2022) were used in the current framework. Specifically, a work period comprised the 2.5 hours before
a mission, the mission length, and 2 hours after the mission to represent briefing and debriefing time periods. The
following were used to categorize fatigue effects on work periods: 1) No Fatigue, where pilot performance
effectiveness was above 78% and it is assumed that the associated mission launched. 2) Mild Fatigue, where pilot
performance effectiveness was between 70% and 78%, and the associated mission is flagged and launch status is based
on probability and user input. 3) Severe Fatigue, where the pilot performance effectiveness was below 70%, and the
mission did not launch; however, users can override this through manually changing the launch status. For
visualization purposes, the software calculated the maximum amount of fatigue a pilot experienced at any point during
their work period and missions that fell under Mild or Severe fatigue were flagged and displayed. It should be noted
that the fatigue model does not account for sorties that exceed 24 hours. These sorties were treated as Mild fatigue,
as there were very few instances, and it is likely these would include augmented crews that will allow for some crew
rest to reduce fatigue.
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Directed energy model inputs were integrated as a probabilistic baseline and are based on user input where bases and
locations have to be selected for directed energy effects to occur. The following were used to categorize directed
energy effects: 1) DE Impact, where the pilot experienced directed energy dazzle while landing. 2) No DE Impact,
where the pilot did not experience a directed energy dazzle while landing. If a pilot experienced a directed energy
dazzle, the software then canceled all subsequent missions for that aviation platform at the same base. Note, that the
nature of directed energy effects on perception are more severe compared to fatigue — laser dazzle fully incapacitates
a pilot; fatigue does not necessarily fully incapacitate a pilot, but rather degrades cognitive processes.

Each modeling capability (i.e., fatigue and directed energy) utilized its own assumptions and thresholds (as mentioned
above) for determining mission impact. Once a threshold was crossed for determining that a mission was canceled, it
was marked as such in the scenario; however, it is possible for an adjudicator to overrule this cancelation. Model
outputs from the new integrated software were tested against the original baseline models to validate output.

An interactive dashboard and map were developed to show campaign results, visualize the mission and model outputs,
and house data (see Figure 1). Fatigue and directed energy impacts are shown in both tabular form on the homepage
(this is where users can change the launch status of a mission) and within the campaign map.
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Figure 1. COMBAT-AFRL/711 homepage.
The homepage has a configuration panel where a user can 1) select which human performance parameters to

customize, 2) select the indicator for canceled missions, 3) change the probability that an aircraft with a pilot with
Mild Fatigue will launch, and 4) select which bases directed energy effects are applied to (see Figure 2).
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Figure 2. COMBAT-AFRL/711 configuration panel.

The homepage also has a map panel (see Figure 3) to visualize bases and aircraft movement throughout the campaign,
and a mission analysis interactive dashboard focused on the human factors campaign outputs. Within the map, base
indicators (rings around bases) and mission indicators (coloring of aircraft) were used to reflect fatigue and directed
energy effects based on the current timestamp of the mission. Base indicators reflect the type and volume of missions
impacted by fatigue, directed energy, or both. Specifically, yellow is Mild Fatigue, orange is Severe Fatigue, purple
is a Directed Energy (DE) effect, and brown is a Directed Energy and Fatigue Effect (see Figure 4).
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Figure 4. Closeup of base indicators.

associated graphs showing the overall results from the campaign (see Figure 5).
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Figure 5. COMBAT-AFRL/711 dashboard graphs.
Wargaming Scenario

To demonstrate a proof-of-concept of this software, a synthetic unclassified wargame scenario was generated to show
effects of fatigue and directed energy modeling. The scenario included a fictional conflict with Blue forces located in
North America and Europe and Red forces centered in Africa. The scenario included mission types similar to those
featured in Future Games 2023 through a mobility treadmill, bomber treadmill, and DCA and Fires missions. Long
duration missions had air refueling points along their mission path. The simulated campaign had a Blue main operating
base that was defending an island off the coast of Africa, Madagascar, while the Red team tried to cross the channel
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to capture Madagascar. This scenario was considered to have “pre-adjudicated results” in that all missions launched
and executed.

Analysis

To analyze the effect of human factors modeling within the wargaming scenario, a baseline of campaign outcomes
from the scenario with no human factors elements was compared to an implementation within the new software. The
flags of fatigue and directed energy effects on missions within the homepage and dashboard were used to calculate
the percentage of missions impacted and the percentage of missions canceled given these human factors injects. The
cascading effects of these impacts were then examined by quantifying the mission types that were impacted by the
effects and canceled missions.

RESULTS

The baseline for the wargaming scenario was created to be logistically feasible, but it did not include any human
factors. As a result, all missions launched and executed within this baseline implementation. With the human factor
modeling integrated into the scenario, 25% of missions were impacted with Mild Fatigue and 11% of missions were
canceled due to a DE attack at the Blue main operating base. The missions impacted by fatigue would result in pilots
having degraded general cognitive effectiveness. This would include reductions in reaction time, discrimination,
reasoning, and language comprehension (Hursh et al., 2004), increasing the safety risk of these missions and the
probability that they will not be successful. With both models injected into the new software, only 65% of missions
can launch without any human factor impacts. Examining cascading effects of these impacts, 25.5% of refueling
missions were flagged with Mild Fatigue, resulting in 9 tanker refueling points impacted (i.e., 27% of tanker missions)
and 2 bomber refueling points impacted (i.e., 50% of all bomber missions). Note, that given the nature of fatigue,
longer missions with refueling points were more likely to be impacted by fatigue than other shorter missions due to
the nature of the fatigue modeling. DE attack cascading effects resulted in an additional 15% of missions canceled,
including 50% of bomber refueling missions being canceled. Overall, both fatigue and directed energy cascading
effects resulted in 75% of bomber missions impacted and 25% of fires missions impacted — suggesting far reaching
impacts of fatigue and directed energy attacks in the wargaming scenario. Note that adjudicators decide if these
impacted missions are canceled or not, so impacts can have even more critical effects on the scenario if adjudicators
decide to cancel these missions based on scenario factors evolving during the wargame.

DISCUSSION

The current effort is a proof-of-concept that shows one can increase human factors fidelity within wargaming tools
and that this integration has impactful effects on decision-making with these tools. Specifically, the effort showed
that a significant portion of missions are likely to have crews who are experiencing fatigue. This will likely degrade
performance and decision-making with these crews and affect the overall mission performance. These degradations
also had cascading effects on additional missions connected to these missions, resulting in increased safety risk.
Although a small portion of missions were canceled due to DE attacks, one must take into consideration the cascading
effects of these canceled missions as shown in the current effort with impacts on a variety of missions such a refueling
and fires. The software gives a theory-driven mechanism to inject these effects into a plausible scenario and can be
used as a training device to help participants in wargames realize the impact of human factors and incorporate these
likely outcomes into their decision-making.

Limitations

The initial fatigue model integrated into the software does not account for missions that exceed 24 hours or that start
before the campaign timeline. In the next iteration of the software, fatigue modeling will be extended beyond 24 hours
for missions, as well as those that start before the campaign, as this will be crucial to reflect long-duration missions
that may be likely in the future with potential conflict in the Indo-Pacific region. The directed energy model outputs
the time the directed energy attack occurred, effecting the pilot at the specific base for a set amount of time. This led
to subsequent missions at the base with that same aircraft being canceled. However, it is possible other pilots might
be available to pilot the subsequent missions. In future iterations of the software, one would ideally track missions by
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tail number to specify which missions will not launch. The two modeling tools at present do not take tasks (e.g.,
refueling vs fires) into consideration, but output effects on general performance. Future work could explore
developing predictions for specific mission tasks and how they might be differentially affected by the factor (i.e.,
fatigue or laser dazzle).

Future Directions

Integrating human factors deeper into wargames through analytically sound methods for data capture, modeling,
simulation, and analytics, including the potential of live gameplay for training and research purposes, will be critical
to improving decision-making and strategy within these games. In the next iteration of the software, as mentioned
above, fatigue modeling will be extended. Related to this, it would be useful to integrate overall readiness modeling,
which will include elements of fatigue modeling to inform cognitive readiness of crews. In addition, this readiness
modeling will focus on the ability to include personnel factors such as specialty codes and prior training to inform
readiness for missions. In addition to modeling advancements, we will increase the usability of the software, focusing
on user interface design and associated graphics.
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