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ABSTRACT

The military decision-making process (MDMP) involves the critical task of
analyzing the terrain to ensure mission success. However, traditional terrain analysis
methods, such as two-dimensional (2D) analog maps, PowerPoint presentations, and
mission command systems, are resource-intensive, time-consuming, and can confuse
decision-makers. Therefore, this research focused on the use of the mobile, head-mounted
augmented reality (AR) display technology for three-dimensional (3D) terrain
visualization to address these challenges. AR technology lets users observe virtual objects
superimposed onto their physical surroundings, yielding an enhanced immersive
experience. The tool allows users to view and manipulate the terrain in 3D, add
representations of military resources, examine the resulting configuration, and engage in
MDMP. The usability study assessed the effectiveness, efficiency, and user satisfaction
with the interface, focusing on 3D visualization tasks, extraction of derivative terrain
information, and unit placements in a contested wet gap crossing scenario. The results
showed that the AR terrain visualization prototype provided decision-makers with more
comprehensive and accurate information, leading to successful mission planning and
execution. This research highlights the potential of 3D terrain visualization and AR
technology to improve the MDMP, provide decision-makers with a better understanding

of the environment, and enable them to make more informed decisions.
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EXECUTIVE SUMMARY

The military decision-making process is a critical aspect of military operations, and
the ability to analyze terrain is essential for successful mission planning and execution.
However, analyzing terrain has remained relatively unchanged for many years and can be
resource intensive. In addition, the process involves collaboration among multiple staff
sections, each using different tools and methods to analyze the terrain, which can lead to

confusion and difficulty for decision-makers.

To improve the process of analyzing terrain, I explored the use of three-dimensional
(3D) terrain visualization and mobile, head-mounted augmented reality (AR) display
technology to extract terrain information critical for military decision-making. That type
of AR technology allows users to overlay virtual objects in the real world, providing a more

realistic and immersive experience.

The AR terrain visualization prototype was designed and developed to evaluate the
feasibility of this approach, test the overarching concepts, and examine the usability of the
resulting user interface. The prototype allowed users to view and manipulate the terrain in
3D, add representations of military resources, examine the resulting configuration, and
engage in MDMP; the tool provided a more detailed, interactive experience than traditional
static two-dimensional (2D) maps or PowerPoint presentations. I then conducted usability

tests to assess the prototype’s interface’s effectiveness and identify improvement areas.

Additionally, I conducted a study to assess users’ comprehension of completing 3D
visualization tasks, focusing on extracting derivative terrain information and unit
placement in a contested wet gap crossing scenario. The study involved using the AR
terrain visualization prototype and AR headset to simulate a wet gap crossing scenario,
where users had to make decisions based on the terrain’s features and the location of the
enemy forces. The study’s results provide insights into the effectiveness of AR technology

for supporting decision-making in complex military scenarios.

Overall, my research highlights the potential of AR technology for improving the

Military Decision-Making Process and providing decision-makers with more

XiX
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comprehensive and accurate information. With the creation of an interactive 3D terrain
visualization tool, decision-makers could better understand the environment and make

more informed decisions, leading to successful mission planning and execution.
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I. INTRODUCTION

A. RESEARCH DOMAIN

This research focuses on utilizing augmented reality (AR) technology to support
Military Decision-Making Process (MDMP), a crucial aspect of mission planning. The tool
enables a user’s interaction with native three-dimensional (3D) data sets that describe
terrain and allows the use of a set of 3D tools. As a result, the tool has the potential to

enhance decision-making processes and make MDMP sessions more effective.

Traditionally, the United States (U.S.) Army has relied on two-dimensional (2D)
graphical information when planning missions. However, acquiring more detailed
information about the terrain requires significant time and resources, such as creating
additional 2D graphical representations. By contrast, if the terrain is already captured and
represented as a 3D data set, the staff members will have all the necessary information to

engage in MDMP and make better-informed decisions.

The thesis research includes a design and development of an augmented reality
(AR) visualization tool that operates with 3D virtual terrains and supports MDMP,
particularly emphasizing mission planning for a wet gap crossing (WGC). The thesis aims
to improve staff collaboration during MDMP by furnishing precise data on virtual terrain,
allowing the use of 3D tools, and enabling better decision-making. Additionally, this study
enhances the comprehension of the technological prerequisites needed to facilitate small-

team cooperation in MDMP.

B. PROBLEM AND MOTIVATION

Technological advancements often surpass their adoption and integration into
existing systems and processes, which is a common occurrence. For instance, using AR
and virtual reality (VR) technologies for information sharing in military missions can
significantly improve the planning and execution of complex and dynamic operations.
However, incorporating these technologies into existing mission command systems and

procedures can be challenging and time-consuming, mainly because of military operations’

1
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security and reliability requirements. Additionally, users may be resistant to the
introduction of novel solutions and technologies they are not familiar with. As a result,
despite the rapid progress made in information-sharing technology, its integration into the
military sector is progressing at a much slower rate. Consequently, complex, and ever-
changing military operations are still being planned and executed using outdated protocols

and with only slight improvements to mission command systems over prolonged periods.

The U.S. Army uses various methods to extract information and analyze the terrain
during MDMP. Predominately, each of the Army’s warfighting functions extracts terrain
information using 2D maps; the staff sections request information through the Intelligence
Topography Section for more detailed information. Staff sections then take the information
gathered from 2D maps and information provided by the Intelligence Section and make a
PowerPoint presentation. A commander uses that set to make the final decision. However,
because of the inherent limitations of 2D maps and the form they are represented (static
2D maps presented in PowerPoint slides), staff sections cannot always extract derivative
information from the terrain to make well informed decisions. Having the terrain
represented in native 3D data format and access to a range of suitable 3D tools, would
allow the staff members to extract derivative information from the terrain, increase
collaboration, and enable an improved understanding of the common operating picture

(COP).

AR in the military domain is not new; however, the technology has not been
extensively utilized during MDMP. By using the AR visualization tool during MDMP,
staff members may have system capabilities previously unavailable for their work and
collaboration. Displaying and interacting with 3D virtual terrain in AR allows each WWF
to use simple hand gestures to navigate around the terrain, manipulate those data sets,
maneuver and zoom in and out of the terrain, and extract derivative information needed for
their decision-making. As a result, WWFs can substantiate their decisions with a thorough
understanding of the terrain specifics and provide a much better articulation of why they
recommend a specific COA to a commander. Additionally, the errors that may arise from

misunderstanding the 2D data sets may be reduced, if not even eliminated.
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There is a good reason why focusing on WGC represents a fertile ground for
deploying AR technology and using 3D data representation. A WGC is one of the most
challenging combined arms missions for the U.S. Army personnel; planning this type of
mission is highly complex because of the extensive resources and human capital needed to
be engaged (U.S. Army Combined Arms Center, 2019). Six WFFs within the U.S. Army
must seamlessly orchestrate their efforts for the safe conduct of a WGC. At the start of
MDMP, each of the U.S. Army’s WFFs is briefed by the Intelligence Sections on terrain
analysis; this phase is called Intelligence Preparation of the Battlefield (IPB). The IPB
represents a high-level look at the terrain within a unit’s area of operation (AO), and it
provides historical data on terrain expectations (Headquarters, Department of the Army,
2019); most of their decisions are based using 2D maps. After IPB is conducted, WFFs
develop courses of action (COAs) based on information provided by the Intelligence
Section. However, the reliance on 2D maps has many inherent limitations. For example,
the terrain cannot be viewed from any given point (the data set is not recorded in 3D), thus
missing the richness of terrain information needed for a productive MDMP. Thus, using a
superior data representation that minimizes the possibility of making errors and investing
time productively to examine alternatives and decision-making has the potential to bring

much-needed improvements and strategic advantage to such complex military operations.
C. RESEARCH QUESTIONS

This thesis addresses the following research questions:

1. What is the technological framework that has the potential to provide the
most effective support for Combined Arms MDMP?

2. Can AR-supported MDMP tool enhance Warfighting Functions’
understanding of terrain by providing derivative information on terrain
analysis?

3. Can the AR-supported MDMP tool effectively assist with resource

management?
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4. Can the AR-supported MDMP tool effectively assist military staff
collaboration in combined arms scenarios?
D. SCOPE

This thesis is limited to developing an AR visualization tool and virtual

environment that supports “wet gap crossing” and extracting derivative information about

the terrain each WWF needs during MDMP. In addition, the same tool can enable staff

collaboration and information exchange between military staff sections.

E. METHODOLOGY

The methodology that is used to address all research questions includes the

following steps:

1.

Literature review: Conduct a literature review and provide background

information about the essential constructs used in the thesis.

Task Analysis: Execute analysis of current practices of conducting MDMP
for wet gap crossing. That includes but is not limited to detailed analysis
of reporting and interactions between different Warfighting Functions
during Course of Action Development, current terrain visualization

practices, and team collaboration.

Design of the AR-visualization tool: Design supporting system
architecture for the tool and user interface. Additionally, select a set of 3D

objects and terrain needed to support user tasks.

Usability Study: Conduct a usability study focused on the functionality
and performance of the AR-supported MDMP tool.

Data analysis: Analyze a comprehensive data sets collected during

usability study.

Derive conclusions and propose future work.
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F. THESIS STRUCTURE

Chapter I: Introduction. This chapter introduces the most critical elements of the
research space: domain, problem, research questions, scope, and methodology used to

address all research questions.

Chapter II: Background and Literature Review. This chapter discusses how the U.S.
Army conducts ADM and MDMP for planning military operations. The chapter also
discusses past and current uses of VR and AR and potential uses of AR when military staff

members collaborate during the MDMP process.

Chapter III: Task Analysis: Current MDMP Practices. This chapter analyzes the
current practices and tools that Army staff personnel use for analyzing terrain during
MDMP and how COA is recommended to a commanding officer. Additionally, this chapter

discusses knowledge gaps when information is presented to a commander in 2D.

Chapter IV: Prototype System Design and Implementation. This chapter discusses
the design and development of the AR visualization tool, the system architecture, the user
interface, and the simulation environment. The text also describes the WGC scenario and

the 3D models built for a virtual environment required for the usability study.

Chapter V: Usability Study. This chapter discusses the methodology for conducting
a usability study using an AR visualization tool, including the development of the full
Institutional Review Board documentation. Additionally, the text discusses the virtual
environment, technology requirements, and the objective and subjective data sets collected

in usability study. Finally, this chapter analyzes the results of the usability study.

Chapter VI: Conclusion and Future Work. This chapter outlines the main points

from the study and provides recommendations for future work.
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II. BACKGROUND AND LITERATURE REVIEW

A. INTRODUCTION

This chapter introduces fundamental concepts and a literature review of the
research domain discussed in this thesis. The topics discussed throughout this chapter
elaborate on the use of AR and VR to support different user needs. This chapter also
discusses different low-cost commercial-off-the-shelf (COTS) solutions and their use for

training situations and small team collaboration.

B. VIRTUAL REALITY AND AUGMENTED REALITY
1. Augmented Reality

Ron Azuma proposed a definition of AR that is the most frequently used by
researchers in the AR scientific community. He defined AR as a type of virtual
environment (VE) where the virtual digital elements are superimposed over the visual
sensory information that corresponds to the actual (physical) world. In other words, instead
of replacing reality, Azuma says that AR enhances it (Azuma, 1997). If everything were
ideal, the user’s perception would be that physical and digital objects coexist seamlessly.
Furthermore, Azuma’s statement also describes how AR systems combine virtual and real
elements and allow for real-time user interactions and 3D registration (Azuma, 1997).

Figure 1 is an example of image generation using AR technology.
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Figure 1. Image generation for augmented reality displays. Source: Bimber
and Raskar (2005).

AR technology has numerous display options. When discussing the usage of
augmented reality technology, Bimber and Raskar suggest that even a laptop with a built-
in webcam may offer AR experiences by just superimposing virtual things on the actual
world (Bimber & Raskar, 2005). Bimber and Raskar classified AR visual displays into
three groups: head-attached displays (HMD), hand-held displays (HHD), and spatial
displays (SD). Since HMDs enable many mobile applications and can deliver high fidelity
of rendered virtual objects and allow for hands-free interaction, those visual displays are
the dominating technology within the industrial sector. HHDs, being highly mobile and
already owned by many potential users like mobile phones and tablets, offer a suitable
substitute for the head-worn devices. Those devices create resulting visual information by
superimposing virtual items over the images of actual environment as it is captured by a
camera installed on those devices; this is so called a video see-through AR (also called
video pass-through AR). Unlike HMDs and HHDs, SDs the surrounding environment or
specially dedicated surfaces to introduce visual information that corresponds to the virtual
objects. Because the spatial display is not held or worn by the user, it offers different
benefits over other AR visual displays. Figures 2—4 highlight the three AR display options:
head-mounted, hand-held, and spatial visual display.
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Figure 2. Head-mounted device. Source: Turner and Cruz (2022).
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Figure 3. Hand-held augmented reality display. Source: Greunke (2015).
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Figure 4.  Virtual sand table, behavior analysis and synthesis for intelligent
training project. Source: Sadagic et al. (2013).

2. Virtual Reality

Several definitions describe what the term VR means depending on when it was
defined and in what domain the term is used. VR has many interpretations, and the working
definition of VR used throughout this document is described by Brooks. Where he
describes “a virtual reality experience as any in which the user is effectively immersed in

a responsive virtual world. This implies user dynamic control of viewpoint” (Brooks, 1999,
p.16).

Over the past decade, advancements in VR technology and VR-supported devices
have increased in personnel and professional use. As a result, it has become commonplace
to use VR technology to conduct training when conditions are not always optimal or can
save the company time, money, and other resources. Some examples of VR used to
augment training in the real world include the military, medical domain (e.g., surgical
procedures), and aviation (flight simulators). Figure 5, for example, highlights the use of
VR technology to train medical personnel without an actual patient present. It was found
that training conducted using VR HMDs increased performance and saved time and

resources compared to performing medical training with actual patients.
10
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Figure 5. VR and the transformation of medical education. Source: Pottle
(2019).

The key difference between VR and AR is the amount of virtual (simulated)
information presented to the user. Within VR, the entire environment is virtual, i.e.,
simulated and artificial. In AR, the device augments the actual environment by
superimposing virtual objects within the sensory field; therefore, it is a combination of the
information that originates from the real environment and information that represents the

simulated environment.

3. Reality-Virtuality Continuum

Milgram and Kishino’s reality-virtually continuum is a crucial concept to grasp
when seeking to understand the differences between VR and AR and the entire spectrum
of media that spans between the real and virtual environments. Milgram and Kishino’s
reality-virtually continuum, shown in Figure 6, categorizes mixed reality experiences to
include AR and VR (Milgram et al., 1994). Within Milgram and Kishino’s virtual
continuum, the real environment is represented on the left side of the spectrum, and moving
right on the virtual continuum is the mix of virtual and real environments. The right-most

end of the continuum represents an environment that has only virtual objects. As discussed

11
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by Milgram & Kishino, a mixed reality (MR) environment is the range between the real

and virtual worlds but never only real or only virtual (Milgram et al., 1994).

| Mixed Reality (MR)
|—

—’ <_
Real Augmented Augmented Virtual

Environment  Reality (AR) Virtuality (AV)  Environment

Reality-Virtuality (RV) Continuum

Figure 6. VR continuum. Source: Milgram and Kishino (1994).

4. Low-Cost Commercial-Off-the-Shelf Solutions

With the rapid development of VR and AR solutions, businesses rely on
information technology that enables team collaboration and 3D information presentation
and manipulation. The increase in user demand and desire for increased effectiveness and
efficiency in conducting a variety of tasks has resulted in the emergence of low-cost COTS
solutions found in both hardware and software domains. They exist on the commercial
market and are readily available for sale to the public. The increased demand for low-cost
COTS has permeated the industry to the point that it has become a prerogative of any
business to use low-cost COTS to maintain a competitive advantage. Technological
advances allow for increased processing power and storage capabilities while keeping the
prices down. Additionally, the availability of cloud computing solutions allows many small
and medium-sized companies to afford and incorporate low-cost COTS technologies

within the workforce (Agrawal et al., 2016).

As discussed in Chapter I1.B, Virtual Reality and Augmented Reality, using low-
cost COTS for HMD in both VR and AR would be highly beneficial for Army staff
members conducting MDMP to analyze, collaborate, and recommend a COA for a

commander. To use HMD efficiently for MDMP, one could use both VR and AR solutions.

12
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Both technologies support the essential capabilities needed for human interaction, such as

hand tracking and the ability to engage multiple users and collaborate.

The sections that follow introduce several examples of low-cost VR and AR COTS

display solutions.

a. Meta Quest 2

The Meta Quest 2 HMD, formerly Oculus Quest 2, is one VR low-cost COTS
option that can provide some capabilities necessary for small team collaboration. One of
the main benefits of Meta Quest 2 is that it is a stand-alone system and does not require
hardwired connections to a personal computer. That HMD enables relatively easy set-up

and use and allows the users to navigate the VR world in six degrees of freedom (DOF)

(Figure 7).

Bacy,

Forwarg

Lo

Figure 7.  Six degrees of freedom. Source: GregorDS (2015).

The Meta Quest 2 (Figure 8) is an HMD with two controllers that enable users to
move around, engage with other users, manipulate, and interact with the objects in a VE.
Controllers have buttons for selection, and multiple sensors that, together with the cameras
integrated in HMD, enable hand tracking in a VE. The accuracy of tracking solutions has
also improved. For example, the research conducted by Carnevale that was focused on the
accuracy of Oculus Quest 2 for shoulder rehabilitation (device was evaluated for detecting

human movement), the hand and head tracking of the Oculus Quest 2 HMD were found to
13
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be more than enough for medical research. (Carnevale et al., 2022) According to a review
by CNET and Stein they found that while tracking movement has satisfactory precision,
the system’s processing capability is constrained, which results in occasionally acceptable

images for the user, but can also lead to latency in image rendering (CNET & Stein, 2019).

Meta Quest 2 has a field of view (FOV) of 90 degrees, slightly larger than the
original Quest’s FOV. In terms of weight, the Meta Quest 2 weighs 503 grams, which is
lighter than the original Oculus Quest. The lighter weight makes Meta Quest 2 more
comfortable for extended periods. The battery life of Meta Quest 2 is around 2—-3 hours of
continuous use. However, this can vary depending on factors such as the types of apps
being used and the screen brightness. The Meta Quest 2 features an 1832 x 1920 resolution
per eye, with a refresh rate of up to 90Hz. It also has a built-in microphone for audio input,
speakers and a 3.5mm headphone jack for audio output. In addition, the headset comes

with two Touch controllers for intuitive hand-tracking (Jones, 2023).

The Meta Quest 2 (Figure 8), being a VR visual display solution, does not allow an
unobstructed view of the real world—instead, other users need to be represented with their
avatars. Additionally, full fidelity of the user’s body, facial and hand gestures, are hard to
model and animate in VR, and the ability to track the user’s eye gaze is also not available
in this type of HMD. The same elements are paramount for conducting a productive
collaborative session with a small team. Additionally, the HL2 has a flip-up display
allowing users to either interact in their AR environment or engage in the real world (Figure
8). These critical HL2 features allow the user to see and interact with other staff members

for an extended period making this an ideal AR solution for MDMP.
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Figure 8. Meta Quest 2.

b. HoloLens 2

In contrast to the Meta Quest, the HoloLens 2 (HL2) (Figure 9) is an AR HMD
solution that does not have controllers and allows the user to see the elements of real
environments. That, in turn, allows users to collaborate with others and see their body,
facial and hand gestures in real time. The user interaction for HL2 is supported by hand
and gaze tracking—a user can gaze, touch, point (‘hand ray’), air tap, and “pinch” within
the AR environment. That allows users to select, confirm, manipulate, and move objects

within the virtual environment.

Figure 9. HoloLens 2.
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HL2 employs four visible light cameras; their function is to track the movement of
the head, the hands, and the real environment for precise tracking. Additionally, the HL2
employs the built-in color video camera to capture a composite visual representation of the
actual conditions (real environment) and the virtual objects superimposed onto it, which
can then be saved as an mp4 file. The HL?2 is also equipped with two IR cameras that offer

additional data for eye tracking.

When considering using HL2 for MDMP, we recognize that the HL2 offers
additional benefits over other AR HMD solutions: it is an enhanced field of view of 52
degrees, a weight of 566 g, and a battery life of 3 hours. (Palumbo, 2022) Additionally, as
Figure 10 shows, the display unit can be flipped up without powering off or removing the
device. That feature is a tremendous advantage for its usage during long sessions in MDMP
and a significant advance over other AR HMD solutions. Additionally, the HL2 has a flip-
up display allowing users to either interact in their AR environment or engage in the real
world (Figure 10). These critical HL2 features allow the user to see and interact with other

staff members for an extended period making this an ideal AR solution for MDMP.

QA

Figure 10. HoloLens 2 flipped-up.
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C. EFFECTIVENESS OF AR FOR SMALL TEAM COLLABORATION IN
MILITARY OPERATIONS

The U.S. Army has been exploring AR technology to improve small-team
collaboration and increase situational awareness. AR provides soldiers with real-time
information and visual aids that can be superimposed over the physical environment. That
can enhance communication and collaboration between the team members—it provides a
shared understanding of the environment, task, and objectives. In a report produced by the
Naval Research Laboratory that compared VR and AR, the authors stated that “AR allows
for more realistic interaction among multiple trainees since they see each other through
their natural vision as opposed to an avatar representing a particular person” (Livingston

etal., 2011, p.4).

A very similar effort was conducted by the U.S. Army and the North Atlantic Treaty
Organization (NATO). Those organizations have been testing smart glasses and AR heads-
up displays (HUDs), such as the Microsoft HoloLens, to display maps, navigation aids, and
real-time intelligence updates (Slyusar, 2021). Those displays allowed soldiers to see
crucial information in real-time without looking away from their surroundings; the system
improved their ability to make quick, informed decisions. Figure 11 depicts NATO’s use
of AR for military collaboration among staff members while supporting military

operations.
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Figure 11. Augmented reality utilization in military operations. Source:
Slyusar (2021).

However, AR effectiveness can be limited if soldiers are not trained, not prepared
to use AR technology, or the interface is crowded with information and virtual objects
placed within the AR space that cause cognitive overload for the users (Livingston et al.,
2011). To derive the best value from the system (or any system, for that matter), soldiers
must be familiar with the AR system, and know how to use it to access information and
interpret the information displayed for effective communication. To use it effectively in
real-world military operations, they also must be able to integrate AR into their existing

processes and procedures.

Sadagic et al. explored the advantages and practical applications of using MR
technology for mission planning as a part of the Behavioral Analysis and Synthesis for
Intelligent Training (BASE-IT) project (Sadagic et al., 2013). The authors proposed a
process of capturing live training data associated with each trainee by means of 3D real-
time data capture (3D data acquisition), analyzing individual and team performance, and
generating comprehensive After-Action Review (AAR) reports; the ultimate goal was to
enhance behavioral observation and improving the quality of AAR in a highly occluded

training environment (rural and urban environments). Researchers also designed a round-
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shaped mixed-reality virtual sand table to assist small team collaboration on mission
planning task (Figure 4). That system used physical artifacts—wooden blocks painted in
white—and projective display technology to simulate the look and feel of a traditional sand
table. Three projectors presented ‘all round’ imagery onto wooden blocks and surfaces,
and the tracked digital pen allowed users to add graphical annotations and draw onto the
projected environment. People around the table were able to see each other, freely observe
the textured objects on the table (no special glasses were needed) and use digital pen to add

symbols and plan the routes of approach.

Additionally, previous research conducted by Knobeloch proposed an AR-based
system for military mission planning that combines different types of data, such as maps,
terrain information, and 3D models, to create a virtual sand table (Knobeloch, 2020). The
system aimed to enhance situational awareness, reduce planning time, and improve
communication and collaboration among team members. He successfully created a
portable rendition of the virtual sand table utilizing COTS items through his investigation.
This development served as a proof-of-concept, showcasing the potential of AR technology
by surpassing the conventional capabilities of the traditional sand table. The method
employed by the researcher involved the seamless integration of an accurately scaled 3D
model representing the actual terrain, coupled with an innovative first-person perspective
that enabled users to examine the details closely (Knobeloch, 2020). Knobeloch
demonstrated the possibility of using COTS to create a virtual sand table allowing users to
view and analyze terrain in real time. The system allowed both the third-person view and

exploration of the terrain from the first-person perspective (teleportation to terrain).

One of the promising AR technologies the Army is looking to make a Program of
Record is the Integrated Visual Augmentation System (IVAS). The IVAS is a cutting-edge
military technology developed by Microsoft in collaboration with the U.S. Army using
HoloLens technology (Inspector General, 2022). IVAS is a specialized system that
combines various capabilities, such as AR, thermal imaging, and positional tracking, to
enhance a soldier’s situational awareness and combat effectiveness. The IVAS provides
soldiers with a highly immersive and interactive AR experience, overlaying digital
information onto their physical environment in real time (Inspector General, 2022). It has
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been designed to enhance soldiers’ training and performance by providing them with real-
time data, maps, and other visual cues, allowing them to navigate and operate more
effectively in complex environments. The Department of Defense Inspector General report
notes that the IVAS system has shown promise in enhancing soldiers’ situational awareness
and combat effectiveness. However, the report also identifies several challenges and risks
associated with the implementation of the system, including cybersecurity vulnerabilities,
logistical concerns, and the need for comprehensive training and support for soldiers using

the system (Inspector General, 2022).

The collective experiences derived from multiple studies and research projects
reviewed in this section suggest that the quality and reliability of AR technology are also
critical in determining its effectiveness. The AR systems must be robust and reliable so
that soldiers can trust the information presented on the visual display, especially if they use
the device in demanding and challenging environments. The technology must also be
designed to meet the specific needs of military small-team collaboration to support MDMP
effectively. The effectiveness of AR for small-team collaboration will depend on the
availability and quality of AR technology, the training and preparation of soldiers, and the
integration of AR into existing processes and procedures. However, with the right
technology, training, and preparation, AR can significantly enhance small-team

collaboration and situational awareness when planning military operations.

D. AUGMENTED REALITY SANDTABLE (ARES)
1. Intent and Design

Amburn et al. introduce the Augmented Reality Sandtable (ARES) as a low-cost
COTS that provides a geospatial terrain visualization system; the tool uses COTS products
to create a tangible user interface for simulation and training (Amburn et al., 2015). The
technique combines projection technology with a Microsoft Kinect sensor and a laptop—
the setup is intended to enhance the capabilities of traditional military sand tables through
the use of AR. Previous related work has focused on virtual and augmented reality systems
for military training and simulation, but those systems are often expensive and require

specialized hardware. ARES is unique in its use of affordable COTS components and its
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focus on providing a tangible user interface allowing numerous staff sections to analyze
and manipulate the terrain in real-time (Amburn et al., 2015). Figure 12 shows the basic

setup and technologies integrated in ARES display the terrain in AR.

Step 1: Kinect reads sand heights Step 2: Height map is processed Step 3: Saftware rendering of
by ARES saftware height data is projected onto the
sand

Figure 12. Augmented reality sand table: Terrain recognition process.
Source: Amburn et al. (2015).

2. How ARES Works

The ARES system uses a projective display solution to produce visual information.
The geospatial data are projected onto a sand surface located on top of the table (just like
any traditional sand table), and that visual information is augmented with additional virtual
data (Figure 13). The Microsoft Kinect sensor and laptop are used to acquire 3D
information about the surface of the sand mass on the table, and that information is further
used to calculate and project correct contour information and any other symbol (visual
object) that may be needed (Amburn et al., 2015). The Kinect sensor also detects the user’s
hand movements and gestures above the sand table surface, which allows user interaction
with the virtual information. The system is designed to be modular, allowing for integrating
different hardware components such as controllers and tablets to support the placement of
military symbology and support various simulation and training scenarios. The software
used by ARES is based on an open-source platform that allows developers to create and

integrate custom applications (Amburn et al., 2015).
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Figure 13. ARL’s ARES. Source: DignitasTechnologies (2015).

3. ARES Advantages and Disadvantages

The ARES system offers several advantages over traditional military training
solutions, simulations, and other virtual and augmented reality systems. The system is cost-
effective due to its use of low-cost COTS components. Its service-oriented architecture
makes it a valuable resource for military personnel to collaborate in various planning
exercises. ARES also provides a tangible user interface that allows users to interact with
physical and digital information more intuitively and naturally compared to other systems
displaying terrain in AR (Amburn et al., 2015). Additionally, the system is customizable

and can be modified to meet specific training and simulation needs.

However, ARES also has some limitations to consider. The resolution of the
projected image onto the sand table surface may be limited compared to other systems; that
may impact the quality of the user experience. The sand table surface may provide fewer
interaction capabilities than other systems incorporating virtual objects, handheld
controllers, or input devices such as HL2. Additionally, the system requires a laptop and a
projector, which may make it less portable than other systems HMDs. Finally, sand is not
a perfect visual display surface—the sand table surface and projection may not provide the
best quality imagery like other virtual and augmented reality systems that use high-fidelity
graphics. Despite its limitations, ARES offers a unique and cost-effective approach to
geospatial terrain visualization, simulation, and training with potential applications in other

domains.
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4. Analysis of ARES Performance

A study by M. Boyce et al., published in Military Psychology in 2019, compared
task performance on a flat surface using a tablet versus ARES (Boyce et al., 2022). The
research discovered that augmenting the level of detail in the terrain’s depiction did not
significantly enhance comprehension of the terrain within a simulated planning setting
using ARES. Nonetheless, employing a surface shaped according to the topography
resulted in an improved perception of usability for the interface and a reduction in cognitive
burden compared to a flat surface. However, despite these benefits, the utilization of ARES
did not have a notable effect on task performance concerning accuracy and response time
(Boyce et al., 2022). The research suggests that incorporating topographical features in an
interface can enhance usability and reduce cognitive load, but adding more terrain details

may not necessarily lead to improved task performance (Boyce et al., 2022).

E. CHAPTER SUMMARY

This chapter introduces fundamental concepts and a literature review focused on
the research domain discussed in this thesis. The topics discussed in the chapter included
AR and VR technologies and the concept of the Reality-Virtuality continuum as proposed
in (Milgram & Kishino, 1994). Additionally, this chapter discussed different low-cost off-
the-shelf VR and AR solutions and reviewed their advantages and disadvantages. Lastly,
this chapter discussed the use of AR technology for small-team collaboration and provided

more details on one solution—the ARES system.
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III. TASK ANALYSIS: CURRENT MDMP PRACTICES

A. INTRODUCTION

This chapter overviews how the U.S. Army military staff personnel currently
conduct MDMP. The text focuses on the inputs and outputs each WFF provides during
MDMP that produces an OPORD. Additional material discussed here includes the
planning tools and collaboration techniques used for recommending a COA to a

commander and the inherent limitations of current practices.

B. ARMY DESIGN METHODOLOGY FOR PLANNING (ADM)

According to ADP 5-0, the Army Design Methodology (ADM) is a methodology
the U.S. Army staff planners use to apply critical and creative thinking to understand,
visualize, and analyze different problem-solving approaches (Headquaters, Department
of the Army, 2019). The ADM is used for conceptual planning and integrated into the
MDMP to create detailed and executable plans.

The ADM methodology consists of three main steps: (1) establishing an
operational context, (2) defining the problem, and (3) devising an operational strategy
to address the problem (Headquaters, Department of the Army, 2019). The result of
conducting ADM is an improved understanding of the mission and objectives, and the
approach staff members utilize to address and solve those objectives. Figure 14 depicts
‘framing the operational environment’ and is composed of five different states: (1)
current state, (2) desired end state, (3) frame the problem, (4) develop an operational
approach, and (5) develop the plan. (MDMP Lessons and Best Practices Handbook,
2015) The MDMP starts with developing the plan and is the transition point from
conducting conceptual planning into detailed planning (U.S. Army Combined Arms

Center, 2015).
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Frame an operational environment

Current state Desired end state

What should the
environment look like?
Visualize desired
conditions of an
operational environment

What is going on?
Understand the
current conditions
of an operational
environment.

Frame the
problem

Develop
the plan

Develop an
operational approach

What broad general actions
will resolve the problem?

What are the
obstacles impeding
progress toward
the desired
end state?

Using the military
decision-making
process.

Continuous assessment and reframing as required

Figure 14. Frame the operational environment. Source: Headquarters,
Department of the Army (2019).

C. MILITARY DECISION-MAKING PROCESS

The MDMP is a planning process that incorporates the actions of the command,
staff, subordinate units, and joint or coalition partners, to facilitate coordinated planning
(U.S. Army Combined Arms Center, 2015). The goal of the MDMP is to understand the
problem and develop and compare the COA. The commander selects COA that achieves

the desired end state and produces an OPORD for unit execution.

The MDMP requires continuous collaborative, parallel planning from higher
headquarters and subordinate units. Information is continuously passed from higher
headquarters staff through subordinate and supported units for bottom-up plan
refinement. According to ADP 5-0, It is recommended that commanders and staff
members engage in active collaboration within their organization to establish a shared
comprehension of the mission, contribute to the development of COAs, participate in

decision-making, and address any potential conflicts among the various organizations
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before presenting a COA to the commander (Headquarters, Department of the Army,
2019). The MDMP is composed of a series of steps that the U.S. Army staff personnel
conduct before the publication of the OPORD, as shown in Figure 15 (U.S. Army
Combined Arms Center, 2015).

Key inputs Steps Key outputs
+ Higher headquarters’plan or order Step 1: - Commanders initial guidance
or a new mission anticipated by the Receipt of Mission - Initial allocation of time
commander
| Warning order |
- Commander’s initial guidance - Problem statement
- Higher headquarters’ plan or order * Mission statement
. . « Initial commander’s intent
« Higher headquarters’ knowledge Step 2: ", : :
and intelligence products issi i - Initial planning guidance
b 9 dp 5 . Mission Analysis  Initial CCIRs and EEFls
= Knowledge pro ucts from other = Updated IPB and running estimates
organizations .
. = Assumptions
* Army design methodology products - Evaluation criteria for COAs
I Warning order I
= Mission statement
« Initial commander’s intent, planning Step 3: « COA statements and sketches
guidance, CCIRs, and EEFIs Course of Action - Tentative task organization
+ Updated IPB and running estimates (COA) - Broad concept of operations
- Assumptions Development - Revised planning guidance
« Evaluation criteria for COAs - Updated assumptions
« Updated running estimates « Refined COAs
- Revised planning guidance Step 4: - Potential decision points
« COA statements and sketches COA Analysis - War-game results
- Updated assumptions (War Game) - Initial assessment measures
» Updated assumptions
= Updated running estimates . Evaluated COAs
* Refined COAs X « Recommended COAs
Evaluati iteri Stepiss i i
= Evaluation criteria COA COI'I’IPaI'iSOI'I « Updated running estimates
= War-game results - Updated assumptions
» Updated assumptions
» Updated running estimates - Commander approved COA and
« Evaluated COAs Step 6: any modifications
. Recommended COA COA Approval - Refined commander's intent,
; CCIRs, and EEFlIs
« Updated assumptions
« Updated assumptions
I Warning order I
- Commander approved COA + Approved operations plan or order
and any modifications Step 7: .
« Subordinates understand the plan or
+ Refined commander’s intent, Orders Production, order
CCIRs, and EEFls Dissemination,
+ Updated assumptions and Transition

Figure 15.

Military decision-making process. Source: Headquarters,

Department of the Army (2014).
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D. TASK OBJECTIVE, STAFF, STEPS, AND TOOLS

MDMP is a collaborative effort among various military staff members. During
this process, the staff develops and evaluates options to achieve mission objectives.
According to the Center of Army Lessons Learned handbook, the following is the list of
steps for conducting MDMP:

e Receipt of mission.

e Mission analysis.

e Course of action development.
e Course of action analysis.

e Course of action comparison.
e Course of action approval.

e OPORD production. (U.S. Army Combined Arms Center, 2015)

The first step in MDMP is the Receipt of Mission initiated upon receipt of an
OPORD from a Higher Headquarters unit or in anticipation of a mission. During this
phase, a commander provides the staff with their initial guidance, and the Executive
Officer or Chief of Staff gives a tentative timeline to determine the time for planning;
during the same period, the staff is expected to gather their planning tools. The primary
tool used during this step of MDMP is the development of the running estimates on
capabilities within their respective WWF by the staff sections and evaluation of the
specified and implied tasks defined in the higher headquarters OPORD. Finally, the
receipt of the mission phase is complete with the publication of a warning order

(WARNO) notifying staff sections and units affected by the pending mission.

In the Mission Analysis (MA) step, the team persists in scrutinizing the order
from the higher headquarters, aiming to achieve a shared comprehension of the mission,
intent, available resources, restrictions, boundaries, and explicit and implicit duties
(MDMP Lessons and Best Practices Handbook, 2015). One of the primary activities is
the Intelligence Preparation of the Battlefield (IPB), further discussed in Chapter II1.C,
Intelligence Preparation of the Battlefield. At the end of that step, the staff develops the
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proposed problem and mission statement, conducts a mission analysis brief for the

commander, and issues WARNOs for all units affected by the mission.

During the Course of Action Development step, the staff collaborates to generate
potential solutions to the problem. This step involves brainstorming and evaluating
different approaches, considering the advantages and disadvantages of each course of
action sketch. The staff has to ensure that all courses of action are evaluated and that the
best options are identified for further analysis. During this phase, each WWF
synchronizes with other staff sections to ensure the potential course of action is
supportable by each WFF. According to the U.S. Army’s MDMP article, each
prospective COA is examined for validity using the following screening criteria.
According to the Center of Army Lessons Learned handbook, the following criteria must

be met for different COAs:

1. Feasible: The COA can accomplish the mission within the established
time, space, and resource limitations.

2. Acceptable: The COA must balance cost and risk with the advantage
gained.

3. Suitable: The COA can accomplish the mission within the
commander’s intent and planning guidance.

4. Distinguishable: Each COA must differ significantly from the others,
such as the scheme of maneuver, lines of effort, phasing, use of
reserve forces, and task organization. (U.S. Army Combined Arms
Center, 2015, p. 27)

In the COA Analysis phase, also known as the wargaming phase, the staff
evaluates each course of action against the established mission objectives. First, the team
considers each option’s feasibility, risks, and costs to identify potential execution
problems and decides on the conduct of the wargame. The most common conduct of
wargame is using the “action, reaction, and counteraction methods of friendly and
enemy forces within the AO” (U.S. Army Combined Arms Center, 2015). Subsequently,
the WWFs collaborate to pinpoint conceivable obstacles and prospects linked with every
alternative and assess the probability of achieving success. The COA Analysis involves
a systematic approach that follows specific guidelines and procedures. They examine

every aspect of the operation, including the strengths and weaknesses of the forces and
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the enemy’s disposition, to develop a clear picture of the AO (U.S. Army Combined
Arms Center, 2015). After the COA Analysis concludes, refinements are made to each
COA, and a synchronization matrix and support template are created to evaluate each

COA against one another.

The COA Comparison phase involves a systematic approach to assess COAs in
an unbiased manner, using pre-determined evaluation criteria that both the commander
and staff accept (U.S. Army Combined Arms Center, 2015). Assessing the strengths and
limitations of COAs enables the selection and further development of the COA with the
best chance of success in an operation plan or operation order. The most common
method for evaluating each COA against the other uses a decision matrix, as shown in
Figure 16. At the end of this phase, the staff presents a commander with a decision brief
where they choose the COA that is most likely to succeed (U.S. Army Combined Arms
Center, 2015).

Decision-support matrix Supporting NAI / CCIR /
DP # Decision Criteria / Conditions Action Unit
What decision must be Criteria is condition(s) Actions to be executed
made? that when met require
decision to be made
1 Execute chemical If 21 Infantry Division Then request chemical- NAI: 1, 10
artillery strike against artillery have been strike authority and CCIR: 5
21% Infantry Division located within 21.9 release of chemical .
artillery? kilometer range of our munitions from 18% DTG Wntiz :!'812 Infantry
2515 Battalion
2 Use ADA to shoot down 1.1f SEAD attacks were 1.Then shoot down lift NAI: 20, 21
21% Infantry Division observed and after initial | assets after Soldiers have CCIR:1,2,5
aircraft (fixed or rotary)? U.S. company has landed | disembarked or as they .

) lift off Unit: 3039 Cav Squadron,
2.If ADA in local area 1814 Armor Battalion
have been targeted, then | 2.Then shoot down
local commander is threat
encouraged to use
remaining assets

3 Commit our reserve If U.S. forces gain a Then deploy Armor NAI: 7
Armor battalion to foothold at BP 4 battalion CCIR: 3, 4
southern AoA?
Unit: 3067 AT Battalion

Figure 16. Decision-support matrix. Source: Klein and Hasting (2016).

Following a briefing on potential COAs, the commander selects the most

effective option for achieving the mission’s objectives—this is COA Approval phase.
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If none of the COAs are deemed suitable, the staff initiates a fresh round of MDMP
from the COA development phase. Whenever the commander modifies an existing
COA or proposes a new one, the staff conducts a wargame to evaluate the revised plan
and recommends it to the commander based on the results. Once the commander has
given final guidance, the WFF’s issues a warning order (WARNORD) to subordinate
units, outlining the necessary actions as outlined in the Center of Army Lessons

Learned handbook for conducting MDMP. The elements of the WARNORD are:

e The AO.

The unit’s mission.

e The commander’s intent.
e The concept of operation.
e Tasks assigned to subordinate units.

e A timeline to include rehearsals. (U.S. Army Combined Arms Center,

2015)

E. INFORMATION PREPARATION OF THE BATTLEFIELD

The Information Preparation of the Battlefield (IPB) is a joint venture with
participation from all staff sections; it is driven by the intelligence team and was first
released during the Mission Analysis phase of MDMP. During the Mission Analysis
process, the intelligence products provided to the commanders and staff members ensure
a shared understanding of the crucial aspects of the operational area and the relevant
areas of interest that could affect the mission’s outcome (Headquarters, Department of
the Army, 2019). IPB comprises four steps, with specific intelligence products

developed during each step, as shown in Figure 17.
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m = Threat overlay
« Threat description chart
Step 1 [] « MCOO
Define « Terrain effects matrix
the OE + Weather forecast chart
T » Light and illumination data table
P | - Weather effects matrix
Erb s tal « Civil considerations data file
Effects on « Civil considerations overlays/assessments
Operations = Initial objective for reconnaissance,
[ surveillance, intelligence operations, and
security operations
Step 3 1
Evaluate the = Situation templates
Threat « COA statements
| * High-value target lists
Destt:rr':'u#\e « Event templates
Threat * Event matrices
COAs | | = |nifial PIRs and IRs

Figure 17. IPB product outputs. Source: Lobdell (2019).

Defining the operational environment involves identifying the physical, human,
and other factors influencing military operations. It includes analyzing terrain, weather,
and other natural factors. Furthermore, it is imperative to identify and establish the
political, economic, social, and cultural conditions in the operational area, areas of
interest, and areas of influence (Lobdell, 2019). The next step in the IPB process is to
Describe the environmental effects on operations. This step involves analyzing how the
operational environment will affect friendly and enemy forces. It includes assessing the
impact of terrain, weather, and other environmental factors on mobility,
communications, and other critical aspects of military operations. Evaluating the threat
involves identifying and analyzing enemy forces and their capabilities. It includes
assessing their strengths, weaknesses, potential courses of action, likely intentions, and
objectives. This phase aims to comprehend the potential impact of a threat on friendly
operations (Lobdell, 2019). The last step in the IPB process is Determine enemy courses
of action which involve developing a range of potential enemy courses of action based
on the analysis of the threat. It includes identifying enemy objectives and developing a

plan to counter their actions (Lobdell, 2019).

32

NAVAL POSTGRADUATE SCHOOL | MONTEREY, CALIFORNIA | WWW.NPS.EDU



F. CURRENT USE AND LIMITATIONS OF 2D MAPS AND
INTELLIGENCE PRODUCTS

As discussed in Chapter III.C, Intelligence Preparation of the Battlefield, the
intelligence WFF is the primary staff section responsible for displaying the AO, mobility
corridors, key terrain, and enemy disposition and COAs. The intelligence section
accomplishes the battlefield visualization using multiple overlays on an analog 2D map, as
seen in Figure 18. While the U.S. Army staff possesses tools for displaying terrain in 3D,

almost all planning is conducted on 2D maps and overlays, which has inherent limitations.
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Area of Operations (Figure 3-2) Step 1
» Defined by the commander
+ Comprises an external boundary.

= Delineates the areas of operations areas of operetions of adjacent units

= Includes subordinate unit areas of operations

Modified Combined Obstacle Overay (Figure 4-9) Step 2
* Portrays the military aspects of the operational environment:

= Avenues of approach = Terrain mobility classifications

= Mobility corridors = Key terrain

= Metural and man-made obstacles

Threat Overlay (Figure 4-2)
Portrays current physical locations of potential threats
Inthe area of operations and area of interest

Step 3
Threat Model (Figure 5-4)
« Conwvert threat doctrine or « |dentify high-value targets
alterns of operations to graphics + |dentify enemy dispositions,
« Describe the threat's preferred compositions, and strengths
tactics, options, and peculiarities
i 0“.7 - | W
| o [ «...||[Threat Template (Figure 5-6)
N . [* ||* Distance endior time between threat forces
o | o w® | e conducting an operation or activity
ol g 1  Graphic control measures
Step 4
Situation Template (Figure 6-3 )
'« Developed based on the threat’s preferred method of operations:
= Doctrinal rates of march = Task, purpose, method, and end state
= Time phase lines = Key enemy weapons systems range fans

= Graphic control measures = Avenues of approach
= Named areas of interest

Event Template (Figure 6-12)
* Guide for collection planning:
= Time phase lines = Threat decision points
= Named area of inferest = Indicators of threat ectivity

Event Matrix (Figure 6-13)

Association of named areas of interest and threat
decision points with indicators to determine which
course of action the threat commander implements

Figure 18. Products of the IPB process.
Source: Headquarters, Department of the Army (2019).

Traditional analog maps can be beneficial in providing a visual representation of
the terrain and other relevant information; however, that tool also has limitations compared
to other methods of displaying geography. Diibel et al. compared 2D and 3D displays of
spatial data and found that 3D can be helpful for rough navigation and relative location.

(Diibel et al., 2014) At the same time, 2D is more appropriate for exact measurement and
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interpretation. Overall, the researchers concluded that integrating 2D and 3D improved
performance and problem-solving among test candidates (Diibel et al., 2014). Figure 19
shows how combining 2D and 3D achieved the highest results for performance and

problem-solving.

Spmr Dimensionality of Reference Space
Dim 2D i
|
1 | I | gy
4 | B ]
o “#ﬂ‘
? —a ] L L : :'; ?3‘!? '
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|

Dimensionality of Attribute Space
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Figure 19. Optimizing 2D and 3D visualization. Source Diibel et al. (2014).

An additional research study was conducted by Carbonell Carrera et al. in 2017.
They organized a workshop to teach maps using 2D maps alone or a combination of 2D
maps and digital 3D and physical representations. The study observed notable variations
in the experimental groups’ pre- and post-workshop knowledge scores. Additionally, the
study established a considerable difference in performance between the 2D maps-only
group and the group taught using a combination of 3D digital and physical representations.
Notably, the group trained with 3D effects performed better when determining the steepest

slope or locating terrain features (Carbonell Carrera et al., 2017).
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2D maps are commonly used to represent geographic data but have several
limitations compared to 3D maps. One of the main drawbacks of 2D maps is a lack of cues
supporting depth perception, making it challenging to accurately represent changes in
elevation and terrain features. Additionally, 2D maps provide a limited perspective of their
geographic area, making it difficult to visualize the relationship between different
components and how they fit together. The incomplete information provided by 2D maps
about the real-world environment is another significant limitation. In addition, 2D maps
cannot capture the complexity of 3D features, such as buildings, bridges, and other
structures. Furthermore, it is difficult for 2D maps to accurately represent overlapping
features, making it challenging to understand the relative positions of different features.
Finally, 2D maps often need to be more accurate in representing data because of the
distortions that occur when depicting a 3D object in 2D. In contrast, 3D maps provide a
more accurate representation of geographic data, enabling better visualization and analysis,
including the use of immersive tools. However, 3D maps can also be more complex and

resource-intensive to create and use (Diibel et al., 2014).

G. STAFF COLLABORATION DURING MDMP

During MDMP, the U.S. Army’s WFFs use various tools to collaborate and analyze
information for a common understanding. The tools staff sections use for MDMP range
from the whiteboards for brainstorming and analysis to sophisticated mission command
systems for displaying a COP and communication equipment such as SharePoint to
consolidate and distribute information. The methods and tools WWF use during MDMP
start with rudimentary tools, and as MDMP progresses, the complexity and the number of

tools increase with each step of the planning.

According to ADP 5-0, planning during MDMP is the “art and science of
understanding a situation, envisioning a desired future state, and the effective ways of
bringing that future about” (Headquaters, Department of the Army, 2019). During MA staff
sections’ predominant tools are analog products such as whiteboards, maps with overlays,
some form of Microsoft suite to develop decision-support and briefing products, and a

secure communication system to collaborate and distribute information. In the early phases
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of MDMP, the predominant communication method is face-to-face or using some form of
secure communication equipment when staff members are geographically dispersed.
Figure 20 highlights different tools staff members operate in the early phases of MDMP to

understand and visualize a mission.
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Figure 20. MDMP planning.
Source: U.S. Army Combined Arms Center (2016).

As MDMP progresses from COA Development through order production, each
WFEFF possesses mission command systems that help the staff analyze data, visualize, and
help make informed decisions. The most common mission command tool all WFFs use for
planning during MDMP is the Command Post of the Future (CPOF). This mission
command tool enables the warfighter to visualize the battlefield and have command
and control of a battlefield through collaboration between each WFF (General Dynamics,

n.d.-a).

Additionally, the Fires WWF uses the Advanced Field Artillery Tactical Data
System (AFATDS) mission command system to augment mission planning for

coordination, placement of units, and execution of fires for mortars, field artillery cannons,
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rockets and missiles, close air support, attack aviation, and Naval surface sire-support

systems (Program Executive Office Command Control Communication-Tactical, n.d.).

The primary mission command system the Intelligence WFF uses for mission
planning and execution is the Distributed Command Ground System-Army (DCGS-A).
This mission command system used by the intelligence WWF assists commanders and staff
in visualizing the battlefield by understanding the threat of other aspects relevant to the

operational environment (Distributed Common Ground System-Army (DCGS-A), n.d.).

Lastly, the Tactical Airspace Integration System (TAIS) and Air and Missile
Defense Planning and Control System (AMDWS) mission system are critical for airspace
management. The TAIS is the Army’s mission command system providing air-ground
situational awareness of friendly and enemy air activity. (General Dynamics, n.d.-b)
Meanwhile, the AMDWS provides air and missile defense operations at all levels (U.S.
Army Acquisition Support Center, n.d.).

Collaborative software such as SharePoint and secure email are the primary
methods for WWFs to share documents, track progress, and communicate with other team
members. Knowledge Management of these systems is critical throughout MDMP for
collaboration and information sharing between WFFs. McInerney describes the importance
of Knowledge Management as being “critical for the transfer of tactic or implicit
knowledge to explicit and acceptable formats to achieve the organization’s mission”

(Mclnerney, 2002).

Collaboration between staff members during MDMP is a complex and resource-
intensive task requiring various mission command systems, digital and analog products to
display information and support constant synchronization between staff members to ensure

their shared understanding.

H. STAFF RECOMMENDATION TO A COMMANDER

As discussed in Chapter III.G, Staff Collaboration during MDMP, WWFs use
various tools and methods to analyze information and recommend to a commander a COA

which they believe will achieve the mission’s objective. One of the most common ways
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military staff brief a commander is through PowerPoint or a similar application from the
Microsoft suite that operates with analog maps to present information. The commander
relies on their experience, commander-to-commander dialogue with higher headquarters,
and knowledge and experience to decide on recommended COAs or have the staff adjust

the current plan.

PowerPoint application has become a prevalent tool among staff for consolidating
and presenting mission information concisely, owing to the availability of several mission
command systems and analytical tools. Figure 21 highlights the use of PowerPoint by the
Ist Calvary Division to brief an enemy situation template for a rafting and bridging

operation in support of a battalion Situational Tactical Exercise.
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Figure 21. 1st Calvary Division situation template.
Source: Schoenfeldt and Stalling (2021).

Consolidating and displaying information using an application such as PowerPoint

or similar has several benefits and hindrances. For example, one of the primary benefits of
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using PowerPoint to brief a commander is that the technology allows staff sections to take
information from numerous mediums and consolidate it in an easy-to-read format, allowing
a commander to make an informed decision on a recommended COA. However, the use of
PowerPoint has been criticized as staff sections are consolidating vast amounts of
information into easy-to-read bulletized comments and stifling critical thinking. For
example, in a statement from General McMaster to Times magazine on the Army’s use of
PowerPoint, he stated, “the program stifles discussion, critical thinking, and thoughtful
decision making” and went on further to express “it’s dangerous because it can create the
illusion of understanding and the illusion of control. Some problems in the world are not

bullet-izable” (Gralla, 2010).

I. GAPS IN CURRENT PRACTICES OF MDMP

MDMP is an intensive process requiring a vast amount of time and resources for
military planners to formulate an OPORD to support a mission. They use numerous
mission command systems, analog and digital products, and collaborative software to

consolidate and distribute information gaps in current practices exists.

One of the first gaps in current MDMP practices is how staff receives and evaluates
terrain throughout MA and COA comparison. The primary method for assessing terrain is
through 2D analog and digital maps, which provide a birds-eye view of the AO and a
limited perspective of the geographic terrain. While several tools allow the terrain to be
viewed in 3D, these tools are only readily available to some WFFs, and, as a result, the

preponderance of detailed planning is still conducted using 2D analog maps.

Second, WWF functions rely on numerous overlays on a 2D analog map to show
the AO, enemy displacement, phase lines, maneuver corridors, engineer graphics, etc.
Overlays displayed on analog maps need to be modified and refined continually as changes
to the mission are made throughout MDMP. The complexity increases when subordinate
units simultaneously conduct parallel planning with their higher headquarters and rely on

the most up-to-date overlays and graphics.
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Additionally, when staff members collaborate, the analog map is stationary and
requires personnel to walk around it if a WWF wants to emphasize an area of interest. For
example, if the Intelligence WWF intends to point out a maneuver corridor to the
Movement and Maneuver WWF and the person is across the table, they will have a

different perspective and need to walk around the map for clarification.

Lastly, when staff members brief the commander on recommended COA, most
products staff are 2D digital imagery inserted into a PowerPoint presentation with digitized
(scanned) analog maps and overlays as backup products. By only looking at the terrain in
2D versus a combination of 3D graphics, it is possible to misplace the units. 3D tools,
however, provide superior forms of visualization, user interaction, and analysis. That also
includes the ability of 3D tools to support fully immersive, interactive experiences and the
application of a range of 3D tools while observing and interacting with the 3D environment

and its objects.

J. CHAPTER SUMMARY

This chapter provides an overview of how the U.S. Army conducts ADM and
MDMP currently. Additionally, the text discusses the complexity of military staff
conducting MDMP throughout each step of that process. The chapter also elaborates on
the use of some mission command systems and tools by staff sections to consolidate
information and present it to a commander for a decision. Lastly, the text covers the gaps

in current practices.
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IV. PROTOTYPE SYSTEM DESIGN AND IMPLEMENTATION

A. INTRODUCTION

This chapter describes the framework used to design and develop an AR prototype
tool to support MDMP, the 3D terrain used for the virtual environment, and the AR HMD
display technology. The prototype visualizes a contested WGC scenario with three
different WWFs and allows a user to conduct a series of tasks for the optimal placement of
military units. For example, the user must analyze and place infantry, artillery, and engineer
units at the different river crossing sites in the face of an enemy threat and develop different
COAs. The system prototype is designed to improve situational awareness and
comprehension for a user and enhance the effectiveness of WWE’s task-planning efforts.
This research will assist in developing a further understanding of the technological

framework needed to support MDMP.

B. FRAMEWORK
1.  WhyAR?

Implementing AR technology for WWFs use during MDMP can enhance decision-
making and facilitate effective collaboration between staff sections. By utilizing the HL2
AR display device, information can be presented in a stereoscopic form and enable users’
real-time interaction with the virtual terrain. In addition, AR technology can reduce the
time and resources needed for multiple staff sections to create analog products used during

traditional MDMP.

The see-through, head-mounted AR displays are more appropriate for multiple staff
sections collaborating during MDMP for safety reasons—they allow users to maintain
awareness of their physical surroundings while viewing 3D terrain. The ability to see other
staff members is critical as WWFs constantly move around a map to analyze information,
gesture to each other, and convey non-verbal forms of communication. In addition, a see-
through AR display enables users to collaborate while remaining engaged with their

physical surroundings.
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Although a desktop computer may be an alternative solution to viewing

information, it may limit access for other users.

2. Why Microsoft HoloLens?

Due to its capabilities and compatibility with other AR applications, the HL2 was
chosen to project 3D terrain for the user. In addition, HL2 has excellent functionality to
support the necessary gesture recognition because 3D information needs attentiveness of
the eye and hand involvement. The user can keep the headset on, gaze through the
transparent lens, see the elements of the surrounding physical world and synthetic 3D
objects, or flip up the visor to see the physical world unhindered when he wants to transition
from seeing AR to seeing only the physical world. Also, the HL2 does not require the
headgear to be taken off when the visor is up or down; the wireless headset and battery

allow the user to walk and interact with other users during the interactive session.

The multiple AR features in HL2 enable object manipulation, which is essential to
our AR visualization system. In addition, the HL2 has much improved hand and eye
movement tracking over the HoloLens 1. Participants who need to manipulate virtual
objects can engage with them accurately thanks to this capability and the Mixed Reality
Toolkit.

Comparing HL2 to other popular AR headsets, it was determined to be the most
effective tool for completing the duties outlined in Chapter III, Task Analysis: Current
MDMP Practices. Other headsets, such as Google Glass, are not truly an AR solution as
they are monocular displays for smartphone use. Additionally, Google Glass lacks the
tracking and motion controls necessary for manipulating digital objects in a virtual

environment.

3. Why Unity and Microsoft Visual Studio?
a. Unity Software Engine

The AR visualization tool developed for this thesis was done in Unity, a popular
game engine and development platform that allows the creation of real-time visual

experiences for games and simulations. One of the primary reasons Unity was selected over
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other game engines is that Unity supports multiple toolkits and assets that provide the
required functionality and representation for viewing terrain in 3D and AR. In addition, the
documentation for HL2 and free assets available in Unity helped address any issues with
the graphic user interface (GUI) and development. That demonstrates the robustness of the
Unity ecosystem and the resources available to developers who use it. In summary, Unity
proved to be a suitable platform for creating the AR visualization tool, providing the

necessary tools and resources for a successful project.

b. Microsoft Visual Studio

Jithu states that “Microsoft Visual Studio is an integrated development environment
(IDE) used to develop applications for Windows, web, mobile, and cloud-based platforms”
(Jithu, 2019). Some reasons why people choose to use Visual Studio include its
comprehensive set of tools for coding, debugging, testing, and deploying applications, its
features that help developers work more efficiently, its integration with other Microsoft
tools such as Azure and GitHub, the community of developers is sizable and dynamic,
offering assistance and exchanging information., and its ability to create applications for a
range of platforms including Windows, macOS, i0S, Android, and Linux (Jithu, 2019).
Overall, Visual Studio is a powerful tool that makes the development process easier and

more efficient.

4. Hardware

The following hardware environment was used for the development of the AR

visualization prototype tool:
e Microsoft HoloLens 2 device

e Alienware 17, 8th Generation Intel® Core™ i7-8750H, 32GB RAM, GTX
1080Ti Laptop
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C. SIMULATION ENVIRONMENT
1. System Architecture and Initial Design

The architecture and idea for this project came from previous work conducted by
Johana Cruz and JaMerra Turner for displaying a naval communication architecture
through Unity (Turner & Cruz, 2022). The diagram presented in Figure 23 illustrates the
necessary components for constructing a prototype in a 3D interactive AR environment.
As mentioned earlier, the laptop utilized Unity software to generate 3D models within the
environment. Then, the virtual scene was projected into the HoloLens 2 using the Mixed
Reality Tool Kit (MRTK) and its corresponding Holographically Remoting feature. A
Microsoft account was also established to utilize the Microsoft Holographic Remoting
Player App, which was first installed on the HoloLens 2 headset. The IP address of the
headset was subsequently linked with Unity’s MRTK Holographically Remoting feature
to connect and project the 3D environment from the laptop to the HoloLens 2, as seen in

Figure 22.

. - ) -« ™
‘; N T T
N
— Microsofi Holographic Hololens2

Laptop Remoting Player App

Unity & MRTK
3D Environment

Figure 22. Components of simulation. Source: Turner and Cruz (2022).

2. Microsoft Holographic Remoting Application

The Holographic Remoting Player application is designed to link PC apps and
games, facilitating live streaming of holographic content to the Microsoft HoloLens via a
Wi-Fi connection. The feature is integrated within the MRTK, enabling Unity to connect
with the HoloLens Holographic Remoting Player app via an IP address (Holographic
Remoting Overview—Mixed Reality, 2022).
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3. MRTK Mixed Reality Tool Kit

MRTK comprises a series of software packages that facilitate the creation of Mixed
Reality applications across multiple platforms. Additionally, it offers assistance for various

Mixed Reality platforms and hardware (Mixed Reality Toolkit Packages, n.d.).

a. Audio and Speech Controls

The HoloLens 2 has a microphone array comprising five channels and speakers
with built-in spatial sound, enabling audio and speech functionalities. However, this thesis

has chosen hand and eye-tracking as the most practical and straightforward input technique.

b. Actions and Gestures within HoloLens 2

Identifying hand movements related to specific actions and gestures involves the
analysis of hand gestures using various tracking techniques such as head tracking, eye
tracking, six degrees of freedom (DoF) tracking, spatial mapping, and mixe