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ABSTRACT

CISLUNAR SYSTEM OF SYSTEMS ARCHITECTURE EVALUATION AND

OPTIMIZATION

Cislunar space is the next frontier of space exploration, but a sustainable architecture is
lacking. Cislunar space is considered a complex system of systems because it consists of
multiple independent systems that work together to deliver unique capabilities. The independent
systems of the cislunar system of systems include the communications, navigation, and domain
awareness systems. Additionally, the methodology to design, evaluate and optimize a complex
system of systems has not been published. To close the gap, a comprehensive needs analysis is
performed for cislunar space. Next, model-based systems engineering is used to design the
cislunar system of systems. The cislunar architectures are designed in terms of constellations and
payloads. The architectures are each evaluated in terms of cost and performance. An appropriate
optimization algorithm is found for the system of systems, and the results of the optimization are

evaluated using multiple techniques for comparison.

A literature review is included on the topics of cislunar architectures, system of systems,
model-based systems engineering, system architecture evaluation, and system architecture
optimization. During the research of cislunar architectures, a needs analysis is completed which
identifies the three primary missions planned for cislunar space and eight supporting functions to
provide the infrastructure for the primary missions. The primary missions identified include
science, commerce, and defense. The eight supporting functions identified include transportation,

communication, domain awareness, service, energy, shelter, and control. Technologies and
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programs are identified for each supporting function, included gaps in needed technology or
programs. For the evaluation and optimization of the system of systems, the supporting functions
are down-selected to include only the three necessary supporting functions for any operations in

cislunar space: communications, navigation, and domain awareness.

A system architecture is developed using Systems Modeling Language in Cameo
Systems Modeler™. The model is designed using the Model-based Systems Architecture Process
which includes the design of the Operational Viewpoint, Logical/Functional Viewpoint, and
Physical Viewpoint. The Operational Viewpoint includes structural, behavioral, data, and
contextual perspectives. The Logical/Functional Viewpoint includes structural, behavioral, data,
and contextual perspectives. The Physical Viewpoint includes design, standards, data, and
contextual perspectives. Each of these perspectives are represented in the form of Cameo
Systems Modeler™ diagrams or tables. Diagrams include block definition diagrams, internal

block diagrams, use case diagrams, activity diagrams, and sequence diagrams.

Additional modeling concepts beyond the Model-based Systems Architecture Process are
included in the Cameo Systems Modeler™ model and analysis of the model. These topics
include allocating requirements, stereotypes, patterns in architecture decisions, architecture

optimization, verification, validation, complexity, and open systems architecture.

Cislunar constellations and payloads are designed which account for the cislunar physical
environment. Six constellations are designed to be included in the optimization algorithm. These
constellations include Lagrange light, Lagrange medium, Lagrange heavy, Earth-based, Earth
plus Moon, and Earth plus Lagrange. These constellations essentially represent the location of
the bus while the payloads provide the functionality of the system. Payloads are designed for the

supporting functions deemed essential for a basic cislunar infrastructure, which are
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communications, navigation, and domain awareness. The optimization algorithm runs through
each possible combination of payload and bus, including any opportunities to integrate multiple
payloads on a single bus. The total number of possible architecture combinations for the

optimization algorithm is 288.

The payload sensors are modeled in Systems Tool Kit and evaluated for physical
performance. Additionally, each payload and bus possibility are evaluated for cost using the
Unmanned Space Vehicle Cost Model and professional estimates. The performance and cost

metrics are used in the optimization algorithm.

The optimization algorithm uses multi-objective optimization with an integer linear
program. The result of the optimization algorithm is a pareto front of the highest-performance,
lowest-cost architectures. The architectures along the pareto front are evaluated using multi-
criteria decision making with and without evidential reasoning to find the “best” architecture. A
Kiviat chart assessment is also performed, though this method is shown to not be practical for the

cislunar application.

The model and conclusions of the dissertation are validated using a variety of industry-
accepted techniques. The cislunar architectures are validated via peer-review. The performance
evaluations are validated via a validated physics model. The cost evaluations are validated by a
validated cost-model when possible and by peer-review. The optimization algorithm is validated
by comparison to a manual optimization method. The Cameo Systems Modeler™ model is

validated using validation techniques internal to the tool.

Suggestions for future work are presented. Future work could include fully integrating

the Cameo Systems Modeler™ model with the Systems Tool Kit model, providing improved
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cost estimates, using alternative optimization parameters, adding supporting functions as they are
identified, evaluating the architectures using additional metrics, evaluating additional
constellations, applying integration at the functional level, or assessing non-homogenous

requirements.
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Chapter 1. INTRODUCTION

1.1  PROBLEM STATEMENT

The second space race has begun; this time it is in cislunar space. China is aggressively
establishing a presence in cislunar space while the United States (US) is working to re-establish a
presence [1]. Within the US, National Aeronautics and Space Administration (NASA) and the
United States Space Force (USSF) are partnering with industry to further their scientific,
commercial, and defensive priorities. Holistic and integrated systems architectures are needed to
support long-term operations within economic and physical constraints [2]. This dissertation

proposes an architecture model for a sustainable cislunar system.

Additionally, research is lacking in the areas of system of systems evaluation and
optimization. The cislunar system is defined as a system of systems, but systems engineering
procedures have not been developed which would enable decision makers to design architectures
in this area. This dissertation offers a methodology to design, evaluate, and optimize

architectures for a system of systems.

1.1.1 RESEARCH QUESTIONS

The following three research questions are guides for the research performed for this
dissertation. Brief answers are given for each while the bulk of the dissertation answers each
question in more detail.
1.1.1.1 'WHICH EVALUATION TECHNIQUE, OR TECHNIQUES, ARE BEST APPLIED TO A CISLUNAR

SYSTEM?

The selection of evaluation parameters is a critical step in architecture evaluation. For the

cislunar system, the evaluation parameters are chosen as cost and performance because the

supporting functions can be evaluated equally and objectively at the system of systems level.



Cost is evaluated using validated cost models and industry expertise is used where cost models

do not exist. Performance is evaluated by calculating the coverage in a physical environment.

In the Literature Review, four evaluation techniques are assessed for their applicability to
cislunar System-of-Systems (SoS). In theory, Multi-Criteria Decision Making (MCDM) with
Evidential Reasoning (ER) is researched to be the best technique for large, complex systems and
is used for the cislunar system of systems evaluation.
1.1.1.2  'WHICH OPTIMIZATION TECHNIQUE, OR TECHNIQUES, ARE BEST APPLIED TO A CISLUNAR

SYSTEM?

Due to the SysML structure of the cislunar system model, non-differential optimization
techniques are needed. These are broadly categorized into direct, stochastic, and population
algorithms. A direct algorithm is used with a branch-and-bound technique to automate the
optimization process. The direct algorithm is an integer linear programming method known as
intlinprog which allows automated updates with the SysML model. Additionally, the objective
function and constraints are linear, allowing a Linear Program (LP) technique to be utilized.
Since the cislunar system is evaluated with multiple parameters, a Multi-Objective Optimization
(MOO) technique is used while iteratively optimizing the LP.
1.1.1.3  'WHAT SPECIAL CONSIDERATION MUST BE MADE WHEN EVALUATING A SYSTEM OF

SYSTEMS WHEN COMPARED TO EVALUATING A SINGLE SYSTEM?

A SoS is more complex and has more uncertainty than an individual system. Model-
Based Systems Engineering (MBSE) offers continuity and validation across the SoS as inevitable
change occurs. Additionally, enterprise-level objectives are needed to guide the SoS design

throughout development, which can be incorporated and updated across the system using MBSE.



To evaluate the SoS, it is important to consider the stakeholder concerns at the enterprise-
level when choosing evaluation parameters and prioritizing these parameters. A SoS has much
more complexity and uncertainty than a single system, which should be considered during

evaluation.

1.1.2  RESEARCH TASKS
The following four research tasks are determined as the main deliverables defining the
dissertation work. Summaries are given for each task while the bulk of the dissertation describes

each task in more detail.

1.1.2.1 PERFORM NEEDS ANALYSIS OF COMPREHENSIVE CISLUNAR SPACE SYSTEM

The needs analysis is performed in the Cislunar Architectures section of the Literature
Review. The three primary missions and eight supporting functions are identified during research
of all current and planned cislunar missions.
1.1.2.2 DEVELOP A FUNCTIONAL ARCHITECTURE OF CISLUNAR SPACE TO IDENTIFY ANY GAPS IN

CURRENT OR PLANNED CISLUNAR EFFORTS

The Literature Review indicates gaps in current architectures and drives the development

of the cislunar domains of the functional architecture. Missing functionality for each supporting

function is included in the literature review.

The functional architecture is modeled using Cameo Systems Modeler™ and detailed in
the SysML Model of the dissertation. The functional architecture models the eight overarching
domains with BDDs, IBDs, ACTs, SDs, contextual diagrams, and key interfaces.

1.1.2.3 EVALUATE AN INTEGRATED CISLUNAR ARCHITECTURE WHICH INCLUDES ALL NECESSARY

SUPPORTING FUNCTIONS AND PRIMARY MISSIONS.



For this dissertation, the minimum necessary supporting functions for operations in
cislunar space include communications, navigation, and domain awareness [3]. The primary

missions are the users which rely on these functions.

Prior to optimization, each potential architecture is evaluated for cost and performance.
Validated cost models are used, and professional estimates are made where models do not exist.
To evaluate for performance, each architecture combination is modeled in a physics environment
and the coverage volume is calculated. The cost and performance metrics are used to optimize

the architecture.

After optimization, MCDM with ER, MCDM without ER, and a Kiviat Chart Assessment

are used on the five optimal architectures of the pareto front.

1.1.2.4 OPTIMIZE INTEGRATED CISLUNAR ARCHITECTURE
A mixed-integer linear programming algorithm is used within a MOO technique to find a
pareto front of optimal architectures. Details of the objective function and constraint definitions

are included in Section 3.6.

1.2 DISSERTATION OVERVIEW
This dissertation provides the background research, methodology, and application

necessary for the evaluation and optimization of a cislunar space system.

Chapter 1 includes the problem statement and dissertation overview. The problem
statement details the dissertation tasks and research questions used to guide the research of

cislunar space systems. In the dissertation overview, the contents of the dissertation are outlined.



Chapter 2 includes the literature review, where background research is provided for
cislunar architectures, system of systems, model-based systems engineering, system architecture

evaluation, and system architecture optimization.

In 0, the approach for the dissertation work is provided. An overview of the Systems
Modeling Language (SysML) cislunar model is included with applicable diagrams extracted
from the model. The physics of cislunar space is explored and used to derive the assumptions for
payload design. The architecture evaluation approach is given, which describes the constellation

designs, performance metrics, and cost metrics. Then, the optimization algorithm is detailed.

In Chapter 4, the approach is applied to the cislunar SoS to yield the results. First, the
evaluation aspects of the dissertation are applied to the cislunar model. Second, the optimization

techniques are applied to the cislunar SoS. A discussion of the results is included.

Finally, Chapter 5 provides a summary of the dissertation. Main conclusions are
provided. A summary of the model and methodology validation is written. The dissertation

concludes with recommendations for future work.



Chapter 2. LITERATURE REVIEW

2.1 LITERATURE REVIEW INTRODUCTION

Extensive research has been conducted on the topics of cislunar architectures, SoS,
MBSE, system architecture evaluation, and system architecture optimization. This dissertation
attempts to integrate these topics. A cislunar architecture with multiple independent missions and
functions is a SoS, so special consideration must be made to develop an architecture for a SoS.
Due to the substantial number of functions and relationships of a cislunar system, MBSE will be
necessary to automate the architecture design. Architecture evaluation is a well-researched topic
but has not yet been applied to an integrated cislunar SoS. Finally, many optimization techniques

exist which have the potential of finding an ideal cislunar SoS.

The Literature Review documents the background necessary for a dissertation on cislunar
systems architectures. In Section 2.1.1, an overview of research in cislunar space is presented,
including details on the primary missions, and supporting functions identified for a cislunar
architecture. Section 2.1.2 documents research on SoS. Section 2.1.3 presents background on
MBSE relevant for system architecture modeling. In Section 2.1.4.3, System architecture
evaluation parameters, strategies, and cislunar applications are given. Finally, Section 2.1.5

reveals relevant optimization algorithms and optimization applications in cislunar space.

2.1.1 CISLUNAR ARCHITECTURES
2.1.1.1 CISLUNAR ARCHITECTURES INTRODUCTION

Plans are well underway to establish operations in cislunar space. Planned missions can
be broadly categorized as science, commercial, or defense missions. Supporting functions are

broadly categorized as transportation, communication, navigation, situational awareness, service,



energy, shelter, and control. Details of potential solutions and identified gaps are given in the

following sections.

Figure 1 shows a gray area which defines the volume of cislunar space used in this
dissertation. Cislunar space encompasses the area beyond geosynchronous orbits (GEO) to the
orbit of the Moon including the areas surrounding each Lagrange point. The Earth-Moon system
has five Lagrange points, which are points of gravitational equilibrium, providing opportunities
for orbits with low station keeping fuel requirements and long dwell times of the Earth-Moon
system. Lagrange points 1 and 2 are specifically advantageous due to their proximity to the

Moon, where most operations are planned to occur.

~o.
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' 117 L2
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,’.’

Figure 1 Cislunar Space with Lagrange Points

The Lunar Exploration Analysis Group (LEAG) released a Lunar Exploration Roadmap

in 2016 outlining the following major themes and goals:

1. Science Theme:



a. Understand the formation, evolution, and current state of the Moon
b. Use the Moon as a “witness plate” for solar system evolution
c. Use the Moon as a platform for Astrophysical, Heliophysical, and Earth-
Observing studies
d. Use the unique lunar environment as research tool
2. Feed Forward Theme:
a. Identify and test technologies on the Moon to enable robotic and human solar
system science and exploration
b. Use the Moon as a testbed for mission operations and exploration techniques to
reduce the risks and increase the productivity of future missions to Mars and
beyond
c. Preparing for future missions to other airless bodies
3. Sustainability Theme:
a. Maximize Commercial Activity
b. Enable and Support the Collaborative Expansion of Science and Exploration

c. Enhance Security, Peace, and Safety [4]

From the LEAG Roadmap, which includes detailed lunar goals, the primary missions are

identified as science, commerce, or defense.

Research has identified transportation, communication, navigation, domain awareness,
service, energy, shelter, and control as the minimum necessary supporting functions for the

primary missions. Within these functions are included the subfunctions documented in Figure 2.
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2.1.1.2 PRIMARY MISSIONS

2.1.1.2.1 PRIMARY MISSIONS INTRODUCTION
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The following sections provide the main plans and research for the primary missions in

cislunar space: science, commerce, and defense.

2.1.1.2.2 SCIENCE MISSIONS

In the 2020 National Space Policy of the United States of America, guidance is provided

that the US will expand space exploration efforts, starting with the Moon. The national space

policy also guides civil space, such as NASA, to partner with commercial entities on cislunar

projects including transport of crew and cargo. National goals include establishing a human

presence on the Moon by 2024 with a sustained presence by 2028 [5].

NASA is actively working to pursue the guidance given in the National Space Policy.

NASA'’s science goals at the Moon include:

e Understanding planetary perspectives



e Understanding volatile cycles

e Interpreting the impact history of the Earth-Moon system
e Revealing the record of the ancient sun

e Observing the universe from a unique location

e Conducting experimental science in the lunar environment

e Investigating and mitigating exploration risks to humans [6]

NASA'’s early plans for cislunar space identified missions to include servicing,
assembling, and exploration. These early plans identified cislunar space as most interesting due
to its location beyond the Van Allen belts, and the L2 Lagrange point as a link to future missions
beyond the Moon [7]. NASA has developed the Artemis program to systematically develop
technologies to establish a sustainable human presence on the moon. Some of the partnering
agencies for this complex architecture include the Canadian Space Agency (CSA), the European
Space Agency (ESA), the Japan Aerospace Exploration Agency (JAXA), the Russian Space
Agency (Roscosmos) and US industries [6]. The Artemis plan is enabled by key products
including the Space Launch System (SLS) rocket, Orion spacecraft, supporting Exploration

Ground System (EGS), Gateway outpost, and Human Landing System (HLS) [6].

The European Space Agency (ESA) has established an effort independent from NASA
called the Moonlight initiative. The Moonlight initiative project is planned to enable exploration
of the Moon with a constellation of lunar satellites dedicated to communications and navigation,
projected for operations by the late 2020s. This effort is designed to support a sustained human

presence on the Moon enabling efficient scientific exploration [8].
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The nature of science is that discovery leads to more questions, which requires a flexible
and adaptable supporting architecture, serving the functions of transportation, communication,
navigation, domain awareness, service, energy, shelter, and control once full cislunar operations

are in effect.

2.1.1.2.3 COMMERCE MISSIONS

Through NASA'’s partnerships with industry, many commercial missions will emerge to
turn a profit in cislunar space. Most notably, transporting humans from the Gateway to the

Moon will be a servicing function of the HLS provided by SpaceX [6].

In-Situ Resource Utilization (ISRU) will be another government-led, commercial
endeavor. Thanks to the Lunar Reconnaissance Orbiter (LRO), many resources have been
discovered on the Moon’s surface including valuable water deposits which are necessary for a
sustained presence on the Moon [9]. Once an established supporting architecture is developed,
then commercial entities will have the ability to access the profitable mission of ISRU,

analogous to gas stations on Earth.

There are some key technologies and infrastructures needed to enable the

commercialization of cislunar space. These include:

e Water extraction technology
e Oxygen production technology
e Electric-class fission power systems
o Twin Reactors
o Brayton Power Conversion Unit

o Fold-out Radiator System
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e Refueling infrastructure

e Reusable crew cargo transportation system [10]

The following missions have been proposed as potentially profitable endeavors in

cislunar space:

e Water mining

e Metal mining

¢ On-orbit manufacturing
e In-space transportation
e C(Cislunar stations

e Lunar landers

e Lunar base

e Advanced orbital services
o Satellites services

e Off-earth science

e Beamed power [11]

e Tourism [12]

Several of these missions (e.g., cislunar stations, lunar landers, etc.) may first be
completed by government agencies, such as NASA, to achieve science objectives. In the long

term, the missions can transition to commercial entities for profit.

2.1.1.2.4 DEFENSE MISSIONS

Cislunar space is written as “The Next Military Frontier” due to the need to survey and

protect assets [13]. These needs will be fulfilled by government agencies in the Department of
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Defense (DoD) such as the USSF and the Space Development Agency (SDA). These agencies
will be required to monitor all assets while conducting space battle management command and
control. This function is currently being performed by the Combined Space Operations Center
(CSpOC), but the capabilities of this center only extend to orbits just beyond GEO. More

capable sensors will be needed to fill the gap between GEO and the Moon.

In competition with DoD goals, China has plans to have a permanent presence on the
Moon by 2024. Due to China’s structure which has integrated ties between civil and military
priorities, a Chinese presence on the Moon can be seen as a military power move. China and
Russia are collaborating on lunar exploration efforts, driving an even greater need for defense
missions in cislunar space [14]. China and Russia will likely also establish defensive space
missions with similar defense needs and modified implementations. In this dissertation,

“defense” missions include missions conducted by the US and its allied nations.

In response to a perceived future military threat, the Chief Scientist of the USSF

announced three missions which include:

1. Protect US interests in space
2. Deter aggression in, from, and to space

3. Conduct space operations [15]

Short-term goals for the USSF include digital engineering, resilience, situational
awareness, joint command and control, intrusion, and autonomy. Mid-term goals include
cislunar operations and space logistics. Long term goals include cislunar space power, space
access, new missions, and autonomous space conflict [15]. Programs are already underway to

meet these goals. The Defense Advanced Research Projects Agency (DARPA) has already

13



chosen three companies to test nuclear thermal propulsion in space [16]. This is part of

DARPA’s Demonstration Rocket for Agile Cislunar Operations (DRACO) program.

The SDA has announced plans for a defense-oriented architecture in cislunar space which

is planned to provide the function of deterrence. The proposed architecture has four parts:

1. Low Earth Orbit (LEO) sensors facing outwards for tracking beyond GEO.

2. Two satellites in Earth Highly Elliptical Orbit (HEO) providing alternative angles for
tracking.

3. Sensors in lunar orbit.

4. Three Advanced Maneuvering Vehicles (AMV) [17].

This architecture is designed to meet six defense-related goals:

e Low-Latency Data transfer for rapid battle management

e Transmit/Receive Wideband Data for detailed threat assessment

e Demonstrate Limited battle management command, control, and communication (BMC3)

e Transport Bulk Integrated Broadcast System (IBS) Data for standardization of
communication services'

e Send Link-16 Messages to warfighters on the ground?

! The “transport bulk IBS data” goal is not necessarily a benefit for defense in cislunar
space. This is an emergent goal of the SDA cislunar architecture.
The “Link-16 messages” goal is not necessarily a benefit for defense in cislunar space.

This is an emergent goal of the SDA cislunar architecture.
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e Demonstrate Common Relative Time Reference for robust, resilient navigation [18]

The defense mission is often decoupled from science and commercial efforts because of
the focus on security. The defense mission can utilize common transportation functions, but

typically relies on a trusted source for communication and navigation.

While cooperation is the preferred mode of operations between nations, this is not always
possible due to conflicts of interest. The alternative is to employ defensive measures to ensure

the mission is complete.

2.1.1.2.5 PRIMARY MISSIONS CONCLUSIONS

In conclusion, there are many plans to utilize cislunar space for a variety of needs.
Science missions aim to gain understanding of the moon and use the moon as a staging ground
for further exploration of the solar system. Commerce missions aim to provide services, such as
transportation, and the mining and manufacturing of lunar resources. Finally, the defense

missions aim to protect the nation and space assets.

2.1.1.3 SUPPORTING FUNCTIONS

2.1.1.3.1 SUPPORTING FUNCTIONS INTRODUCTION

The next sections provide summaries of the main supporting functions found in the
research of cislunar space utilization. These functions include transportation, communication,

navigation, domain awareness, service, energy, shelter, and control.

2.1.1.3.2 TRANSPORTATION FUNCTION

The first identified function is transportation, which includes moving payloads from the

Earth to lunar orbit, moving payloads between LEO and lunar orbit, lunar staging platforms, and
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human transportation. Table 1 shows a summary of the identified programs for cislunar
transportation and identifies no need for additional programs or technology. Details of each of

these technologies and programs are provided throughout this section.

Table 1 Transportation Function Summary

Identified Technologies and Programs NASA SLS

ULA ACES

NASA CLPS

LST

Aerobraking

Electric Propulsion
NASA Orion Capsule
NASA ICPS

NASA HLS

NASA Gateway
NASA Gateway PPE
NASA Gateway HALO

NASA CAPSTONE

Technology and Programs Needed None identified

NASA’s SLS rocket is a critical enabling technology to transport payloads from Earth to
the Moon and lunar orbits. United Launch Alliance (ULA) has also designed technologies
specifically for cislunar applications. The system would use liquid oxygen and liquid hydrogen

propulsion with fuels derived from the Moon. Upper stages of cislunar rockets could use the
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Advanced Cryogenic Evolved Stage (ACES), in development by ULA [19]. ACES has the
sustainability feature of being refueled by resources found on the Moon [19]. Fuel mining is
discussed further in Section 2.1.1.3.7. The NASA SLS and ULA ACES meet the identified need

for inter-orbital transportation [20].

NASA’s Commercial Lunar Payload Services (CLPS) is an effort with commercial
launch providers to deliver payloads from Earth to the surface of the Moon. CLPS is part of the
Artemis program and began in 2021. SpaceX has won five out six of the CLPS contracts and
ULA won the sixth. The rockets which will carry these six missions include the Falcon 9, Falcon

Heavy, and Vulcan [21].

A supplement to the transportation of payloads from Earth to near the Moon has been
proposed as the Lunar Space Tug (LST). LST is a reusable electric transportation concept. This
concept would greatly increase the sustainability of missions to and from the Moon [22]. The
LST is designed to bring a habitat or resupply mission from LEO to lunar orbit and back [23].
LST architectures could be specifically designed for the intended payload or could be designed
for flexibility to transport a variety of payloads [23]. Flexible architectures are more expensive
to design and build but tend to be cheaper over time when compared to non-flexible
architectures. For each kilogram sent to LEO, transportation costs are decreased by 50%,
excluding initial set-up costs [24]. For programs greater than 10-years, these cost savings come
to fruition for a sustainable architecture [24]. This research suggests that concepts like LST

provide cost savings over the long-term.

Another concept for transportation from LEO to the L1 proposed by ULA is to re-use the
upper stage engine and utilize aerobraking [25]. Aerobraking with the upper stage from lunar

back to LEO allows a fuel savings of up to 72% [25]. This method would require a vehicle with
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a low ballistic coefficient, on-board cooling options, and a targeting strategy [25]. This strategy

could be coupled with the LST to conduct more fuel-efficient transfers.

Electric Propulsion (EP) has been researched for efficient lunar transportation. Due to the
dynamics of the Circular Restricted Three Body Problem (CR3BP), the change in velocity (delta-
V) needed to maneuver in cislunar space can be very low. EP has been shown as an optimal way

to transfer between Distant Retrograde Orbit (DRO) and Halo Orbits [26].

The Orion capsule more specifically serves the function of human transportation to the
Moon. Orion utilizes the interim cryogenic propulsion stage (ICPS) to reach an apogee of
59,000 miles, and then performs a translunar injection maneuver using the Orion service module

[6]. The Orion Capsule is planned to be used exclusively for science missions.

The HLS is another component necessary for NASA’s human exploration objectives.
The HLS will be developed and built by commercial companies who will compete for servicing
contracts. NASA is paving the way for a commercial and profitable infrastructure in cislunar

space.

NASA’s comprehensive plan includes many technologies which cover the transportation
function needed to get payloads into cislunar space. The Gateway, an outpost in lunar orbit,
includes the Power and Propulsion Element (PPE) and the Habitation and Logistics Outpost
(HALO) [6]. While early Artemis missions plan to go directly to the Moon to meet exploration
objectives, the Gateway provides a staging point and is a necessary component of a sustainable

architecture.

The Cislunar Autonomous Positioning System Technology Operations and Navigation

Experiment (CAPSTONE) launched in June 2022, preceding the Gateway. It is the first CubeSat
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in cislunar space with a mission to test the stability of Gateway’s planned orbit, a near-rectilinear

halo orbit (NRHO) [27]. NRHO’s are nearly polar orbits about the Moon.

Research on ideal orbits for a staging platform has concluded that the most favorable
orbits for a platform such as Gateway are near rectilinear orbits (NRO) [28]. NROs are highly
elliptical orbits with large coverage over the northern or southern pole, depending on mission
needs. Staging missions are important to decrease transportation costs, but flexibility must be
considered to incorporate a wide array of missions. The Gateway architecture does provide a

more flexible architecture for lander resources, providing sustainable lunar exploration [29].

The transportation supporting function has several proposed physical architectures, with
efforts led by NASA, SpaceX, and ULA. The SLS is designed for transportation from Earth to
the Moon. The LST is proposed for transportation between LEO and lunar orbit and could be
coupled with aerobraking to reduce fuel costs. The Orion capsule and subsystems are in work by
NASA to serve as human transportation. Finally, NASA’s Gateway serves as a staging point in
lunar orbit allowing increased access to the Moon. The next section documents the

communication needs which enable cislunar utilization.

2.1.1.3.3 COMMUNICATION FUNCTION

Communication is a necessary function for all robotic spacecraft or human spaceflight.
Communication can be accomplished using Earth-based systems, space-based platforms, or lunar
platforms. A dedicated communication system is necessary to communicate over a great
distance, support a growing number of users, and to reach areas of space obscured by the Moon.

Table 2 shows a summary of the identified programs for cislunar communication and identifies
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needs additional programs and technology. The technologies and programs are detailed

throughout this section.

Table 2 Communications Function Summary

Identified Technologies and Programs LunaNet

Laser communication
SDA cislunar architecture
UHF communication
SCPS transport protocol

Cubesat Constellations

Technology and Programs Needed Relay link or 50-meter ground antennas

NASA currently utilizes the Swedish Space Corporation (SSC) ground antennas for
Lunar communications. These antennas are located across the globe and offer data rates from 5
kbps — 80 Mbps in S, X, and Ka band [30]. NASA is also developing technology to perform
laser communications from Earth to the Moon. In 2013, NASA successfully demonstrated a laser
communication link with a data rate of 622 Mbps — six times faster than any previous lunar
communications link [31]. The laser communications terminal even has lower Size Weight and
Power (SWaP) than traditional radio-based terminals. The terminal was flown on the Lunar
Atmosphere and Dust Environment Explorer (LADEE) satellite. Compared to radio-based

terminals, the terminal was half the weight and 25 percent less power [31].

The SDA cislunar architecture includes plans for communication and navigation

functions. The plan includes data transport using narrowband ultra-high frequency (UHF) as
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well as a common time reference, independent from the Global Positioning System (GPS) [18].
Information is not readily available on the robustness of this architecture, but it will likely be
highly independent from any civil or commercial efforts to maintain high levels of security and

trust.

Research on various protocols for cislunar communication has considered the need for
long links and possible delays in the communication relay. Interoperability is found to be a
necessary feature of a communication architecture in cislunar space [32]. Disruption Tolerant
Networking (DTN) is found to be preferred to traditional Transmission Control Protocol (TCP).
DTN is found to be most effective for links ranging from 30 minutes to 8 hours and able to
overcome poor bit error rates (BER). One of the greatest challenges of communications in
cislunar space is having an acceptable BER. The properties of DTN are most ideal for a cislunar
communication architecture [33]. Another protocol which has been shown to have adequate
performance in cislunar communications is Space Communication Protocol Standards-Transport
Protocol (SCPS-TP). This protocol had performance of nearly 5,000 bytes per second at a BER
of 107 [34]. The generally accepted threshold for space communications BER is 107, so this

protocol meets the minimum standard [35].

One proposed physical architecture for communications includes placing satellites at L2,
L3, L4, and L5. This architecture allows communications between the far side of the Earth and
the far side of the Moon. Excluding the poles, this architecture provides 98.95% coverage of the
Moon and 99.1% coverage of the Earth. Ground antennas supporting this concept would need to
be at least fifty meters in diameter [36]. This concept would require technological development

as most satellite communication antennas are typically 7 — 13 meters in diameter.
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Another physical architecture proposed for lunar communication is a “flower
constellation” of CubeSats around the Moon. This constellation would have repeating ground
traces and great lunar coverage. Unfortunately, due to the variability of the lunar gravitational
field, these orbits are unstable and require ample fuel for station keeping. Depending on thruster

efficiency, the lifetime of these constellations is estimated to be 100-800 days [37].

NASA has proposed the use of a flexible communication architecture known as Lunanet.
Lunanet would include “nodes” of satellites which would contribute to a distributed network on
and near the Moon. More specifically, a constellation of CubeSats in 100 km altitude orbits
about the Moon is proposed. These CubeSats would use optical communication for more
focused communications. This architecture is found to provide sufficient data transfer between
low lunar orbit (LLO) and Earth [38]. The NASA SpaceCube Intelligent Multi-Purpose System
is a small satellite system which allows developers to mix and match 1U CubeSat payloads for
missions such as intelligence processing, communication, navigation, and cybersecurity. A

network of SpaceCubes has been proposed for use as Lunanet nodes [39].

Communications architectures are in work by the SDA and NASA. SDA’s architecture
includes Earth-orbiting relay satellites, while NASA’s architecture consists of lunar orbiting
nodes. Dedicated communications architectures must include the features of interoperability,
flexibility, and standardization. In the next section, the navigation function is detailed, which has

a coupled architecture with the communications function due to the similar RF characteristics.

2.1.1.3.4 NAVIGATION FUNCTION

Navigation is a necessary function for any space system. Navigating at the Moon will be

especially challenging due to the increased distance from terrestrial navigation systems and
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obscuration by the Moon. A dedicated system is needed for accurate navigation near the Moon.
Table 3 shows a summary of the identified programs for cislunar navigation and identifies the
need for a dedicated Lunar Navigation Satellite System (LNSS). The technologies and programs

are detailed throughout this section.

Table 3 Navigation Function Summary

Identified Technologies and Programs GNSS Space Service Volume
LunaNet

LuGRE

HDTYV signals

DSN

Technology and Programs Needed LNSS

Lunar missions can conduct some limited navigation near the Moon using already
existing Global Navigation Satellite Systems (GNSS). A study of navigation near the moon

using only GPS and Galileo have shown benefits which include:

e Improved navigation performance

e Quicker trajectory maneuver recovery
e Reduced need for on-board clocks

e Increased satellite autonomy

e Better performance in lunar orbit [40]

NASA'’s Bobcat-1 mission was sent into LEO to test key receiver technologies to support

future navigation using six existing GNSS constellations. The receiver technologies from this
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mission are planned to be used for future NASA missions at and near the Moon [41]. The
Magnetosphere Multi-Scale (MMS) mission tested GNSS receiver performance at an altitude
beyond GEO with an apogee of 152,900 km. Results from the MMS mission showed a
maximum position error of fifty meters [42]. Data from the MMS mission was used for analysis
of a transfer to a near-rectilinear halo orbit. The analysis showed that with a high gain antenna,
the simulated receiver had a maximum outage of 11 minutes and could see at least one GPS
signal 99% of the time [43]. These are impressive results that show the feasibility of initial
limited lunar navigation using existing systems. The first mission planned to utilize GNSS
signals on the Moon is the Lunar GNSS Receiver Experiment (LuGRE), a partnership mission
between NASA and the Italian Space Agency. LuGRE is part of NASA’s CLPS program. It is

planned to land on the Moon in 2023 to receive GNSS signals [44].

GNSS navigation near the Moon has limitations due to poor signal geometry (known as
Dilution of Precision (DOP)), weak signals near the Moon, and the obscuration of the Moon. A
hybrid approach utilizing GNSS and cislunar navigation satellites provides improved
performance and coverage. To support the NASA Gateway concept, a need for a LNSS has been
identified [12]. A constellation of eleven satellites in lunar orbit is found to sufficiently

supplement current GNSS signals for missions to the Moon and near the Moon [12].

Cislunar navigation research has shown that libration points can be used for an effective
cislunar navigation architecture. Placing four satellites in stable orbits about L1, L2, L4, and L5
can provide accuracies of tens of meters for satellites in trans-lunar and lunar orbit [45]. The L1
and L2 points are unstable in the Earth-Moon system, but stable families of orbits exist about

these points known as Halo orbits and Lyapunov orbits [45]. Figure 1 shows a diagram of the
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Earth-Moon libration points, also known as Lagrange points. The gray area of the figure shows

the region of cislunar space.

Alternatively, research shows that navigation could be performed using high-definition
television (HDTV) signals. The coverage of these signals is excellent due to global prevalence.
Satellite navigation using high-definition television signals has been proven feasible in DRO and
lunar halo orbits [46]. DRO’s are a class of orbits around the moon which are highly stable due
to the gravitational effects of the CR3BP. Unfortunately, HDTV signals from Earth would not

solve the issue of poor DOP.

As a supplement to a navigation constellation, on-board autonomy is suggested to
provide necessary performance [47]. This concept will be most useful during early cislunar
missions when a full constellation around the Moon is not available. On-board autonomy could
include inertial measurement units coupled with high-performing star trackers for attitude
calculations. The Orion capsule, planned for human transportation to the Moon, is designed with
a backup autonomous navigation system which uses an autonomous onboard targeting algorithm

during short-term loss of contact with ground systems [48].

The LRO has paved the way for navigation on the Moon by mapping the surface of the
moon and locating ideal areas for exploration [9]. Mapping is an important navigation function
of lunar-based operations that is often overlooked as solutions tend to focus on systems which

mimic a GNSS for the Moon.

A concept for precise positioning using surface-based pseudolites has been researched as
a feasible solution. The pseudolite system is designed to cover a 10-kilometer radius around the

lunar south pole and would integrate with LunaNet, described later in this section. Prototype
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software defined radio (SDR) transmitters and receivers were tested terrestrially and proved to
have accuracies of less than 10 meters [49]. This positioning system could provide supplemental

navigation for lunar surface navigation requiring greater precision.

The subfunction of tracking is included in navigation. Tracking in cislunar space would
be an extension of current tracking networks with sensors placed in cislunar orbits or on the lunar
surface. For accurate tracking, it is important to optimize trajectories to avoid sun-exclusion
angles [50]. When conducting tracking, methods of Earth-based ground networks and the
Linked Autonomous Interplanetary Satellite Orbit Navigation (LiAISON) have been compared.
The LiAISON method has advantages of increased accuracy and coverage while the Earth-based

method is less costly [51].

Early Artemis missions plan to use the already existing Deep Space Network (DSN) for
communication and navigation. While this is sufficient for a single mission or prototypes, the
network will soon be overburdened by the numerous missions planned for cislunar space [6].
Later missions will utilize a flexible communications and navigation architecture known as
LunaNet. LunaNet provides a scalable architecture, utilizing government and commercial assets
around the Moon. Each asset would be a node of the architecture providing one or all the
architecture functions which include networking services, navigation signals, and situational

alerts [52].

NASA has the most comprehensive plans for a dedicated lunar navigation system. To
perform tracking, Earth-based systems can be used, but will need to be supplemented by a lunar
system in the future as the number of lunar missions increases. The next section documents the
domain awareness function, which utilizes parts of the navigation architecture to perform its

subfunctions.
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2.1.1.3.5 DOMAIN AWARENESS FUNCTION

Domain awareness is needed by science, commerce, and defense for surveillance and
collision avoidance. The USSF defines domain awareness as “identification, characterization,
and understanding” of objects in space [53]. For this dissertation, domain awareness focuses on
the identification aspect of domain awareness, which includes tracking the object in orbit.
Characterization requires highly accurate sensors placed near the objects under surveillance,
which is simply not feasible in the incredible volume of cislunar space. Additionally,
understanding the object requires human-in-the-loop, which is performed in the intelligence cell
of a space operations center. The solutions presented in this dissertation focus on the

technologies needed for domain awareness.

Due to the dynamics of the CR3BP, there are certain stable orbits which are more prone
to collect objects. The L1 transfer manifold, L4 Lagrange point, and L5 Lagrange point have
been found to be highly stable and susceptible to orbital debris collection [54]. Proper situational
awareness can prevent satellite collisions from both natural and human-made objects, avoiding
massive collections of orbital debris. Table 4 shows a summary of the identified programs for

cislunar domain awareness and identifies critical needs. Details are provided throughout this

section.
Table 4 Domain Awareness Function Summary
Identified Technologies and Programs SSN
CHPS
Technology and Programs Needed Sensors of lunar surface, especially poles
Sensors of lunar orbits
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Sensors of cislunar orbits

Cislunar domain awareness offers unique challenges due to the large distance and
enormous volume requiring monitoring. A global network of Earth-based sensors is required to
maintain tracking of cislunar objects. Even with global sensors, there will be times that certain

objects will not be observable due to visibility constraints and the brightness of the object [55].

The domain awareness function of Earth-orbiting satellites currently is met by the DoD
using the Space Surveillance Network (SSN). This network consists of Earth-based and space-
based sensors which track objects up to GEO and slightly beyond. This is approximately one-
tenth of the distance needed to track objects near the Moon. The Air Force Research
Laboratories (AFRL) has solicited contracts for the Cislunar Highway Patrol System (CHPS)
which will conduct domain awareness near the Moon for research and development. Initial plans
have shown that this mission will be challenging due to modeling third body effects, the
enormous volume of space (1000 times more than Earth to GEO), the Moon’s brightness, and the
large data transfers [56]. An architecture for tracking objects in cislunar space is proposed by the
SDA, but whether this tracking information will be made public for civil or commercial users is
unknown. For this reason, the subfunction of situational awareness for collision avoidance is

missing in the cislunar architectures provided by NASA and SDA.

Research conducted at Air University has been conducted which identifies a
comprehensive framework for situational awareness, tailored for the USSF. The research found

that places of strategic significance in cislunar space include:

e Hohmann transfer from Earth orbit to the far side of the Moon
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e Hohmann transfer from Earth orbit to L1
e Hohmann transfer from L1 to the far side of the Moon
e Stable elliptic lunar orbit

e Lunar North and South poles [57]

Research from the University of Colorado Boulder found that Earth-based sensors are
insufficient for cislunar observations. An observer placed near the L2 equilibrium point can
observe L2 orbits uninterrupted. A DRO has good visibility of cislunar space, but experiences
outages of L2 orbits. Lunar based observers require three stations to view L2 orbits [58].
Additional research is needed for observation of other orbits in cislunar space, including transfer

orbits, quasi-periodic orbits, as well as L1-, L3-, L4-, and L5-family orbits.

Optimal domain awareness architectures have been studied and compared with respect to
solar exclusion angles, solar phase angles, and lunar exclusion angles. The results found that an

ideal architecture would consist of four satellites in LEO in the Earth-Moon plane [59].

Existing cislunar architectures proposed by NASA and SDA are lacking domain
awareness functions. Domain awareness is necessary to prevent satellite collision and to monitor
satellite activity for safety. The next section, service function, details the features needed for a

sustainable cislunar architecture.

2.1.1.3.6 SERVICE FUNCTION

Sustainable operations in cislunar space will require servicing spacecraft, including the
subfunctions of on-orbit servicing, manufacturing in space, on-site extraction, and materials
processing. The subfunctions of the service function work together to increase the lifetime of

satellites, reducing program costs overall. The costs that would have been used for launching
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additional satellites or landers can be diverted towards servicing already existing satellites. In
comparison to the automobile market, rather than buying a new car from the dealer every time a
part breaks, a car can be repaired and maintained for drastically lower costs. Table 5 shows a

summary of the identified program for space service and identifies needed programs for this

function.
Table 5 Service Function Summary
Identified Technologies and Programs MEV
Technology and Programs Needed Cislunar service satellites

ISRU

On-orbit servicing is an identified need for a sustainable cislunar architecture. The
current approach to space is to launch a new satellite to replace an old or broken satellite, but this
strategy is unsustainable for cislunar space because the access cost is substantially greater than
LEO, MEO, or GEO satellites. Servicing satellites would also require the subfunction of
standardization to limit the cost of the servicing infrastructure [20]. Northrup Grumman has
taken a step forward in space vehicle servicing with the Mission Extension Vehicle (MEV). The
first two MEV missions successfully docked to GEO satellites and extended their lives by
providing fuel and extended maneuvering capabilities. The next generation of MEV is the
Mission Extension Pod which is a smaller package only providing orbit control. A more advance
planned service vehicle is the Mission Robotic Vehicle (MRV), which performs all the functions
of the MEV with additional service capabilities [60]. These geostationary missions are necessary

first steps to establishing a cislunar service capability.
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In-space servicing will also drive the need for manufacturing in space. On-site extraction
and materials processing will need to be performed to sustain the servicing functions [20]. These
functions have the potential for profitability and will likely be led by the commercial missions

conducting ISRU.

Cislunar space logistics systems have been identified as low-cost solutions for repair,
refueling, and reconstitution from GEO to the Moon. Cislunar orbits about Lagrange point L1 or
L2 are ideal staging points due to the low-fuel transfers to manifolds with can reach all cislunar

space, even down to GEO [61].

A servicing infrastructure would require satellites dedicated to this function, but these
have not been identified in published cislunar architectures. The next section details the energy
function which is tightly coupled with service due to the need for on-site extraction and materials

processing.

2.1.1.3.7 ENERGY FUNCTION

Energy, which includes fuel and power, will be a key function in a cislunar architecture.
Energy collection, energy distribution, fuel storage, on-site extraction, and materials processing
subfunctions must be considered in the architecture [20]. Table 6 Table S5shows a summary of the

identified program for cislunar energy and identifies needed programs for this function.

Table 6 Energy Function Summary

Identified Technologies and Programs Lunar Surveying Missions
Technology and Programs Needed Cislunar refueling satellites
ISRU
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Like the service function, the energy function drives the need for on-site extraction, and
materials processing. These functions offer profitability and will likely be accomplished by
commercial entities. Lunar surveying missions have identified several potential sources for
mining, including water, Helium-3, rare Earth metals (REM) and lunar soil. Lunar water can be
converted to rocket fuel and Helium-3 is considered as a potential element for nuclear fusion

[62].

Both fuel and power will require standardization for any asset needing to take advantage

of these resources [20].

2.1.1.3.8 SHELTER FUNCTION

Cislunar space is a challenging place for humans to survive. The Moon harbors
dangerous levels of radiation from cosmic rays and solar flares. These radiation sources cause
the lunar regolith to become radioactive [63]. The lack of breathable air is another aspect of lunar
exploration that must be considered. To keep biological beings safe while traveling through
cislunar space and while working on the surface of the Moon, shelter is necessary. Table 7 shows
a summary of the identified program for cislunar shelter and identifies no additional programs

for this function.

Table 7 Shelter Function Summary

Identified Technologies and Programs HALO

Technology and Programs Needed None Identified

NASA’s HALO is a module on the Gateway designed to keep astronauts safe while

orbiting the Moon. HALO will have living quarters, docking ports, and control of the Gateway.
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As part of the Artemis Base Camp, NASA also plans to build the habitable mobility platform

which would allow two crew members to live and work on the lunar surface for 30-45 days [6].

Using lunar regolith, it is possible to reduce the amount of radiation transmitted to a
human on the Moon. Simulations show that lunar regolith can shield against neutrons similar to
aluminum, reducing radiation transmission by more than 50% [64]. Harnessing the plentiful
resource of lunar regolith is a powerful strategy for establishing shelter on the Moon. On-site

manufacturing will need to be well established to build a structure of lunar regolith.

NASA'’s first human missions to the Moon are planned for 2024 and a sustained human
presence is planned for 2028. Initial shelter capabilities will be needed for early human missions

while a robust infrastructure will be required by 2028.

2.1.1.3.9 CONTROL FUNCTION

The control function includes the data flows of status, commanding, and fault
detection/recovery. Control systems include the ground control centers, satellite telemetry,
tracking and control (TT&C) subsystems, and operators. Ground antennas are considered part of
the communication function and are heavily utilized by the control function. Control systems
exist for Earth-orbiters which need modification for use in cislunar space. Cislunar space
requires a control system which can account for the 3-body dynamics of the Earth-Moon system.
During preliminary missions to the Moon, dedicated control systems for each mission will be
sufficient. As the number of missions operating near the Moon increases, an integrated control
system will be required to reduce costs and increase system efficiency. Table 8 shows a summary
of the identified program for cislunar control and identifies no additional programs for this

function.
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Table 8 Control Function Summary

Identified Technologies and Programs Cislunar catalog

Technology and Programs Needed None Identified

The AFRL Space Vehicles Directorate is researching cislunar control functions. The
cislunar catalog is listed as a priority effort which compensates for the orbital dynamics found in
cislunar space. Additionally, cislunar operator interfaces are in development which help with the

visualization of this new domain and associated dynamics [65].

2.1.1.3.10 SUPPORTING FUNCTIONS CONCLUSION

The functions of transportation, communication, navigation, situational awareness,
service, energy, and control are necessary to support the primary missions in cislunar space.
Transportation functions include launch and lunar orbiters used as staging points.
Communication and navigation functions are presented as necessary functions for all cislunar
missions. Situational awareness is necessary for surveillance and collision avoidance but is
lacking in cislunar plans. Service functions include on-orbit servicing and manufacturing.
Energy functions include energy collection, energy distribution, and fuel storage. Service and
energy functions include standardization, on-site extraction, and materials processing. The
shelter function includes human habitation. Control functions include commanding, status, and

fault detection/recovery.

2.1.1.4 CISLUNAR ARCHITECTURES CONCLUSION
Figure 3 shows a mapping of the primary missions to supporting functions. Science

missions require transportation, communication, navigation, domain awareness, shelter, and
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control. Commerce missions require transportation, communication, navigation, domain
awareness, shelter, and control. Defense missions require transportation, communication,
navigation, domain awareness, and control. Future science, commerce, and defense missions will
require a more robust infrastructure with service and energy functions to drive down the cost of
access to cislunar space.
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Figure 3 Map of Primary Missions to Supporting Functions

Cislunar space is the next frontier of space exploration and utilization. The primary
missions planned on or near the moon include science, commerce, and defense. As operations
grow in cislunar space, a comprehensive and sustainable supporting architecture will be needed
which includes the functions of transportation, communication, navigation, domain awareness,
service, energy, shelter, and control. NASA has plans for the transportation, communication,
navigation, and shelter functions with the Artemis program. The SDA has plans for an
independent architecture of communication, navigation, and domain awareness functions. AFRL
is researching the domain awareness and control functions. Funded plans are lacking for service,
and energy functions. Research has been conducted for each supporting function, however, a
comprehensive plan for an integrated cislunar space architecture is lacking. A summary of the

gaps identified in the cislunar architecture is provided in Table 9.
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Table 9 Summary of Cislunar Architecture Gaps

Function Gaps identified based on identified technologies and programs
Transportation None identified

Communications Relay link or 50-meter ground antennas

Navigation Lunar Navigation Satellite System (LNSS)

Domain Awareness

Sensors of lunar surface, especially poles
Sensors of lunar orbits

Sensors of cislunar orbits

Service Cislunar service satellites

In-Situ Resource Utilization (ISRU)
Energy Cislunar refueling satellites

In-Situ Resource Utilization (ISRU)
Shelter None identified
Control None identified
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2.1.2  SYSTEM OF SYSTEMS

A system can be defined as “A set of interrelated components functioning together
towards some common objective(s) or purpose(s)” [66]. For instance, a communications satellite
has many subsystems working to keep the satellite functioning to allow the payload to make a
communications link with another node — this is a system. A SoS can be defined as “a set or
arrangement of systems that results when independent and useful systems are integrated into a
larger system that delivers unique capabilities” [67]. Expanding on the communications satellite
example, the SoS would include a navigation satellite providing positioning to the system, a
satellite sensing other satellites for collision avoidance, the satellites being observed
accomplishing a classified mission, a control system providing status and commanding for the
system, and any other contributing system to the SoS. This level of complexity requires
appropriate system engineering methods. A complex system is sometimes confused with a SoS.
A complex system has many interrelated subsystems and components which exhibit emergent
behavior over time but is not necessarily a SoS. SoS’s are comprised of individual and valid

systems working together with disparate authority [68].

Traditional, document-based Systems Engineering is limited in its ability to engineer
complex SoS’s. Traditional practices have lack of precision and clarity with SoS design because
SoS’s have blurred system boundaries and requirements are not as straightforward. A SoS
typically evolves greatly over time — more than a single system. Systems within a SoS can
become intertwined, leading to greater complexity [69]. The level of complexity of a system can
be measured by determining the number and complexity of each system interaction and the

global effect on the architecture. Research shows that it is possible for complexity and
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modularity to both increase — they do not inherently have an inverse relationship [70]. The

complexity of a system or SoS is important during design through operation.

Complexity can be managed as a risk, bringing awareness to areas of the system prone to
emergent behavior. For example, a new heavy-list rocket being designed for missions to the
Moon is a complex system. The propulsion, guidance, and structural subsystems would all
require new technologies that must be integrated and have complexity within themselves. Early
in system design, each subsystem would have their own level of complexity, and therefore risk —
there are many unknowns at this point. As the system matures, prototypes can be developed and
tested allowing some emergent behaviors to become known. The complexity, and risk, would
still exist until the day the rocket is launched operationally and for the years of operational use.

Complex systems have some level of uncertainty and risk involved throughout their lifecycles.

The DoD released a guide for engineering SoS’s. This guide lists the core elements of

engineering a SoS to be:

1. Translate SoS objectives into high-level SoS requirements
2. Understand constituent systems and relationships

3. Assess SoS performance

4. Develop, evolve, and maintain architecture

5. Monitor and assess changes

6. Address requirements and solution options

7. Orchestrate upgrades [67]

SoS design requires consideration of enterprise-level objectives in concert with system-

level objectives. One proposed method for dealing with the new requirements of SoS is to
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quantify system attributes into Quality Attributes (QAts) and assess them against performance
measures to compare alternative architectures [71]. This is a systematic approach for evaluating

SoS architectures.

2.1.3 MODEL-BASED SYSTEMS ENGINEERING

MBSE is a powerful technique used during concept development through test and
deployment of a system. MBSE is used instead of document-based engineering to create
efficiency while engineering a system. The model built using MBSE can be used throughout the

system lifecycle and updated easily as the design evolves.

SysML is a graphical modeling language that is ideal for Systems Engineering (SE)
applications. The fundamental pillars of SysML include structure, behavior, requirements, and
parametrics. Using SysML, a complete architecture can be designed with different viewpoints.
Three minimum viewpoints in architecture design are recognized as: operational, logical, and
physical [72]. The architectures designed using MBSE can be evaluated in an Analysis of
Alternatives to determine the “best” design. Architecture evaluation techniques are further

detailed in Section 2.1.4.

An MBSE methodology is defined as a collection of processes, methods, and tools. The
leading methodologies with their associated approach(es), language(s), and artifact(s) are shown

in Table 10.

Table 10 MBSE Methodologies

\ Methodology | Approach | Language(s) | Artifact(s)

39



IBM? “service request- | OMG* SysML | requirements analysis
Telelogic driven” system functional analysis
Harmony-SE architectural design [73]
INCOSE? top-down, model- OMG SysML analyze stakeholder needs
OOSEM® based define system requirements
define logical architecture
synthesize candidate allocated
architectures
optimize and evaluate architectures
validate and verify system [73]
IBM RUP “divide and UML?’, SysML | context diagram
SE’ for conquer” system use case model
MDSD? decomposition requirements diagram
analysis model [74]
Vitech MBSE | engineer the system | MBSE SDL! behavior analysis
horizontally, then architecture analysis
vertically design verification and validation
source requirements analysis [73]
JPL!! SA!2 model- and state- SQL®- state-based behavioral modeling
based control compliant state-based software design

architecture

goal-directed operations engineering
[73]

3 International Business Machines

4 Object Management Group

3 International Council on Systems Engineering

6 Object-Oriented Systems Engineering Method

7 Rational Unified Process for Systems Engineering

$ Model-Driven Systems Development

? Unified Modeling Language

19 System Definition Language

1 Jet Propulsion Laboratory

12 State Analysis

13 Structured Query Language
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Dori OPM!* | every known entity | OPL'’ systems diagram [73]
is an object or a
process which exist
in a state

Digital Mission Engineering (DME) is a type of MBSE which links a physics-based
model throughout the lifecycle of the system. DME has been shown to decrease the time needed
for planning, tool development, setup, and trades by fifty percent when compared to traditional
design methods [75]. The physics-based model can be built horizontally, then vertically,
meaning a low-fidelity system can be designed first and detail can be added as the design
matures. This is a powerful way to find design discrepancies efficiently to reduce risk in the

design.

MBSE is a time-saving technique which can be used throughout the system lifecycle in
the long-run. Like most SE techniques, MBSE requires the most time and energy up-front to
define the model and input the data. Once the initial effort is complete, the time-savings occurs
during system design, evaluation, operations, and disposal. MBSE also offers cost and time
savings when pieces of the model can by re-used in new or modified designs. When applying
MBSE, it is important to consider the problem under consideration and focus modeling efforts on
the intended solution [76]. There are many methodologies of MBSE depending on the
application desired. DME can lead to a more robust MBSE design which integrates physics-

based models throughout the lifecycle to reduce risk. An integrated physics-based model is

14 Object-Process Methodology

15 Object-Process Language
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beneficial for space systems. The complexity of a space system of systems (SoS), such as a
cislunar space architecture, could greatly benefit from the rigor of MBSE. This concept would
require integrating multiple models because it is unlikely that each cislunar system would use the

same tools and languages.

2.1.4 SYSTEM ARCHITECTURE EVALUATION
2.1.4.1 SYSTEM ARCHITECTURE EVALUATION INTRODUCTION

Systems Engineering processes are used throughout the lifecycle of a system, from
Concept Development to Engineering Development to Post-development. Concept Development
includes the Needs Analysis, Concept Exploration, and Concept Definition. The Concept
Definition includes the completion of the Analysis of Alternatives, Functional Architecture, and
Physical Architecture [77]. The main task of the analysis of alternatives is to complete the
system architecture evaluation. The breakdown of these Systems Engineering processes with the

focus on system architecture is shown in Figure 4.

Concept Engineering
Development Development

Needs I Concept l Concept

Postdevelopment

Analysis Exploration Definition

Figure 4 Architecture Evaluation in Systems Engineering Process

The following sections provide details on evaluation parameters, common architecture

evaluation strategies, and an application of architecture evaluation to cislunar space.

2.1.4.2 EVALUATION PARAMETERS
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Flexibility is a positive characteristic of modern space systems to allow for adaptability
as requirements change or to allow for upgradability as the system lifecycle evolves. However,
designing for flexibility can be challenging. To evaluate designs for flexibility, six parameters
can be used to account for flexibility. These six parameters can be assigned weight to tailor to the

system architect’s needs:

e System boundary

e System aspect

e Time window of interest
e Uncertainty profile

e Degree of access

e Value delivery response to change [78]

While these six parameters have been researched and applied to the flexibility

characteristic, they could be applied to other characteristics during architecture evaluation.

Autonomy is an additional characteristic that is highly desired in space systems.
Autonomy can be challenging to design for but can reap many cost-saving benefits in the system
lifecycle due to reduced operating costs. Deep space systems, including cislunar systems, require
a higher level of autonomy than Earth-orbiting systems due to the long communication delays
and lack of constant coverage. Autonomy can be modeled in mission planning algorithms to

inform the evaluation of different architectures [79].

Another useful characteristic in system architecture design is modularity. Accounting for
modularity early in the design lifecycle has been shown to reduce the overall schedule and cost

of the system [80]. Designing for modularity is essential for a cislunar architecture which
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includes the service function. Modular systems and subsystems allow for ease of serviceability

and upgradability.

Research suggests that uncertainty is an important criterion to consider during
architecture evaluation [81]. Stakeholder ambiguity is a common issue during system design, but
research suggests that this ambiguity can be designed for. The sources of ambiguity can be
characterized and modeled to make assessments to the architecture trade space [82]. Portfolio
theory, which is often applied to economics, can be used to manage uncertainty in space system
design. By applying this theory, individual designs are assessed in terms of uncertainty and the
designs are carried throughout the project in a portfolio, reducing the project’s overall
uncertainty or risk [83]. This strategy reduces the overall program risk because many architecture
options are available if one becomes incompatible. Applying portfolio theory is also costly or
time-consuming because the current design must maintain compatibility with a portfolio of

architectures.

System maturity is an additional characteristic which can be included in architecture
evaluation. Maturity can be measured by Technology Readiness Level (TRL) and Integration
Readiness Level (IRL). TRLs are typically measured on a scale of one to nine which low-
maturity technology assigned low TRL levels. The concept of IRL has been proposed to measure
the maturity of integration of technological elements. An assessment of the component TRLs
with interface IRLs would provide an overall System Readiness Level (SRL) [84]. The SRL
could be used to provide a quantitative assessment of the proposed architecture maturity.
Another extension of the concept of TRL is Human Readiness Level (HRL) which consists of

nine levels ranging from research and development to technology demonstration ending in
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production and deployment [85]. TRL, IRL, SRL, and HRL are all quantitative measures to

assess system architectures.

For each architecture evaluation method listed below, the selecting the evaluation criteria
is a critical and highly subjective task. There are two key issues which lead to a poor selection of
evaluation criteria. First, interdisciplinary aspects of the system make criteria interdependent.
Second, a lack of information early in the system design cycle leads to picking poor criteria
selection. These issues can lead to conflicting criteria and lack of reference for acceptable criteria

ranges [86].

2.1.4.3 ARCHITECTURE EVALUATION STRATEGIES

MBSE is a useful technique to help automate architecture evaluation rather than
evaluating each considered by hand. Research of MBSE during architecture evaluation has
found that it is more illuminating to evaluate criteria in an integrated manner rather than
individually. For instance, if a set of space architectures are evaluated for communication data
rates, operations costs, and system risks, these can be considered collectively and not as
individual criteria. Another effective technique to apply during system architecture evaluation is
to apply information quality theory by re-using relevant design aspects from similar systems and
focusing efforts where updates to the design are needed, such as cost data. This technique
reduces system development costs and increases team performance due to the “momentum”
gained by the system designers [87]. It is also possible to apply feedback during system
architecture evaluation. Feedback would allow the system architect to update user parameters as
more information becomes known about the system, leading to a more appropriate final
architecture [88]. The evaluation strategies listed below follow linear processes, without

feedback, for the system architect to systematically evaluate architectures.
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2.1.4.3.1 ARCHITECTURE TRADEOFF ANALYSIS METHOD

The Architecture Tradeoff Analysis Method (ATAM) is a linear method of assessing
architectures. It was designed for software systems, but the concepts could apply to non-software

systems. The steps of the method include:

1. Presentation
a. Present the ATAM
b. Present business drivers
c. Present architecture
2. Investigation and Analysis
a. Identify architectural approaches
b. Generate quality attribute utility tree
c. Analyze architectural approaches
3. Testing
a. Brainstorm and prioritize scenarios
b. Analyze architectural approaches
4. Reporting

a. Present Results [89]

One of the benefits of using ATAM is the strong tie to the stakeholders. During the
presentation and reporting phases of ATAM, the entire architecting team meets, including
customers, architects, users, maintainers, managers, testers, etc. [89] The main disadvantage of
ATAM is the lack of feedback opportunities. For instance, if new information is found during
investigation or testing, there is no opportunity to improve the architecture. The team must move

forward with the initially presented architectures.
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2.1.4.3.2 QUALITY ATTRIBUTE WORKSHOP

The Quality Attribute Workshop (QAW) is a system architecture evaluation method
which analyzes the model against critical attributes. The attributes are assessed subjectively by
analyzing behavior of the model in certain scenarios [90]. This method is highly dependent upon

the architect’s interpretation of the analyzed behavior.

2.1.4.3.3 KIVIAT CHART ASSESSMENT METHOD

A Kiviat chart, also known as a spider chart, is a way to graphically display data with
multiple variables to assess performance and weaknesses. In the Kiviat chart assessment method,
key performance attributes are identified and assessed for each identified architecture. Using the
Kiviat charts, the architect can visually assess if an architecture possesses the needed qualities. A
quantitative assessment can also be obtained by calculating the area of each polygon [91]. An

example of a Kiviat chart is shown in Figure 5.

cost

flexibility performance

risk schedule

Figure 5 Example Kiviat Chart

This method is vulnerable to the selection of appropriate key performance attributes. Like
many architecture evaluation methods, the selection of performance attributes is often the driving
factor in determining the best architecture. These attributes are highly subjective to the opinions

of the stakeholders early in the system lifecycle. The Kiviat visualization also lacks the ability to

47



show priority or weights to the key performance attributes. This method has the benefit of being
highly visual, which can make assessment of architecture strengths and weaknesses easier for the

system architect.

2.1.4.3.4 MULTI-CRITERIA DECISION MAKING WITH EVIDENTIAL REASONING

MCDM is a powerful architecture assessment method because it can be applied to SoS’s.
The first step in MCDM is to define the quality attributes (high level characteristics), sub-
attributes (mid-level characteristics), and measures (low-level characteristics). ER can be applied
with MCDM to handle quantitative and qualitative attributes. ER assesses each attribute using
measurable grades, a belief structure, and fuzzy linguistic variables. An extended decision matrix
is utilized which assigns a grade to each attribute and then the degree of certainty that the grade

can be applied [90] [92].

MCDM with ER has the advantage of allowing the architect to make assessments even
when there is uncertainty, absence of data, incomplete attribute descriptions, random nature, or
fuzziness in grades [90]. The architect must be willing to carry this risk and uncertainty through
system design. As certainty is gained during design, it can be beneficial to re-evaluate the lower

levels of the architecture.

When applying MCDM with ER, weighting must be applied, and the scores must be
scaled. Subjective, objective, and integrated weighting methods exist for decision making. For a
scientific and academic application of MCDM, an objective weighting method is preferred.
Objective methods include the entropy method, mean weight, standard deviation, statistical
variance procedure, and idea point method. For a system where little is known of stakeholder

preference, the mean weight method is preferred. In the mean weight method, all criteria are
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weighted equally. In this method, scores are calculated on a linear scale to ensure equal

weighting. [93]

2.1.4.4 ARCHITECTURE EVALUATION APPLIED TO CISLUNAR SPACE

System architecture evaluation techniques have been applied to cislunar situational
awareness systems. Research has recognized that existing situational awareness systems are
insufficient for cislunar applications. For this specific application, the fitness metrics of
performance (ability to track on object) and cost are deemed most appropriate. System
performance is found to be heavily influenced by the physics of cislunar space, including solar
exclusion angle, solar phase angle, and lunar exclusion angles. An integrated physics model,
used in DME, is helpful in this case. For the architectures evaluated, the highest performing and
most cost efficient is found to be a four-satellite LEO constellation in the Earth-Moon plane [59].
An example of a 4-satellite coplanar constellation with zenith-facing sensors is shown in Figure

6
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Figure 6 Coplanar Space Domain Awareness Constellation

Evaluations of the other supporting functions and primary missions is lacking research.
This dissertation proposes to close the gap by evaluating and optimizing an integrated cislunar

architecture.

2.1.4.5 SYSTEM ARCHITECTURE EVALUATION CONCLUSION

This section provided evaluation parameters, architecture evaluation strategies, and an
evaluation applied to cislunar space. The evaluation parameters highlighted include flexibility,
autonomy, modularity, and uncertainty. The architecture evaluation strategies include
Architecture Tradeoff Evaluation Method, Quality Attribute Workshop, Kiviat Chart
Assessment, and Evidential Reasoning. Finally, the application of cislunar system architecture

evaluation is applied to a domain awareness system.

2.1.5 SYSTEM ARCHITECTURE OPTIMIZATION

2.1.5.1 SYSTEM ARCHITECTURE OPTIMIZATION INTRODUCTION
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After system architecture evaluation, then optimization can be performed. Optimization is

also performed during the Analysis of Alternatives phase of the Systems Engineering processes,

as shown in Figure 7. Optimization is not a required step in the Systems Engineering processes.

Concept Engineering
Development Development

Needs I Concept I Concept

Analysis Exploration Definition

Postdevelopment

Figure 7 Architecture Optimization in Systems Engineering Process

The following sections provide details on optimization strategies, focusing on strategies

relevant to cislunar systems, and optimization applications in cislunar systems.

2.1.5.2 SYSTEM ARCHITECTURE OPTIMIZATION STRATEGIES

Many strategies exit for optimizing problems depending on the requirements of the

problem. The two main classes of optimization techniques include differential (bracketing, local

descent, first-order, second order) and non-differential (direct, stochastic, population). Table 11

shows these seven optimization algorithms, a description, and examples of each.

Table 11 Optimization Algorithms [94]

Requires differentiable objective function

Name Description Examples
Bracketing One input variables and single optimal Fibonacci Search
Algorithms solution within a known range Golden Section Search

Bisection Method

Local Descent
Algorithms

More than one input and single global optimal
solution
Requires differentiable objective function

Line Search

First-Order
Algorithms

Use first derivative to search the space
Requires differentiable objective function

Gradient Descent
Momentum
Adagrad
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RMSProp

Adam

Stochastic Gradient
Descent

Batch Gradient
Descent

Mini-Batch Gradient
Descent

Second-Order

Use second derivative to search the space

Newton’s Method

Use for challenging problems with noisy
function evaluations

Able to overcome incorrect local optimal
solutions

Algorithms Requires the Hessian matrix Secant Method
Requires differentiable objective function Quasi-Newton Method
Direct Algorithms | Single global optimal solution Cyclic Coordinate
Known as “pattern search” because geometric | Search
shapes are used Powell’s Method
Hooke-Jeeves Method
Nelder-Mead Simplex
Search
Stochastic Use randomness in search procedure Simulated Annealing
Algorithms Able to overcome incorrect local optimal Evolution Strategy
solutions Cross-Entropy Method
Population Stochastic algorithms that maintain a pool of | Genetic Algorithms
Algorithms candidate solutions Differential Evolution

Particle Swarm
Optimization

For problems involving architectures of systems and SoS’s, a single input algorithm is

not appropriate because a system inherently has multiple inputs. A differential objective function

is not available for this class of problems, so non-differential techniques must be utilized.

Assuming a single optimal solution is not appropriate for this problem type because local optimal

solutions often exist in these complex systems. The remaining algorithms include direct,

stochastic, and population algorithms.

2.1.5.2.1 DIRECT ALGORITHMS

The direct algorithm utilizes geometric shapes to search the space. To guarantee that the

global optimum is found using a direct algorithm, an exhaustive search must be executed. This
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may be prohibitively expensive depending on the search space. A non-exhaustive search
comprises of dividing the search space into rectangles which are potentially optimal. Optimality
is calculated using Lipschitz continuity. The optimal rectangles are continuously divided into

smaller optimal rectangles until the local optimum is found. [95]

2.1.5.2.2 STOCHASTIC ALGORITHMS

Stochastic algorithms are used in optimization when randomness is present in the
objective function or constraints [96]. Stochastic algorithms can also, or exclusively, use random
iteration methods. Using random iteration is also known as stochastic search. Stochastic

optimization can be divided into two main methods:

e Single stage problems
o Find a single optimal solution
e Multistage problems

o Find an optimal sequence [96]

Stochastic methods tend to be able to find global optimal solutions rather than incorrectly
converging on a local solution. Due to the heuristic nature of these algorithms, it is considered
best practice to run the algorithm, or algorithms, multiple times to compare algorithms and

evaluate the result [97].

2.1.5.2.3 POPULATION ALGORITHMS

Population algorithms are sometimes called genetic algorithms because of their use of

natural selection and gene combinations. A simple genetic algorithm has the following steps:

1. Generate a population of solutions and evaluate each “fitness”

2. Generate “offspring” from that population using a crossover operator
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3. “Mutate” each crossover solution
4. Assign a “fitness” value to each mutated solution
5. The most fit solutions become part of the new population

6. Continue the above steps until the stopping criteria are met [98]

Genetic algorithms can be assessed for multi-objective optimization and are a good fit for
cislunar systems optimization problems. In multi-objective optimization, the solution can be
optimized to the pareto front. The pareto front describes a curve of the possible optimal solutions
[99]. In reference to the optimization steps outline above, the pareto front defines the stopping

conditions of the optimization algorithm.

2.1.5.3 OPTIMIZATION APPLIED TO MODEL-BASED SYSTEMS ENGINEERING

MBSE can be utilized to automate the optimization of systems within a SoS. To use
MBSE, a reference architecture is developed and then parameters are modified and evaluated
until optimality is reached [100]. Defense acquisition programs typically follow highly manual
processes when conducting Analysis of Alternatives, which prevents optimization of systems
with any level of complexity. MBSE overcomes this barrier allowing even large defense

programs to apply optimization to architecture design [101].

2.1.5.4 OPTIMIZATION APPLIED TO CISLUNAR SPACE

The Multi Objective Genetic Algorithm (MOGA) has been applied to satellite
constellation optimization. In this application, reproduction and mutation are utilized and the
constellation is optimized for number of orbital planes, satellites per plane, orbit altitude, and
inclination angle [102]. In cislunar space, optimal constellation around the Moon can be
designed for communication, navigation, and situational awareness. Early missions to the Moon

likely won’t have robust constellations of satellites, but as the number of missions to the Moon
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grows, the supporting infrastructure will need to grow to reduce the cost of access to cislunar

space.

Optimization can be applied at more detailed levels of a cislunar system of systems. For
example, trajectory optimization is an essential part of mission planning for individual cislunar
missions. Low thrust technologies, such as electric propulsion and solar cells, offer ten times
more efficient travel to the Moon when compared to traditional chemical rocket. Low thrust
trajectories require more complicated astrodynamics modeling over impulse maneuvers because
the thrust is being applied almost continuously throughout flight. Additionally, the three-body
dynamics of the Earth-Moon system further complicate the astrodynamics models. Algorithms

do exist which optimize low-thrust trajectories in cislunar space [103].

Genetic algorithms have also been used to optimize trajectories in cislunar space. An
optimal trajectory between a Lagrange point, L1 or L2, to GEO is one which considers a Sun-
exclusion zone constraint which allows for maximum tracking throughout the trajectory.
Alternatively, trajectories can be designed which remain in the Sun-exclusion zone for the entire
duration. This stealth feature would be desirable for some defense missions that need to be
unseen. When optimized for fuel and time of flight, the trajectory which is constrained to remain
in the Sun-exclusion zone is found to need significantly more fuel than a trajectory that does not
have the Sun-exclusion zone constraint. When the amount of time in the Sun-exclusion zone was
decreased, the optimal trajectory had a feasible fuel need [104]. In this scenario, the variables of
time in Sun-exclusion zone, fuel, and time of flight can be constrained to meet mission

requirements while optimized using a genetic algorithm.

2.1.5.5 SYSTEM ARCHITECTURE OPTIMIZATION CONCLUSION
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System architecture optimization methods are attractive ways to find the “best”
architecture for a given problem. For cislunar systems, the most applicable optimization methods
include stochastic and population algorithms. Model-based systems engineering can be used in
architecture optimization to automate the algorithms. Genetic algorithms have been used to
optimize satellite constellations and cislunar trajectories, but research is needed to apply
optimization techniques to the architecture of a cislunar system. This dissertation attempts to

address the need for an optimal cislunar architecture.

2.1.6 LITERATURE REVIEW CONCLUSIONS

This Literature Review began with detailed summaries of research of cislunar space and
planned programs. The primary missions of science, commerce, and defense are identified.
Supporting functions are identified as transportation, communication, navigation, situational
awareness, energy, service, shelter, and control. For each supporting function, identified gaps in
planned technologies and programs are provided. Next, research on SoS is presented due to the
SoS nature of a cislunar architecture. Relevant MBSE concepts are described. Then, system
architecture evaluation is presented in terms of evaluation parameters, evaluation strategies, and
examples of applications. Finally, relevant system architecture optimization strategies and
applications are detailed. These are the main topics identified and researched for a dissertation on

cislunar systems architectures. Approach
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Chapter 3. METHODOLOGY

3.1 MODEL-BASED SYSTEMS ARCHITECTURE PROCESS

For this dissertation, a Cameo Systems Modeler™ Systems Modeling Language (SysML)
model of a Cislunar Space Systems Architecture is created using the Model-Based Systems
Architecture Process (MBSAP). First, background on SysML is provided. Next, an Architecture
Overview and Summary is provided with details of the architecture development with a
programmatic perspective. Finally, the three viewpoints are detailed: the Operational Viewpoint
(OV), the Logical/Functional Viewpoint (LV), and the Physical Viewpoint (PV). The most
relevant parts of the model are presented for the design of the cislunar system of systems.

Additional model elements are included in APPENDIX B.

In the first viewpoint, several parts of the OV are populated. The Functional and
Nonfunctional requirements are listed in a table and requirements diagram including a
requirement identification (ID), name, text, and category. The structural perspective of the
operational viewpoint is shown using a domain diagram with actors, interactions, and
specifications. The behavioral perspective is populated with a Use Case diagram (UC). The use
case diagram included the use cases of “PerformScienceMission”, “PerformCommerceMission”,
and “PerformDefenseMission”. The contextual perspective is shown including environment,
users, external system capabilities, and legal constraints. All relevant contextual information

found to date is shown in the contextual perspective.

The second viewpoint, the LV, is populated starting with the structural perspective. A

diagram of the structural decomposition of the navigation domain is shown. In the contextual
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perspective of the logical viewpoint, four categories are shown including enterprise design

drivers, nonfunctional requirements, customer artifacts, and policies/mandates.

In the third viewpoint, the PV, detailed design of the model is accomplished. Example
specifications are shown for the detailed design of SysML blocks and interface blocksFor the
standards perspective, the appropriate standards are listed for safety, information systems, human

factors, navigation, communications, and transportation.

3.1.1 SYSTEMS MODELING LANGUAGE BACKGROUND

SysML is the universally accepted language for modeling in MBSE. In SysML, the
primary classifiers include block, part, interface, actor, value type, and signal. A block describes
an instance with shared characteristics; the block is the basic element used in SysML. Examples
of using blocks in a Block Definition Diagram (BDD) and internal block diagram (IBD) are
shown in Figure 8 and Figure 9. A part is a subset of a block. Examples of parts are shown in the
third IBD of Figure 9. An interface describes a set of operations specifying a service or function,
usually implemented in a port. Figure 9 shows several examples of port interfaces in an IBD. An
actor specifies an external entity. Actors are commonly used in a UC, as shown in Figure 10, but
can also exist in BDDs. A value type is a property or operation describing a block. Examples of
values and operations are shown in Figure 10 within the Part] and Part2 blocks of the third IBD.
A signal is a general type of interaction between model elements. Example signals can be found
in Figure 8, Figure 9, and Figure 10 with each interaction between blocks, parts, actors, and

ports. [105]
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bdd [Package] BlockDiagram [bddExample] )

==stereotype== ==stereotype==
block1 block2
values values
value1:type value2:type
operations operations
operation1():returnType P operation2():returnType
constraints constraints
{constraint} {constraint}
parts parts
part1:Block part2:Block
references references
reference1:Block reference2:Block

Figure 8 Block Definition Diagram

ibd [Package] InternalBlockDiagram [idexampIe])

1 PantABlock! 1 Block2
<proxy=> <LProxy=
Parts [:‘ort2 Port3 h Parts
T Part1 F———P———11 pypy
Part2 <<flow=> Parts
Part3 Flowltema Part6

Figure 9 Internal Block Diagrams

uc [Package] UseCase [ucExample] )

i <<incmde>>
L<<include>>
Actor1 @ A

-~

=3 UseCased

Figure 10 Elements of a Use Case Diagram
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Relationships and behaviors for SysML classifiers are modeled in diagrams which

include package diagram, requirement diagram, parametric diagram (PAR), BDD, IBD, UC,

STM, ACT, and SD. The package diagram shows the overall structure of the model, like a file

folder structure. The requirements diagram is a specialized diagram which shows the

relationships between system requirements. A PAR is used to model mathematical relationships

and constraints. The BDD models the relationships between block while the IBD models the

internal structure of a block. The UC models units of behavior, including relationships with

actors. The STM models stateful behavior which are triggered by events. The ACT models flow-

based behavior. The SD models message-based behaviors. [105] Figure 11 includes a structural

decomposition of the SysML diagrams, including their relationships to Unified Modeling

Language (UML). UML is the parent language to SysML.

Block
Definition
Diagram

Internal

——

Parametric
_BIUC"‘ q-l Diagram I
Diagram — — —

_| Structure q__
Diagram
| Package
— — Diagram
SysML rRequiremenTI
Diagram q -IDiagram
— — — Use Case
| Diagram

State Machine|

—|Diagram
|| Behavior q_
Diagram | Seguence
Diagram
Activity
—| Diagram

Same as UML Ver. 2

Modified from UML Ver. 2

MNew Diagram Type

Figure 11 SysML Diagrams [105]

This dissertation follows the MBSAP methodology for building the model in Cameo

Systems Modeler™. MBSAP provides a systematic process for building the system architecture.
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This process guides the system architect to build-out the three viewpoints (operational,
logical/functional, physical) with appropriate perspectives. For the OV, perspectives include
structural, behavioral, data, services, and contextual. For the LV, perspectives include structural,
behavioral, data, services, and contextual. For the PV, the perspectives include design, standards,

data, services, contextual. The mapping of viewpoints to perspectives is summarized in Table 12.

[105]
Table 12 Viewpoints to Perspectives Mapping
Structural | Behavioral | Design | Standards | Data | Services | Contextual
oV | X X X X X
LV | X X X X X
PV X X X X X

Additional viewpoints can be populated depending on the focus of the architecture.
Common examples of these focused viewpoints include Runtime Viewpoint, Hardware
Viewpoint, Network Viewpoint, Communications Viewpoint, Security Viewpoint, and System

Administration Viewpoint. [105]

3.1.2 ARCHITECTURE OVERVIEW AND SUMMARY

This section provides an Architecture Overview and Summary for the SysML model.

3.1.2.1 EXECUTIVE SUMMARY

This Architecture Overview and Summary describes the organization and content of the
Cislunar Space Systems Architecture. The following sections describe the architecture
identification & description, architecture model & artifacts, purpose & viewpoint, context, rules
& criteria, and findings. The Architecture Overview is updated as the architecture effort

progresses.
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3.1.2.2 ARCHITECTURE IDENTIFICATION AND DESCRIPTION

3.1.2.2.1 GENERAL

The Cislunar Space Systems Architecture describes the infrastructure necessary for

missions in cislunar space. Missions include:

e Science
e (Commerce

e Defense

Identified supporting functions are modeled in the architecture and include:

e Transportation
e Communication
e Navigation

e Domain Awareness

e Energy
e Service
e Shelter
e Control

3.1.2.2.2 ASSUMPTIONS AND CONSTRAINTS

3.1.2.2.2.1 ASSUMPTIONS
e The users of the system include science, commerce, and defense missions
e Upcoming missions are considered when funded, including:
o Artemis Missions

o Cislunar Highway Patrol System
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e Missions included in the system are those supported/funded by the United States and its

allies

3.1.2.2.2.2 CONSTRAINTS
e The system shall function in the harsh cislunar environment
e The system shall use commercial off-the-shelf (COTS) technology or technology that is

predicted to be available in the considered timeline

3.1.2.2.3 ARCHITECTURE DEVELOPMENT RESOURCES

This architecture is developed in conjunction with Laura Duffy’s dissertation work.
Architecture development began in SYSE-567 coursework, continued during SYSE-667

coursework, and reached a baseline version during dissertation work.

3.1.2.2.4 SCOPE

The architecture includes artifacts in accordance with the MBSAP methodology that
define the Operational, Logical/Functional, and Physical Viewpoints. Focus will be on diagrams

that support the dissertation research questions and tasks.

3.1.2.2.4.1 RESEARCH QUESTIONS
e Which evaluation technique, or techniques, are best applied to a cislunar system?
e Which optimization technique, or techniques, are best applied to a cislunar system?
e What special consideration must be made when evaluating a System of Systems when

compared to evaluating a single system?

3.1.2.2.4.2 RESEARCH TASKS

e Perform needs analysis of comprehensive cislunar space system
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e Develop a functional architecture of cislunar space to identify any gaps in current or
planned cislunar efforts

e Evaluate an integrated cislunar architecture which includes all necessary supporting
functions and primary missions.

e Optimize integrated cislunar architecture

3.1.2.3 ARCHITECTURE MODEL AND ARTIFACTS

3.1.2.3.1 PRIMARY ARTIFACTS

The following artifacts are developed and used to define the Cislunar Space Systems

Architecture.

1. Operational Viewpoint
a. Contextual Perspective
1. Operational Context Diagram (UC)
il. Architecture Overview and Summary Information
b. Structural Perspective
1. Domain Composition Diagram (BDD)
ii. Domain Interaction Diagram (IBD)
1ii.  Specifications
c. Behavioral Perspectives
1. Use Cases Diagram (UC)
il. Activity Diagrams (ACT)
1ii.  Specifications
d. Data Perspective

1. Conceptual Data Model (BDD)
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2. Logical/Functional Viewpoint
a. Structural Perspective
i. BDDs
ii. IBDs
b. Behavioral Perspective
i. Sequence Diagrams (SD)
c. Data Perspective
i. Logical Data Model (BDD)
d. Contextual Perspective
1. Logical Context Diagram (UC)
3. Physical Viewpoint
a. Design Perspective
i. BDDs
ii. IBDs
1ii.  Specifications
b. Standards Perspective
1. Standards table
c. Data Perspective

1. Physical Data Model (BDD)
3.1.2.3.2 ARCHITECTURE TIMELINE AND EVOLUTION

The Cislunar Space Systems Architecture describes the architecture at the point-in-time

of the dissertation research completion. The architecture timeline includes:

e Fall 2021 — SYSE 567 course — preliminary architecture development
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e Spring 2022 — SYSE 667 course — final architecture development
e Summer 2022 — dissertation work — application of evaluation and optimization
techniques to the architecture

e Fall 2022 — dissertation work — baseline the model
3.1.2.3.3 ORGANIZATIONS INVOLVED

The architecture is built in support of a dissertation for the Colorado State University
(CSU) Systems Engineering (SE) department. It includes inputs from the National Aeronautics
and Space Administration (NASA) and United States Space Force (USSF) personnel and

documentation.

3.1.2.4 PURPOSE AND VIEWPOINT

3.1.2.4.1 ARCHITECTURE PURPOSES AND USES

The purpose of the architecture is to answer the research questions and tasks as defined

above.

3.1.2.4.2 ARCHITECTURE ANALYSIS

The physical aspects of the cislunar architecture are modeled in Ansys Government
Initiatives (AGI) Systems Tool Kit (STK) [106]. This software enables the modeling of the

physical environment of cislunar space.

Matrix Laboratory (MATLAB®) is utilized to apply optimization techniques to the

architecture [107].
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3.1.2.4.3 STAKEHOLDER PERSPECTIVES

The stakeholders of this architecture include the Doctor of Philosophy (PhD) student,
Laura Dufty, and the PhD committee: Dr. Jim Adams, Dr. Ron Sega, Dr. Daniel Herber, Dr.
Doug Fankell. During the Preliminary Examination, the following stakeholder concerns were

noted:

e How will the SYSE-567 model be used, and will it be expanded upon?
e What aspect will be optimized?
e How will the model be validated?

e How will the effort be constrained in scope?

3.1.2.5 CONTEXT

3.1.2.5.1 MISSION OBJECTIVES

The mission objectives of the development of the cislunar architecture are to:

e Identify and fill any gaps in the system

e Develop an integrated, holistic cislunar system
3.1.2.5.2 ARCHITECTURE STATUS
The architecture is in baseline version and ready for analysis.
3.1.2.5.3 TOOLS AND FORMATS

The architecture will be developed in Cameo Systems Modeler™ 19.0. Certain physical

aspects will be modeled in STK. MATLAB® is used for optimization.
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3.1.2.5.4 ORGANIZATIONAL CONTEXT

The system architect is the PhD student, who is directly advised by Dr. Jim Adams and is

graded by Systems Engineering instructor, Dr. Daniel Herber.

3.1.2.6 RULES AND CRITERIA

3.1.2.6.1 GENERAL

Key References and Standards which drive the Cislunar Space System include:

-The Artemis Plan

- Applying model-based systems engineering to architecture optimization and selection

during system acquisition

- The Lunar Exploration Roadmap

- LunaNet Standards

- A Primer on Cislunar Space

- ISO/IEC/IEEE 42030 Software, systems and enterprise — Architecture evaluation

framework

3.1.2.6.2 QUALITY ATTRIBUTES

Some system characteristics and Quality Attributes which have been identified as

stakeholder concerns and documented as System Nonfunctional Requirements include:

-Modularity

-Cybersecurity (securability)

-Physical security (securability)
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-Safety of Life (safety)

-Classification (securability)

-Scalability

-Lifetime (sustainability)

-Openness (accessibility)

3.1.2.6.3 GOVERNANCE

As the architecture evolves, governance is enforced during graded events of SYSE-667

and during weekly tag-ups with the PhD advisor.

3.1.2.7 FINDINGS

3.1.2.7.1 ANALYSIS RESULTS

Details of the analysis of the architecture are provided in Chapter 4 of the dissertation.

3.1.2.7.2 RECOMMENDATIONS

- Key findings published during Fall 2022

- Architecture updated based on analysis results

3.1.3 OPERATIONAL VIEWPOINT

The OV is the first viewpoint in MBSAP. The OV provides artifacts used in the
foundation of system design, including preliminary dialogs with stakeholders [105]. First, the
structural perspective is modeled with all domains. In the behavioral perspective, preliminary
Use Cases are defined. Within the data perspective, a Conceptual Data Model (CDM) is

architected. Finally, in the contextual perspective, the operational context is captured.
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3.1.3.1 REQUIREMENTS

The requirements are documented in a requirements diagram and requirements table.
Cameo Systems Modeler™ automatically links all requirements by their respective requirement
ID, so if an update is made, it will propagate throughout the model. Requirements are linked to
blocks via the <<satisfy>> relationship, which is visualized in Figure 12. The requirements

names and descriptions are easily accessible in Figure 13.
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Figure 12 Requirements Diagram
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# |

£ Name

Text

1 & [® 2 Transportation

The cislunar support system shall provide means for payloads to transition from Earth to the Moon

2 [Rl 2.1 Staging Point The system shall provide a staging point for payloads in the vicinity of L1
3 [®] 2.2 Earth to Gislunar Transportatiol The system shall provide means of transportation from Earth to a staging orbit in the vicinity of L1
4 [l 2.3 Cislunar to Moon Transportatio The system shall provide a means of transportation from a staging orbit to the surface of the Moon

5 E [’ 3 Communication

The cislunar support system shall provide communication capabilities between spacecraft in cislunar space and ground systems on Earth, including
any necessary crosslinks

6 [®] 2.1 Data Rates Cislunar communication links shall have a data rate of 2 kbps (T) 100 Mbps (O)

7 [&l 3.2 Bit Error Rate Cislunar communication links shall have a maximum bit error rate (BER) of 10°-6

8 [ 3.3 Communication Coverage ;I'he syst_em shall maximize the communication coverage throughout cislunar space (T), shall provide communication_capabilities to spacecraft
ocated in the cone between the Earth and the Moon as well as coverage of the volume around the Moon up to an altitude of 65,000 km (O)

9 [®] 2.4 Communication Availability ~ The system shall provide communication availability at least as good as the Earth-based Space Communications Network (SCN)

10 B [&l 4 Navigation

The cislunar supportsystem shall provide navigation capabilities for spacecraft transiting cislunar space.

11 [Rl 4.1 Navigation Accuracy The system shall provide navigation accuracies of the defined volume of at least 1 km (T)

12 [® 4.2 Navigation G The system shall maximize navigation coverage throughout cislunar spae (T), shall provide communication capabilities to spacecraft located in the
-+ Navigation Loverage cone between the Earth and the Moon as well as coverage of the volume around the Moon up to an altitude of 65,000 km (O)

13 [Rl 4.3 Navigation Availability The system shall provide navigation capabilities with availability of at least 50%

As a future capability, by TBD year, the cislunar support system shall provide the ability for spacecraft to refuel in cislunar space

14 [& 5 Energy
As a future capability, by TBD year, the cislunar support system shall provide the ability for spacecraft to be repaired and maintained in dislunar
space

The dislunar support system shall provide shelter for humans transiting and living in cislunar space.

The cislunar support system shall provide a control system which includes telemetry, tracking & commanding capabilities

15 [®l 6 Service

16 [&l 7 Shelter
17 [=&l 8 Control

18 [8 9 Modularity The system shall employ modular design principles

19 [0 10 CyberSecurity The system shall employ best practices in security, including encrypted signals

20 [0 11 PhysicalSecurity The system shall employ best practices in security, including physical security barriers to protect hardware from tampering

21 [0 12 SafetyOfLife The system shall follow NASA Space Safety Standards and Procedures for Human Rating Requirements when conducting human missions

22 [0 13 Classification The system shall be capable of supporting unclassified, secret, and top secret missions

23 [0 14 Scalability The system shall be designed for scalability to be able to support an increased number of users in the future

24| [ 15 Lifetime The system shall be designed to support dslunar missions for the next 20 years at a minimum.

25 [ 16 Openness The system shall publish open source standards for all interfaces

26 = [8] 17 Domain Awareness The dislunar support system shall provide space domain awareness for spacecraft transiting cislunar space.

27 [Rl 17.1 Space Traffic Management  The system shall have the capability to propagate orbital ephemerides in an Earth-Moon model to predict possible conjunctions in cislunar space

28 8 17.2 Situational Awareness 'Cl'gligsigzce domain awareness system shall indude the ability to predict spacecraft movement and determine intent for the purpose of avoiding

20 [ 17.3 Coverage The system shall maximize domain awareness coverage throughout cislunar space (T), shall provide optica_l and/or radio-frequency coverage of
the cone between the Earth and the Moon as well as coverage of the volume around the Moon up to an altitude of 65,000 km (Q)

30 [Rl 17.4 Availability The system shall achieve availability at least as good as the Earth-based Space Surveillance Network (SSN)

Figure 13 Requirements Table

3.1.3.2 STRUCTURAL PERSPECTIVE

The Domain Diagram is a BDD showing each of the eight domains, or supporting

functions, as associations of the CislunarSystem block, shown in Figure 14. Additionally, key

actors’ relationships are defined for the ScienceMission, CommerceMission, DefenseMission,

and SatelliteOperator. The stereotype “UnderEvaluation” is applied to the blocks which will be

evaluated and optimized in this dissertation and these blocks are highlighted blue.
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Figure 14 Domain BDD

3.1.3.3 BEHAVIORAL PERSPECTIVE
Use case development is key for the behavioral perspective of the OV. A UC defines
primary mission threads for each user, shown in Figure 15. The need for a SatelliteOperator actor

is identified during use case modeling.

uc [Package] Use Case[ UseCaseDiagram I/J

SatelliteOperator

== e
= i UseSecureComm )
- =
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- |
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- 3 e . \J\_ i = -
T L [N L
PerformCommer =T == _(_Pgﬂoun&:;emeﬁ‘(“( " Performbefense
ceMission ssiol Mission
s
CommerceMission ScienceMission DefenseMission

Figure 15 Use Case Diagram

3.1.3.4 CONTEXTUAL PERSPECTIVE
Finally, the contextual perspective of the OV is modeled using a UC. The system context at
the OV includes environment, users, external system capabilities, and legal constraints, all shown

in Figure 16.
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Figure 16 OV Contextual Diagram
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3.1.4 LOGICAL/FUNCTIONAL VIEWPOINT
In the LV, the solution is designed to meet requirements. Included in the structural
perspective are block decomposition BDDs and IBDs. Finally, the contextual perspective looks

deeper into the system context. [105]

3.1.4.1 STRUCTURAL PERSPECTIVE
For the structural perspective of the LV, the domains are decomposed to the level of
blocks/parts. These BDDs are included in the model but not shown in this paper. Examples of

parts in the cislunar system include satellites, control stations, monitoring stations, interfaces,

etc.

An example domain decomposition is shown for the navigation domain in Figure 17. The

decomposition includes internal blocks, interfaces, and external blocks.
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Figure 17 Navigation Domain BDD

3.1.4.2 CONTEXTUAL PERSPECTIVE
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In the LV contextual perspective, the enterprise design drivers, nonfunctional

requirements, customer artifacts, and policies/mandates are identified, shown in Figure 18.
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Figure 18 LV Contextual Diagram
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3.1.5 PHYSICAL VIEWPOINT

3.1.5.1 STRUCTURAL PERSPECTIVE

For the PV structural perspective, additional detail is added to block and interface block

specifications. Details include ports, properties, operations, etc. Figure 19 shows an example

specification for the navigation satellite block.

& R

Documentation/Comments

E] NavSatL2

=} Documentation/Comments

Navigation/Hyperlinks
Usage in Diagrams
--[&] Usage In
-] Constraints
=+[2] Ports/Interfaces
]:| pl
2] Properties
-[¥] position : position [meters] [1]
-[¥] time : time [JulianDate] [1]
£+ [2] Operations
B~ O calculatePosition()
B~ O receiveTiming()
O transmitNavData()
Behaviors
Relations
Allocations
Instances

NavSatL? is a satellite transmitting PN

[(JHM™ML &

NavSatL2 Is a satellite transmitting PNT signals from L2 orbit.

Delete

Comments

Add Remove

Figure 19 Navigation Satellite Specification

Additionally in the PV structural perspective, detailed interfaces and ports are defined.

An example IBD is shown in Figure 20 for the navigation domain detailing the numerous

interactions within this domain.
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Figure 20 Navigation Domain IBD

3.1.5.2 STANDARDS PERSPECTIVE
For the standards perspective, key standards are identified for each domain. These standards
are implemented in the SysML model as requirements to ensure the system follows applicable

standards. Example standards for the Control Domain are shown in Table 13.

Table 13 Control Standards Table

Enterprise Control Service Standards

Public Key Infrastructure (PKI)

Security Encrypted Protocol

File Transfer Protocol (FTP)
Transport Space-Ground Link Services (SGLS)
Universal S-band (USB)

Data Description Tracking, Telemetry, and Commanding (TT&C)

Resource Management Simple Network Management Protocol (SNMP)

3.1.6  MODEL-BASED SYSTEMS ARCHITECTURE PROCESS CONCLUSIONS
Details of the Cameo Systems Modeler™ SysML model of a Cislunar Space Systems
Architecture are presented in this section. These details include a background on SysML, an

Architecture Overview and Summary, and the three viewpoints are detailed: the OV, the LV, and
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the PV. The viewpoints are used to model the physical and behavioral interactions of the cislunar
system elements. The next section details modeling concepts which are not included in the

SysML model but are important for understanding the system dynamics of a cislunar system.

3.2 ARCHITECTURE MODELING CONCEPTS

Additional modeling beyond the MBSAP viewpoints of OV, LV, and PV is presented in
this section. These additional modeling techniques are detailed in this section and include
allocating requirements; modeling stereotypes; patterns in architecture decisions; architecture

optimization; verification and validation; complexity; and Open Systems Architecture.

3.2.1 ALLOCATE REQUIREMENTS
For automated verification of the model, the requirements must be allocated to block.
Figure 21 shows all system-level requirements allocate to blocks while Figure 22 shows a

zoomed image to the service block, showing the <<satisfy>> relationship used in requirements

mapping.
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Figure 21 Requirements Allocated to Blocks
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Figure 22 Requirements Allocated to Blocks Zoomed

3.2.2 STEREOTYPES

Through the development of the cislunar model, several stereotypes have been defined
for various relationships or block types. Abstract and InfoElement are used to define data types.
A Servicelnterface is used in the service perspectives. Domain defines an overarching domain

block. Figure 23 shows these specialized stereotypes in a profile diagram.
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Figure 23 Stereotypes

3.2.3 PATTERNS IN ARCHITECTURE DECISIONS

There are six canonical classes of architecture decision patterns: combining, down-
selecting, assigning, partitioning, permuting, and connecting. [ 108] Each decision pattern is
described in its applicability to the cislunar architecture. Additionally, the set of alternatives is

explored to define the decision space.

3.2.3.1 SET OF ALTERNATIVES
First, a Set of Alternatives table is created and displayed in Table 14. The cislunar

architecture has eight total domains. Down-selecting is applied in Section 3.2.3.5, resulting in the
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communication, navigation, and domain awareness domains as the only domains for evaluation

and optimization.

Table 14 Set of Alternatives

Decision Set of Alternatives

{lagrange light, lagrange medium, lagrange heavy, earth based,

Communication Constellation carth plus lunar, earth plus lagrange!

Navigation Constellation {lagrange light, lagrange medium, lagrange heavy}
Domain Awareness Constellation {earth based, earth plus lunar}
Integrated Communication and Navigation {no, yes}
Integrated Communication and Domain Awareness {no, yes}
Integrated Navigation and Domain Awareness {no, yes}

This leads to 6*3*2*2*2*2=288 total possible architectures. A combining algorithm is
applied with the constraints shown in Table 15 to determine how many feasible architectures are

possible due to restrictions in integration.

Table 15 Constellation Constraints

If Then
communication and navigation constellations are not equal integrated communication and navigation = no
communication and domain awareness constellations are not equal integrated communication and domain awareness = no
navigation and domain awareness constellations are not equal integrated navigation and domain awareness = no

When constraints are applied which restrict the integration opportunities to only those

with matching constellations, the result is 54 possible architectures.

3.2.3.2 COMBINING
Given that the architecture decisions can be represented simply in this table format, it

seems the best pattern to apply would be the combining pattern, where “each decision has its
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own discrete set of options, and an architecture fragment is defined by choosing exactly one

option from each decision.” [108]

3.2.3.3 ASSIGNING
The assigning pattern requires multiple sets of entities. The scope of the cislunar system
does not seem to require the assigning pattern to this architecture decision space since exists one

set of decision entity: the constellation type. [108]

3.2.3.4 PARTITIONING
The partitioning pattern does not seem to apply because there is not a set of entities which

needs to be grouped into subsets. [108]

3.2.3.5 DOWN-SELECTING

The down-selecting pattern is already applied in the creation of Table 14. The domain of
transportation is found to be already prominently researched and optimized for cislunar space, so
is not included for decision-making. The Energy and Service domains, though necessary in a
sustainable and economical long-term architecture, are not required for preliminary missions to
cislunar space. Additionally, the technologies for Energy and Service payloads are in early
technological development and not ready for incorporation into a mature architecture. The
Shelter function is required for human travel but does not have a decision space due to limited
technologies. A human-rated capsule is required and will be sent on the optimal trajectory,
without affecting architectural decisions of the cislunar support system. Similarly, the Control
function is very necessary, but does not affect the trade space of the physical architecture which

is under evaluation. [108]
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Additionally, down-selecting is applied when determining which constellations can meet
requirements for each domain. For example, the navigation domain does not include Earth-based
transmitters because these would cause self-interference with space-based navigation systems.

[108]

3.2.3.6 CONNECTING

The connecting pattern could provide use in this architecture decision process since the
three chosen domains do require ample amounts of connectivity/networking to relay data to/from
satellites. However, the connecting pattern focuses on the connections/edges of the nodes,

whereas the architecture decisions defined above are focused on the physical locations of nodes.

[108]

3.2.3.7 PERMUTING

The permuting pattern offers an excellent strategy for handling the large trade space of
architecture possibilities. An optimization algorithm could be applied between each permutation
to attempt to converge on an optimal architecture instead of evaluating the entire architecture

trade space. [108]

3.2.4 ARCHITECTURE OPTIMIZATION

The architecture is optimized in terms of cost (which is a function of mass), percent
coverage of communication constellation, percent coverage of navigation constellation, percent
coverage of domain awareness constellation. Cost should be minimized while coverage is

maximized. The generic method for optimizing the model is shown below:

1. Populate libraries in MATLAB® with values extracted from STK physics-based

software. These represent the physical blocks of the model.
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2. Code the objective function directly in MATLAB®.
3. Use an optimization algorithm in MATLAB® for each iteration.

4. For the final architecture chosen, update the Cameo Systems Modeler™ model for

architecture evaluation.
Details of the optimization algorithm are available in 3.6.1.

3.2.5 VERIFICATION AND VALIDATION

For verification of the architecture, the SysML model can be utilized. Verification
activities can be modeled as a <<testcase>> and linked to requirements via <<verify>>
dependencies. This results in a Verification Cross Reference Matrix (VCRM), which is used to
populate the Test Plan. SysML <<blocks>> can be linked to a <<testcase>> via the association

relationship for automated verification of the model. [109]

Validation focuses on the correctness of the architecture model. The model must be validated
against initial stakeholder concerns and needs. Specifically, the OV is validated by comparing
the Concept of Operations (CONOPs) with the initial stakeholder needs and iteratively updating

the CONOPs and requirements until needs are met. [105]

3.2.6 COMPLEXITY
The Cislunar Space System is a complex-adaptive system due to the varying number of
independent agents which includes the science, commerce, and defense users that change over

time. [110]

There are many dimensions of complexity to describe a system. The first, “sheer size”,
would classify the Cislunar Space System as a complex system because it is a System-of-

Systems (SoS). Each domain of the Cislunar Space System can be classified as its own system.
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The “sheer size” is modeled in the Structural Perspective of the Operational Viewpoint, shown in
Section 3.1.3.2. The second, “relationships”, applies to Cislunar Space System because this
system bring together ground-based control networks with radiofrequency (RF) communication
networks to connect with satellites moving in highly dynamics environments. Integrating many
types of relationships adds to complexity. An example of the “relationships” complexity is
modeled in the Structural Perspective of the Logical/Functional Viewpoint, shown in Section
3.1.4.1. The third, “heterogeneity”, similarly leads to complexity due to the many technologies
from ground-software, space-software, RF-links, ground-hardware, space-hardware, and human
operators. The fourth, “nonlinearities”, has not been directly observed through modeling yet, but
with the large number of varying operators anticipated, emergent behavior is likely. The fifth,
“human variables,” has been addressed as a known complexity factor due to the varying number
of human operators interacting with the system. The “human variables” are modeled in the
Behavioral Perspective of the Operational Viewpoint, shown in Section 3.1.3.3. The sixth,
“knowledge limitations”, is a relevant area of complexity for cislunar space because the systems
will be operating in a widely unknown area. In fact, many of the preliminary missions are
focused on gathering knowledge for a future sustainable architecture. The “knowledge
limitations” are modeled in the Contextual Perspective of the Operational Viewpoint, shown in
3.1.3.4. The seventh, “exogenous factors”, is interestingly relevant because space laws are vague
and not easily enforces. Cislunar space has even been compared to the wild west. This will

certainly lead to emergent behavior on a geopolitical context. [110]

Many of these complex factors are not readily in control of the Systems Engineer. For the
example of varying number of operators, strict interface control can help operators interact with

the system in a plug-and-play manner. Outside of these interfaces, flexibility should be
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incorporated into the system to allow the system to support the needs of most of the users and to

adapt to user needs over time. [110]

A complex SoS, such as the Cislunar Space System, has unique considerations during
design and evaluation when compared to an individual system. Complex systems have a higher
degree of uncertainty than simpler systems, which must be accounted for. Section 4.2.1 shows
the results of evaluating a SoS with uncertainty as a factor. Uncertainty is accounted for in the

evaluation by applying Evidential Reasoning.

3.2.7 OPEN SYSTEMS ARCHITECTURE
3.2.7.1 MEASURES OF OPENNESS

Modularity: the existing architecture is built with modularity in mind. Since the goal with
the architecture is to optimize, the components must have clear boundaries. Functions are
assigned to physical components in a modular fashion, based on the overarching domains. The
three main functions of concern are completely isolated in the architecture with interfaces

designed such that integration is possible at the physical layer during the optimization process.

Loose coupling: like modularity, the existing architecture is designed to minimize
dependencies among the elements. This is accomplished during the needs analysis, which
identifies the overarching domains, each containing unique functions. Interactions between these
domains is very minimal except for control, which is required for each domain to function
through data transfer. The control domain (and therefore architecture coupling) cannot be further

minimized without losing required functionality.

Standardization: standardization is greatly considered during the design of the existing

architecture. Existing space standards are incorporated into the requirements, as advised by the
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International Council on Systems Engineering (INCOSE). For critical interfaces where standard
do not exist, this architecture provides the backbone for government organizations (like NASA

or USSF) to develop standards.

Other: openness is even built into the existing architecture’s requirements, stating “The

system shall publish open-source standards for all interfaces.”

3.2.7.2 OPEN STANDARDS

Domain Awareness: data formats are already established through USSF’s domain
awareness systems. Some data formats need to be updated (and standardized) to incorporate
cislunar and lunar orbital elements because existing data sets are for earth-orbiting missions.

Earth-centered orbital elements become inaccurate when propagated in cislunar space.

Transportation standards: the system utilizes pre-existing ground infrastructure (launch
pads, launch integration facilities). The staging orbit function does not have open standards, but

through the implementation of a staging orbit, standards can be derived.

Communication standards: communication data links use pre-established data formats

(e.g., SGLS, USB) and use allocated spectrum (e.g., S-Band, Ka-Band, etc.).

Navigation: the system utilizes pre-existing navigation standards through the published
Global Positioning System (GPS) Interface Control Documents (ICD). The exception is that the
cislunar-based transmitter will need additional message fields to account for the non-standard

GPS orbit. This non-standard message needs to be published for the receiver to incorporate.

Energy, Service, Shelter: these are low technology readiness level (TRL) functions. As

they are proven through spaceflight, standards can be developed and published.
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Control: data formats are highly standardized, and the system can take advantage of the

wide array of published standards for data formats.

3.2.7.3 OPEN SYSTEMS ARCHITECTURE QUESTIONNAIRE [111]
The following italicized text is taken directly from the Open Systems Architecture (OSA)

Questionnaire while non-italicized text answers the questions as applied to the cislunar system.

1) Modular designs based on standards, with loose coupling and high cohesion, that allow for

the independent acquisition of system components:

a) Does the system design decouple hardware, operating system, and middleware from

applications?

The system design does decouple hardware from software through the distribution of

functions among the domains.

b) Can the computing hardware be upgraded without the necessity to change the operating

system, middleware, or applications?

The computing hardware can certainly be upgraded as the system changes because the

control system is based on software, which can be installed on any compatible machine.

c) Are the functional components of the system well defined with clearly specified behaviors

and interfaces?

The functional components are well defined for the navigation, communication, and
domain awareness domains. These are the domains for which the architecture is able to be
optimized due to high technology-readiness levels and high needs for a comprehensive

architecture.
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d) Are the software development environment tools for each application "industry

standard", and openly available as a set of products?
The software is developed with “openness” and “standardization” as key requirements.

2) Enterprise investment strategies that maximize the reuse of proven hardware system designs
(these questions apply when a system is being developed as an element of a larger

enterprise):

a) Has the system development program investigated potential reusable/modifiable

components from other programs?

The system is building upon existing enterprise systems (e.g., Space Communications

Network, Space Surveillance Network), with necessary additions for cislunar applications.

b) Are development contractors/subcontractors incentivized to identify potential reuse

candidates from a broad spectrum of providers?

Contractors/subcontractors should be incentivized for reuse at the contractual level. The

current system design does not have that level of detail.

¢) Does the development program use, modify, or extend data models, service taxonomies,

and other potentially reusable elements?

The architecture does use existing data models for space systems as they can easily

incorporate cislunar needs.

d) Has the system development been planned to include separate contracts/product

procurements for the various components of the system in a “best of breed” strategy?
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The system is structured modularly such that components can be contracted in a “best of

breed” strategy. The current system design does not have that level of detail.

e) Have incentive structures such as tiered fees and future business opportunities been built
into the program plan and contracts to reward cooperation and collaboration among the

architect, integrator, and component providers?

Cooperation and collaboration will be key with this system development, especially in
the development of interfaces and standards. This has not been accounted for in the current

system as contracts and Request for Proposals (RFP) have not been developed.

1) Does the system development program exploit and contribute to repositories of reusable

architecture and design artifacts, including reference architectures?

This current architecture provides a reference architecture with specific implementations

based off this reference architecture.

3) Enhanced life cycle sustainment for software-intensive systems through proven technology

insertion and software product upgrade techniques:

a) Does the system development program include provisions for long-term technology
refreshment, additional/enhanced software capabilities, emerging technologies and

products, and other evolutionary measures to maintain operational effectiveness and

affordability?

The system is required to function for 20-years. This may require 1-2 technology
refreshments within the lifecycle. Since the system is built with modularity and standard open

interfaces, additional technology can be incorporated (unlike most legacy space systems).
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b) Does the system design promote lower life cycle costs by leveraging modularity to reduce

the effort and cycle time of system modernization?
Like the above statement, modularity is incorporated to reduce life cycle cost.

¢) Does the system design appropriately exploit commodity COTS computing and

networking hardware to reduce procurement and maintenance costs?

COTS components are used in the design of this system. In fact, all physical components

used in the optimization algorithm are COTS.

d) Are decisions to use specific COTS products supported by test results, architectural

suitability, “best value” assessments, etc.?

Specific COTS components are chosen based on SWAP requirements. “Best value”
assessments have not been made except to simply minimize cost/mass and maximize

performance/coverage.

4) Reduce development risk by maintaining the transparency of system designs, continuous

design disclosure, and peer reviews:

a) Are the system/subsystem/component/application specifications and design data

available to a broad cross-section of potential providers?
Transparency and openness are built into the system requirements.

b) Are the end-users and other system stakeholders included in the system design and

upgrade process as well as the training definition?
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The End-users and stakeholders were involved in the system design, specifically NASA
stakeholders provided feedback. As the design matures beyond an academic/conceptual level, a

more formal feedback loop with stakeholders will need to be established.

¢) Areindependent reviews of system designs, component selections, risk assessments and

mitigation plans, integration, and test plans, etc. conducted on a periodic basis?

While in the academic/conceptual phase, independent reviews are periodically provided
by professors and advisors. If the design matures, more appropriate stakeholders will need to

periodically review the architecture.

5) Effective use of data rights to promote initial and subsequent competitive procurements and

access to alternative solutions and sources, across the system life cycle

a) Have the appropriate data rights been obtained with each system component, especially

software applications?

While software/hardware components may be proprietary to the contractor, the interfaces

to these components are required to be published.

b) If a product contains proprietary elements, are the license requirements for use clearly
documented, and those proprietary elements segregated with well-defined interfaces such
that modification of another component will not require modification of the proprietary

product?

The system does not have designated contractors, but once contracts are written, clear
license requirements will need to be known by the system architect. Additionally, the contractors

should be key stakeholders in interface working groups.
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c¢) Have the asset packages (i.e., the deliverables) been reviewed prior to Government
acceptance to ensure that they reflect the agreed-upon licenses and data rights

markings?

The system does not have designated contractors nor current deliverables. Once the
system does have deliverables, the government will certainly need to review deliverables for

licensing/data rights.

3.2.8 ARCHITECTURE MODELING CONCEPTS CONCLUSIONS

In this section, modeling beyond the MBSAP viewpoints is presented and includes
allocating requirements; modeling stereotypes; patterns in architecture decisions; architecture
optimization; verification and validation; complexity; andOpen Systems Architecture. These
concepts collectively inform the design of the architecture in real-world context, though are not

formally included in the MBSAP.

3.3 CISLUNAR PHYSICS

Section 2.1.1 of the Literature Review provides a brief overview of the Earth-Moon three
body system, including the location of the five Lagrange points. Orbits around these Lagrange
points are particularly advantageous due to the low stationkeeping requirements and relative
positioning to the Moon. The trade space for Lagrange orbits is huge and considered out of scope
for this dissertation. In this dissertation, a satellite in orbit about a specified Lagrange point is

assumed to be within 60,000 km in any direction of the Lagrange point.

This section details the constellation design and payload design of the cislunar system.
Six constellations are designed in cislunar space which include Lagrange orbits, Earth-based, and

Moon-based sensor locations. Payloads are designed for each supporting function of the
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optimization trade space: communication, navigation, and domain awareness. The appropriate

physics of cislunar space are modeled in the design of each constellation and payload.

3.3.1 CONSTELLATION DESIGN

In Section 3.2.3, the constellation trade space is briefly introduced. Six possible
constellations are proposed: Lagrange light, Lagrange medium, Lagrange heavy, Earth-based,
Earth plus Moon, and Earth plus Lagrange. Each of these constellations are defined below.

Future research could include additional constellation designs for a larger trade space.

3.3.1.1 LAGRANGE LIGHT

The Lagrange light is designed to be a cheap space-based constellation with good
coverage of a high-priority area of interest: the Moon. L1 and L2 offer the best coverage of the
Moon as they are located closest to the Moon. Additionally, L1 and L2 are located on opposite
sides of the Moon and have visibility of the Earth-facing and non-Earth facing sides of the
Moon. A notional figure of the Lagrange light constellation is depicted by the blue regions in
Figure 24. The sensors shown are only meant to depict direction; sensor ranges are defined in

Section 3.3.2.
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Figure 24 Lagrange Light Constellation
3.3.1.2 LAGRANGE MEDIUM
The Lagrange medium constellation is designed to be a mid-cost constellation with good
coverage of the Moon and the transit corridor between the Earth and the Moon. The Lagrange
medium areas of coverage are depicted by the blue areas of Figure 25. The sensors shown are

only meant to depict direction; sensor ranges are defined in Section 3.3.2.
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Figure 25 Lagrange Medium Constellation

3.3.1.3 LAGRANGE HEAVY

The Lagrange heavy constellation is the most expensive and most robust space-based
constellation. This constellation takes advantage of all five Lagrange points for excellent
coverage of the entire cislunar volume. A notional figure of the Lagrange heavy constellation is
depicted by the blue regions in Figure 26. The sensors shown are only meant to depict direction;

sensor ranges are defined in Section 3.3.2.
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Figure 26 Lagrange Heavy Constellation

3.3.1.4 EARTH-BASED

The Earth-based constellation offers an alternative to the space-based constellations. This
constellation would provide the advantage of no launch costs and offers the ability for regular
maintenance. Four sensors are placed as close to the equator as physically possible to cover the
Earth-Moon plane as much as possible. The actual placement of these sensors are Ascension
Island, Diego Garcia, California, and Australia. A notional figure of the Earth-based
constellation is depicted by the blue regions in Figure 27. The sensors shown are only meant to

depict direction; sensor ranges are defined in Section 3.3.2.
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3.3.1.5 EARTH PLUS MOON

The Earth plus Moon constellation is designed to cover a large volume of cislunar space,
including lunar orbits, with only terrestrial sensors. Four sensors are placed on each body as
close to the equator as physically possible. The Earth-based sensors are in Ascension Island,
Diego Garcia, California, and Australia. The Moon-based sensors are placed as Earth-facing,
anti-Earth-facing, velocity-direction, anti-velocity-direction. A notional figure of the Earth plus
Moon constellation is depicted by the blue regions in Figure 28. The sensors shown are only

meant to depict direction; sensor ranges are defined in Section 3.3.2.
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Figure 28 Earth plus Moon Constellation

3.3.1.6 EARTHPLUS LAGRANGE

The Earth plus Lagrange constellation is designed to cover a large volume of cislunar
space, including lunar orbits, with terrestrial and space-based sensors. Four sensors are placed on
Earth as close to the equator as physically possible. The Earth-based sensors are located in
Ascension Island, Diego Garcia, California, and Australia. The space-based sensors are located
at L1 and L2. A notional figure of the Earth plus Lagrange constellation is depicted by the blue
regions in Figure 29. The sensors shown are only meant to depict direction; sensor ranges are

defined in Section 3.3.2.
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Figure 29 Earth plus Lagrange

3.3.2 PAYLOAD DESIGN

The design of the payload defines the sensor range and bandwidth for each of the
functions: communications, navigation, and domain awareness. Assumptions were made to
restrict the decision space to the scope of this dissertation. Future research could modify these

assumptions to current technology capabilities.

3.3.2.1 COMMUNICATIONS PAYLOAD

The communications sensor is designed to manage the most stressing case: the link from
L2 back to Earth. This range is approximately 450,000 km. The link budget in Table 16 shows
that a link margin of at least 3 dB can be achieved for these ranges, even using a space-based

bus. Ka band is chosen as a common, yet effective, frequency for space communications.
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Table 16 Communications Link Budget [112]

Description Gain/Loss (dB) Notes

Assume 30 GHz, 40 W [113], 20% efficiency [113], 100% duty

HPA' Power 16 dBBW
cycle
Cable Loss -1 dB[112]
Filter Loss -0.5dB [112]
Truncation Loss -0.3dB [112] Results in 14.2 dB power at antenna
Antenna Gain 52dB Assume 2-meter antenna'’

Transmit design margin 1dB[112] Results in EIRP'® = 65.2 dBW
Path loss -235.2dB Assume range of 458,788 km'”
Atmospheric loss -2dB[112]
Rain loss -8 dB [112] Results in RSS? = -180 dBW
Receiver Antenna Gain 66 dB Assume 2-meter receive antenna?'

Insertion losses -1dB[112] Results in receive signal power =-115 dBW

16 High Power Amplifier

17 2-meter antenna can be accommodated on standard spacecraft bus and results in

necessary antenna gain.
18 Effective Isotropic Radiated Power

19 Range calculated for worst-case link of L2 to Earth.

20 Received Signal Strength

21 2-meter antenna can be accommodated on standard spacecraft bus and meets antenna

gain requirements.
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Boltzmann’s Constant 228.6 dABW/k/Hz

System Noise Temperature -24 dBK Assume 290 K [114]

Assume 100 Mbps?
Receiver Noise Bandwidth -80 dB-Hz?*
Results in SNR>* = 9.6 dB, Eb/No = 9.6 dB

Eb/No Threshold 4.5dB[115] Results in 4.5 dB link margin

The 450,000 km range is used for the space-based and terrestrial applications. Due to
mechanical limitations, the space-based gimbaled antenna has a half beamwidth of 36-degrees

while the terrestrial-based antenna has a half beamwidth of 45-degrees. [112]

3.3.2.2 NAVIGATION PAYLOAD
The navigation payload sensor is designed to cover the full range of the Earth to the
Moon. This includes the range from L4 or L5 to the Earth and Moon as well. Table 17 shows the

link budget for the navigation sensor, which achieves a margin of greater than 3 dB.

The navigation transmitter is also designed to meet the accuracy requirements specified
by NASA in the LunaNet Interoperability Specification. The minimum requirement for

navigation is specified to be on the order of a kilometer in 3-dimensional position [116].

The navigation satellites require Delta-Differential One-Way Ranging (Delta-DOR) for
determining accurate satellite positioning of the transmitters [117]. For missions at lunar
distances, delta-DOR results in orbital ephemeris errors of 37-meters [118]. To calculate the

Signal in Space Range Error (SISRE) a weighting is applied based on the altitude of the

22 Receiver Noise Bandwidth is calculated based on 100 Mbps data rate.
23100 Mbps used for most stressing use-case of high-definition video.

24 Signal to Noise Ratio
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transmitter. For a GEO satellite, the A and C weighting is 1/126 [119]. For a Lagrange satellite,
the altitude is 9.1 times greater than a GEO satellite, so the along-track (A) and cross-track (C)
weighting is assumed to be 1/1147. Due to the weightings of the altitude at Lagrange orbit, the
along-track and cross-track errors become negligible, so the main error source is in the ranging
term. The ranging (R) weighting asymptotically approaches 1 with a value of 0.99 at GEO, so a
value of 1 is assumed for the Lagrange satellite [119]. The cislunar navigation satellite uses the
same Rubidium clock as the GPS satellite constellation, so the clock error is assumed to match
the worst-case of the GPS constellation, which is 0.30 ns [120]. To calculate the SISRE, the

following equation is used [119].

SISRE = \/(WR * R—c*dt)? +wyc?* (42 +C?)

Where:
Wg, Wy c = altitude weightings
¢ = speed of light
R,A,C = radial,along track, and cross track errors
dt = clock of fset

The resulting SISRE of the navigation transmitter positioned in a Lagrange orbit is 36.9-
meters, which is well under the NASA requirements of “on the order of a kilometer.” The
cislunar navigation is based upon the legacy GPS constellation to maintain backwards
compatibility and for the use of COTS receivers. Any doppler shift resulting from movement of
the receiver spacecraft relative to movement of the cislunar transmitter will need to be accounted

for in the receiver algorithms. The doppler shift is considered out of scope for the study of the
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cislunar SoS. The GPS constellation uses an Earth-based reference frame, so the cislunar
navigation system in this dissertation will also use an Earth-based reference frame. Once
surveyed sites are available on the Moon, it is recommended that receivers in the vicinity of the
Moon should utilize a Moon-based reference system for more accurate navigation. Alternative

navigation methodologies are available and can be studied for future work.

Table 17 Navigation Link Budget

Description Gain/Loss (dB) Notes
Assume 1.57542 MHz*, 100 W [113], 50% duty cycle [117], 60%
HPA Power 20 dBW
efficiency [113]
Cable Loss -1dB[117]
Filter Loss -0.5dB [117]
Truncation Loss -0.3dB [117] Results in 18.2 dB power at antenna
Antenna Gain 6dB Assume patch antenna with 65-deg beamwidth [117]
Transmit design margin -1dB[117] Results in EIRP =23.2 dBW
Assume range of 384,400 km?®
Path loss -208.1 dB
Results in RSS = -184.9 dBW
Receiver Antenna Gain 3dB Assume standard GPS patch antenna [117]
Insertion losses -1dB[117] Results in receive signal power = -182.9 dBW
Boltzmann’s Constant 228.6 dBW/K/Hz
System Noise Temperature -24.6 dBK Assume 290 K [117]

25 Current Global Positioning System (GPS) L1 frequency.

26 Distance from Earth to Moon is used as the design distance for Lagrange transmitters.
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Receiver Noise Bandwidth -63 dB-Hz [117] Results in pre-correlation SNR = -41.9 dB
Post-correlation Receiver Bandwidth 17 dB-Hz [117] Assume 50 Hz?
Correlation Processing Gain 46 dB [3] Results in C/No =21.1 dB-Hz
C/No threshold 15 dB-Hz [121] Results in 6.1 dB link margin

The navigation sensor does not have terrestrial applications due to interference to the
existing navigation constellations. The space-based sensor is assumed to have a range of 384,400

km and a half-beamwidth of 32.5 degrees. [117]

3.3.2.3 DOMAIN AWARENESS PAYLOAD

Current domain awareness sensors typically use optical or Radio Detection and Ranging
(RADAR) technologies. In cislunar space, optical sensors cannot achieve the necessary ranges
and resolutions for a feasible application. Using the optical equation, the boundary cases can be

quickly examined to eliminate the optical sensor as an option.

r=244«Rx\/D

(1)

Where:

r = resolution

R = Range

A = wavelength

2750 Hz standard for coarse acquisition (C/A) code [112]
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D = Diameter [122]

Applying this equation to a visible wavelength of 500 * 10~ m, assuming a range of
60,000 km (which would provide some coverage if positioned at L1 or L2), and a resolution of 1
m (would see larger spacecraft, but not necessarily cubesats), an infeasible lens diameter of 73.2
m is required. Alternatively, assuming a resolution of 1 m, lens diameter of 5.4 m (largest
payload diameter of current rockets), and visible wavelength of 500 * 10~° m, a range of 4,400
km can be achieved [123] [124]. A sensor with such low range and coverage would not see any
orbits of interest from the constellations described in the above sections. If the visible-
wavelength sensor is assumed to have a range of 60,000 km and diameter of 5.4 m, then the
result is a resolution of 13.6 m. This sensor would not be able to view any human-made objects.

Alternative wavelengths are examined, and a summary of results are provided in Table 18.

Table 18 Optical Sensor Trade Space

Wavelength

Required Diameter
(assume range=60,000 km and
resolution=1 m)

Maximum Feasible
Range

(assume diameter=5.4 m and
resolution=1 m)

Maximum Feasible
Resolution

(assume diameter=5.4 m and
range=60,000 km)

UV (100 nm) 15m 22,000 km 3m
Visible (500 nm) 73 m 4,400 km 14 m
IR?’ (700 nm) 103 m 3,200 km 19 m

Next, the feasibility of the RADAR transmitter is explored. The results for RADAR are

more reasonable for cislunar space, though require significant power. The RADAR equation

28 Ultra-Violet

29 Infrared




shown below requires a fourth root to calculate the range, making the antenna gain and

wavelength critical design parameters.

R _ ’ P.G?*A?*c
e (41)3kT Lto;
(2)
Where:
Rpax = maximum range
P, = peak pulse power
G = antenna gain
A = wavelength
o = radar cross section
k = Boltzmann'sconstant
T = Noise temperature
Lot = Total Losses

Due to different power requirements, each application of the RADAR system is evaluated
separately and summarized in Table 19. X-band is chosen as a high-performing frequency band

that conforms to the United States Department of Commerce Frequency Allocation [125].

Table 19 Cislunar RADAR [3]

Earth Lunar Space
P, 1,000,000 W 300,000 W 20,000 W
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T 05s 05s 05s

G 75.3 dB* 69.2 dB3! 67.5 dB*

A 0.030 m 0.030 m 0.030 m

o 1 m"2 1 m"2 1 m"2

k 1.38E-23 1.38E-23 1.38E-23

T 290 K [113] 290 K [113] 290 K [113]
Liot 10.8 dB 8.8 dB 8.8 dB
Ropax 271,000 km 112,000 km 8,600 km

The maximum ranges in Table 19 show feasibility for the Earth-based and Moon-based
applications. However, the space-based RADAR does not meet the minimum range requirement
of 60,000 km (based on the distance from L1 or L2 to the Moon). The space-based RADAR is

not included in the architecture evaluations.

Due to limitation of the phased array technology, the maximum half-beamwidth is 50-
degrees for the domain awareness sensor. [3] The domain awareness sensor is designed to have a
resolution of at least 1-meter. This resolution would likely accomplish the subfunctions of
identification and tracking for medium and large spacecraft. The array of phased arrays RADAR
system is also advantageous in that it can view multiple objects in the beam simultaneously as it

sweeps in azimuth and elevation.

RADAR systems can be mono-static or multi-static. The system is monostatic, rather

than multi-static. A multi-static RADAR system has diversity in frequency, polarization, or

30 Assumes 56-meter phased-array diameter due to Earth-based application [118]
31 Assumes 28-meter phased-array diameter due to Moon-based application [118]

32 Assumes 5.4-meter antenna diameter due to launch vehicle restrictions [121]
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geometry. This RADAR system does not have the advantages of a multi-static system, such as

better fidelity of target signatures [126].

The domain awareness payload is unique in that it has different sensors for each
application: Earth-based, Moon-based, space-based, while the communications and navigation
payloads have the same sensors for each application. The domain awareness sensor uses
RADAR which is highly constrained by power. The power sources are researched based on the
application to maximize the sensor range. In contrast, the navigation and communication sensors
are designed to accommodate the space-based application, which is the most power-limiting. The
space-based communication and navigation sensors happen to cover the entire range necessary
for cislunar space from Earth or the Moon, so the power-constrained sensor is used for all three

applications.

3.3.3 CISLUNAR PHYSICS CONCLUSION

This section provided the underlying assumptions used to design the cislunar
constellations and payloads. The cislunar constellations include Lagrange Light, Lagrange
Medium, Lagrange Heavy, Earth-based, Earth plus Moon, and Earth plus Lagrange. A summary

of the communications, navigation, and domain awareness sensors are provided in Table 20.

Table 20 Payloads Summary

Range Beamwidth

Communications Space- 450,000 km * 36.0-degrees

Based
Communications Earth- or

Moon-Based 450,000 km * 45.0-degrees

Navigation 384,400 km * 32.5-degrees

Domain Awareness Moon- 112,000 km + 50.0-degrees
Based

Domain Awareness Earth- 270,000 km + 50.0-degrees
Based
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The next section details the assumptions used to evaluate the costs of each constellation

and payload combination.

3.4 ARCHITECTURE COST EVALUATION

To find the optimal architecture, the system cost is included. This section details the
assumptions and models used to estimate the cost of each architecture. Payload and bus cost
estimates are included for each supporting function to be optimized. Other system costs (design,
integration, test, ground support, disposal, etc.) are assumed to be similar among each

architecture and therefore not included for the optimization algorithm.

3.4.1 BUS COST ESTIMATES

The bus is defined as the necessary infrastructure to support operations of the payload.
Supporting operations include power, thermal control, attitude control, and launch as necessary.
The bus exists for space-based, Earth-based, and Moon-based payloads. The bus for each

supporting function is assumed to be the same mass and therefore the same cost.

3.4.1.1 GROUND BUS
Ground includes Earth-based systems only since these would not require any launch. The

ground bus is estimated to cost $5M based on a professional estimate. [127]

3.4.1.2 SPACEBUS
Space bus includes space-based and Moon-based systems because these systems require
launch. Each bus is estimated to cost $50M in hardware plus $200M in launch based on a

professional estimate. [128]

3.4.1.3 INTEGRATED BUS
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When payloads are integrated on a single bus, the cost of the bus increases, but remains
less than if the payloads were on independent. Integrated buses are modeled with the following

functions:

Costaouptepus = COStyys + %C 0Styys
(3)
Costiripiebus = COStaoupiebus + > Costaoupiebus
(4)
Where:
Costyy,s = $5M for ground

Costy,s = $250M for space

The integrated bus equations are very simple with the results being an integrated bus is
cheaper than two separate buses, but more expensive than a single bus. Future work could

include improving the integrated bus model.

3.4.2 PAYLOAD COST ESTIMATES
Each function has its own payload cost estimate. The assumptions underlying these cost

estimates are shown in the sections below.

3.4.2.1 COMMUNICATIONS PAYLOAD COST ESTIMATE
Each communications space payload is assumed to be $13.6M. The components of the
communications payload are shown in Table 21 which uses the Unmanned Space Vehicle Cost

Model (USCM) [129]. Critical components are marked with a quantity of two. The USCM uses
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earth-orbiting satellite components (from LEO to GEO) with Commercial Off the Shelf (COTS)
components. Cislunar components will need more radiation hardening, which would increase the

cost. This is a place for future research.

COTS components do have a success history in missions beyond GEO. NASA has
successfully operated the Mars Science Lander, known as Curiosity, with COTS components. In
particular, the Synchronous Dynamic Random Access Memory (SDRAM) is a COTS solution.
Radiation-related errors with the SDRAM were overcome using error detection and correction

(EDAC) [130].

Table 21 Communications Space Payload Cost [112]

Component Quantity Cost ($K)
GPS Receiver 1 $50
0CX0*? 2 $183
Encryption 2 $446
Payload Control 2 $810
Relay Transceiver 1 $1,586
Relay Antenna (2-meter) 1 $6,104
Mission Transceiver 1 $1,586
Mission Antenna (1-meter) 1 $1,423
Total $13,627

The communications ground payload cost is estimated to be $1M using a professional
estimate based on industry experience. This cost can be updated in future research iterations with

actual ground cost models.

3.4.2.2 NAVIGATION PAYLOAD COST ESTIMATE

33 Oven-Controlled Chrystal Oscillator
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The navigation payload is estimated to cost $33M. The component costs are also

estimated using USCM and shown in Table 22. Critical components are marked with a quantity

of two.

Table 22 Navigation Payload Cost [117]

Component Quantity Cost (8K)
GPS Receiver 2 $50
RAFS3* 2 $1,548
0OCXO 2 $183
Encryption 2 $446
Signal Generator 2 $5,804
Amplifier 2 $8,237
Antenna 2 $260
Total $33,056

3.4.2.3 DOMAIN AWARENESS PAYLOAD COST ESTIMATE

The domain awareness space payload cost is estimated to be $4.269B. The component

costs are also estimated using USCM and shown in Table 23. Critical components are marked

with a quantity of two.

Table 23 Domain Awareness Space Payload Cost [3]

Component Quantity Cost (8K)

GPS Receiver 1 $50
0OCXO 2 $183
Encryption 2 $446

Payload Control and AESA% 1 $1,562
Crosslink Controller 2 $435
Crosslink Antenna 1 $529

Total per Satellite $4.,269

34 Rubidium Atomic Frequency Standard

35 Active Electronically Steerable Antenna
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Satellites in Constellation | 1,000 $4,269
Total per “Payload” $4,269,000

The domain awareness ground payload cost is estimated to be $10M using a professional
estimate based on industry experience. This cost can be updated in future research iterations with

actual ground cost models.

3.4.3 CoST MODEL CONCLUSIONS
Cost estimates in this dissertation are created using USCM and professional estimates.

Table 24 shows a summary of the cost estimates driving the optimization of the architectures.

Table 24 Cost Estimates Summary

Name Cost (M)
Communications Space Payload $13.6
Communications Ground Payload $1
Navigation Payload $33
Domain Awareness Ground Payload $10
Single Bus $50
Integrated Double Bus $75
Integrated Triple Bus $112.5

3.5 ARCHITECTURE PERFORMANCE EVALUATION

This section details the performance evaluation of each architecture using the sensor
performance and constellation geometry detailed in Section 3.3. The performance metric
evaluated is sensor coverage. STK is used to calculate coverage in a physically accurate
environment. Coverage is calculated by computing the surface area covered at each radial
volume with 5-degree granularity. Radii from the Earth are evaluated from 50,000 km to 400,000
km at 50,000 km increments. This covers the volume just above geosynchronous orbit (GEO) to

just beyond the Moon’s orbit. Radii from the Moon are evaluated from the 1,737.4 km to 60,000
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km at 20,000 km increments. This includes the Moon’s surface to L1 and L2 orbits. The
additional measurements around the Moon give higher values and weighting to lunar coverage
versus Earth coverage, which is consistent with stakeholder needs according to planned cislunar

missions.

Alternative evaluations can be considered, depending on stakeholder concerns. For
instance, a stakeholder may want to prioritize the coverage in the trans-lunar region (the volume
directly between the Earth and the Moon). Another stakeholder may want to prioritize the region
closest to the Moon, including Low-Lunar Orbit (LLO). To accommodate these priorities, and
appropriate weighting strategy can be used for the spheres assessed in the performance
evaluation. For the dissertation, stakeholder needs have not been communicated to indicate any

prioritization, so equal weightings are applied for the Earth and Moon spheres assessed.

3.5.1 COMMUNICATIONS PERFORMANCE
The communications sensor is evaluated for all six architectures. Figure 30 shows the six

communications architectures modeled in a physically accurate environment using STK.
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Figure 30 Communications Architectures

At each of the specified radii, the coverage area is calculated and shown in Figure 31.
Note that the coverage is scaled by 10! to make the numbers more digestible. From the
architecture coverage chart, it appears that the constellations with Earth-based sensors

outperform the constellations with only space-based constellations.
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Communications Architectures Coverage
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Figure 31 Communications Architectures Coverage

Table 25 summarizes the total coverage, and therefore performance, of each
communications architecture. Interestingly, Lagrange medium performs worse than Lagrange
light, even though Lagrange medium has more sensors than Lagrange light. This result is
because the Lagrange medium sensors have significant overlap in the area between the Earth and
the Moon. The worse performing communications constellation is Lagrange medium while the

best performing is Earth plus Moon.

Table 25 Communications Architectures Results

Constellation Performance (km? « 1011)
Lagrange Light 12.632
Lagrange Medium 11.816
Lagrange Heavy 18.224
Earth-based 27.920
Earth plus Moon 39.181
Earth plus Lagrange 35.089
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3.5.2 NAVIGATION PERFORMANCE
The navigation sensor is evaluated for all three applicable architectures. Figure 32 shows

the three navigation architectures modeled in a physically accurate environment using STK.

Lagrange _Light

Figure 32 Navigation Architectures

At each of the specified radii, the coverage area is calculated and shown in Figure 33.
Note that the coverage is scaled by 10! to make the numbers more digestible. From the
architecture coverage chart, it appears that Lagrange heavy outperforms the other architectures at

every radius.
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Figure 33 Navigation Architectures Coverage

Table 26 summarizes the total coverage, and therefore performance, of each navigation
architecture. The worse performing navigation constellation is Lagrange light while the best

performing is Lagrange heavy.

Table 26 Navigation Architectures Results

Constellation Performance (km? = 1011)
Lagrange Light 6.405
Lagrange Medium 6.593
Lagrange Heavy 14.093

3.5.3 DOMAIN AWARENESS PERFORMANCE
The domain awareness sensor is evaluated for the two feasible architectures. Figure 34
shows two domain awareness architectures modeled in a physically accurate environment using

STK.
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Earth-based Earth plus Moon

Figure 34 Domain Awareness Architectures

At each of the specified radii, the coverage area is calculated and shown in Figure 35.
Note that the coverage is scaled by 10! to make the numbers more digestible. From the

architecture coverage chart, it appears that the Earth-based sensors dominate the performance

results.

Domain Awareness Architectures Coverage
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Figure 35 Domain Awareness Architectures Coverage

Table 27 summarizes the total coverage, and therefore performance, of each domain

awareness architecture. The Earth plus Moon performs better than the Earth-based constellation.
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Table 27 Domain Awareness Architectures Results

Constellation Performance (km? x 101)
Earth-based 8.760
Earth plus Moon 9.861

3.5.4 ARCHITECTURE PERFORMANCE EVALUATION CONCLUSIONS

Each supporting function’s payload performance is evaluated for each possible
constellation using the STK physics-based modeling software. The performance metrics are used
in the optimization algorithm to find the optimal architecture. The optimization algorithm is

detailed in the following section.

3.6 ARCHITECTURE OPTIMIZATION
This section details the optimization algorithm and evaluation strategies used to assess

the resulting Pareto front.

3.6.1 OPTIMIZATION ALGORITHM
3.6.1.1 INTEGER LINEAR PROGRAM

The first method presented for optimizing the cislunar system uses the Integer Linear
Program function in MATLAB. This method is robust and can be used as the cislunar system
grows in complexity. An alternative, simpler algorithm is also presented which works for the

cislunar system.

The cislunar system is optimized to minimize cost while maximizing performance. This
is accomplished using a multi-objective optimization (MOO) strategy. The optimization function

is weighted and optimized for each value of a as defined in the equation below:

min = a * cost — (1 — a) * performance
X
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Where

a = {1:1:100}
X, - communication = lagrange light T
X, communication = lagrange medium
X3 communication = lagrange heavy
X4 communication = earthbased
X communication = earth plus moon
X = | X6 | = costs of | communication = earth plus lagrange
X7 navigation = lagrange light
Xg navigation = lagrange medium
%o navigation = lagrange heavy
;61(1) domain awareness = earthbased
| domain awareness = earth plus moon |
Xip - communication = lagrange light
X15 communication = lagrange medium
X14 communication = lagrange heavy
X1s communication = earthbased
X16 communication = earth plus moon
X = [X17| = performance of |communication = earth plus lagrange
X18 navigation = lagrange light
*19 navigation = lagrange medium
;62(1) navi.gation = lagrange heavy
g dorr_lam awareness = earthbased
L domain awareness = earth plus moon |

The constraints are defined as:

X1+ X3 + x3 + x4 + x5 + x5 = 1 (only one communications constellation)

X7 + xg + x9 = 1 (only one navigation constellation)

X10 + x11 = 1 (only one domain awareness constellation)
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X1 11 = X122 (ensures same constellation for cost and performance evaluations)

The weighted function is optimized at each iteration using the intlinprog function in

MATLAB®. The intlinprog function requires the following inputs for this application: [131]

e f— objective function (defined above in terms of cost, performance, and Q)

¢ intcon — indicates the components of x that are integer-valued

e Aeq - linear equality constraints matrix

e beq — linear equality constraints vector
e |b— lower bounds of x
e ub — upper bounds of x
The resulting optimal architectures are then plotted for cost and performance which

reveals the optimal pareto front.

3.6.1.2 PARETO FRONT SEARCH
A less computationally heavy algorithm can be used for the cislunar system in its current

scope. The method is described below:

1. Find all cost and performance values for each architecture combination.
a. For the cislunar system, 288 combinations exist
2. Find the Pareto front for the resulting cost and performance values
a. This can be accomplished by visual inspection, or by implementing a

MATLAB function such as paretosearch

3.6.2 OPTIMIZATION EVALUATION
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The resulting architectures of the Pareto front are then evaluated using Multicriteria
Decision Making (MCDM) with Evidential Reasoning (ER), MCDM without ER, and a Kiviat

chart assessment.

For each evaluation technique, an appropriate weighting must be established. In this
dissertation, the weighting is chosen such that each resulting value has a unique score. This is
determined by increasing the weighting distribution until unique scores are achieved. Linear
weighting is implemented in this dissertation, though it is possible to use nonlinear weighting if
it can be justified for that application. For MCDM with ER, first the cost and performance are

scaled such that each value has a unique score.

Evidential Reasoning is used to account for the uncertainty of a system. A complex SoS
has a higher degree of uncertainty than an individual system. The uncertainty must be accounted
for in the evaluation of these complex system. Evidential reasoning is applied to the cislunar
system using the following certainty values. Uncertainty is calculated as 1 minus the certainty

value.

Earth based certainty = 95%

Space based certainty = 90%

Moon based certainty = 85%

The certainty scores are chosen to provide diversity among the final scores. Scores are
compared with and without ER to see this effect. Earth-based constellations are given the highest
certainty because these systems have the highest history of implementation. Space-based are
given less certainty than Earth-based because there is less practice implementing these systems.

Moon-based is given the smallest certainty score because there is the least amount of practice in
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this area. Even with little practice in Moon-based systems, a certainty of 85% is still used
because a Moon-based program would have a large funding source and would require a high-

enough certainty to justify the large costs.

Evaluating the architectures with evidential reasoning is synonymous with evaluating

architecture for risk. The lowest certainty architectures have the highest risk.

The score for each architecture is then calculated using the following equation:

architecture score = (ay * parameter; + --- + a, * parametery,) * certainty

Where:
a1+ t+a,=1

For the cislunar system, the following equation is used which incorporated the cost and

performance parameters with equal weights.

architecture score = (0.5 * cost + 0.5 * per formance) * lowest_certainty

For MCDM without ER, the same weighting strategy is applied, but the score is

calculated with the following equation:

architecture score = 0.5 * cost + 0.5 * per formance

For the Kiviat Chart assessment, more than two evaluation criteria are needed. Additional
criteria are created by subdividing performance into communications, navigation, and domain
awareness. The performance weights are recalculated based on the individual performance of
each supporting function. Each architecture is plotted in a Kiviat Chart and then the area of each

chart is calculated for an objective assessment.

3.6.3 ARCHITECTURE OPTIMIZATION CONCLUSION
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After evaluating each architecture for cost and performance, the cislunar system
architecture is optimized and the resulting Pareto front is evaluated, resulting in the “best”
system architecture. The optimization technique used is a linear program within a multi-objective
optimization loop. Evaluation techniques include MCDM with ER, MCDM without ER and

Kiviat chart assessment.
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Chapter 4. RESULTS

4.1 RESULTING PARETO FRONT

The cislunar optimization algorithm, defined in Section 3.6, is applied with the
performance and cost metrics previously defined, resulting in a pareto front with four optimal
architectures. The Pareto front which maximizes performance and minimizes cost is plotted in
Figure 36. The optimal front runs from the lowest-cost, lowest-performance architecture to the
highest-cost, highest-performance architecture. While 288 possible architecture combinations
existed, only four exist along the Pareto front. The x-value corresponds to the architecture cost
while the y-value corresponds to the architecture performance. Each architecture includes one
communication constellation, one navigation constellation, one domain awareness constellation.
For each architecture, if an integration opportunity exists, it is described. If no integration

opportunities exist, then the architecture is described as “no integrated constellations.”

Note that if an architecture results in an integrated bus, these architectures must be
assessed for feasibility. The payloads are designed to be power-constrained such that multiple
payloads can exist on a single COTS bus, reducing hardware costs. However, this integration
opportunity may not be advantageous to the lifecycle considerations of the system. Integration
may require additional engineering effort, adding cost and delaying the deployment of the
system. Additionally, the cyber requirements of each system may be incompatible such that
integration no longer makes sense. This additional feasibility assessment is not considered in

scope of the dissertation but should be considered in any operational system.

4.1.1.1 INTEGER LINEAR PROGRAM RESULTS
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The first method uses a computationally intensive process with the MATLAB function
intlinprog. While this method does work for the cislunar system, it can be described as excessive

for the system, as it is currently scoped.
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Figure 36 Pareto Front from Integer Linear Program

4.1.1.2 PARETO FRONT RESULTS

The second method takes all 288 architecture possibilities and finds the Pareto Front. The
method uses a weighted sum approach to find the convex, exact Pareto front. This is a more
efficient method for the current cislunar system. The same four optimal points are found as

presented in the previous method. The results are presented in Figure 37.
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Figure 37 Pareto Front from Pareto Search

4.1.1.3 PARETO FRONTIER

An additional method is explored to find the optimal architectures, which uses a Pareto

Frontier, or Pareto Curve, search algorithm. This algorithm is non-convex and curves along the

optimal boundary to find the optimal points. In this technique, six points are identified, though

two points are below the exact optimal boundary. The Pareto Frontier is presented in Figure 38.

For this dissertation, the four points along the exact Pareto front will be used in the optimal

evaluations.
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4.1.1.4 RESULTING ARCHITECTURES

These four points correspond to the architectures listed in Table 28. The architecture

labels, A-D, will be used for the remainder of the dissertation. The architectures are listed from

lowest-cost, lowest-performance to highest-cost, highest-performance. Constellation definitions

are provided in Section 3.3.1.

Table 28 Optimal Architectures

Architecture éﬁ% (ll:glrfgf?gfﬁ) Constellations
communications constellation = earth-based
A 640 14.3059 navigation constellation = lagrange light
domain awareness constellation = earth-based
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communications and domain awareness integrated

674

18.0218

communications constellation = earth plus moon
navigation constellation = lagrange light
domain awareness constellation = earth-based
no integrated constellations

714

18.3961

communications constellation = earth plus moon
navigation constellation = lagrange light
domain awareness constellation = earth plus moon
communications and domain awareness integrated

1563

20.9137

communications constellation = earth plus moon
navigation constellation = lagrange heavy
domain awareness constellation = earth plus moon
communications and domain awareness integrated

If Architecture A is held as the baseline and compared with the higher-cost architectures

as percent increase in performance, the cost does not rise as much for architectures B and C. For

architecture D, the cost increases significantly more than performance. The performance

comparison is shown in Table 29. This means that a performance increase is less costly for

architectures B and C while it is more costly for architecture D. This can be observed visually by

the shape of the pareto front in Figure 36.

Table 29 Architecture Comparisons

Architecture Cost Perce;nt Increase Performance Percent Increase in
($M) in Cost (km"2*10"11) Performance
A 640 na 14.3059 na
B 674 5% 18.0218 26%
C 714 12% 18.3961 29%
D 1563 144% 209137 46%

4.1.2 PARETO FRONT CONCLUSIONS




The cislunar optimization algorithm results in four optimal architectures along the pareto
front. The pareto front exhibits asymptotic behavior, meaning that the cost increases faster than

the performance.

The four optimal architectures identified by the pareto front are evaluated in the next
section. Evaluation techniques include Multi-Criteria Decision Making (MCDM) with Evidential

Reasoning (ER), MCDM without ER, and Kiviat chart assessment.

4.2 OPTIMIZATION RESULTS EVALUATION

This section details the evaluation of the pareto front architectures. First, MCDM with
ER is used to find the best architecture while accounting for uncertainty. Second, MCDM
without ER is used to see how uncertainty affects the results. Finally, a Kiviat chart is assessed to

validate the results.

4.2.1 MULTI-CRITERIA DECISION MAKING WITH EVIDENTIAL REASONING
MCDM with ER is researched to be the most appropriate evaluation technique for
complex System-of-Systems (SoS) like the cislunar system. This technique includes measures

for uncertainty in the evaluation scores.

First, the cost and performance values are weighted on a scale from one to thirty. A range
of thirty is chosen to increase the fidelity of the evaluation. This fidelity allows unique scores for

each cost/performance value. The weighted values used in the MCDM evaluations are shown in

Table 30.
Table 30 MCDM Weights
Cost Range (M) Score | Performance Range Score
(km”2*10"1)
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1563 1532 1 14.3 14.5 1
1533 1501 2 14.6 14.7 2
1502 1471 3 14.8 15.0 3
1472 1440 4 15.1 15.2 4
1441 1409 5 15.3 15.4 5
1410 1378 6 15.5 15.6 6
1379 1348 7 15.7 15.8 7
1349 1317 8 15.9 16.1 8
1318 1286 9 16.2 16.3 9
1287 1255 10 16.4 16.5 10
1256 1225 11 16.6 16.7 11
1226 1194 12 16.8 16.9 12
1195 1163 13 17.0 17.2 13
1164 1132 14 17.3 17.4 14
1133 1102 15 17.5 17.6 15
1103 1071 16 17.7 17.8 16
1072 1040 17 17.9 18.1 17
1041 1009 18 18.2 18.3 18
1010 978 19 18.4 18.5 19
979 948 20 18.6 18.7 20
949 917 21 18.8 18.9 21
918 886 22 19.0 19.2 22
887 855 23 19.3 19.4 23
856 825 24 19.5 19.6 24
826 794 25 19.7 19.8 25
795 763 26 19.9 20.0 26
764 732 27 20.1 20.3 27
733 702 28 20.4 20.5 28
703 671 29 20.6 20.7 29
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When these weights are applied using the score definition defined in Section 3.6.2 which

equally weights cost and performance, architecture C is found to be best. The scores for MCDM

with ER are shown in Table 31. ER certainty scores are calculated by using the least-certain

constellation implementation in the entire architecture.

Table 31 MCDM with ER Results

Architecture | Cost Cost Performance | Performance | Certainty Score
Score Score

A 640 30 14.3 1 90% 14.0

B 674 29 18.0 17 85% 19.6

C 714 28 18.4 19 85% 20.0

D 1563 1 20.9 30 85% 13.2

A sensitivity analysis is performed to see how the “best” architecture shifts as the cost

and performance priorities are shifted. Architecture D is ideal when cost is weighted from 0.0 —

0.2 while architecture C is ideal when cost is weighted from 0.3 — 0.6. Architecture B is best for

costs weights of 0.7-0.8. Architecture A is ideal for cost weights of 0.9-1.0.

Table 32 MCDM with ER Sensitivity

MCDM with ER
Cost Performance )
Weight Weight Score | Architecture
0 1 25.5 D
0.1 0.9 23 D
0.2 0.8 20.6 D
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0.3 0.7 18.4 C
0.4 0.6 19.2 C
0.5 0.5 20 C
0.6 0.4 20.7 C
0.7 0.3 21.6 B
0.8 0.2 22.6 B
0.9 0.1 244 A

1 0 27 A

4.2.2  MULTI-CRITERIA DECISION MAKING WITHOUT EVIDENTIAL REASONING

MCDM without ER is used to evaluate the pareto front architectures. The same weights
defined in Table 30 are used, but percent certainty is not included in the score. When cost and
performance are weighted equally, architecture C is found to be the best architecture. This
matches the result found when ER is included in the evaluation. MCDM without ER scores for
each architecture are displayed in Table 33. Note that Architecture B performed almost as well as

Architecture C with a score only 2% lower.

Table 33 MCDM without ER Results

ID Cost | Performance Score
A 30 1 15.5
B 29 17 23
C 28 19 23.5
D 1 30 15.5

A sensitivity analysis is performed for MCDM without ER to see how the ideal

architecture shifts as stakeholder priorities shift. The sensitivity results are shown in Table 34.
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Like MCDM with ER, architecture D is ideal for cost weights of 0.0 — 0.2 while architecture C is
ideal for cost weights of 0.3 — 0.6. Unlike MCDM with ER, architecture B is ideal for cost
weights of 0.7-0.9. Also different from MCDM with ER, architectures A is considered ideal only
for cost weight of 1.0, when performance is not a factor. Since certainty is not evaluated in
MCDM without ER, the architectures will always be listed from highest cost / highest

performance to lowest cost / lowest performance.

Table 34 MCDM without ER Sensitivity

MCDM without ER
Cost | Performance | Score | Architecture

0 1 30 D
0.1 0.9 27.1 D
0.2 0.8 24.2 D
0.3 0.7 21.7 C
0.4 0.6 22.6 C
0.5 0.5 23.5 C
0.6 0.4 24.4 C
0.7 0.3 25.4 B
0.8 0.2 26.6 B
0.9 0.1 27.8 B

1 0 30 A

Table 35 shows a comparison of the results of MCDM with and without ER as cost and
performance weights are shifted. As noted above, the only performance differences occur for the
cost weights of 0.9. This is highlighted in the table with italics and underline. Note that without

uncertainty accounted for, Architecture A only results as optimal when performance is not
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included in the evaluation. The difference between Architecture A and B is that Architecture A is
evaluated for space-based certainty (90%) while Architecture B is evaluated for moon-based
certainty (85%). With only one value differed between MCDM with ER and MCDM without
ER, in can be concluded that the cislunar SoS is not heavily influenced by uncertainty, as
defined. Further refinement of the uncertainty values could result in more variance between the

results with or without ER.

Table 35 MCDM comparison

Cost | Performance MCDM MCDM
with ER without ER
0 1 D D
0.1 0.9
0.2 0.8 D D
0.3 0.7 C C
0.4 0.6 C C
0.5 0.5 C C
0.6 0.4 C C
0.7 0.3 B B
0.8 0.2 B B
0.9 0.1 A B
1 0 A A

4.2.3 KIVIAT CHART ASSESSMENT
For the Kiviat chart assessment, more criteria are needed than cost and performance. Cost
and performance are subdivided for each payload. Bus costs remain separate from payload due to

integration. Due to different ranges, the weights for each score are reassessed and summarized in
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Table 36. Weights are assessed on a range from one to fifty because this fidelity ensures that

each unique performance or cost value maps to a unique weight.

Table 36 Kiviat Chart Weights

Payload Performance Payload Cost Bus Cost

Range Score Range Score Range Score
392 1-1385] 50 40 -] 7.2 50 530.0 | -| 545.6 50
384 |-1379| 49 73 |- 104 49 5457 | -] 561.2 49
378 | -1372| 48 10.5 | -| 13.7 48 561.3 | -| 576.8 48
37.1|-136.6| 47 13.8 | -| 16.9 47 5769 | -| 592.4 47

36.5[-1359] 46 17.0 | -] 20.1 46 5925 | -] 608.0 | 46
358 1-1352| 45 202 | -] 233 45 608.1 | -] 623.6 | 45
351 -1346| 44 | 234 |-| 265 44 623.7 | -] 639.2 44
345]-1339| 43 266 | -] 29.8 43 6393 |- | 654.8 43
33.8|-1333| 42 299 |-]133.0 | 42 6549 | -] 6704 | 42
332 1-132.6| 41 331 |- 362 | 41 670.5 | -] 686.0 | 41
3251-132.0] 40 363 | -] 394 | 40 686.1 | -] 701.6 | 40
319 |- [ 313 | 39 39.5 |- | 42.6 39 701.7 |-| 717.2 39
3121 -130.7| 38 427 | -] 459 38 7173 | -] 732.8 38
30.6 |- 1300 37 46.0 | -] 49.1 37 7329 |- | 7484 37
299 1-1293| 36 | 492 | -] 523 36 748.5 |- | 764.0 36
292 |- 287 35 524 | -] 555 35 764.1 | -| 779.6 35
286 | -[28.0| 34 55.6 |- | 58.7 34 779.7 | -] 795.2 34
279 -1274| 33 58.8 | -] 62.0 33 7953 |- | 810.8 33

273 |-126.7| 32 62.1 | -] 65.2 32 8109 | -| 826.4 32
266 |-|26.1| 31 653 |-| 68.4 31 826.5 | -| 842.0 31
260 |-1254| 30 68.5 | -] 71.6 30 842.1 | -| 857.6 30

253 |-1248| 29 71.7 |- 74.8 29 857.7 |- 8732 | 29
247 | -124.1| 28 749 | -] 78.1 28 8733 | -| 888.8 | 28
240 |-1234 | 27 782 | -] 813 27 8889 |-19044 | 27
233 |-1228| 26 814 |-| 845 26 | 904.5 | -] 920.0 | 26
227 |-1221| 25 84.6 | -| 87.7 | 25 920.1 | -] 9356 | 25
220 | -121.5| 24 87.8 |-190.9 | 24 | 9357 |-] 9512 | 24
214 -1208| 23 91.0 | -] 942 | 23 9513 | -] 966.8 | 23
20.7|-120.2 | 22 943 | -1 974 | 22 966.9 | -| 9824 | 22
20.1 |- 195 21 97.5 |-1100.6 | 21 982.5 | -] 998.0 | 21
194 1-1189| 20 ]1100.7|-]103.8| 20 | 998.1 |-]1013.6 | 20
188 -1182| 19 11039 |-]107.0| 19 |1013.7|-]1029.2| 19
181 -1175] 18 ]107.1|-]1103| 18 10293 |-]1044.8| 18
174 1-1169| 17 1104 |- |113.5] 17 ]10449|-]10604 | 17
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168 -1162| 16 |113.6|-|116.7| 16 |1060.5|-]1076.0| 16
16.1 |-]156| 15 |116.8|-|1199| 15 |1076.1 |-]1091.6 | 15
155]-1149| 14 11200 |-]123.1| 14 |1091.7 |-]1107.2 | 14
148 |-1143| 13 1232 |-|1264| 13 11073 |-]1122.8 | 13
142 -113.6| 12 1265 |-|129.6 | 12 | 11229 |-|11384 | 12
13.5]-113.0] 11 }129.7|-]1328| 11 | 11385 |-]11540| 11
129 |-1123 | 10 1329 ]-]136.0| 10 | 11541 |-]1169.6 | 10

122 -111.6 9 136.1 | - | 139.2 9 1169.7 | - | 1185.2 9
11.5]-]11.0 8 1393 | - | 142.5 8 1185.3 | - | 1200.8 8
109 ]-110.3 7 142.6 | - | 145.7 7 12009 | - | 1216.4 7
102 | -] 9.7 6 145.8 | - | 1489 6 1216.5 | - | 1232.0 6
9.6 |-]19.0 5 149.0 | - | 152.1 5 1232.1 | - | 1247.6 5
89 |-| 84 4 1522 | - | 1553 4 12477 | - | 12632 | 4
83 | -1 77 3 1554 |- | 158.6 3 1263.3 | - | 1278.8 3
76 | -] 7.1 2 158.7 | -1161.8 2 1278.9 | - | 1294.4 2
70 | -] 64 1 161.9 | -]165.0 1 1294.5 | - | 1310.0 1

Using these weights for each of the four architectures results in the Kiviat charts shown
in Figure 39. Starting from the top-most point and moving clockwise, the seven points evaluated
are communication payload cost, navigation payload cost, domain awareness payload cost, bus

cost, communication performance, navigation performance, and domain awareness performance.
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Architecture A Architecture B Architecture C Architecture D

60 60 60 60
40 40 40 40
20 20 20 20
0 0 0
Figure 39 Kiviat Charts

From the above charts, architecture D is the least ideal while architectures A, B, and C
have similar areas visually. For an objective score, the area of each shape is calculated and

divided by the total possible area for a weighted score, shown in Table 37.

Table 37 Kiviat Scores
Architecture | Area (unitless) | Area Max (unitless) | Score (Area/Area Max)
A 2578 7578 2.7
B 2869 7578 3.0
C 2533 7578 2.7
D 437 7578 0.5

The objective scores result in Architecture B as the most ideal using the Kiviat chart
method. This differs from the MCDM results because of the way the criteria were weighted. For
the Kiviat chart, seven criteria were evaluated while four out of the seven were cost parameters.
With the MCDM evaluation, performance and cost were weighted equally. With four out of
seven parameters used for cost, the Kiviat chart result skews towards a low-cost option as more
ideal than the mid- or high-cost option. Given that the weights are skewed towards cost, the

Kiviat chart assessment is not ideal for the cislunar architecture.
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4.2.4 OPTIMIZATION RESULTS EVALUATION CONCLUSION
Determining the optimal architecture requires input from the stakeholder to specify the
prioritization of cost vs. performance. Assuming that cost and performance are equally weighted,

the optimal architecture is found to be Architecture C:

e communications constellation = earth plus moon
e navigation constellation = Lagrange light
e domain awareness constellation = earth plus moon
e communications and domain awareness integrated
MCDM with and without ER both result in architecture C as the optimal solution when
cost and performance are equally weighted. MCDM with ER differs from MCDM without ER at
one out of eleven data points. The difference occurs when cost is weighted very high, and

performance is weighted very low.

Kiviat chart assessment is implemented, but not ideal for this application due to the
manipulation of the data which resulting in a skewing towards the cost metrics. To implement
Kiviat chart assessment, four metrics are cost-related while three metrics are performance-
related, resulting in Architecture A (the lowest-cost, lowest-performance architecture) as

optimal.

The next section steps through the validation techniques used in each section of the

dissertation.

4.3 VALIDATION
Validation is defined as "The process of determining the degree to which a [simulation]

model and its associated data are an accurate representation of the real world from the
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perspective of the intended uses of the model." [132] Common model validation techniques

include:

e Comparison to Other Models
e Face Validity
e Historical Data Validation
e Parameter Variability — Sensitivity Analysis
e Predictive Validation [133]
This validation definition and these techniques are applied to each appropriate section of
the dissertation work, including cislunar architectures literature review, performance evaluation,

cost evaluation, the optimization algorithm, and the SysML model.

4.3.1 CISLUNAR ARCHITECTURES VALIDATION

Section 2.1.1 of the Literature Review presents a compilation of the latest systems and
research completed on cislunar architectures. A paper containing this research was peer-
reviewed, published, and presented at the Institute of Electrical and Electronics Engineers (IEEE)

International Systems Conference 2022. [134] The validation method used is “Face Validity”.

4.3.2 PERFORMANCE AND COST EVALUATION VALIDATION

Each architecture is evaluated for coverage performance characteristics in Section 3.5.
These coverage characteristics are calculated in a realistic physics environment using Systems
Tool Kit (STK). This software package propagates satellites using High-Precision Orbital
Propagator (HPOP) including N-body effects from the Sun and Moon. STK uses a validated
physics model for all propagations. [135] The STK model is independently validated by its

developers.
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The sensor performance is calculated using link budgets, validated in peer-reviewed
publications. The navigation sensor performance was peer-reviewed, published, and presented at
Institute of Navigation (ION) Joint Navigation Conference (JNC) in 2021. [117] The
communications sensor performance was peer-reviewed and presented at the 2021 Cislunar
Security Conference. [112] The domain awareness sensor performance was peer-reviewed,
published, and presented at ION JNC 2022. [136] Link budgets are validated using “Historical

Data Validation” while all sensor performances are validated with “Face Validity”.

Similarly, costs are validated using existing models and peer-review opportunities.
Component costs are estimated using the non-proprietary version of the Unclassified Satellite
Cost Model (USCM). For components not included in USCM, professional estimates are used
and then validated in peer-reviewed conference publications. [136] USCM costs are
independently validated by USCM developers while professional estimate costs are validated by

“Face Validity”.

4.3.3 OPTIMIZATION ALGORITHM VALIDATION
The optimization algorithm is described in Section 3.6.1. The resulting Pareto front is

shown again in Figure 40 for comparison with additional figures in this section.
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Figure 40 Pareto Front

To validate the resulting pareto front, all 288 possible architectures are plotted in Figure

41. The 288 architecture configurations were determined in Section 3.2.3.
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Figure 41 All Architectures

The lowest cost, highest performance Pareto front is at the far left of Figure 41. To see
the Pareto front more clearly, the cost axes is zoomed to $400M - $1600M, shown in Figure 42.

Additionally, lines are drawn along the Pareto front to clearly differentiate the four optimal
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points. The point values in Figure 40 are compared with those in Figure 42 and found to be

1dentical.
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Figure 42 All Architectures Zoomed

Timing analysis is performed on the optimization algorithm. Running the optimization
algorithm takes 1.648343 seconds to identify the Pareto Front, while plotting the results of all
288 architectures takes 0.333877 seconds plus several minutes to parse the data. Considering the
plot of all architectures takes considerable time to parse the data, the optimization algorithm is a
much more efficient method of finding the Pareto front. Table 38 shows the timing data for each
optimization method in a side-by-side comparison. The optimization algorithm is orders of

magnitude better.

Table 38 Optimization Timing Analysis

Method Time to Complete
Optimization Algorithm <2 seconds
Manual Analysis of All Architectures >300 seconds

The optimization algorithm is validated by “Comparison to Other Models”, where the

other model is running all architecture options.
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4.3.4 SYSTEMS MODELING LANGUAGE MODEL VALIDATION

The SysML model is built in Cameo Systems Modeler™, which provides validation
strategies for the entire model or parts of the model. Invalid model elements are marked as
“error”, “warning”, or “info”. [137] Cameo Systems Modeler™ validation is run on the SysML

model resulting in no fatal errors. No comparable models exist for a cislunar system, so the

internal Cameo Systems Modeler™ validation is the validation method used.

4.3.5 OPTIMAL CISLUNAR ARCHITECTURES VALIDATION

The optimal cislunar architectures are validated using the “compare to other models”
method. Unfortunately, research on an integrated model of communications, navigation, and
domain awareness does not exist. But each function can be compared to previously researched

models.

For the communications system, research has resulted in a proposed physical architecture
placing satellites at Earth-Moon L2, L3, L4, and L5 [36]. This would be comparable to the
Lagrange Heavy constellation of this dissertation, which includes L1, L2, L3, L4 and LS. The
previous research does differ from the scope of this dissertation because it does not study Earth-
based or Moon-based architectures as options for an optimal communications architecture.
Another optimal communications system proposed uses a “flower constellation” of cubesats
around the Moon [37]. This second study is designed for a specific user on or near the Moon,
whereas this dissertation optimizes for the entire volume of cislunar space. Neither of these
studies match the results of the optimal communications architectures, which included Earth-
based and Earth-plus-Moon. The differences in optimal architectures between previous research
and this dissertation are due to (1) scope of physical architectures under study, (2) differing user

requirements, and (3) optimizing for a single system rather than a system of systems.
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For the navigation system, previous research has resulted in an effective architecture of
satellites in Earth-Moon L1, L2, L4, and L5 orbits, which is most comparable to the Lagrange
Medium constellation in this dissertation [45]. The previous study differs from the research in
this dissertation because it focuses on satellites in trans-lunar and lunar orbit whereas the
dissertation optimizes the entire volume of cislunar space. Additionally, the previous research
includes dilution of precision it the performance calculations, whereas the dissertation only uses
coverage. The optimal navigation architectures in this dissertation include the Lagrange Light
and Lagrange Heavy constellations. The differences in optimal architectures between previous
research and this dissertation are due to (1) differing user requirements, (2) differing evaluation

parameters, and (3) optimizing for a single system rather than a system of systems.

For the domain awareness system, an architecture of optical sensors have been studied for
use in cislunar space [59]. The study evaluates this architecture using solar exclusion angles,
solar phase angles, and lunar exclusion angles, which are not relevant evaluation parameters for
the RADAR system used in this dissertation. Additionally, resolution requirements are not
discussed in previous research, whereas the system in this dissertation is designed to meet
resolution requirements. Regardless, the resulting optimal optical architecture includes a
constellation of Low Earth Orbit satellites in the Earth-Moon plane. The feasibility calculations
included in this dissertation show that the RADAR payload far outperforms the optical sensor for
cislunar applications, which is why RADAR 1is chosen for the domain awareness sensor. The
resulting optimal domain awareness architectures in this dissertation include Earth-based and
Earth-plus-Moon. Terrestrial solutions are necessary for RADAR due to the high power

demands. The differences in optimal architectures between previous research and this
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dissertation are due to (1) differing requirements, (2) differing evaluation parameters, and (3)

optimizing for a single system rather than a system of systems.

4.3.6 VALIDATION CONCLUSIONS

Validation techniques are applied to all appropriate sections of the dissertation, including:
cislunar architectures literature review, performance evaluation, cost evaluation, the optimization
algorithm, and the SysML model. The cislunar architectures are validated using “face validity”
by peer-reviewed publication. Performance metrics are found using a validated physics-modeling
tool: STK. Cost metrics are determined using validated models when necessary and by “face
validity” via peer-reviewed publication when necessary. The optimization algorithm is validation
by “comparison to other models”, where the other model is an algorithm of all possible
architectures, and the optimal front is found manually. The SysML model is validated using

Cameo’s internal validation techniques.

In the next section, a summary of conclusions is provided along with recommendations

for future work.
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Chapter 5. SUMMARY

5.1 SUMMARY OF CONCLUSIONS
This section provides a summary of all conclusions made in the dissertation. The research

and work leading to the conclusions can be found in the referenced sections.

Chapter 1 provides the dissertation overview, problem statement, and literature review.
The dissertation begins with a summary of the research questions and research tasks guiding the
dissertation research. The research questions and tasks collectively summarize the research

contributions of this dissertation.
The research questions are summarized below:

1. Which evaluation technique, or techniques, are best applied to a cislunar system?

a. Multi-Criteria Decision Making (MCDM) is found to be the best technique for
evaluating the cislunar systems.

2. Which optimization technique, or techniques, are best applied to a cislunar system?

a. Multi-Objective Optimization (MOQO) with a Linear Program (LP) is found to be
the best technique for the cislunar system application.

3. What special consideration must be made when evaluating a System of Systems (SoS)
when compared to evaluating a single system?

a. A System of Systems, when compared to a single system, requires clear
communication across the lifecycle with the ability to evolve with enterprise-level
concerns, resulting in the need for an architecture developed using Model-Based
Systems Engineering. Additionally, uncertainty must be considered during

evaluation.
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The research tasks are summarized below:
1. Perform needs analysis of comprehensive cislunar space system
a. The needs analysis is performed during the Literature Review. The three primary
missions and eight supporting functions are identified during research of all
current and planned cislunar missions.
2. Develop a functional architecture of cislunar space to identify any gaps in current or
planned cislunar efforts
a. A Gap Analysis is completed during the background research on cislunar
architectures, included in Section 2.1.1.3, and in the creation of Cislunar
Activities Roadmap, included in APPENDIX A. Existing and missing
functionality for each supporting function is included in the summary tables
throughout Section 2.1.1.3.
b. The functional architecture is modeled using Cameo Systems Modeler. The
functional architecture includes appropriate Block Definition Diagrams (BDD),
Internal Block Diagrams (IBD), Activity Diagrams (ACT), Sequence Diagrams
(SD), contextual diagrams, and key interfaces.
3. Evaluate an integrated cislunar architecture which includes all necessary supporting
functions and primary missions.
a. The cislunar architectures are evaluated for the three necessary supporting
functions: communications, navigation, and domain awareness. These functions

support the primary mission, which are the users or “actors” of the system.
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b. Prior to optimization, each potential architecture is evaluated for cost and
performance. The cost and performance metrics are used to optimize the
architecture.

c. After optimization, MCDM with Evidential Reasoning (ER), MCDM without ER,
and a Kiviat Chart Assessment are used on the five optimal architectures of the
pareto front.

4. Optimize integrated cislunar architecture

a. A mixed-integer linear programming algorithm is used within a MOO technique
to find a pareto front of optimal architectures. Four optimal architectures are
found within the trade space of varying cost and performance.

Chapter 2 provides a summary of all research and programs in cislunar space is provided.
From this research, the three primary missions and eight supporting functions are identified. The
primary missions include science, commerce, and defense. The eight supporting functions
include transportation, communication, navigation, domain awareness, service, energy, shelter,
and control. For each supporting function, the programs and technology needed are identified.
For transportation, no additional programs or technology are needed. For communication, the
identified program is a relay link, and the identified technology includes a 50-meter ground
antenna. For navigation, the program needed is a Lunar Navigation Satellite System (LNSS). For
domain awareness, the programs needed include sensors of the lunar surface, sensors of lunar
orbits, and sensors of cislunar orbits. For the service function, the program needed includes
cislunar service satellite while the technology needed is in-situ resource utilization (ISRU). For
energy, the program needed includes cislunar refueling satellite while the technology needed is

ISRU. For shelter, no additional programs or technology are needed. For control, no additional
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programs or technology are needed. Note that although eight total supporting functions are
identified, only communication, navigation, and domain awareness are selected as the three
functions to evaluate and optimize in this dissertation because they provide the critical
infrastructure for a cislunar system. Additionally, research is presented on SoS, MBSE, system
architecture evaluation, and system architecture optimization. With this background research
established, the next step for dissertation work is to detail the approach for developing,

evaluating, and optimizing the architectures.

0 provides the methodology and relevant steps used to conduct the dissertation work,
including the SysML model, architecture modeling concepts, cislunar physics, architecture cost
evaluation, architecture performance evaluation, and architecture optimization. The Cameo
Systems Modeler™ SysML model is presented using the Model-Based Systems Architecture
Process (MBSAP), including a background on SysML, an Architecture Overview and Summary,
and the three viewpoints: the Operational Viewpoint (OV), the Logical/Functional Viewpoint
(LV), and the Physical Viewpoint (PV). The viewpoints are used to model the physical and
behavioral interactions of the cislunar system elements. Modeling concepts beyond MBSAP are
presented, including allocating requirements; modeling stereotypes; layered architecture;
executable architectures; patterns in architecture decisions; architecture optimization; verification
and validation; complexity; networking; Open Systems Architecture; and cybersecurity. These
concepts collectively inform the design of the architecture in real-world context, though are
formally included in the MBSAP. The six constellations and payload sensors for communication,
navigation, and domain awareness are designed and proved to be feasible in the cislunar
environment. Details the payload and bus cost estimates, including integrated bus cost estimates,

are presented. The cost estimates in this dissertation include results from validated cost models
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and estimates from industry experts. Each supporting function’s payload performance is
evaluated for each possible constellation using the STK physics-based modeling software. The
performance and cost metrics are used in the optimization function. The optimization algorithm
and the evaluation techniques used for the resulting pareto front are presented. The optimization
technique used is a linear program within a multi-objective optimization loop. Evaluation
techniques MCDM with ER, MCDM without ER and Kiviat chart assessment. With the
approach detailed, the next step is to apply the evaluation and optimization to the cislunar system

to gather the results.

Chapter 4 provides the optimization results, an evaluation of the optimization results, and
a summary of validation techniques used in the dissertation. First, the resulting Pareto front is
presented. The cislunar optimization algorithm results in four optimal architectures along the
Pareto front. The Pareto front exhibits asymptotic behavior, meaning that the cost increases
faster than the performance. Next, the optimization results are evaluated using MCDM with ER,
MCDM without ER, and a Kiviat chart assessment. Assuming that cost and performance are
equally weighted, the optimal architecture is found to be Architecture C. MCDM with and
without ER both result in architecture C as the optimal solution when cost and performance are
equally weighted. MCDM with ER differs from MCDM without ER at one out of eleven data
points. The Kiviat chart assessment is found to not be ideal for this application because it skews
strongly towards the low-cost options. Validation techniques are applied to all appropriate
sections of the dissertation, including: cislunar architectures literature review, performance
evaluation, cost evaluation, optimization algorithm, and SysML model. The cislunar
architectures are validated using “face validity” by peer-reviewed publication. Performance

metrics are found using a validated physics-modeling tool: STK. Cost metrics are determined
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using validated models when available and by “face validity” via peer-reviewed publication
when necessary. The optimization algorithm is validated by “comparison to other models”,
where the other model is an algorithm of all possible architectures, and the optimal front is found

manually. The SysML model is validated using Cameo’s internal validation techniques.

5.2 RESEARCH CONTRIBUTIONS
The research in this dissertation provides significant contributions to the academic areas

of Astronautical Engineering and Systems Engineering.

In Astronautical Engineering, the research area of cislunar space is comprehensively
studied. A needs analysis of cislunar space is performed, which identifies the three primary
missions planned to operate and the eight supporting functions necessary for the missions to
operate. A SysML model is presented for the cislunar system of systems. The SysML model is a
crucial component of architecture design due to the complexity of the cislunar system of
systems. The physics of cislunar space are explored. Six constellations are designed within the
circular restricted three-body problem to meet the initial operational requirements. Additionally,
payload sensors are designed to maximize the effectiveness of communication, navigation, and
domain awareness functions in cislunar space. The sensors are modeled within each constellation
and the coverage performance is measured. This research provides great insights for

organizations planning to deploy to the enormous, and dynamic, environment of cislunar space.

In Systems Engineering, several gaps in research are filled by providing processes for
designing, evaluating, and optimizing a large, complex system of systems. The complexity of a
system of systems requires model-based systems engineering, rather than document-based
systems engineering, during the design. The model-based systems architecture process is

presented for this purpose. In scoping the system of systems, a process for determining a set of
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alternatives is given. Next, appropriate enterprise-level evaluation parameters are chosen and
used to evaluate the hundreds of architecture options. An optimization algorithm is presented
which can handle multiple parameters in a non-differentiable environment; this is the multi-
objective optimization with integer linear program. The results of the optimization algorithm are
then evaluated using multiple techniques, while multi-criteria decision making is found to be the

most appropriate for system of systems as it accounts for the uncertainty.

In summary, this dissertation provides novel research to the areas of Astronautical
Engineering, specifically cislunar applications, and Systems Engineering, specifically in

designing system of systems.

5.3 FUTURE WORK

The future work section details scopes of effort that would provide benefit to the research
in this dissertation. Topics for future work include simulation, costing, additional parameters,
additional supporting functions, additional metrics, additional constellations, integrating the

functional architecture, and non-homogenous requirements.

5.3.1 SIMULATION

A simulation that can be useful in for this model would be to link the Cameo Systems
Modeler™ model to Systems Tool Kit (STK) via ModelCenter. Since access to ModelCenter is
not available for this dissertation, the simulation is described in theory. Using STK, values can
be populated into the Cameo Systems Modeler™ model and the performance predicted over
time. For instance, the communication and navigation satellites values can include coverage and
SNR. The domain awareness satellites values can include coverage. These five values can be
simulated over time (because the satellites are moving in orbit) which would give performance

metrics of these functions. The metrics can also be tied to the requirements to ensure that the
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designed system meets requirements. Using this simulation, SysML model requirements can be

automatically verified.

5.3.2 CoST ESTIMATES

Some of the cost estimates for this dissertation were conducted using professional
estimates from industry subject matter experts. For more accurate results, future work can
include cost estimates from validated models. Specifically, the model for the integrated bus
could be replaced with more accurate equations. Also, the component costs which are based on

earth-orbiting satellites should be improved to include additional shielding.

5.3.3 OPTIMIZATION PARAMETERS

Future work can use different optimization parameters, resulting in different optimal
architectures. For instance, the cost can be held constant at some reasonable number based on a
program budget while the performance is optimized for all three supporting functions.
Alternatively, the supporting functions can be weighted depending on stakeholder priorities. For
instance, if a defense stakeholder wanted to prioritize domain awareness, then that function can

be given a higher weight than communication or navigation for performance and cost.

5.3.4 ADDITIONAL SUPPORTING FUNCTIONS

Eight total supporting functions were found in the background research of this
dissertation, though the three critical functions were chosen for evaluation and optimization.
Future work can include additional supporting functions with cost and performance parameters.
Some of these functions can be integrated as well. For instance, the service and energy functions

are highly coupled, resulting in integration opportunities.

5.3.5 ADDITIONAL METRICS
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For the performance evaluation of each constellation, only the coverage metric is
evaluated. Additional metrics can provide further insight into the architecture's performance,
especially if additional supporting functions are added. For instance, dilution of precision (DOP)

is an important metric for the navigation function.

5.3.6 ADDITIONAL CONSTELLATIONS
Six constellations are designed in this dissertation. There are many more constellations
which exist in the cislunar trade space. Based on the research in this dissertation, it is suggested

that future research should first look at more options for hybrid solutions of earth plus space.

5.3.7 INTEGRATING FUNCTIONAL ARCHITECTURE

This dissertation addresses a strategy for integrating different payloads onto a single bus,
which is an integration of the physical layer of the architecture. Future research could address
integrating functions at the functional/logical layer of the architecture. For instance, current
strategies for space-based communication and navigation are integrating these functions together

such that a single signal could provide both functions.

5.3.8 NON-HOMOGENOUS REQUIREMENTS

For this dissertation, a simplification is made to the requirements by assuming that all
three primary missions have the same basic requirements. The requirements studied include the
worst-case requirements such that the architecture provides the necessary functionality for all
three missions. Future research could include developing an architecture that provides different
requirements for different missions. As an example, a defense user may want an increased level
of fidelity for domain awareness for a specific period. The architecture could be designed to

provide the flexibility to meet these time- and quality-based requirements.
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5.3.9 FUTURE WORK CONCLUSIONS

This dissertation provides a starting point for many avenues of additional research. The
dissertation work can be replicated using 0 and then expanded upon. Suggested topics for future
work include simulation, improved cost estimates, varied optimization parameters, additional
supporting functions, additional metrics, additional constellations, integrating the functional

architecture, and non-homogenous requirements.
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APPENDIX A.

CISLUNAR ACTIVITIES ROADMAP

Organization | Program Deployment | Orbital Primary | Sub- Functions Sub-
Schedule Location | Mission Missions Functions
Lunar Lunar unknown multiple science science
Exploration Exploration theme
Analysis Roadmap
Group
(LEAG) feed forward
theme
sustainability
theme
International Global unknown multiple science human
Space Exploration exploration
Exploration Roadmap
Coordination
Group human
(ISECG) habitation
transportation
National Gateway 2024 near- science human
Aeronautics (Power and rectilinear exploration
and Space Propulsion halo orbit
Administration | Element, (NRHO)
(NASA) Habitation
and Logistics
Outpost,
Deep Space
Logistics)
transportation robotic
staging point
human staging
point
service
LunaNet unknown lunar navigation
orbit communication
SLS unknown translunar transportation
Orion 2024 translunar transportation human
transportation
Artemis Base | unknown lunar science human
Camp surface exploration
Commercial 2024 lunar commerce
Lunar Payload orbit
Services lunar : g I land
surface ransportation unar landers
Human 2021 unknown | commerce
Landing (preliminary
Services design i h
review) transportation uman
transportation
Exploration unknown terrestrial transportation launch
Ground
Systems
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Deep Space 2024 terrestrial communication
Network
Volatiles 2023 lunar science soil samples
Investigating surface
Polar
Exploration
Rover
Lunar Ground | unknown lunar control tt&c
Stations surface
Exploration unknown unknown communication
Extravehicular
Activity
System
transportation Human
Transportation
Lunar Terrain | 2024 lunar transportation Surface
Vehicle surface Transportation
Habitable unknown lunar transportation Surface
Mobility surface Transportation
Platform —
communication
shelter
Foundation unknown lunar science human
Surface surface habitation
Habitat —
communication
shelter
Lunar/Mars unknown lunar energy nuclear fission
Surface Power surface power
ISRU
Lunar Surface | unknown lunar energy ISRU
Innovation surface
Initiative
Lunar GNSS 2023 lunar navigation
Receiver surface
Experiment
(LuGRE)
Cislunar 2022 near- navigation
Autonomous rectilinear
Positioning halo orbit
System (NRHO)
Technology
Operations
and
Navigation
Experiment
(CAPSTONE)
European Moon Village | unknown unknown | science human
Space Agency exploration
(ESA) commerce | tourism
Moonlight late 2020's unknown navigation
Initiative
communication
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European late 2020's unknown transportation uncrewed /
Large Logistic supply
Lander
Lunar 2022 unknown communication relay
pathfinder
spacecraft
Luxembourg Space unknown n/a commerce | policy
Space Agency | Resources
Advisory
United Launch | Cislunar-1000 | unknown translunar | commerce
Alliance transportation
(ULA)
Spudis Lunar Develop unknown unknown | science
Resources Cislunar
Space Next -
transportation
Orbital ATK / | On-Orbit 2020 GEO service
Northrup Servicing
Grumman
AFRL Cislunar unknown unknown space domain
Highway awareness
Patrol System
(CHPS)
Autonomous unknown unknown service assembly &
Depot manufacturing
Operations in
XGEO
(ADOX) energy refueling
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APPENDIX B. ADDITIONAL MODEL DIAGRAMS

The ACT is a key tool in the behavioral perspective. The ACT in Error! Reference

source not found. shows a mission thread of a science mission with activities linked to

appropriate blocks and actors.

Anstyzanesians |

®

Figure 43 Activity Diagram
The primary data entities discovered in requirements analysis include:

e Control Data

o TelemetryTracking&Control
= Telemetry
= Tracking
* Commands

o FaultDetectionRecovery
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o Payload Data

= Anomaly Resolution

o Navigation Data

= Navigation Message

For the data perspective, the CDM is defined with foundation data classes shown in Fig.

3. Since all data flows through the control system, TelemetryTrackingControl,

FaultDetectionRecovery, PayloadData, and NavigationData are generalizations of ControlData.

Note that data blocks are stereotyped as <<InfoElement>> and therefore <<abstract>>.

bdd [Package] Data[ ConceptualDataModel 1_)

sblocks
wAbstracts
«InfoElements

ControlData

[

ablocks
«infoElements

TelemetryTrackingControl

ablocks
winfoElements

FaultDetectionRecovery

ablocks
«infoElements

PayloadData

s

sbilocks
ainfoElements

TelemetryData

wblocks
winfoElements

Commanding

wblocks
«InfoElements

TrackingData

wblocks
winfoElements

AnomalyResolutionData

sbiocky
wAbstracts
«infoElements

MavigationData

sbipcky
«infoElements

NavigationMessage

Figure 44 Conceptual Data Model

Table 39 shows a mapping of system services down to blocks. Communication,

Table 39 Service to Blocks Mapping

able to implement a service-oriented architecture (SOA).

navigation, and transportation services are included as these are the most likely domains to be

System Service

Use Cases ‘

Domains

Domain Services

Blocks
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PerformCommunication OpenCommService L1CommSat
CommunicationService TT&C CommunicationDomain SecureCommService
GroundAntenna
UseSecureComm TT&Cservice
OpenNavService GPSConstellation
NavSatL2
NavigationService PerformNavigation NavigationDomain
SecureNavService NavSatL4
NavSatL5
PerformScience LaunchfromEarth
TransportationService PerformCommerce TransportationDomain ManeuverToCislunar Launch Vehicle
PerformDefense ManeuverToEarth

The first diagram of the LV behavioral perspective is the STM. This diagram models

stateful behavior, specifically for the communications domain shown in Figure 45.
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=tm [State Machine] OpenCommunication [ OpenCommunication I/J

SendCommand

entry / CommandReceive
do / CommandToSatelite
exit /| CommandAckReceived

, )

! Commandack ! CommandToSatelite ! SendData

| SatellitelmplementCommand | | AnalyzeTelemetry |

entry / CommandReceived
do ! PerformCommand
exit ! SendCommandCompletefck

gntry / TelemetryReceive
do !/ TelemetryAnaltyzed
exit/ Analy=isComplete

! ReceiveReguest ! SendTelemetry ! SendAnomalylata ! CommandRezend

| CollectTelemetry |

entry / TelemetryReguestReceive
do / PackageTelemstry Pt
exit / TelemetrySent

AnomalDetected

NO .
5 [VES]
AnomalyDetectionResoluti
'} an
\-'5 entry / AnomalyDataReceived

do ! DetermineCOA
exit ! AnomahlyRe=olution

Figure 45 State Machine Diagram

The LV behavioral perspective includes a SD with timing analysis. Included in this paper
is an SD of the AnomalyResolution thread. Lifelines are assigned to the operator and each data

source: commands, telemetry, anomalies. Additionally, timing analysis is shown with {min...
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max} values for each interaction. The sequence diagram for AnomolyResolution is shown in

Figure 46.

sd [Interaction] AnomalyResolution| AnomalyResolution ]/J

Operatorinteractions OpenCommanding | |OpenTebemetry | |0penAnamal:yResolution
T

T
| |
: 1: CommandStatus :

T
|
|
|
|
2 Commandack s m?nut&s..aﬂ minutes}
|
= |

3: RequesiTelemgtry

M

4: SendTelemetry

10; AnalyzeAnomaly

5: AnalyzeTelemetry
L] b 41 hour..2 hours}
| |
| |
| |
- &: CommandanomalyData | |
| |
7. Commandéack] | :
2 Requ&st&numaryDﬂtlh I 15 minutes..30 minutes}
P
|
|
|
B 8. SendénomalyData :
|
|
|
|
SIS |
|
|
|
|

{1 hour..24 hours}
|

- 11: Command&nomahyResaolution

{5 minute..30 'minutes}

12: CommandAck2

Figure 46 Sequence Diagram

In the data perspective, the CDM is decomposed to include data values and operations to

build-out the Logical Data Model (LDM). Figure 47 shows the associations of communication
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data into control data and navigation data. Additionally, detailed data values and operations are
defined for each data point. Data is expected in each domain of the cislunar system, thought the

diagrams focus on communications, control, and navigation data.
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bdd [Block] CommunicationData [ CommunicationData IJ
«blocks
wblocks aServicelnterfaces
«Servicelnteriaces SecureCommService
OpenCommService pars
naits SecureTT&C
openC: ications © OpanC ications [1] SecureAnomalyResolution
valses vl
OpenTelemetry [1] SecureTelemetry | Complex
OpenCommanding [1] SecureCommands - Complex
OpendnomalyResalution [1] SecureAnomalyData : Complex
co mmunicatinnDat!l co mmunicatiunDatal_,
ablocks
aAbstracts
«infoElements
e i
vaivss
Telemetry
Commands
AnomalyData
NavData
CommaAck
SendData()
Receivelatal)
DataAck()
N \
CommunicationData block utiizes
overarching services of
SecureCommService and
OpenCommService
«blocks «blocks sblocks
wServicelnterfaces wSenvicelnterfacer wServicelnterfaces
TT&CService OpenNavService SecurcNavService
contrU\DatalnteriaceI controlDatainterface
winterfaceBlocky
Control face
Telemetry S
Commands
AnomalyDetails
CommAck
receive() : Telemstry
send() : telematry
receivel() : commands
send() : commands
recetve() : anomalydata
send() : anomalydata
navigationDatalnterface navigationDatalnterface navigationDatainterface
winterfaceBlocks
igationD face
NayData
send() : NavData
receive() - navdata

Figure 47 Communication Data LDM

In Figure 48, the control data is further defined by its components: Telemetry, Tracking,
and Control (TT&C) and Fault Detection, Isolation, and Recovery (FDIR). Values and

operations are defined for each block in the control data diagram.
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bdd [Package] Data[ ControlData I,J

ablocks
whbstracts
«winfoElements

ControlData

walues

Telemetry
Commands
AnomalyDetails

Receive() : Commanding

Send() ; TelemetryData

Send() : Payloadlata

Send() ; AnomalyResolutionData

IF

wblocks
winfoElements

TelemetryTrackingControl

v2lues

BusStatus
PayloadStatus
Command

Ack

operations
Receive() . Commanding
Send(): TelemetryData

ablocks
«infoElements
FaultDetectionRecovery

AnomalyData

Receivel) : f.‘-l:;mn'i;a ﬁdin q
Send() : AnomalyResoluticnData

T

&blocks | ablocks sblocks
«InfoElements winfoElements ainfoElements
AnomalyResolutionData TelemetryData Commanding
valies ] yalues walies

PayloadAnomaly BusStatus Command
BusAnomaly PayloadStatus Ack

Opersimons OpEranons operaiinnRs
CollectAnomalyTelemetry () ColleciTelemetry() SendCommand()

Figure 48 Control Data LDM

Figure 49 further decomposes the navigation data into the sub-block of the navigation

message with appropriate values and operations.
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bdd [Package] Cata[ NavigationCata I_'J

wblocks
abbstracts
zInfoElements
MavigationData

el
WIS

MNavlata

L T

Send(): N ia- ;' i-g.a'tiu-n Meszage

T

ablocks
winfoElements
NavigationMessage
Positio nJI-};t:i“
MNavieszage
Timelata

DOErEIons

mmputépu sition(h
computetime(}

Figure 49 Navigation Data LDM

In the LV, the service taxonomy is further decomposed from the system service to the

level of parameters. This mapping is detailed in Table 40 for the communication service.

Table 40 Service to Operations Mapping

System Service Use Cases Domains Domain Services Blocks Parameters
TT&Cdata
PerformCommunication OpenCommService L1 CommSat AnomalyData
MissionData
Communication Communication
Service Domain
TT&C SecureCommService TT&Cdata
GroundAntenna AnomalyData
MissionData
UseSecureComm TT&Cservice
Navigation Navigation PositionData
&2 PerformNavigation £al OpenNavService GPSConstellation NavMessage
Service Domain TimeData
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PositionData
NavMessage
TimeData
TT&C

NavSatL2

PositionData
NavMessage
TimeData
TT&C

SecureNavService NavSatL4

PositionData
NavMessage
TimeData
TT&C

NavSatL5

PerformScience LaunchfromEarth FuelRequired
Transportation Transportation . FuelAvailable
Service Domain Launch Vehicle LaunchWindow

ManeuverWindow

PerformCommerce ManeuverToCislunar

PerformDefense ManeuverToEarth

A layered architecture concept is used to model SOA. Error! Reference source not
found. shows the overarching services and their flows in a layered SOA. Error! Reference

source not found. shows the interfaces within the Control Service.
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bdd [Package] Service[ LayeredS0A 1')

ablockn
«Servicelnterfaces
oLty " [controlService CommunicationService
ControlService
HumanMachinelnterface : ControlData Biock
PresentationAndClientServices : ControiData o "mv'S; .
MissionApplicationsAndServices : ControlDatacf, . curi rvice
PlatforminfrastructureServices : ControData Joaniraicenics arfs
PlatforminfrastructureResources ; ControlData OpenData : OpenCommunication

SecureData : CommunicationData

Figure 50 Layered SOA BDD

ibd [Biock] ControlService [ ControlService ]J

CommunicationService L
| HumanMachinelnterface : ControlData }—<—,_"b_[_

MissionApplicati AndServices : ControlData |_‘7

| PlatforminfrastructureResources : ControlData

+ + SecurityService _[]
| Platforminfrastructure Services : ControlData }—q—?—

| PresentationAndClientServices : ControlData }_47

Figure 51 Layered SOA IBD

Error! Reference source not found. shows three equations within the communications
domain. The first equation calculates the link delay based on the range of the satellite. The
second equation calculates the mass based on the number of satellites and size of the satellite
bus. The final equation uses a cost model to calculate the cost based on the mass. These

parameters are used to assess system performance and costs used in optimization and evaluation.
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par {Block] Wodal[ ParametricDingram |’]
: CommunicationDomain |
Satellite : Sateliite ‘Constellation_L1: Constellation_L1 |
[ number_sateliiles ] m“!__:lcr__,uu:lrmj -Ra;uc [ ﬁnk‘_dl:ll_'l'"
“cost | total_mass | [‘speed_of_tignt |
St = ) |
cost total_maze =EE] satalltes Dus_mees range Ink_delay epaed_of_light
| | | [ | [ | |
acanstraints esoonsiraints «congtrainis
CostConstrant : CostConstraint MassConstraint : constraimtBlocky LinkDeloyConstraint : LinkDelayConstraint
{coat= 1879 ™ (tolal_mass * 2 2050 6883) {mass = zatelles ® bus_mass) {ink datay = range / sp2ed_of_lght}

Figure 52 Parametric Diagram

Error! Reference source not found. shows an implementation of a local area network
(LAN) and a wide area network (WAN) set-up for the cislunar control system. The internal
network, LAN, connects the space operator with the internal server and communications
antenna. The communications antenna uses an RF signal to get data to/from the space-based
objects. The LAN is connected to an external network via WAN. Data transferred via WAN
includes other satellite ephemerides, contact schedules, and other mission-specific data that

should be shared among different missions.
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Mission
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Centers
LAN
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Operator Central File and
Workstation Applications Server

Communication
Antenna to Satellites

Figure 53 Networking Diagram

Error! Reference source not found. shows the network methodology implemented as

an IBD within the Control Domain.

ibd [Block] ControlDomain | ControlDomainiBD ]J
‘ : r_o_ute_r|_4| ps CommunicationAntenna ps r
'"—4i :Userinterface [ P2 P! g p3 pi {j_:_s_ervT|
£ ||—|
: SatelliteOperator L —— —‘ =
pd Py
D—| p D ExternalNetworks : ExternalNetworks |

Figure 54 Control Domain IBD

The following table compares the networking approaches to primary SysML modeling
diagrams. The linear bus approach is chosen for the cislunar system to maximize compatibility

with legacy space systems.

Network Approach Activity Sequence State Machine Diagram
Diagram can describe the state
Diagram documents linear flows Diagram can show User changes in a linear bus
Linear Bus and actions, easy to implement interactions and timing, easy to architecture. State machines
linear bus architecture. implement linear bus better used for more complex
behaviors.
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Ring

Activity diagram better shows
linear flows of actions but can
only show one thread of the ring
implementation.

Sequence diagram better shows
linear interactions but can show
one thread of the ring
implementation.

State machine diagram is an
excellent way to show the cyclic
behavior of the ring architecture.

Star/Tree

Activity diagram shows the
linear flows and actions with
loops to document the to/from
nature of the hub.

Sequence diagram can show the
linear interactions and timing
with loops to document the
to/from nature of the hub.

State machine diagram can
accurately document the state
transitions between the systems
and hubs of the star/tree.

Star-of-Stars

Activity diagram can document
an example thread but may not
accurately depict all possible
flows due to non-linear structure
of star-of-stars architecture.

Activity diagram can document
an example thread but may not
accurately depict all possible
interactions due to non-linear
structure of star-of-stars
architecture.

State machine diagram is best
diagram to implement this
nonlinear, complex architecture.

The assets in the cislunar system which require cyber protection are within the control

domain. This is where the user interface (UI) and all data flows reside. Vulnerabilities include

physical attack, insider threat, and malware.

Security controls that could mitigate the primary vulnerabilities include access control,

personnel training, and firewalls.

During system development and procurement, cybersecurity must be considered,

especially the following steps:

- Information Protection Needs (Include Abuse Cases in Software (SW) Requirements/Use

Cases)

- Security Requirements Analysis (include security risk analysis in requirements,

architecture, and design)

- Embed Security Architecture Elements (include security functions and features in the

design)

- Embed Security Functions/Features (include testable security functions and features in

requirements)
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- SW Development Security Testing (include vulnerability detection in design and code
reviews; include risk-based security vulnerability testing and scanning during
development and in system test)

- SW Security Test (perform penetration testing during system test and operations)

- Deployment (implement software on secure, hardened servers with no access by
programmers to the production environment; retest regularly for security and patch any
vulnerabilities discovered or reported)

The control domain contains the boundary security features, modeled in an IBD in

Error! Reference source not found..

iibd [Bloch] Structure | 887-BoundarySecuriy ] J

L vPH et L T DR
a0y e ToternalSwiteh : InternalSwitch - 62 i 52 [ intcmalFirewall: InternalFircwall
| 1 T s i T

&N/ Frewal

Figure 55 Boundary Security IBD

Two-factor user authentication is also implemented in the control domain for additional
cybersecurity. This is a behavioral feature and modeled in a SD in Error! Reference source not

found..

197



gd [Interaction] Userfuthentication [ UserAuthentication I_J
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2. SendLoginRequest
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e
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Figure 56 Two-Factor Authentication SD
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APPENDIX C. A PROCESS FOR EVALUATING AND OPTIMIZING A SYSTEM OF SYSTEMS

APPLIED TO CISLUNAR SPACE

The following paper was submitted to the Open Journal of Systems Engineering on January 20,
2023. The paper is pending feedback.
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A Process for Evaluating and Optimizing a System of
Systems Applied to Cislunar Space

Laura Dhaffy
Department of Systems Enminesrme
Colorado State Umiversity
Fort Collins, CO
lduffyfaicolostate.edu

Abstract — This paper offers a systematic method for
evalnating and optimizing & system of systems. This method
15 applied to a cislonar system of systems. A meeds analysis
is performed, identifring the key functions of the system of
srstems. The Model-Based System Archifecture Process is
applied for preliminary design of the system of systems. The
problem iz scoped miing down-selection and developing a
set of architecture alternatives. Evaluation parameters are
chosen and wsed to evalmate the set of architectures. The
resultinz architectures are optimized nsng Mula-Objective
Optimization, resuliing in a Pareto Fromt. The few
architeciores of the Parete Front are evaloated nsing Multi-
Criteria Decizion Making with Evidential Reasoning, which
incorporates uncertainfy. This method resulis in an ideal
architectare, or a set of ideal architectores, which can be
prezented to the svstem of systems stakeholders.

Eeywords - system of systems, system architecture,
cislomar

I PROBLEM STATEMENT

The process presented m this paper provides & sysiematc
mathod for evaluating a lazge, complex System of Systems
{505). The method is spplied fo & cislonar Sof%, which
inchides the communication navigaton, and domain
awareness funcoons necessary for operations beyond Earth o
the Moon. A well-defined process becomes mosi mportant

Jim Adams
Department of Systems Ensinesring
Colorado State University
Fort Collms, CO
jim. zdams(dicolostate edu

when large cost: are needed 1w deploy the So%. For the
cishinar 505, the architecire costs range from 55000 o
$1.58, ustifying the need for an objectve evaluanon method.

This paper provides 3 process for the design evaluation, and
opumizaiion of a 505 with an example spplication The
processes are applied to a cizslumar Sof to provide an examples
fior each methodology. The complexity of a 505 requires
Model-Bazed Svsiems Enpmeanng (MBSE). rather than
dooument-based systems enginsermz, during the system
desizn phase [I]. The Model-Based Systems Architecmre
Process (MBSAP) is applied for this purpose [2]. o scoping
the S05, a process for determining a set of aliernatives iz
Eiven. MNext, spproprizte enterprize-level evalnation
parameiers are chosen and used o evaluate the himdreds of
architecmre optons. An optimizaton alzoriton is presented
which can handle multple parameters in 4 non-differennahble
environment; s is @e muli-objectve opamization with
integer linear program The resulis of the optimiranon
alzonthim are then evaluated wing multiple technigunes. Munlt-
Criterta Decision Making (MCDM) with Evidental Feasoming
(EF) is found to be the most appropriae for So5 as it accounts
for the nocertainty [3]. Thiz process can be applied to a vanety
of 505 evalistion and opimization problems. Fig. 1 shows an
actvity diagram modeling the architecture evaluaton amd
optmization process decumented in this papar.
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In the remzinder of the paper, Section IT provides a summary
of relevans work complated in the field of 505 evaluation
Sectica T defines the cishinar applicaton and provides the
results of 3 meeds analysis for cislunar eperatons. Section IV
summarizas the method for modeling a 505 inchiding an
application of MBESAP. Section V' provides the process for
sroping the problem. including down-sslecting and
developing the sat of alternatives. Secton VI describes the
process of architeciure evalustion usmg MCODM with ER
Section VII defines the method for optimizing the
architecmre. Finally, Secdon VIII summarizes the conchisions
of the paper, inclnding recommendations for additional
resaarch

L. RELEVANT WORE

Piesearch suzgesis that uncertainty is an mmportand coteron b
consider duringz architecture evaluation [4]. Stmkeholdes
smkiguity is 8 common issue darmg system design. Besasrch
sugzests that this ambipumity can be designed for. The sources
of ambizuity can be characterized and modeled to make
agsessments o the architechure trade space [3].

The Architecnre Tradeod Analysis Method (ATAM} is 2
linear method of assessmg architecres. It was desizned for
sofimrare systems, but the concepts can 2pply 10 noa-software
systems [§]. The main disadvantages of ATAM iz the lack of
feadback opportimities: For instence, if new information is
fomnd during invesigarion or \estng, there is Do oppormmicy
1o improve the architecmme.

The Cuality Atribate Workshop (QAW) & & system
architecture evaluaton methed which snalyzes the model
against critical anributes. The attmbures are assessad
subjectively by analyzing behavior of the moda] in cermin
srenatios [7]. This method is highly dependent upon the
architect’s mferpretation of the snalyzed behavior.

A Fiiat chart alse known 2s a spider chart, 1s a way to
graphically display dam with muolople variables o assess
performance and wesknesses. Using Fivist chans, the
architect can visually sssess if an srchifeciire possesses the
needed qualities. 4 gquanfitstive sssessment can also be
obtained by calcnlatng the sres of each polygon [E]. This
method 13 valnersble to the selection of approprate key
performance atributes. The Eiviat visnalizanion also lacks the
ability to show prionty or weights o the key performance
attributes.

MCDM i3 2 powerful archifechore assessment method bacamnse
it can be applied 20 8 50%. The first step in MCDM is to define
the quality atributes (high lavel characterisacs), sub-atribues
(mid-level charactenstcos), snd measures (Jow-level
chararteristcs). ER. can be applied with MCDM to handla
quantitsiive snd gualitstve atmbutes. ER. zssessas each
atimibute using messurable grades, 3 belief strocmre, and furzy
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which assigns a grade to ezch atiribute and then the degree of
cemamiy that the grade can be applied [3] [9]. This method
was researched to be nseful in 505 evaluaton and is used in
this paper during the evaluation of the Pareto opiimal
architecmres [3]

IO DEFENING CISLUNAER

Im thiz paper, cishinar space iz defined as the volume of space
beyond Geosynchronons orbit (GEO) to the MMoon®s orbiz,
incinding the five Earth-Moon Lagrange points. Lagmange
poms are points of gravitzional eguilibriom which can be
used for orbits with long dwell fimes relagve o the Moon's
orbit [10]. Fig. 2 shows the defined volume space with Esrth
and Moon pichared as references.

Fig. 2 Cishevar Space

A peads analysis of cislunar space ideniifies 3 primary
missions and 8 supporing functons necessary for cishmar
operafions [11]. The primary missions are the planned users of
cishinar space. The primary missions are Science, Commerra,
and Diefense. The suppoming fanctons provide the necessary
infrastrectore for cisluear operations. The fimctions inchade
Transpomztion, Communication, Mavigatdon, Domain
Avwarsnsss, Service, Energy, Shelter, and Conirol [11]. The
architectnres in this paper foons on providing the necessary
supporting foncuons for nitial operanons in cishanar space. A
mappmg of service to funchons with the critical fonchons
highlighted i= shown in Fig_ 3.
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IV. MODELING THE SYSTEM OF SYSTEMS
4. METHOD

MESE is a tool which allows sysiems enginserng o manage
complex sysems. MBSE allows the systerms snginesr to build
oo infeprated digital model of the system, rather than
following wadifional document-based sysiems enginesrmg.
The mode]l can be easily updated throughout the lifecycls of
the sysiem. The updates are automatically propagaied
taroughout the model and checked for validity. With large,
complex systems with oumerous components and mierfaces.
WMBEE iz neaded to ensure design changes ars compatble
across the system [2].

One method for mplementing MBSE is the MB2AP MBSAP
is chosen bacauss &t offers 3 framework snd methodology for
systematic applicaton of MBSE 1o 2 wide range of sysiems
during snd beyond sysem design [12]. MEBSAP prescribes 3
mathod for developme architecmres nsing Systems Modeling
Lanpuage (SysMML). MBSAP utlizes thres viewpoints o
desizn and decompose the architecnire to the necessary level
of detail. The viewpoins mclode COperatonzl Viewpomn
{07}, Logical Functional Viewpoint (LV), and Physical
Viewpoint (V) [2]. In the OV, the zystem boundary, confext,
domains, primary behawviors, and prumary dafs confent are
modelad In the LV, the domain decomposition, bebaviorsl
decomposition, md logical dsts model are modeled In the
PV, the physical components, stendsrds profile. and physical
daiz mode] ate modeled [2].

For each viewpoint, several perspeciives can be melndad for
that phase of design TABLE I outlines each viewpoint with
cormesponding perspectves and example diagrams [2].

! The full 5vsML modsal iz availshle at
htips:Fmithmb. com Taursduffy-asioo/'cislanar

TABLE IMESAP MAPPING [2]

Viewpoint | Perspectives | Example SysMT Thagrams
Stactural Block Defmition
Bsehavioral Use Caze
o Dats Elock Defmition
Services Table
Comtexmal Use Caze
Strncfural Internal Block
Bahavioral Activity
Ly Data Block Definition
Samvices Takble
Contextual Use Case
Diesizn Block Specifications
o Standards Table
Diats Internal Block
Sarvices Inmterface Block Specifications
Comfexmual Use Caze

The Sysiem Architect mmsi nie best judzement and knowledze
of the systemn requirenzents to determine which disgrams aid
in the desizn of a specific systern The Syl modeliz a
powerfid ol throughons the Lifecycle of the system incinding
dezizn, developinent, operations, and disposal. This papar
fomses on modeling for the purpose of desizning architeciuras
for evaluaton.

5. APPLICATION

For the Crzlunar So5. MBSAP is applied to desizn the
architectare which drives the evaluation and optimvization of
the S0%. Disgrams for each viewpeoint are developed
specifically for the needs of architecmre evalnstion and
opiimization Example disgsrams are shown in this paper’.

il CISLUNAR OPERATIONAL FIEWPOINT

Im the OV, the stuciural perspective is designed with a
domain decomposition dizgram the behavioral perspeciive is
desizned with & nse case disgram. snd the contexmeal
peTEpectve iz designed with 3 ute case diagram.

The domain dizgram uses a block defininion diagram (BDIN
1o specify the key relatonships beoweesn block and nsers,
shown in Fig. 4. The primary missions are modeled as aciors,
zaparate from the blocks which compose the cishmar 505
model. Blecks which are considered for evalnaton are tzgged
with the “UnderEvaluafion” stersotype and hizhlhizhied m
blus.

The So5-level nse cases are specified in a Tse Case Diagram
{UC). The use cases documment key bebaviors] relationships
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befwesn actors and system nse casss, shown m Fizg 5. The use
cazes aTe decomposed to & level such thar necessary funcdons

For the contextnal perspecitve, 3 UC can be nzad to document
conrexmal relztionzhips within the Sy L model Sysiem
context for the OV mclndes enviromment nsers, extermal
zystem capabilities, and lagzal consmaints.

2 CISLUNAR LOGICALFUNCTIONAL FIEWPOINT
In the 1LV, the simuciaral perspective is decomposed with
internal block diazrams and the behaviomal perspectve 1z
decomposed with iming analysis in & sequence diaeram.

{ ot Pacongs: B o e

While these diagrams do mfonmn the more detailed design of
the architecure, they do not drve the architecmre evalustion
or opimization o this paper.

3l CISEUNAR PHTSICAL FIEWPOINT

In the PV, the stactural perspective is farther decomposad
with block specificanons and the standards parspechve Is
desizned with 2 rzble. While these dizgrams do inform the
more detzilad desipn of the architecture, they do not drve the
architectare evaluation or optimization m this paper. The
cishinar PV is presented in this paper after the evaluation and
OpUMizaTion process is apphisd
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V. SCOPING THE PROBLEM
4 DOWN-SELECTING
¥y METHOD

With a large %05, scoping the problem in terms of the
stakeholder concemms and enterprise level nesds more

efficiently idenfifies candidate srchitectures: Solving & Sof in
its enorety requires vast resources due to neh levels of
uncertaingy, complaxity, and emermant behavior. For aoy 505,
the sysiem architect must identify the key fincnons necsssary
for operating scross the enterprise. Down-seleciins
specifically includes choosing a subser among a setof
architecmre possibilines [13].
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Az 3 preliminary down-selecing method, the Sof
Tequurements can e used 35 consirainm w elimimate
architecmres which do not meet requirements. For instance,
the stakeholder may have 8 budzer which consirains the set of
possible archirecmres Addinonslly, down-zelecang 1= spplisd
when the scope of the stady is applied. Finally, & physics
maode]l can be incorporated while down-zelectung to further
consirain the sat of architecmre slternatives,

2 APPLICATION

Stertmg wiih the § supporing functions. the cshinar system
can be classifed a5 a complex 505, Inital archiecare smidies
are scoped such that the focns is on the fimctons necessary for
initial operations. The bare-minimum functons identified for
imitial cislimar eperatons mchide Commmucatnons,
Mavigation, and Diomazin Awareness [14]. These 3 fanctions m
combinanon are sull definad as = 505, therefore special desizn
processes mmst be used, moluding looking at enterprise-level
ohjectives snd accounting for uncenainty [3].

A physics mode] is applied during the down-selection of the
cislunar archiecnres with the MNavigation and Domain
Awareness constellations. Dioe to the preseace of navizaton
zatellite systems, the cishmar Mavigztion system cannot
ransmit from Earth beczuse this would cause interference
with legacy navization systems [15]. Addinonslly, space-
based domain awareness fransmitters are found to be
insuificient (o mest the reguirsments of cisinnar space, so ooly
terresirial applicatons are assessed for domam awarenass

[14]

B. SET OF ALTERNATIVES
1 METHOD

For each fumrtion identfied during down-selecting, an
sppropriate sef of alternatives mmst be foumd. For this step m
the process, it is important o incorporate stakeholder needs
and enzinsermg expertise to fomnlate nsefnl and feaziblz
options. The set of aliermatives can be operationsl,

logical fonctaonal, or physical depending on the naire of the
function. The set of altenatves must remain within the
problem scops and constraints may osed fa be applied in this
step of the process. Each addrtonal architecture opden for the
functions ceuses exponental growth in the nomber of possible
archirecmres [13]. TABLE IT shows an example set of
altemnatives for genenc funcdons. In thizs exampls, only 4
alternafves are chosen for the thres functions, bt thiz results
in 4*4*4=54 poszible archirecmres. &4 architecmres are mot
easily processed manually and likely wonld need an
evaluation snd opfimizaton method 3s presentad m this paper.

TABLE N EXAMPLE SET OF ALTERMATIVES

Function Set of Altermaiives
Funct {asltermative_ 1, aliemstve 2,
ok aliernative 3. slismatve 4}
i {asltermative 1, aliemstve 2,
Praction B alemanve 3. altemanve 4}
Function {sltermative 1, aliemative 2
aliemative 3. altemanve 4}

A complete architecure resuliing from this Set of Altematves
woild have one alternanve for each fimcton For example,
Architecmre A could have Functon A as aliernative 2,
Functon B as altemative 1, and Function C as alternanve 2.

2 APPLICATION

For the cislunar system. 2 feasible set of alternatves is
desizned for each of the 3 supporting funcoons, 25 well as
oppormmnites for misgraton. The alternatives presented ame
physical consellations of Tansmitters m space, on the Moon
on Ezrth. o1 3 combination of those locatons. The mansmirtsr
iz @ generic term in this paper that could refer to the
communicaton radic-frequency (BF) ransmitiers, the
navigation BF manzmiftters. or the domsin awarensss FADAR
mansmitters. The integraton opporiumies emerge when two
fonctions are co-located — allowing for cost-savings on the
inFasireciure needed to support the wansmitters. The payloads
are designed such that omltple payloads can exist on 2 simgle
commercial off-the-shelf (COTS) bus, reducing hardware
costs. Wote that if an architectres resulis in an integrared buas,
these architecmares mmst be assessed Sor feasibilicy. Thisz
infeFTaion oppormnity may not be advantageons to the
lifecycle considerstons of the system. Infegraton may require
additions] enpinesring efory, edding cost and delaying the
depleyment of the system.

The Commumicaton constellation has § alternatives. the
Wavigation constellation has 3 altemanves, the Domain
Awarsness constellanon has 3 altermatives, and each
integration oppormnity presenfed 2 more alternatives. This
lezds to a totzl of G*3*3*2*2*2 =432 possible architectura
combinatons. The integrated architecmres are consrained
such that the ransmitters must be co-locaed for the Sonctons
to be considered for infegraton. Afier thece consTainis are
applied 54 architeciires remnain for opamization and
evaluation.

The consellatons are represented be indexes O to 5 while the
integration oppormnities are represented by mdexes G o 1.
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TABLE Il 3ET OF ARCHITECTURE ALTERNATIVES

perfonmance. he coverage of the mansmirters is used as the
evalnston parameter as this can be squally compared for each

Function (variable) Set of Alternatives functon and is critical 1o stakeholder concems,
Commmumication | {ETanEe Lo, lagrange b !l CISLUNAR COST
Consellation (x, ) EEER heayy. Amils e, i
garth_plas_lunar, earth phus_ lagrangs}
- : - For cost evalnacon. each trensmiier snd meansmitier location
Havigazon (lagrange_lizar lagrangs_medium. is evaluared. Cost models are nsed when available and subject
Constellation (x; ) lagrongze heavy} muaer expert (SME) estimates are wsed when cost models do
Domaim Awareness {earth based. earth pius_lunar, not exist. For satellite-basad Tansmitiers, the Tmmanned
Constellation (x5 earih plus lapranze} Space Vehicle Cost Model (USCM) can be nsad [17]. For
Intezrated Earth-based and Moon-baszed transmitters, SME estimates are
Communication and {no, yes} required because cost models are not publishad. A summary of
Mavigation (1, ezch fransmitier and bus cost estimate is provided in TABLE
Integrated IV. Tha cost metrics in TABLE TV are nsad in tha architecmre
Communication and D Zafion.
Domaim Awarensss fmo, yes} b
fx=) TARLE TV COST STMMARY [14] [15] (18]
|Imtegrated Mavigatnon
and Domain {mo, vas} Name Cost (SM)
Awareness () Communicatons Space Transmitier 513.6
Commmnicaions Ground Transmirter £1
Wavisation Transmither 533
Where: 0 = x; =50 = x5, =2;:3 = 13 =5 Domain Awareness Ground Transmifer 310
Smgle Bus 550
0 = x,, %, %, = 1 and xy, 1, Xy, X5, X5, X APg intagers Intezrated Double Bus 575
Iniegrated Trple Bus 3125

VI ARCHITECTURE EVATTUTATION
A METHOD

Choosing appropriate evalustion parameters and weightngs,
iz the mast critical step of architecmare evaluation. A poor set
of evalustion parameters can lead to 8 sub-optimal architecure
that does not meet system needs [§]. The system architect
must consider stakeholder concerns and enterpriza-level nseds
when choosing evalustion parametars. First, the systemm
architect should consider the priontizaton of stakeholder
needs when choosing the maost important evainaton
parameters. Mext relevancy should be considered. In
waditona] systems engineerng. cost, performance, 3nd
schedule tend to be highly relevant evalustion paTameters to
begin any architecnoe smdy [16]. Finally, the paramersrs
shonld Hmit the architecnure resules w fall within the original
enterprse-level neads

5. APPLICATION

For the cislumar 505, the evaluanon parametsrs chosen are
cost and performance. Cost is important for aoy sysiem that
will be deploved becanss stakebolders have a budger
(Fovernment stakeholders typically must remain below some
budzet threshold. while commercial stakeholders generally
prefer to minimize cost in general. The performance is an
impomant measure of the sysiem (0 SNSUTe TeqUTEINents sre
met. The cislunar Sof% evaluaton focuses on the physical
deployments, and performance, of the Tansmitiers. For
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2) CISLUNAR PERFORMANCE

For the cislonar performance. each function ransmitier is
desizned nsing physics-bazed link budgets for each
implementation. The Communications ransmitter wees g Ka-
band parch antenna. The Navigatnon Tansmirer wses an L-
band patch anfenns The Domsm Awsreness Tansmitier nses &
unique desizn of & phased amays performing FLATHAF. ranging
oo 3-band to achieve the greatest range for a space-based
tranzmitiar [14]. The specifications for each payload desizn
are defined in TABLE V.

TASLE VPAYLOAD TEANSMITTER PERFCEMAMCE [14] [15] [1E6]

Type Ranze Beamwidih
Communic ations = a
SpaceBased 450,000 km = 35.0-degrees
Communic atieons
Earth- or Moon- 450,000 km = 45 O-degress
Bazed
Navigation 384000 km | =32 5-degrees
Domain Awaremess B
Moon-Based 111,000 km = 30.0-degrees
Domain Awaremess = I
Earth-Baszed 271 000 kmy = 5t 0-degress

Each fimction wansminter is evalaated for each constellanon m
terms of coverage. The archifecfures are modeled m 3 physics-
baszed envirooment nsing Systems Toolkit (STE) [19]. The



coverage is calculated as the surface area of spheres of
coverage from Earth orbit o hinar orbit. Additonsl spheres of
coverage are calculated from the Moon's surface to the
altitude of the L1 and 1.7 Lagrange points. The resalts are
zcaled by 10%* to make the numbers more digestible.

The performance resulis of each paylead/constellanon
combinstion are shown m TABLE VI Noie that only the
space-based constellations are evalnzted for the navigation
function becanse an Earth-based constellation would interfere
with the nominal Global Positioning System ({P5) signal
[15]. Also, the space-based domain swareness constellatdons
are nof evahisted because space-based transmatiers do mot

meet the performance requirements of cislunar space [14].

TABLE VI CONETELLATION PERFOEMANCE

: Performance

Constellation {lem? = 10M1)
= Lagrange Light 12.632
= Laprangze Medium 11814
E Lagrange Heavy 18224
E Earth-hased 27820
Earth plus Moon 39.181
5 Earth plos Lagrangs 35080
Lagrange Light 5405
4 8 [ Tesrange Medium 6503
- -ﬁ Lagrange Heavy 14083
= E Earth-hased g.760
] E Earth plus Moon 0 861
B 5 Earth plos Lagrange 0159

The resnlts of the cost estmates in TABLE IV and the
performance memics in TABLE VI are nsed in the archifecurs
opimizston

VIL ARCHITECTURE OPTIMIZATION
A METHOD
1) OPTIMIZATION ALGORITHA

If more than one evalnation parameter, of stakeholder
ohjeciive, 1= chosen, then mult-objective optimizaton (MO
st be uiilized [20]. With a relatively small amount of
archifecnre optons, & simple MO0 algorithm can be nsed as
outlined below.

1. Geperzte 8 matnx of all architecture combination
memics
2 Find the Pareto Front

Note that the Pareto Front finds the mmimum of each valhe.
To maxmize the valoe of 3 parameter, the negative of that
waloe mmst be used [21].

Ap example gutpat of the above algonthm 13 shown i Fig. &
A two-dimensional set of 25 random integers are populated
and plotted. The Pareto Froat algorithm then finds the non-
dominsted valnes of the set This set forms the non-coovex
DParetn front, of tue Pareto fromr [21].
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Fig. & Exawple Pareio Fromt
24 COPTIMIZATION EFALTATION

The Pareto front algorithm resmlis in several optimal
architecmres, depending on the weights of each evaluation
parameier. These opimal srchitectores can then be evaluated
allowing the system architect to find the ideal architectore.
Prior to evaluating, the resulis of each parameter st be
zcaled such that the parameters have egoal weighting. The
fidelity of the scalimg shonld be chosen such that sach
parameter result has a unique score. Then, the evaluation
method czn be applied For a 505, the idssl method of
evalnaton is MCDM with Evidentisl Feasoning (ER) [3].
MCDM evaluates archifechures in terms of parametar
weighiings while EF. Incorporates nncertainty into the
evilation [9]. Uncertainty 15 an important consideration for a
large, complex So5 with unknowns. To evalnswed with
MCDM, the following equation 1s used:

architecturs soore =
{; = parameter; + -+ @, + paramster, ) = certainty
Where: @y + -+ oy = 1 [3]

The weizhtings, o, shonld be chozen with stakeholder
CORCErns In mind
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B. APPIICATION
1 CISLUNAR OPTIMIZATION RESULTS

For the cishonar 505, the performance is maximized and the
cost 15 mimmized as shown m the fSollowing objecive
function.

:I'I'Ij:f.'l:l = eoEt{x; .. X} — {1 — &) s performance(s; .. X}

Whars: @ ={1:1: 100}
The plot of architectures which results from the 54
architeciure combinations is found and shown m Fiz 7.

The Pareto front is identified in Fig 7 and zoomed for clarity
in Fig. 8. This is 3 Tue Pareio Sont with only the highest-
performance, lowest-cost archiecmre: idendfed as oprmomal. A
coavey Pareto font can be found and evaluated, if desired
However. for this application, the convex Pareie solnfions do
nof show advantages in performance and cost when compared
to the non-convex Pareto optimal solotions. The non-convex
Pareto Front resulis in the four architectures detailed in Fiz. 9.
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The four optimal architecmras are evaloated nsing MCDR

with EF. The labels A-D) are used for the remainder of the
paper.
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The cislunsr 505 parameters sre first scaled such that each
result has 8 unigue scote. The fidelity of scaling required is
30. The uncertainty of each architecture 15 determined by
choosing the least cermin physical instantiation in the
architecmre, using the followms values. The valnes are
determined simply by history of implementation. Earth-based
systems have the highest certainty beczuse they have the most
history, while Moon-based have the lowsst certamiy becauss
they have very little history of implamentation. These
uncertainTy values are notonal to show the process of
spplying ER to a 505, Fumre work conld include slternative
uncertainiy values based on updated esomates.

Egrth bazed certainty = 95%
Space baged certainty = 90%

Mgon bared certainty = 85%
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With equal cost and performance weighrmes. the ideal
architecmare is fomnd to be Architecture C, a5 shown in
TABLE VII

TABLE VI CIELUNAR. EQUTAL-WEIGHTED EVALUATION EESULTS

A 0 i Ofks 14.0
B 20 17 35% 12.6
C 28 18 85% 200
i} 1 30 B5% 13.2

Since various stakeholders may prionnze cost and
performance differsntly depending on mission, MCDA] with
ER. 15 applied with cost and performance wetghtings vaned.
As the weights are vaned, the ideal srchitecturs shifts from the
highest cost, hizghest performance to the lowest cost, lowest
performance. All architecures are represented by the weighted
approach, detailed in TABLE VIIL

TABLE VII CISLUNAR WEIGHTED EVALUATICN EESULTS

‘HF:;;:H PH;?::::“ Score | Architecture

] 1 155 D
0.1 0o 23 D
0.2 08 206 D
0.3 0.7 184 C
04 0.8 15.2 i
0.5 05 20 C
0.4 04 0.7 C
0.7 0.3 21.6 B
0.8 02 126 B
0.8 01 244 A
1 a %7 A

The weizhtad table allows the system architect to consider
enferprise-level nesds before chopsing the tdes] architectmre.

VIO FINDIMGS
A CONCLUSIONS

A method for evaloatimg and optimizms a Systam of Systems
{505 1s presented and applied 1o the cishonar system First a
needs analvsis 15 performed to identify the necessary system
funcrions. Second, preliminary architecmre design is
accomplished nzing Model-Baced System Architecurs
Process (MBSAP). Third, the problem 15 scoped using dowm-
selecgon and 3 set of altemanves is developed. Fourth, the

evaluzdon parameters are selected, and the architecures ars
evalated in terms of those parameiers. Fifth an optimization
alzomithim is zpplied which finds a Pareto Fron: of the optimal
architectares, and these srchitscoores are evalnated nsing
Mult-Criteria Drecision Making (MCDM) with Evidential
Bessoning (ER).

Fot the cizlonar 505 application, the method is applied with
the following results. First. the needs analysis results in §
supporing fonctions for cishmsar operadons. Second, the
prelimmary architectare design i created nsing SysML with s
Diomain Dispram. Usa Case Diagram, and Contexmal
Diagram. Third down-selection is spplied resulong in three
nefessary functions. A set of aliermadves is developed
resulfing in 432 srchiteciure alternatrees. Fourth, the
architecmres are evaluated m terms of cost and performanca.
Fifth, the opoimiration alporithm resuls in 5 Pareto front of 4
opiimal srchitectures. Opimizanon evaluaton is applied
resulting in Architecture C as the optimal cishinar
archifectnre.

The method presented in this paper offers a sysfematic method
for desizming an optimal So5. By opdminng the So%, rather
than individual systems the 505 i cost- and performance-
opumized at the entarprize-level The enterprize-level
ohjectives can be accounted for during the preiimmary Saf
desizn, decreasing the hkelihood of redesien later i the
system lifecycle: Additonally, the method sccounts for
uncartainny during architechars evahoation, which is a key
characteristic of a complex 505

B. RECOMMENDATIONS

For fumre work, it would be interssang to apply this method
1o aliernative systems. Additonslly, sensifivity snalysiz can e
applied to the cishinar metrics. Sensitivity analysis wonld be
especially beneficisl in the cost metrics and the uncersinty
valmas.

The cislmsar optimizzstion study could alzo be expanded The
cost estimares conld be updated o reflact moTe accurae cost
model predicions, rather than SME estimates. Schedule could
be added to the Archiecmre Evaluation step. The opimization
parameiers could be updated to reprezent stakeholdar
concerns. For instance, a stakeholder may want 1o prioritze
the comrmmicanons constelladon. Additonal supporming
functons could be added to the architecture and evaloated
using the process outlimed in this paper. Finally, the
uncertainry values could be updzted to reflect applicaden
specific valnes.
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ABSTRACT This paper presents 3 proecess for designing an mtegrated system of systems architectare
agpplied to cislunar space. A peeds snalvsis reveals that crinical operstions in cislunsr space requures
communication, navigation, and domain awareness functons. These funcdons are used to design a trade
space of physical constellstions for evaluzoon Payleoad: ars desizned for each of the functions to meet the
requiretnents of cislunsr space operations. Each payload-constellation combination i= evalwated for cost and
performance. where performance is measared as the fransmatter coverage. All resulong architectures are then
opimizred fo find the few Pareio optmal options The Pareto optimal architecturss are evalosted using
Evidential Feasonng to find the opiimal cislunsr architecinre This process can be applied 1o similar system

of systems o desizn, evalnate, snd opomize the architecure.

IMDEX TERMS Aerospace engineering, Design optimization, Moon, Performance evaluation, Fadar
remote sensing. Satellite mavigaton systems, Space communications. Space exploration, Space mizsions,
Space technology, System: enginsering and theory, Sy:tem of systems.

L INTRCDUCTION

The next space race has begun in cislunar space [1].
Aiszions are already underway in cizlumar space, though the
DECessary Suppofing infastucture for = sustamable
architectore is lacking [2]. This paper presents a systematic
process for desipming & physical architecmare for cishinar
space. A needs smalysis of cishonar space identifies three
crifical functions for imitsl operations in cishimar space:
communications, navigation, and domsio swareness [2] [3].
To constmuct archifecturss in cishanar spece. this paper
preseats constellations with payviead mansmirters that are
desigmned for the three cridcsl functions. The wansmitier is 3
zeneric term in this paper that could mefer o the
communication mdio-frequency (BF) oensmimers. the
navigation RF manzmiters, or the domain awaTensss
FADAF mansmifters. Opportunides o co-locame
transmitters are included io the study to reduce overall cost,
though added complexity dne to mtegrated mensmitters 15 oot
considersd in the evalpation. Each architechure is evahared
in tarms of cost and performance, resultung in 432 possible
architectare combnamens. Mulo-Objective Oprimization
(DLW is implementad to find a Pareto fToaf resulimg in four
opiimal srchitectares. The opiimal architeciures are
evaluated using Multi-Criteria Decizion Making ICDM)
with Evidentsl Reazoning (ER), redultinz in the ideal
architecmre within the scope of this study.

WOLLIME 2 37

This paper provides an opamized architecmre solation for
3 cishimar 505 fo meet the curren: published cislunmar
requirements.  detmiled throughout this paper [4].
Assumprions have been made to design a feasible sysiem
Eiven ihe many unknowns in the cislunar mission Tade
space. The final architecture is opomized o provide
communications, Dnavigation, snd domsin  awsreness
foncnions fo the largest feacible volume of cishunsr space
Elven size, welght, power, and cost constraings. The final
architectore does oot always provide all three Dinctoms fo
the emiire volume of cizlumar space Additienally, a user
operating i this architecure may not Teceive all three
fonchons at 3 ceriain position since each functon has
different performance based oo the fanction’s reguiraments
and consTamts. The Sof is comstrained by costs, physics,
and current technology. To assess this as a Sof, the mser
requirements have besn consolidated 1o the enterprize lawvel
such that the So5 provides the same level of sarvice to each
usel mission. For this paper, the requirements are assumed to
be the same for all missions.

The process presented in this paper provides a sysiematic
methed for evalusting & large, complex system of systems.
A weall-defined process becomes most impomant whaa largs
costs are needed to deploy the So5. For the cislunar sysiem
of systems, the architecture costs range from $500M o
$1.3B. justifying the need for an objective evalation
method Additonally, desizning for the enfire %05 rather
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than each individusl systern offers & lower-cost, higher-
performing 505 at the enterprss level

I. PROBLEM STATEMENT

This paper closes 3 gap In research on cislunar space by
providmg a bholistic and integrated approach to architecre
desizn for cizlupmar space. The method nsed to desigo,
evalnate, and optimize is specific 1o a Syswem of Systems
{505}, First, 3 needs analysiz 15 performed to identify the
functions necessary. The functions are scoped such that only
the pmecessary functions for imitial operagtons are smadied
HNext, the payload mansmitters for the supporiimg functions
are designed. Then a et of relevant and functiomal
constellations are designed to support the payload mansmitter
deployment. Constellafions inclnde Earth-based, MMoon-
based, and space-based iTansmitters. Each possible
architectare 15 then ewvaluated for cost and performance.
Hext, the evaluated architecmres sre optimized for cost and
perfonmance, including integrstion oppormnities, resultng
in 3 Pareto front. Finally, the set of opaimal archifecmires is
evalnated nsing MCDM with EF. The result is an opiimal
physical architecture with the locatons and specifications of
each Tansmimer. As cislinar operadons mamre, these
preliminary desigms can be guickly updated to provide the

most aocarate results fior ouITent operations.

. RELATED WORK

Begearch has been completed which includes smdies of
phyzical architectures providing 3 single fuinction An
integrated smdy of the multple fonctons requred for
cishimar space is lacking, The frst cislonar imtegrated smdy
iz offered in this paper.

For the communication system, 3 proposed physical
architecmre for communications mcleded placing sztellites
zt Earth-Moon (EM) Lagrange points: L2, L3, I4, and L5,
This architecture allowed communications between the far
side of the Earth and the far side of the Moon. Exclnding the
poles, thic architecmre provided 98.93% coverage of the
Moon and 99.1% coverage of the Earth [5]. This stdy's
results are nsad fo design the space-based constellations in
this paper. However, the siudy did notf inclnde Earth-bazed
of Moon-based srchitecores, which csmses the results to
diffar fromm this paper's results. Another physical architecture
proposed for hmsr compumication was a  “Hower
constellation™ of CubeSsts around the Moon The flower
constellation had repeating ground traces amd preat lumar
coverage [§]. The CubeSat constellation was desizned for 2
specific nsar need near the Moon while this paper mcludes
the entire volume of cishnar space.

A smdy of cislunar naviganon sysiems found that EM
Lagrange points can be used for an effectve cishonar
navigation architecmre. Placing four satellites in smble
orbire about L1, L2 L4 and L5 can provide accuracies of
tens of meters for saallites In rans-humar and hmar acbit [ 7]
A similar constellation in thizs paper is found to be optimat
for the navigadon soluton alone. Hovwever, when combimed
in the integramed architecture, 3 less robust constellation is
found e be opmmal for the entire sysiem of sysiems.
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For the domain swareness funciion, opocal architectures
have been studied and compared with respect io solar
sxclnsion angles, szolar phase angles, and hmar exclusion
sngles. The resulis found that an wdeal architecture would
constst of four satellites im LED in the EM plans [E]. The
process nzed in the optcal smdy is like the stwdy in this paper
becsuse cost and performance are evalusted for each
srchitecture. The opfical stody, however, does oot inclnde =
resolution requirement for the cishmmar object. This paper
studies the resolution of objects nsing optical techuologies
and finds that the space-based ophcsl senszor 1s mfeasible m
cishinar space.

V. DEFINING CISLUNAR

In this paper, cislunsr space is defined as the volume of
space beyond Geomynchromons orbit (GEQ) fo the Moon®s
orbit, including the five Lagranpe points. Lagrange poinofts
are points of gravitsmons] equilibrmm which can be nsad for
orbits with long dwell dmes relative to the Moon's orbit [9].
Fig. 1 shows the defined volome space with Earth and Moon
pictared as references: Figure 1 also depicts the five EM

Lagrange points.

O

15 ..
s - "r
FIGURE 1. Cixlunar 3pace
A PRIMARY MISSIONS AND SUPPORTING
FUNCTIONS

A needs analysis of cshmar space identifiss 3 primary
mizions and & supporiing functions necessary for cishmar
pperziions [2]. The primary missions ste the planned wsers
of cislunar space. The cishinar missions are sciemce,
commerce, and defensa The sopporting funchons provide
the necessary infrastmicture for cislunar operagons. The
fanctions mclnde transportation, COmMuRNICaton,
navigation, domain IWAreness SeTVICE, eneIgy, shelter, and
conirol The amhitechores in this paper will focus om
providmyg the pecessary supporing fonctions for inial
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operations in cishonar space  Initial operatoms will require
communication, navigation and domam awareness as the
necessary infrastmcture [2] [3]. A mapping of service to
functions iz shown i Figure 2 with the critical fimctions
highlighted

FIGURE 2 Mapping Barviess fo Funotom

V. SCOPING THE PROBLEM

The cishmar system has multiple missions and supporing
functions, and therefore cam be classified as a3 complex
system of systems [10]. Inifal architecture smdies should
fous on the functions necessary for inifial operations. The
bare-minimmm fonctions idenfified for inifial cishomar
operations are COMEMIOMICALIONS, Davigston, snd dorain
swareness [2] [3]. These 3 functions in combmation are stifl
defined as a system of systems becsuse each function is a
system imelf Special design processes mmst be used for
gystem of systems: bevond the stndsrd processes for a
system The systems engneering process for a Sof5 must
include examining enterprize-level objectives and
accounting for uncertaingy [10] [11].

VI CISLUMAR ARCHITECTURE DESIGN

A payload “transmitter” iz defined as the bhardware
necessary to provide the function of comomnicstions,
navigation, of domain awsreness. The “bus™ is defined as the
necessary hardware infrasmuctare to suppert the payload,
whether the payload is in space, oo Eanth or on the Moon.
The constellsfion is defined ss the physicel locations of
multipla payload and bus combinstions Each cislonar
architectore consists of a payload Tepsminer for esch
supporting fonction, located on a bus of the supporting
infrasmucture for the payload, operating in 2 comstellation
configuration.

A. CONSTELLATION DESIGN

A set of constellations are desizned to conmstrain the
decision space. The consiellations are designed based om a
literafure review of cislunsr archifectures and knowledze of
the dynamics of cislunar space [2]. The five constellations
chosen are known as Lagrange light Lagrange mediom,
Lagrange hesvy, Earth-based Earth plas Moon, and Eanh

WOLLIGE x0T

plus Lagrange. Each constellaton iz depicted with nodonal
transmitters, showimg direcion but oot magnimde or
beamwidth Actual payload tansmitter magnifmades  and
beamwidths are defined in pant B. of this section.

The Lagrange light is desigoed to be a low-cost space-
bazed constellation with good coverage of a hirh-priority
mrea of interest: the vicinity of the Moon. L1 and L2 offer the
best coverage of the Moon as they are located closast o the
Moon Additionally, L1 and 1.2 are located om opposite sides
of the Moon and have visibility of the Earth-facing and noo-
Earth facing sides of the Moon. A nontonal figure of the
Lagrange lizht constellation is depicted by the blue regions
in Figmre 3.

B

.........

FHIURE 3. Lagrangs Light Concisitation

The Laprange mediom constellation iz desizned to be a
mid-cost constellation with ood coverage of the Moon and
the transit comidor between the Earth and the Moon The
Lagranzge medium sress of coverage are depicted by the blua
areas of Figume 4.
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and Australia. A pDotomal figmre of the Earth-based

g ==, constellation is depicted by the bloe regions in Figure 6.
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The Lagrange heawy constellation iz the most expensive
and most robust space-based constellation. This constellaton
tzkes advantage of zll five Lagranze pomrs for excellent
coverage of the enfire cishmar volume. 4 notional figure of
the Lagrange heavy comstellstion is depicted by the blue
remions o Figure 5.
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FIGURE 6. Lagrange Heawy Concbeflation

The Earth-based constzllzfion offers an alternative to the
space-based constellations. This constellation would provide
the advantage of no laonch costs and offers the ability for
regiiar maintensnce Four transmitters are placed as close to
the equator as physically possible to cover the Earth-hMoon
plane as mmch as possible. The acmal placement of these
ransmitters are Ascension Island Diego Garcia, Califormia

WOLLIE X, 2017

The Earth plos Moon constallation is designed 1o cover a
large volume of cishinar space, mcluding lunar orbits, with
only terrestrial transmitters. Four trancmitters are placed on
each body as close to the eguator a5 physically possible. The
Earth-based fmansmitters are m Ascension Island, Dhego
Garcia, Califormia, znd Awnsmalin. The Moon-based
transmitters are placed as Earth-facing, anti-Earth-facing,
velecify-direction, anti-veloaty-directon. A nogonal Hgure
of the Earth plus Moon constellation is depicted by the bine
regions m Figure 7
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The Earth plus Lagrange constellation iz designed fo cover
2 large volome of cishonar space, inclnding lnar orbits, writh
terresinial and space-based ransmitters, Four ransmitbers are
placed on Earth as closs to the equator as phyrsically possible.
The Earth-based trapsmimers are in Ascensicn Island, Diego
Garcia, California, and Ausmalia. The space-based
ransmitters are located at L1 and L2, A notionsl figure of
the Earth plns Lagrange constellstion is depicted by the hlue

regicns m Fizure 3.

FIBUTE B. Earth Plus Lagrange Corciellation

B. PAYLOAD DESIGN

A payload mansmitter is designed for the communications,
navigation, and domain swareness funcdoms. Each
mansmitter is modeled using physics-based link budges
which result in 8 ransmitter range znd bandwidth for all
functions.

The commumications link budget iz nsed to design &
ransmitter with a range of 450,000 km and a coverage half
angle of 4%-degress that mests the Enown znd assomed
communications requrements [12]. The 45-degree half
aogle i mused for the coverage performance caloulations
because the antenna is designed to be gimbaled to maximize
the volume of coverage [12]. The acmal beamwidth of the
aptenna IS Very marmow o accommodate the high gain
requitements of cishimar communications. The link bodget is
detailed in Table I The communication payload is desizoed
1o mest the minimum required lmk budzet of 3 dB. For lonar
commumications, MWASA uses 3 dB a:z the required link

margin [13].

! I-meter apenns cal be sccommodated oo smapdard
spacecraft buc and results in necessary anfenns gain.

! Range caloulated for worst-case link of L2 w Earth,

1 J-meter amtenna can be sccommodsted ono standard
spacecraft bus and mests anfenns zain requiremsants.
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TABLFEI
Conaun A TIONE LN Bl DaET
=S CainTazy Motz
Description {dB)
High Powrar Avmme 30 GHr, 40 W [14].
Amplifier (HPA) 16 dBW 20% afficisncy [14], 100%
Power duty cyels
Cable Loss -1 &8 [13]
Filtar Loas 1.5 48 [12]
T R 0348 [12] Eesults in 142 dB power o
Axgtunns Gain i1 dB Asume J-meter antemm'
. L Easult m Effective Totropic
Frimeteeh Psigge 148 [12] | Fadistsd Powss FRP)= 651
G 48w
Path loas -2332 d8 Asimess range of 435,788 km?
Atmospharic ks -2 dB [12]
i Rambn @ Recerved Signal
W lony FEON | semem mss) =160 4B
Becaiver Amonna 55 4B Assume 2-motar recaive
Cein Entazma’
. = Fasale: in mecefvs tigzal poamr
Imsertion lowwen I dB [12] =115 3B
Ecitzmann'y IZES
Cionstant IBW LT
Syvtam Noise 245 dBE Assume I90 K [15]
Tamparatars Eeanlts in DN = 890 dB
Aseuese 100 Mbps®
Racaiver Modse i Eeszlts in Sigm! to Noise
Bandwidth e (ENE) Eato = 2 dB, EbNo =
948
EbMo Threshold 4.5 dB [14] Eesmltsin 4.5 dB link margms

Srmilarly, the navigation paylosd fransmitter 15 designed
to mest MASA s 3d4B link margn requirement and is detailed
in the link budgzet m Table II. The resulting wansmitter has a
rapge of 384 000 km and 3 half beamwidth of 32.5-degress
[17]. The navigston payload is also desizgmed to mest
MASA’s threshold positonal sccoracy requirement of “on
the order of km orbital positon accuracy,” published in the
LunaMet Interoperability Specification Docmment [4].

To calculate this, the Signal-in-Space Fange Emor
{5ISEE) iz calculated using equation (1) [18].

SISRE = ,‘lrl:wg sR—cadt)? +wy e (42 + 03 (1)
Whers:
W Wy o = altitude weightinge
£ = spead of light
R, A, £ = radigl, along track, and crocz track errors

dt = clock of feet

® Receiver Noise Bandwidth & calculared based oo 100
Mbps data rate.

5100 Mbps used for most stmessing use-cass of high-
definition video.
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The weighting associated with the along-rack (A) and
cress-irack {C) for a geostationary {GEQ) satellite 15 1/124
[18]. For 2 Lagrange satellite. the aldmide iz 9.1 dmes greater
than GEOD, so a weighting of 11147 is nsed. This cansas the
A and C ermors to be oeglizible The navigaton system
regquires Drelia-Dafferental One-Way Fanging (Delia-DOER)
to determiing the satallits ephemens For misslons a7 lunsr
distznces, the delta-DOR resuls in orhim]l emmors of 37-
meiers i the radial direction [19]. The ranging (F.) weighting
asymptotically approaches 1 with a valuwe of 0.99 at GEQ, =0
a value of 1 iz asswmad for the Lagrange satellite [18]. The
naviganoen system uses the same Bubidium clock as the GPS
satellite constellaton, so the clock error is assumed 1o match
the worst-casa of the GPS constellaoon, which 3 0.30 ns
[20]. The resalting SISFE of the mavigation transmitter
positioned in 2 Lagrange orbit is 3§ 9-meters, which iz well
under the MASA's threshold requirements of “on the order
of km orbital position accuracy ™ [4].

The cislunar navigation is based upon the legacy GPS
constallation to maintrin backwards compatbility apd for
the nse of COTS receivers [17]. Any doppler shift resalting
from movement of the receiver spacecrafi reladve o
movement of the cislunsr transmitter will oeed o be
aooounted for o the recemver algonthms. The doppler shufi is
considered out of scope for the smdy of the cislunar 505, The
GPS constellation uses an Earth-based reference frame. zo
the cislunar navigagon sysem in this paper will also nse an
Earth-based reference fame [17]. Ouoce surveyed sites are
availabla on the Moon, it is recommended that receivers in
the wvicimiry of the Moon should whlize a Moon-based
reference sysiem for more SCCUTSie Davigadon

TABLET
NAVIGATION LINE BIMGET
T Gain/Losz Notes
Description (4B}
Assuma 157542 MHz®,
. . B 100 W [14], 7% duty
HPA Powar 0dEw cyclo j17L. 50% offciancy
[14
Cabls Losu -1 4B [17]
Filtar Loss 0.5 4B [17]
. 2
Truncation Loss -0.3dB [17] el :M i
Asinme paich antemna
Anserms Gain §d8 with §5-dog bearmwids
[17]
L m ERP=137
Trancmit detign margm -1 B [17] i ::;:&P =
Asszms range of 354400
LY I km"
Path o -20B.1 4B Raosuls in RS = -184.8
dBW
y = Assume standard GPS
Racalver Ansemy Gain 148 patch antanma [17]
p 2 . Fasult: m mosrve signal
Inwertion Josses 1dE [17] powsr =-1§2 8 dEW

® Current Global Posittoning Systemn (GP5) L1 frequency:
T Distance from Earth o Moon is wsed as the design
distance for Lagrange ransmirtars
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Description Gain/Lax Mares
(4B}
Belmann's Constant 2205
. - d5W E
Systum Nodse 5 4EE Azsome 290K 15}
Tempsrators
Racaivar Motie -3 dB-Hz Essults i pre-cormulation
Bandwidih [171 SME=-410d8
Post-comslation Receivar | r Avums 50 Ez'
Bandwidth 17 dB-Ha {E7)
Comelation Procesiing Fesalis in C¥e=21.1
e 46 4B [17] e
C7Mn thrashold 15 d0 Hapii);| esels afldhlnk
s IATEIL

Dpmam gwareness includes the subfimctons of object
detection, racking, identificaton, and characterizaton [22].
In this paper, the domsin awareness mancmirtter fnlfills the
function of object detection and wacking. The fanctons of
idenfification and chamacterizaton require additional dats
collection and aman-im-the-loop (HITL) intervention,
which iz not inchided in this cishunar 505 [22]. The domam
Iwarensss wansmmitter 15 designed to achieve 3 minimumm
resolution of 1-m®. This & assumed to be the resslution
requirement for cishimsr domain swareness becanzs no
requirement has been published, bot 1-m? resghution is abla
to zee many standard satellite buses anticipated to operste in
cighinar space [23].

Current domain swarensss sensors fypically use optical or
Eadio Detection and Rangimg (FADAFR) technologies The
domain awareness paylozd 15 challenging to design because
it Is difficnls to get the necescary ramges for cizlunar space of
the cislunar volome using traditons] optical or BADAR
iransmitters. Optical lenses must be epomous w cover the
distances needed. while FADAR is power hunzry due to the
signal bommcing off the object and effectively mavelmg twice
a3 far as 3 ome-way mansmareed siznal

The feasihility of an optical senseT is first explored. An
opical sensor is governed by the optdcal reseludon equation

.

r=244x+R+d/70 (2}

r = resolution
R = Range
A= wavelength
D = Digmeter [24]
Dme to the size of the lsunch wehicle, the maximum

diameter of the sencor 1= astumed to be 5.4 meters [25]. In
cishunar space. the mumhmom nsable rsnge of 8 sensor is

4 50 Hz standsrd for coarse acquisition (C/A) code [16]
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assumed ro e G000 kilometers, which wronld allow an L1
or L2 satellite to view orhims near the Moon [3]. Additonally,
the minimum reguired resolunon for a space object iz
gssumed to be 1-m?, as defined previeusly in this section.
Examiming the ultraviolet (V). visible, and infrared (IF.)
wavelenzths- results n the gsde space of optical semsor
perfonnance summanzed in Table I

T meet the mminnum range and resolutfon regquitements,

& = reder cross section
k = Boltzmann'sconstant
T = Noise temperature

Lisy = Totel Losses

the required zensor diametsr iz 15-meters, which iz TABLEIV
significantly higher than soy current space-based or Earth- DOMAT AWARENFSS LINE BUDGET [3]
baszed optical lens [26]. This mskes space-bazed optical an Exri dirmax Space
. 2 % P 1,000 006 W 00,000 W 20,000 W
infeasible solution for cislunar domain awareness. = B P T
G 7.3 a8 92 45~ 31E dB°
TABLE I : a L.t [ R
OFTICAL SEHR0E ITl.l'i!l]:F -\‘?'F.l'.l..'F rrar & Fm 1= 122
q anmum ADmonm = "
Eequired e k [ IEE-23 1.38E-13 1.3EE-13
Diiamster EE':::' R i T T E [19] 0 E [19] BOE [14]
[aszume o . 10.B dB E.3 dB AEd8
Warvelengih rampe=H0,000 | .. ier=54 | & =4 - 271,000 ke 111,000 km E600 km
“:;;.':':ﬂ m and m asd
i resolotion=1 | raoge=60,030 The maximum raoges i Table IV show excellent
T T T 'f.':;l'.n: f"] feasibility for the Ezrth-based and Moon-based applications.
=1 = aay = o = &
Vicible (500 nm) T m &.400 km T, However, ibe :pac&?ased FADAR does Dot m.e?: the
IE. (704 nm) e %200 ke om minimmum range requirement of 60,000 Em so it is Dot
incladed in the architecmre evaliatons
Mext, the feasibility of the RADAR transmitter is FADAR systems can be mono-stadc or muld-static. A

explored. To calculate the specifications of the transmitters,
the FADAF squation (3) ic computzd for each physical
application of the transmitter. X-band is chosen as 3 high-
perfonming frequency band that conforms: to the United
States Deparment of Commerce Frequency Allacaion [27].
The range for ezch application is shown in Table IV. All
domain awareness Tanimifferz in this paper have a half
beamwidth of 50-degree: due to limimatons of the phased
armay [28].

4 Paitite

Ryaae = \Jll'-:r!:*k'."]'.p_q 3)

Where:
Rqay = Maxsimum rangs
F. = peak pulse powar
T = transmit pulre duration
G = anitenna gain

A = wavelength

! Assumes 58-meter phased-amay dismeter due to Earth-
bazed applicaton [3]

0 4 zzumes 23-meter phazed-array dismetar dus to Moon-
baszed applicagon [3]

WO LIME )0 2047

multi-static BADAR system bas diversity in frequency.
polanizanon, or g2omelry and is advantageous over a mono-
stanc system dus to better fidelity of targzet siznamres [20].
The system designed in this papsr i monostatic, rather than
multi-statc, for simpliicity of modeling and a foous on the
So5 architecmare. Fumire research of 2 cishmar So% conld
inwestipate 3 mult-stadc soloton.

The domain swareness payload is unmigue in that i has
different wansmitters for each application: Earth-based,
Moon-based, and space-based. The commmumicsdons snd
navigation pavlsads bave the same oapsmitters for each
spplication. The demnain swareness Tansmiter nses FADAR
which is highly constrained by power. The power sources are
researched based oo the application to maximize the
transmitter range  Im ocomfrast, the navigstdon and
communication Tansmimers are decigned to accommaodate
the space-bazed spplication which is the most powar-
limiting. The space-bazed communicaton snd navigaton
mansmitiers happen to cover the entire range necessary for
cishinar space from Eamh or the Moon, so the power-
consoained ransmaitter is nsad for all three applications.

VI CISLUNAR ARCHITECTURE EVALUATION

Each cislumar architecture consists of a payload
mansmitter mn 8 constellation for the three funcrions of
communication, navigsoon, and domain  gwarensess
Additdonally, if paylosds are co-located, they are considered

" Assumes 5.4-meter antenns diameter dus to lsunch
wehicle restrictions [25].
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&s Imtegrated oo a simgle bus as @ cost-savings effori. The
payloads are designed such that multipls payloads can exist
on 3 smgle COTS bus; reducing hardware costs. Mote that if
an architeciure resulis m an indegrated bus, thewe
architecmres must be assessed for feasibility. This
integration opporumity may oot be advantageons o the
lifecycle considerastions of the system  Integration may
require addidonsl engineering effort. adding cost and
delaying the deployment of the system. The added
integration cost due o complexity is not included W this
sy

The total pumber of possible architecturs combinations
consists of the set of zlternatves m TABLE WV, which results
in Ge3*3*I%2%1=437 gotal poszible architectures fox
evaluation. The integrated architectures are constained such
that the sensors mmst be co-located for the functions o be
coniidered for imtesrston Afier these consiraints are
applied, 54 architectures remain for optmization and
evaluation. Each architecmre is svaluated m tenns of cost
and performance.

TABLEV
SET OF AL TERMATIVES

Drecigion Ser of Aleernatve:
(lagranges_light,
Commmzication (Comm) lzgrange medinm, lagrange_beavy,
Consteletion warth_basad, earth_plos_funar

sarth_plus_lasmange)

modeled in a physics-based environment using - Systems
Toolkit {5TK} [31]. The coverage is caloulated as the surface
area of spheres of coverage from Earh orbit to the Moon's
orbit. Additons] spheres of coverage are calculated from the
Moon's surface o the alimde of the L] and L2 Lagmngs
poinss. The coverage spheres have equal weizhtings in this
analysis. A smkeholder conld incorporate weights to the
areas of coverage of grestest importance. The results are
scaled by 10° o make the mmmbers more dipestible.

For the communication constelistions, the performance
resulis are shown m Table VIL

TABLE VI
Gl M CA TICH PERECHRALANKCE
Censtelladion m;‘,;
Lagrangs Light 12:532
Lagmange Medmes 1181&
Lazange Haaoy 1B.234
Earte-hased 27.90
Earth plus Moon 30.181
Earsth phuz Lagrange 35.088

For the naviganon constellations, the performance results
are shown m Table VIO Mote that only the space-based
constelladons are evalaated because an  Earth-based
constelladon would interfere with the nominal Glokal
Positioning System (GP5) signal [17].

Havigation (Hav) {lagangs light TABLE VI
Comitslladen lzgmags_madinm, bagmngs ey} HAVIATION PERFORMANCE
Dimmaimn Awzmnass (DA) {earth based, carth phs_lunar, Conztellagion Performance
Comstallation sarth_phis_lagrange} (km® = 1070
Entegrated Com=m and Mav [no, yea} II: SEange ﬁﬂu :ig;
IEtegramd Comm md DA {no, vas} Tazangs Beay 1,9;::_93
Intazrated Nav and DA [n, yes)

A. COST EVALUATION

For cost evaluation, each mansmitter and mansmiter
locaton are evaluated. Cost models are used when available
and subject mamer expent (SME) estimates are used when
costmodels do not exist. For sarellite-based mwansmirers, the
Unmannad Space Vehicle Cost Model (UT5CM) [30] can be
used. For Earth-based and Moon-based trsnsmitters, SMME
estimates are reguired [3]. A summary of each Tansmitfer
and bus cost estimate is provided im Table VI

TABLE VI
COST SURMARY [3]
Name Cot [SA)
Comrmmications Spacs Transmiter 5116
Com=aunications Gromnd Transeitier 11
Myvigation Transmitter 133
Diopaim Awamsness (Eround Traswmiter 510
Single Bus £50
Innagrated Dozble Bas 573
Intezrared Triple Bas S1IL3

B. PERFORMANCE EVALUATION
Each fumction transmirter i evalated for each
constellation in terms of coverage The architectures are

VOLUBE X0 24017

For the domain swareness constellatons, the performance
results are shown i Table TC Note that space-based
constellstions are oot assessed becanse Tange TeguUITements
cannot be met by & space-based EADATR.

TABLEIX
Dl s 17 AW AR EMESS PERFORMARNCE
Coaziellagon ;Em: « 1041
Earth-based 8.760
Earth plns Moco L]
[ Earth pins Lagrangs 515

The cost and perfonmance mefrics are used o evabhuate
each architecture. A plot of all architecres after miegration
consominis are applied is shown in Figure 8. The integration
consozints resmli io a total of 34 archilecmres for the
optimization algorithim
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VIl CISLUNAR ARCHITECTURE OPTIMIZATHON

A multi-objectrve optimizaticn (MO alzonithm 1= wsed
to opimize the 54 architechure resubts. The resuliing Pareto
front is then evahuated to find the 1deal architecre.

A. OPTIMIZATION RESULTE

The architectares are opomized uwsing MOO to find the
highest-performance,  [owest-cost  architectares.  The
following objective function is shown in equation {4) and
nzad o tdentify the optimal architecmres.

fl:_i!-ﬂ = a@xgost— (1 —a)+performance (4]
{x}

Where:

a = {i-1:100}

The pooblem zs defined, is a linear program (LF) with
imtezer results. Dme to the relagvely small oumber of results,
the Pareto front can be found from a plot of the results matrix
[32]. For this spplication, the cost is minimized and the
perfommance in maximizsd The resulting Pamreto front
identifies four optimal srchitectores, shown m Figore ¥ and
zopmed in Figure 10

This iz 8 non-convex Pareto font with only the highest-
performance, lowest-cost architecnares identifisd as opfimal.
A convex Pareto font can be found and evaluaied. if desized.
However, for this application, the convex Pareto solnfions do
noi show advantazes in performance and cost when
compared to the non-conwex Pareto opfimal sohitons.
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FIZURE 10 Pareio Frond Zoconed

The fowr optimal architectures correspond to  the
consiellaoons defined in Table 3 The label: A-D are used
for the remainder of the paper. These four architectures are
evalnzted to find the ideal architecre.

TABLEX
OFTIMAL ARCHITECTIRES

Architecrure

Architecmrs Cast ($AL)

flom» 7= 1311}

Architecture Performance

Comsellagom:

14305

compemicaton: cosstkdlytion = carth-based
navigation constslaton = lagrange lig
domais rararenes i constelladon = sarth-haved
commmications and domain swereness mbsgmated

IB.02IE

commmmicatons convtaliation = earth ples peoom
navigaton conssllaton = lagrange Light
domain swarsness constuiabon = sarth-baved
=0 integraned constellatans

1B.3%51

rommmnicatons conviellation = earth phe moon
navigagon consdallagon = lagrange
domain ywanmess coxsinlliton = sarth plas moon

commnnicagions and doomain Fwareness meged

D 1363 LT

commmnicatons convtallation = earth phe moom
mavigaton constellaticn = Iagrangs heary

dozmaim ywaruness comstellation = earth ples moon

communitabons and domain awerunes: msgaed

B. OPTIMIZATION EVALUATION
The four opimal architeciires are evaloated nsing MCTIRL
with ER [33]. This methed incorporsted uncertainny into the

WVORLIRE )7, 2017

evalnsnon. which 1= essential when evaluating a system of
systems (505} [11]. To evalnaste with MCDM, the cost and
performance values are scaled such that each result has a
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unigue value. Thexn, the MCDM equaton iz applied, shown
i eguaton ().

oroore =
(0.5 = cost + 0.5 = performance) = cartainty (5]
Whers.
Earth bared certainty = 35%
Epace bazed cartainty = 90%
Maoon based eertaincy = B5%

This egusion sssumes equal weighting of cost and
performance. The weizhtings nsed m this paper are nofional,
Based on mdusoy expenience in each location. Eanb-based
has the most sxperience in spplications, so the highest
cerfmingy is used The nexi highest experience location is
space-based. The lowest experience, and lowest cermsinty, is
ziven to the Moon-bazed applications. The weights can be
madifed to accommodaie stskeholder priontes.

The MCDM with EF. method results in scores for each of
the four optimal architectures. The scaores are listed 1o Table
XTI with Archiecnare C identified as the ideal architecture.

TABELEXI
DPFTIMEATION EVAL A TIOM EESLETS
Architecrure st e Cerosdnty Soere
Score Srare *
kL] 1 2% 140
B ] 17 E5%a 19.5
c b 18 E5% i ]
u] i 30 E5% 13.2

IX_ FINDINGS

A CONCLUSIONS

The process 1o thas paper offers a systematic method for
desizming an optimal system of systems (505) with the
patential for expanding to other systems. An imtegrated
approsch for 505 design as opposed to desigming each
system ndividually, allows for an optimal comprehensive
architecmre a2 the enterprize level while mesting enterpriza-
lewel objectives.

In the emerging ares of cishonar space, a more
comprehensive srchitecture is of value for the upcoming
missions te cislunar space. A needs snalysis identifies three
critical fimctions for inifial operatons m cishinar space:
communications, navigation aod domain awareness. Six
constellatons are desigmed to sccommodate the unigoe
dynamics of cishunar space. Pavload wansmitters are
desizned to mesf the requurements of cislunar operations.
Architeciures are populated for each

VOLUIRIE )0, 0T

mansmnitter constellation combinaton and evaluated in
terms of cost and performance. 432 architecures result
from the evaluston. A muli-objective opionizaton
technique is used to find the Pareto front of the
architecmres. Four opiimal architectures result and ara
evalnated using Mult-criteria Decision Making (MCDAD
with Evidantial Fessoning {ER), which incorporates
uncertainty into the evalnaton The finsl recommended
architecmre fFom this stady has the communications and
domain awarenet: functions as Earth plus moon
constellagon, and the naviganon funcdon as 2 Lagrangs
light constellation.

B. RECOMMENDATIONS

This study offers & systemaiic process for designing,
evalnating. and opimizing cishinar architecmres. This
process can be ntilized by stakeholders such as HASA or
the DoD to design a space system of systems for cislunar or
other aress of inerast

The cishinar optimizanon smady could also be expandad.
The cost esimates could be updated to refect more
accurate cost model predictions, rather than SME esomates.
The opimization parameters could be npdated to represent
stakeholder concerns. For instance, 3 stkeholder may wans
to priorigze the commanications constelladon Additional
supporimg hmctions could be added to the architectre and
evaluated in nsing the process ontlined in this paper.
Additions] memrics can be added for evalnation For
exampls. the navigaton consellstion can be evalusied fora
navigation-specific meiric such as Dilution of Precision
(DOF). The RADAF system specifically could be re-
desipned to include mmif-statc options. Finslly, altsmative
constellagons could easity be added to the made spaca.
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LIST OF ABBREVIATIONS

Abbreviation Definition
ACES Advanced Cryogenic Evolved Stage
ACT Activity Diagram
AESA Active Electronically Steerable Antenna
AFRL Air Force Research Laboratory
AGI Ansys Government Initiatives
AMV Advanced Maneuvering Vehicle
ATAM Architecture Tradeoff Analysis Method
BDD Block Definition Diagram
BER Bit Error Rate
BMC3 Battle Management Command, Control, and Communication
CAPSTONE Cislunar Autonomous Positioning System Technology Operations and
Navigation Experiment
CDM Conceptual Data Model
CHPS Cislunar Highway Patrol System
CLPS Commercial Lunar Payload Services
CONOPs Concept of Operations
COTS Commercial Off-The-Shelf
CR3BP Circular Restricted Three Body Problem
CSA Canadian Space Agency
CSpOC Combined Space Operations Center
CSU Colorado State University
DARPA Defense Advanced Research Projects Agency
DME Digital Mission Engineering
DoD Department of Defense
DOP Dilution of Precision
DRACO Demonstration Rocket for Agile Cislunar Operations
DRO Distant Retrograde Orbit
DSN Deep Space Network
DSN Deep Space Network
DTN Disruption Tolerant Networking
EGS Exploration Ground System
EIRP Effective Isotropic Radiated Power
EP Electric Propulsion
ER Evidential Reasoning
ESA European Space Agency
FDIR Fault Detection, Isolation, and Recovery
FTP File Transfer Protocol
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HDTV High-Definition Television Signals
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HPA High Power Amplifier
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HRL Human Readiness Level
IBD Internal Block Diagram
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LLO Low Lunar Orbit
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LuGRE Lunar GNSS Receiver Experiment
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MATLAB® Matrix Laboratory
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NRO Near Rectilinear Orbit
0]0).(0 Oven-Controlled Chrystal Oscillator
OMG Object Management Group
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oV Operational Viewpoint
PAR Parametric Diagram
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PV Physical Viewpoint
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RAFS Rubidium Atomic Frequency Standard
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Roscosmos Russian Space Agency
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RUP SE Rational Unified Process for Systems Engineering
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SCPS Space Communication Protocol Standards
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Service-Oriented Architecture

SoS System-of-Systems
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SRL System Readiness Level
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SW Software
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TCP Transmission Control Protocol
TP Transport Protocol
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ucC Use Case Diagram
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Ul User Interface
ULA United Launch Alliance
UML Unified Modeling Language
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