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Technical Assessment Report

1.0 Notification and Authorization

In 2020, the Associate Administrator for Human Exploration and Operations and the Agency’s
Federated Board requested an assessment to develop a methodology for trade space analysis
comparing crew size for Mars missions against mission design parameters. The NASA
Engineering and Safety Center (NESC) conducted an assessment to develop a methodology for
systematic, repeatable trade space analysis for crew size and developed an initial set of human
performance models and a list of candidate crew tasks for NASA’s first mission to Mars.

The key stakeholders for this assessment included:

e Ms. Cathy Koerner, Associate Administrator of the Exploration Systems Development
Mission Directorate (ESDMD), NASA Headquarters

o Mr. Amit Kshatriya, Deputy Associate Administrator for the Moon to Mars
Program, NASA Headquarters

o Ms. Danye Ise, Director of the Mars Campaign Office (MCO), NASA
Headquarters

o Ms. Nujoud Merancy, Deputy Associate Administrator for the Strategy and
Architecture Office (SAO), NASA Headquarters

o Ms. Michelle Rucker, Lead of the Mars Architecture Team (MAT), JSC

e Mr. Kenneth Bowersox, Associate Administrator of the Space Operations Mission
Directorate (SOMD), NASA Headquarters

e Dr. Kurt Vogel, Associate Administrator for the Space Technology Mission Directorate
(STMD), NASA Headquarters

e Dr.J. D. Polk, Chief Health and Medical Officer, NASA Headquarters
o Ms. Mary Van Baalen, Chair of the Human System Risk Board (HSRB), JSC
o Mr. David Baumann, Director of the Human Research Program (HRP), JSC

o Dr. Alonso Vera, Risk Custodian for the Human System Integration Architecture
(HSIA), ARC

e Space Flight Operations
o Mr. Norman Knight, Director of the Flight Operations Directorate (FOD), JSC
o Mr. Joseph Acaba, Chief of the Astronaut Office, JSC

e NESC
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4.0 Executive Summary

The NASA Engineering and Safety Center (NESC) has developed, for the first time, a systematic
and quantitative methodology to aid determination of crew sizes for human Mars missions. This
capability, and its associated suite of modeling tools, will enable the development of an
evidence-based trade space to guide crew size decision-making.

This capability was developed out of a recognition that a Mars crew will be denied real-time
support from the Mission Control Center (MCC), owing to the distance-induced communication
delay (up to ~22 minutes one-way) and one continuous blackout period with Earth during
superior conjunction (up to ~3 weeks each mission). This fundamental constraint, which is
unprecedented in the history of human spaceflight, brings a new appreciation for what the term
“crew” encompasses. In every previous NASA program, the flight crew has relied on the
combined intellects and energies of experts in the Flight Control Room (FCR) and its back
rooms comprising, in essence, additional crewmembers to help meet primary mission objectives
and respond to unforeseen anomalies (Figure 1). A Mars crew making real-time decisions about
how to accomplish primary mission objectives (i.e., during surface extravehicular activities
(EVASs)) or how to respond to unforeseen, time-critical failures will have to rely on their own
knowledge assisted by decision-support systems, whose information would be limited to
scenarios that were anticipated before the mission. The NESC methodology provides a
systematic, repeatable, and data-driven means of assessing, based on today’s limited
understanding of Mars vehicle systems, whether the capabilities that would exist within a given
crew size would be adequate to accomplish mission objectives and successfully respond to
unforeseen failures, for which procedures would not exist, with potential loss of crew/loss of
mission consequences and short time-to-effect.

The NESC’s quantitative methodology fills a longstanding gap in the tools for designing Mars
missions. In the past, crew size determinations have been based on a limited, mostly non-
quantitative understanding of the impact of crew workload on mission success and crew survival.
Now, in weighing the question of whether a given crew size is adequate to ensure crew survival
and mission success, decision makers can be guided by a systematic, quantitative analysis.

Measuring the gap: Current ground-support expertise that would be unavailable for real-time support to a Mars crew
” i PaYIoad operaﬁons ission Evaluation i =
8 TM«% e g ﬁ%ﬁ*”ﬂ 1 4 oo e | ‘
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The enormous amount of experience and expertise on the ground during ISS missions is distributed among several teams. In the
Mission Control Center (MCC) front and back rooms (FCR + MPSR) there are 50+ operators on console and 20+ specialists on call.
Operators possess ~500 years combined on-console experience and 600+ years combined relevant experience. In the MER there
are 30+ engineers on console with ~161 years combined on-console experience and 556 years combined relevant experience
(estimated based on average experience level of MART participants).

Figure 1. International Space Station (ISS) Ground Personnel
[ref 1]
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Background

How many people should NASA send to Mars? Almost from the very beginning of Mars mission
studies, there has been an awareness that to determine the necessary crew size planners must
consider crewmembers’ roles and tasks and the need for cross-training to provide backup in case
of contingencies. Nonetheless, as the assessment team reviewed historical and recent Mars crew
size assessments, the team found that there has not been a detailed, quantitative analysis of crew
tasking, workload, and expertise. However, it is inescapable that a mismatch between the crew
size and their workload, and the level of expertise they must possess to handle unforeseen
failures, increases risk to mission success and crew safety.

To fill this gap in the Agency’s capability for determining crew size for missions to Mars, the
NESC has developed a methodology for NASA to perform systematic, repeatable trade space
analysis comparing crew size against trade space dimensions, using quantitative data from
human performance modeling. The proposed methodology is based on work conducted for the
Department of Defense (DoD) on future military missions and on recommendations from a
Naval Postgraduate School (NPS) review of DoD manpower determinations.

The assessment team turned to the NPS to understand how the military has considered crew size
in the past. In support of the assessment, two NPS graduate students conducted literature reviews
and structured interviews on DoD policies and guidance for determining crew size [ref. 2]. While
the military has established methodologies, protocols, and procedures for manpower
determination (i.e., the workload of an individual), the NPS found that, to date, the military has
not used these methodologies for crew size determination.

Like the DoD, NASA has processes for using workload measures in the design and development
of vehicles and operations. The NASA Task Load Index (NASA-TLX), developed by Ames
Research Center (ARC) as a tool for cognitive workload rating, is one of the most recognized
workload measures in human factors research. However, while the DoD and NASA have
established qualitative and validated workload and human performance models, neither
organization utilizes their models in trade space decision-making for crew size determination.

In further literature review, the assessment team found there was a DoD-funded contractor team
developing a methodology for tradeoffs in crew size determination for DoD missions. In their
work, the DoD-funded team approached the problem by recognizing that determining crew size
is a “form of function allocation” [ref. 3] where mission functions are allocated across the
humans and automation where the focus is on “the number of human operators necessary for a
safe and successful mission” [ref. 4]. The DoD-funded team developed a methodology for
considering trades in crew size given the allocation of functions between the human operators
and automation using human performance modeling to consider the workload on the human
operators. The team developed a framework for evaluating tradeoffs based on model outputs,
recognizing that there is not a “best” allocation of functions, nor is there a “best” crew size;
rather there are tradeoffs in factors (e.g., cost, risk, and mission success).

About the Proposed Methodology

The assessment team adapted the steps in the DoD-funded methodology as follows:
e Gather Mars Mission Information
e Determine Use Cases to Model
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e Create a Trade Space Evaluation Framework
e Conduct Human Performance Modeling
e Perform Trade Space Analyses

The assessment team first gathered information on the Mars mission environment, the Agency’s
mission objectives and science goals, and information on the mission architecture necessary to
build human performance models. NASA’s Human System Risk Board (HSRB) recognized that
there are “unchangeable aspects of the space environment” that pose a risk to crew [ref. 5]. The
five main hazards of the spaceflight environment harmful to humans are identified as: altered
gravity; radiation; isolation and confinement; a hostile, closed environment; and distance from
Earth [ref. 5]. While each of these may impact crew size, most critical to this assessment is that
the distance from Earth impacts real-time communication. The assessment team interviewed
personnel from NASA’s Space Communications and Navigation (SCaN) Program who provided
information on the possibilities for the communication infrastructure to support communication
among the crew in the Mars vicinity and between the Earth and Mars.

The Agency published their most recent set of mission objectives and goals for Mars in their
Moon to Mars Objectives publication dated September 2022 [ref. 6]. The assessment team
identified objectives most related to this assessment and considered these when selecting use
cases to model.

Since NASA has not defined the architecture for Mars missions, the assessment team created
models based on International Space Station (ISS) vehicle and operations, given both that ISS is
currently the best analog for a mission to Mars and that ISS operational data provided the team
with the level of detail needed to build the models. The assessment team was aware of the
limitations of using ISS as an analog for Mars; however, this is how predictive models are built —
based on the best available information.

The fundamental difference between Mars missions and all previous spaceflight missions is that
there is a subset of the functions performed real-time by the teams in the MCC and Mission
Evaluation Room (MER) in Houston, Texas, and the Payload Operations Integration Center
(POIC) in Huntsville, Alabama, that of necessity will be required to be shifted onboard, to the
humans or automation. The assessment team took the approach of initially allocating the real-
time duties of these ground personnel to the crew, recognizing that future work will be needed to
consider which of these tasks might be automated or even eliminated (accepting the cost and/or
risk of doing so).

The assessment team set criteria for candidate use cases to model that include use cases
necessary to meet primary mission objectives and use cases to respond to unforeseen failures.
The assessment team gathered candidate use cases based on previous work on ISS high-risk,
critical skills, research on autonomous tasks for Mars, and through subject matter expert (SME)
interviews conducted by the assessment team. The team then considered use cases that would
likely require high manpower, high mental workload, or a high level of expertise in such a way
as to drive crew size requirements.

The assessment team selected four uses cases to model for this assessment. Three of the use
cases were modeled using the Improved Performance Research Integration Tool (IMPRINT), a
human performance modeling platform built for the military to model workload at various levels.
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The fourth use case was analyzed using a model of human expertise developed independently by
the assessment team.

The three IMPRINT models were built based on Mars mission use cases:

e Intravehicular (1V) Operations for Planetary Surface EVA Model: Modeling the
mental workload of the IV Mars crewmembers supporting a planetary surface technical
EVA.

e Robotic Arm Assisted EVA Operator Model: Modeling the mental workload of a Mars
crewmember controlling a robotic arm manually or in an automated control mode.

e Mars Transit Crew Model: Modeling the level of engagement (i.e., daily workload) of
the Mars crew on the transit to Mars.

The fourth custom-built model was based on a Mars mission use case:

e Personnel, Expertise, and Training Model: Modeling crew expertise necessary to meet
primary mission objectives and respond to unforeseen failures.

These models were developed with support from experienced crewmembers, flight directors, a
payloads operations director, a flight surgeon, flight controllers, and instructors. The models
allow for the consideration of complex mission operations, as in the IV Operations for Planetary
Surface EVA model, and consideration of mission functions in the Personnel, Expertise, and
Training model.

To develop an evaluation framework for considering modeling results against trade space
parameters, the assessment team leveraged the work on crew size conducted for the DoD. The
DoD-funded team developed a set of eight dimension for trade space analysis: operational
impact, system resilience (where the human is part of the system), human performance, team
coordination, cognitive, organization constraints, costs, and technology capabilities [ref. 4]. The
assessment team added a ninth dimension: human health. This listing is intended to encompass
all the parameters that should be considered in trade space analysis of crew size, while
acknowledging that some factors (e.g., cost) are not considered in human performance modeling.

The assessment team conducted analyses of modeling results using the evaluation framework.
While recommendations on crew size are outside the scope of this assessment, results of these
and future analyses can be used to make recommendations to decision-makers as they consider
potentially competing factors in deciding on the crew size for human Mars missions.

Models and Findings

A human performance model simulates a human operator’s task performance in complex and
dynamic operations with an executable task network diagram. The assessment team conducted
two different types of analysis using IMPRINT human performance modeling, namely: 1)
detailed human performance models of crewmember’s workload performing specific activities
(i.e., Operations models), and 2) higher-level manpower analysis models that focus on crew
utilization over longer periods of time, including during periods in which unexpected events
occur (i.e., Force models).

If Mars missions include the challenges associated with limited crew sizes along with Earth-
independence due to communication delay/blackout, then high crew mental workload or high
utilization could have significant operational consequences. The Mars crew will perform tasks
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that are presently performed by the ground, and a detailed analysis of this task reallocation could
help to predict potential overload conditions. It may be assumed that the crew is more reliant on
automated systems to accommodate this increase in workload. However, these automated
systems could fail, while at the same time causing a decrease in the crew’s situation awareness of
the tasks they are performing. A crew experiencing high mental workload, and thus reduced
capacity for resilient performance, may not notice, diagnose, or correct failures in a timely
manner, and may even commit errors that could induce additional problems. Even in well-
understood commercial aviation systems that have undergone rigorous operational certification,
airline pilots intervene to address aircraft malfunctions on 20% of normal (routine) flights

[ref. 7]. Thus, it is likely unrealistic to expect that automation system failures on Mars missions
will be rare “corner-case™ events.

As research shows, humans are a “resource necessary for flexibility and resilience” in complex
engineered systems [ref. 8]. Human Mars missions will only increase in complexity compared
with the challenges of low-Earth orbit (LEO) and lunar missions, and it is critical that human
performance is appropriately considered in the design of these missions. Results from human
performance modeling can be used in considering the workload and associated adaptive capacity
of the crew, among other factors in the trade space, as planners weigh trades in designing
missions and as decision-makers determine crew size.

IV Operations for Planetary Surface EVA Model

The purpose of the IV Operations for Planetary Surface EVA model is to examine the real-time
activities (e.g., performed by the MCC for ISS EVASs) necessary to support astronauts engaged in
a Mars surface EVA and produce an estimate of the workload that would be experienced if these
activities were performed by crew in Mars orbit, without the ability for real-time communication
with Earth. An Operations model built with the IMPRINT modeling platform was used to
produce workload estimates.

The scenario was based on a Mars surface EVA in which two astronauts perform a technical
task. Although the main purpose of Mars EVAs will be scientific activities (e.g., geologic sample
collection), there is a possibility that some technical EVAs involving assembly or maintenance
may be required. The focus of the model was the workload of the 1V personnel who support the
EVA crewmembers, rather than the EVA crewmembers.

The assessment team conducted a real-time, remote observation of MCC activities during 1SS
EVA 79, observed EVA 84 from the MCC, analyzed voice loop recordings of EVA 79, and
conducted 12 structured SME interviews with personnel supporting the EVA. The team created
human performance models for five MCC positions supporting the EVA: Ground 1V, flight
director, EVA flight controller, EVA Task flight controller, and extravehicular mobility unit
(EMU) flight controller. The assessment team created combined models of the flight control
positions to determine if two IV crewmembers supporting two EV crewmembers, and a total
Mars crew size of four, could successfully complete an EVA.

The assessment team found that the IMPRINT modeling results predict that during a Mars
surface technical EVA conducted at the pace of an ISS EVA, workload for an IV crewmember
performing the combined duties of the present-day EVA, EVA task, and EMU flight controllers
will be unacceptably high. Based on analysis of IMPRINT modeling results and SME
evaluations by MCC EVA flight controllers, two crewmembers orbiting Mars would not be able
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to adequately manage the workload necessary to provide real-time 1V support to two
crewmembers performing a technical EVA on the surface of Mars.

Even though there are limitations inherent in the EVA models presented in this report, and these
results should not be considered final, successfully conducting planetary surface EVAs is the
single most important mission objective for Mars. It is critical that NASA ensures a Mars crew
can conduct EVAs independent of Earth. Future modeling of planetary surface EVAs should
consider the pacing of Mars surface EVAs, examine the tasks and workload of ground personnel
who provide real-time support of EVASs, and include potential advances in spacesuits and
operational concepts under development that might offload workload from a Mars IV crew.

Robotic Arm Assisted EVA Operator Model

The scenario modeled in the Robotic Arm Assisted EVA Operator model was to conduct a
robotic arm assisted EVA on a Mars transit vehicle at a distance from Earth that precluded real-
time MCC interactions. The assessment team built an Operations model in IMPRINT for this
scenario. The team conducted a real-time observation of MCC activities during 1SS EVA 80,
which included an EVA crewmember affixed to the arm. The assessment team analyzed voice
loop recordings of the EVA, reviewed operational procedures, interviewed a representative from
the Canadian Space Agency (CSA) on anticipated enhancements of their robotic arm, and
conducted structured SME interviews with robotics flight controllers and of the crewmembers
operating the arm for EVA 80.

The assessment team created models of robotic arm operations with a single IV crewmember
controlling the arm manually and controlling the arm with automation. The team assessed the
change in workload for the primary arm operator when a second crewmember was available for
support. The assessment team investigated the impact of varied levels of autonomous robotic arm
control, effectiveness of alerting support, and crewmember workload management practices.
Among the results from this initial IMPRINT model, the team found a second crewmember may
be necessary to mitigate unacceptably high workload of the crewmember operating the robotic
arm manually.

With this model, the assessment team analyzed the effects of stressors (e.g., sleep debt). For
example, IMPRINT modeling results predict that sleep debt increases mental workload and
degrades performance as evidenced by extended performance times. This emphasizes the
importance of considering similar stressors (e.g., fatigue) when deciding on crew size.

Mars Transit Crew Model

The purpose of the Mars Transit Crew model was to consider the tasks currently performed by
the MCC that will need to be shifted to Mars crews, and the implications of this function
reallocation for crew size. The assessment team utilized an IMPRINT Force model to perform a
higher-level analysis of the crew’s ability to handle the anticipated workload during a 9-month
Mars transit mission, focusing on crew utilization and manpower requirements.

To build the necessary IMPRINT Force model, the assessment team worked with a flight
director and payloads operations director to develop a list of assumptions for Mars missions
(e.g., MCC is prime for nominal commanding, crew is prime for commanding that requires real-
time verification). With this set of assumed tasks in hand, the assessment team conducted
structured interviews with flight controllers to document the tasks related to each vehicle system
or operation that would likely be shifted from MCC to the Mars crew.
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Planned tasks that would be shifted to the crew included daily health and status checks of
information technology (IT) equipment, safing for maintenance tasks (e.g., powering down
equipment prior to performing maintenance), tasks associated with daily operations, and in-flight
training to ensure the crew would be able to retain necessary skills and understanding throughout
their mission. While the assessment team recognizes that some of these tasks may be considered
candidates to automate, the team chose for this initial build of the Mars Transit Crew model to
include all tasks currently performed by humans and not currently anticipated to be automated.

Unplanned tasks included medical events; responding to vehicle system emergency, caution,
warning, and advisory events; conducting vehicle maintenance; and responding to a major
incident or unforeseen failure. The assessment team gathered relevant source data for each
category of unplanned task and analyzed the data sets with appropriate statistical methods to
predict the rate of the event occurrences during a 9-month transit to Mars. The team also
analyzed the impact of each event on the affected crewmembers” work hours. Given the
uncertainties in the source data, the assessment team considered IMPRINT results with average
values of all task categories and results with 75% confidence of all categories to represent a
conservative bound on the average.

The assessment team built two predictive models of Mars transit scenarios, using Mars-unique
planned and unplanned tasks occurring at the average and 75% confidence levels. The two Mars-
unique models were used to compare IMPRINT Force model results with a model of ISS tasks.

The assessment team found that IMPRINT modeling using 1SS-equivalent task assumptions

predicts that more than six crewmembers will be needed to achieve the same number of work
hours on a Mars transit as on a four-person ISS mission given average rates for all unplanned
events, and more than seven crewmembers will be needed given 75%-confidence-level rates.

More work is needed to define Mars transit operations, and to understand critical technologies
that may be required to pick up tasking from the crew before these data can be used to inform
recommendations on crew size (noting again that recommendations on crew size were outside
the scope of this assessment). Nonetheless, the results show the necessity of considering
ongoing, daily workload in crew size decision-making.

Personnel, Expertise, and Training Model

Based on ISS historical data, there is a very high likelihood for Mars mission of unforeseen
failures with loss of crew/loss of mission potential and short time-to-effect that could lead to
actual loss of crew/loss of mission outcomes. The assumption by the Human System Integration
Architecture (HSIA) Risk team is that an unforeseen failure that must be safed within ~24 hours
and up to ~72 hours will require the Mars crew to respond independently from the MCC given
the communications delay/blackout with Earth. The Personnel, Expertise, and Training model
was designed to provide the capability to consider the trade space of crew size and level of
expertise in the real-time environment, where the crew’s expertise is a necessary component for
mitigating the risk of these unforeseen failures. This custom model was built using the Excel®
spreadsheet add-on simulation tool Crystal Ball.

The Personnel, Expertise, and Training model is an optimization model embedded with
quantitative training data designed to balance the training workload across a crew of a given size.
The model outputs pre-mission training hours for each crewmember and outputs a Mars Crew
Qualifications and Responsibility Matrix (CQRM), which comprises a listing of crew
capabilities/qualifications across the systems, operations, and payloads for each vehicle in a Mars
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mission architecture. The model assumes continual but communication-delayed support from the
MCC.

To consider the expertise necessary for a Mars crew, the assessment team identified areas of
responsibility for each vehicle in a given Mars mission architecture: the Multi-Purpose Crew
Vehicle (MPCV) spacecraft, the Transit Habitat, the Mars Descent Vehicle (MDV), the Mars
Rover, and the Mars Ascent Vehicle (MAV). The team assigned crew responsibilities applicable
to each vehicle that included piloting, emergency response, activation/deactivation, inventory
and stowage, vehicle system operations, structures and mechanisms, 1V maintenance and repair,
habitability, imagery/video, EVA operations, crew medical response, medical operations,
robotics operations including EVA robotics and track and capture, and transit and planetary
surface research payloads. The team created a list of Mars mission qualifications to assign
qualification levels required for each responsibility where a higher level of qualification indicates
a higher level of knowledge and capability. The team gathered applicable crew and flight
controller training data documented in NASA’s Fox learning management system.

From the model outputs, SMEs compared flight-assigned Mars CQRMs for different crew sizes
across the dimensions of the trade space evaluation framework. The assessment team found that
based on modeled crew training limits and 1SS-equivalent vehicle system assumptions, a flight-
assigned Mars CQRM indicates that a crew of four would not possess the necessary expertise to
meet primary mission objectives or respond successfully to unforeseen failures in Transit Habitat
or Rover vehicle systems with potential loss of crew/loss of mission consequences.

As with the other models, more work is needed before making recommendations on crew size
using the Personnel, Expertise, and Training model. To build additional Mars CQRMs for trade
space analysis, including CQRMs for the expertise needed during communication blackouts,
requires further knowledge of vehicle systems, possible unforeseen failures, and Mars surface
operations to make meaningful decisions on required crew qualifications.

NESC Recommendations

In late 2023, the Mars Architecture Team (MAT) asked the Agency to prioritize efforts to answer
seven key questions driving the Mars architecture, where “a key architecture decision is defined
as a decision whose outcomes so profoundly influences the architecture that it requires very
high-level review” [ref. 9]. Two of those seven questions were related to crew size: The number
of crew to the Mars vicinity and the number of crew to Mars surface. The NESC recommends
that Agency decision-makers should consider the crew workload and expertise within the crew
necessary to successfully accomplish the mission when considering trades in those numbers.

The methodology presented in this report for conducting systematic, repeatable trade space
analysis of crew size using quantitative data from human performance modeling of crew
workload and expertise provides the Agency with a new capability to guide those who wish to
answer those two critical questions about crew size.

However, additional work is needed to evaluate critical technologies, training capabilities, and
operational considerations for missions to inform updates to the models presented in this report.
To support these efforts, the NESC recommends that the Exploration Systems Development
Mission Directorate (ESDMD), Space Operations Mission Directorate (SOMD), and Space
Technology Mission Directorate (STMD) should coordinate to resource a group to continue the
work of conducting human performance modeling of crew workload and expertise in support of
trade space analysis for decision-making on crew size for Mars missions.
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5.0 Assessment Plan

The original assessment plan was presented to the NESC Review Board (NRB) in early 2020 and
approved. However, the assessment was put on hold due budget uncertainties and scheduling
impacts of COVID on ongoing assessments. The updated plan was brought to the NRB in 2021
and was approved with funding. The scope of the assessment was to develop a new Agency
capability for trade space analysis for crew size for missions to Mars, including developing
quantitative task analysis models using an existing modeling framework. This capability will
allow NASA’s decision-makers to perform trade space analyses comparing crew size for
missions to Mars against multiple dimensions in the trade space, including mission design
parameters. The deliverables were to include the task analysis models, a personnel model, and a
candidate list of crew tasks for missions to Mars.

This report details a methodology for trade space analysis for crew size for missions to Mars and
lists the main factors that should be included in a full mission analysis (e.g., costs, health
requirements, and human task performance). While assessing costs and health requirements are
outside the scope of this assessment, human performing modeling is within scope. This report
includes a set of three human performance models using IMPRINT, a human systems integration
analysis modeling platform built for the DoD to model workload at various levels, and a fourth
model of human expertise developed independently by the assessment team.

The three IMPRINT models were built based on Mars mission use cases:

e |V Operations for Planetary Surface EVA Model: Modeling the mental workload of
the IV Mars crewmembers supporting a planetary surface technical EVA.

e Robotic Arm Assisted EVA Operator Model: Modeling the mental workload of a Mars
crewmember controlling a robotic arm manually or in an automated control mode.

e Mars Transit Crew Model: Modeling the level of engagement (i.e., daily workload) of
the Mars crew on the transit to Mars.

The fourth custom-built model was based on a Mars mission use case:

e Personnel, Expertise, and Training Model: Modeling crew expertise necessary to meet
primary mission objectives and respond to unforeseen failures.

The assessment team expanded on a candidate list of crew tasks for missions to Mars given the
current level of understanding of the vehicles and mission architecture for the first missions to
Mars.

Assumptions for each of the four models are listed within their section of this report, including
assumptions regarding the Mars communication infrastructure and Mars vehicle capabilities in
the context of the allocation of duties and tasks to the crew. Each of the four models are analyzed
in the context of the trade space for crew size for missions to Mars against mission design
parameters using a trade space evaluation framework.

NESC Document #: NESC-RP-20-01525 Page #: 22 of 292



6.0 Problem Description, Background, and Proposed Solution

6.1 Problem Description

To date, crewmembers onboard NASA’s human spaceflight missions have been able to rely on
real-time expertise and support from personnel in control centers on Earth to successfully
accomplish their missions. For ISS missions, the flight director, flight controllers, and engineers
in NASA’s Mission Control Center (MCC) and Mission Evaluation Room (MER) in Houston,
Texas, and the payloads operations director and payload engineers in the Payload Operations
Integration Center (POIC) in Huntsville, Alabama, team with the crew to monitor and control the
vehicle, vehicle systems, and payloads and provide expertise as needed. The MCC personnel are
certified flight directors, flight controllers, and analysts responsible for real-time operations of
the vehicle (e.g., control of vehicle core systems) and operations (e.g., EVA and robotics
operations). The MER personnel are engineers who support MCC with real-time engineering
analysis. The POIC payloads operations directors and payload engineers are responsible for real-
time operations of payloads (i.e., scientific experiments). Additionally, the ISS crew is supported
in real-time by SMEs in NASA’s commercial and international partner control centers.

Ground Personnel

The amount of support provided by the MCC teams cannot be overstated. In the MCC there are
50 or more operators on console conducting ISS operations during a typical weekday shift, with
20 or more specialists on call. The MCC is staffed continually, though with fewer personnel on
the overnight and weekend shifts. These flight controllers are performing real-time duties that
include operating the vehicle and vehicle systems (e.g., sending commands to core vehicle
systems, performing software upgrades, responding to system anomalies, and managing crew
schedules). For more complex operations, additional flight controllers sit on console. For
example, during 1SS EVA operations, there are more than half a dozen MCC flight controllers
who support in the flight control room (FCR) and the Multipurpose Support Room (MPSR), with
greater than 18 MER personnel and EVA managers [ref. 2].

MCC flight controllers not only perform a substantial amount of work “flying” the vehicle, but
they also bring an enormous amount of expertise to real-time operations. All flight controllers
are certified to perform their duties, receiving years of training on their specific systems or
operations. An analysis by NASA’s HSIA Risk team found that one shift of FCR and MPSR
personnel “possess ~500 years of combined on console experience and 600+ years combined
relevant experience” [Figure 1]. In the MER, “there are 30+ engineers on console with

~161 years combined experience and 556 years combined relevant experience” [ref. 2]. In the
event of an unforeseen failure, the MCC stands up a separate team to work the failure so that the
FCR and MPSR teams can continue to focus on operations. This additional team is referred to as
Team 4 or, when International Partners are involved, as a Multilateral Anomaly Resolution Team
(MART). One MART meeting contained “747 years combined relevant experience and an
average experience level of 17 years” [ref. 2].

While the capability within a Mars crew to operate, maintain, troubleshoot, and repair systems
and payloads is critical for mission success, many tasks will likely be performed at a tempo that
allows for communication delayed/blackout exchanges with MCC to take advantage of the
expertise within the flight control team on the ground. Nonetheless, there are nominal, time-
critical tasks that the crew will need to perform without the real-time support of the MCC (e.g.,
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piloting, EVA operations, certain robotics operations, and vehicle system commanding that
requires real-time responses), shifting a large amount work from the ground to the Mars crew.

Most critical is the expertise needed to respond in real time to unforeseen failures with potential
loss of crew/loss of mission consequences and short time-to-effect. Critical failures requiring the
high level of expertise found only in the ground teams have occurred since the beginning of
human spaceflight. For historical context, the assessment team gathered examples from Apollo
missions.

July 1969: Computer alarms during Apollo 11 powered descent

During the powered descent, the lunar module’s (LM’s) onboard computer issued alarms
indicating it was overloaded with tasks. The crew did not know what the alarms meant or how to
respond to them, but in one of the MCC back rooms a computer expert named Jack Garman did
know what the alarms meant. He told flight controller Steve Bales that if alarms did not recur
they would not pose a threat to the landing. Bales informed Flight Director Gene Kranz that they
were still Go, and Capcom Charlie Duke relayed that to the crew.

November 1969: Lightning strikes the Apollo 12 spacecraft during launch

Lightning struck the Apollo 12 spacecraft twice during the first minute of launch, disrupting the
command module’s (CM’s) electrical power system and causing the guidance platform to lose its
inertial reference. The crew reported a long string of caution and warning lights, and within
seconds flight controller John Aaron responded with the suggestion, “Try SCE to AUX,” a
reference to the CM’s Signal Conditioning Electronics (SCE) auxiliary (AUX) mode. This was
highly specialized knowledge that was unknown to anyone else in the MCC or the crew. Aaron
had learned about the functioning of the SCE in AUX mode a year earlier, and it was fortuitous
that he was at the electrical, environmental, and consumables manager (EECOM) console on that
launch. When the crew flipped the switch to put the SCE to AUX, it allowed Aaron to get his
data, averting a potential abort by Flight Director Gerry Griffin. It also allowed the MCC to
advise the crew on how to respond to the effects of the lighting strike.

April 1970: Apollo 13°s Command/Service Module (CSM) is crippled by the explosion of an
oxygen tank

After an oxygen tank inside the Apollo 13 service module (SM) exploded, the crew was faced
with a survival situation. Close coordination with the MCC allowed them to activate their LM as
a lifeboat. Calculations made by flight controllers in the MCC were essential in the crew’s use of
the LM engines to get back on a free-return trajectory and, later, to correct errors in their
homeward flight path. MCC expertise was critical in managing limited resources,
troubleshooting numerous problems, and creating procedures necessary for the crew’s safe
return. One of the most famous examples is the carbon dioxide scrubber that had to be rigged by
the crew using a cartridge from the CM that was not designed to work in the LM. Fortunately, a
solution was found by the Manned Spacecraft Center’s* Crew Systems Division, who devised a
way for the crew to adapt the cartridge to the LM’s environmental control system using materials
onboard.

February 1971: Contaminated circuit threatens the Apollo 14 lunar landing
While preparing for their descent to the Moon’s surface, the Apollo 14 crew received an
indication that an abort signal was being sent to the onboard computer, probably because of a

! The Manned Spacecraft Center was subsequently named the Johnson Space Center.
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contaminated circuit. Had the crew done nothing, this would have resulted in aborting the
powered descent immediately after it had begun. MCC contacted the Massachusetts Institute of
Technology (MIT), where one of the authors of the LM’s computer software wrote a patch that
worked around the problem. The commands were relayed up to the crew, who entered them into
the computer, and the landing was able to proceed.

July 1971: Water leak in the Apollo 15 CM

About 61 hours after launch the crew discovered water leaking at a high rate from the
chlorination port of their potable water supply. If the problem had not been solved it would have
caused the mission to be aborted (i.e., loss of mission) and threatened the functioning of the
CM’s electronics. Less than 15 minutes after the crew reported the problem, the MCC responded
with a procedure to arrest the leak. Fortunately, the problem had occurred during preparations on
launch day, and technicians had written the procedure in case the problem recurred in flight. The
crew had not been told of the incident and did not have any prior information onboard about how
to respond.

April 1972: An engine control malfunction threatens the Apollo 16 landing

After a normal undocking and separation from the CSM in lunar orbit, the LM crew was
preparing for their descent to the Moon while their crewmate in the CM readied for an orbit
circularization maneuver. As he adjusted the controls for the engine nozzle steering mechanism,
the CM pilot felt the vehicle shake and realized the secondary yaw control loop was unstable.
The mission remained in limbo for about six hours, while MCC engineers and Apollo contractors
worked to analyze data from the spacecraft and conduct tests with duplicate hardware. Finally,
the MCC established that the system was safe to use, and the mission continued successfully.
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Current Status
State of Knowledge (New Evidence)

Total High Priority IFls
10 64

Vehicle IFls, Incidents requiring
urgent diagnosis*
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* Those with potentially high consequence outcomes (e.q, high priority IFI) and significant
uncertainty surrounding their origins. These issues are not known emergencies but have
significant time pressure to identify causality, e.g., so that cascading or common cause
failure modes can be avoided.

Figure 2. High-priority ISS IFIs [ref. 38]

Failures that have required the highly specialized expertise in the MCC to resolve continue to be
seen in current spaceflight programs. An analysis of ISS unforeseen failures, classified as items
for investigation (IFIs), conducted by NASA’s HSIA Risk team showed that IFIs requiring
urgent diagnosis have occurred on average 1.74 times per year, where such IFIs are “those with
potentially high consequence outcomes and significant uncertainty surrounding their origins.
These issues are not known emergencies [i.e., those for which pre-planned responses exist] but
have significant time pressure to identify causality (e.g., so that cascading or common cause
failure modes can be avoided”) [ref. 38] (see Figure 2). [Note that this analysis did not include
IFls associated with EVAS.]

Based on past human spaceflight experience, it is expected that a Mars crew will be faced with
unforeseen failures. To successfully address these failures, having a sufficient level of expertise
afforded by an adequate crew size will be critically important.

Summary

Because of the distances associated with missions to Mars, real-time communication with the
MCC will not be possible. Mars missions will differ from all previous human spaceflight
experience in that the crew will be required to operate independently from the large and highly
experienced teams on the ground, and thus critical mission functions will have to be reallocated
from the ground to the crew. However, because of the cost of spaceflight missions, NASA is
working to design missions with a limited crew size. Without a systematic, repeatable process to
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aid determination of crew size and expertise necessary to successfully accomplish Mars
missions, NASA increases the risk to such missions in that crew sizes may be insufficient to
meet mission objectives under nominal conditions and, more consequentially, the crewmembers
may not have the expertise needed to successfully respond to unforeseen failures without the
MCC’s real-time expertise that NASA has always relied on (Figure 3).

Unacceptably
high workload /
insufficient
expertise LOC/LOM
integrated

RISK sl
COST =i

Acceptable
workload /
sufficient

expertise CREW SIZE =i

Notional curves convey the relationship between crew size, risk, and cost.
Crew sizes too small to handle mission workload or respond successfully to
unforeseen failures due to insufficient onboard expertise result in increased risk to
mission success and crew safety (left curve). Increases in crew size, which reduce
these risks, may likely drive mission costs prohibitively high (right curve).

Figure 3. Notional Crew Size, Risk, and Cost Curves
6.2 Background

6.2.1 Humans to Mars, But How Many? A Historical Review of Crew Size
Determinations for Mars Missions?

“Humans are the most valuable mission asset for the Mars exploration program and must not
become the weak link.”
— NASA ARC human factors specialist Yvonne Clearwater, 1993

“A Mars mission is more than just Apollo on steroids; there is a quantum difference from any of
our previous spaceflight experience.”
— NASA JSC systems engineer and Mars mission architect Steve Hoffman, 2023

2 persons interviewed for this historical review are listed in Appendix A; references are listed at the end of
Section 15.0.
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Introduction

Three-quarters of a century have passed since Wernher von Braun conducted the first
engineering study of a human mission to Mars in 1948. During that time, dozens of study teams
at NASA, its contractors, and other organizations in the U.S. and abroad have confronted what
NASA mission architect John Connolly and his colleagues have called “the ultimate systems
challenge.” As they wrote in 2017, a Mars mission that can be carried out with available
resources and technology represents “a complex network of interconnected design choices,
systems analyses, technical optimizations, and non-technical compromises.” The crew Size is one
in a bewildering array of considerations including propulsion type, orbital mechanics, mission
duration and spacecraft technologies. Over the decades, planners grappling with the complexities
of the humans-to-Mars trade space realized that the mission design must start with the crew and
work outwards. Many tried to address one of the most critical factors in determining the crew
size, namely the tasks they would have to perform and the impact of crew workload on mission
success. But with limited resources—after all, Mars missions were too far in the future to be a
priority—they were unable to carry out the analyses necessary to truly understand that impact.

Now, however, that is changing. Today, as NASA prepares to make critical choices for human
Mars missions, decision-makers can utilize a new analytical capability created by the NASA
Engineering Safety Center to enable quantitative assessment of a Mars crew’s workload and
expertise that can be used to guide the all-important choice of crew size. This capability has been
developed out of an appreciation of the inescapable fact that Mars crews will have to confront
malfunctions and crises without the real-time support available to astronauts in LEO and cislunar
space. The troubleshooting analyses that up to now have been shared by dozens of minds in the
Mission Control Center (MCC), leveraging decades of combined training and spaceflight
experience to solve never-before-encountered problems, will have to be carried out by a handful
of people more isolated from Earth than any previous explorers. This fundamental reality
separates Mars missions from all previous human spaceflight experience.

The historical narrative that follows shows how this daunting realization—one whose impact
continues to unfold—Ahas shaped crew size determinations over the last three-quarters of a
century, providing context for the current efforts to define the first human Mars missions.

Before NASA: Wernher von Braun’s Ambitious Martian Visions

. Crew Crew
Year Title Author (total) (landed)
1948 The Mars Project Wernher von Braun 70 50
1956 The Exploration of Mars von Braun and Ley 12 9

In 1948, three years after Wernher von Braun and his rocket team surrendered to American forces
and were brought to the U.S. to jump-start the nation’s guided missile program, von Braun found
himself with a bit of time on his hands. Taking advantage of the lull von Braun returned to an
idea he had been pondering for over a decade, but which up to now had only existed in the pages
of science fiction, a crewed expedition to the Red Planet. Determined to show that despite its
staggering challenges such a mission could be accomplished, von Braun used nothing more than
a slide rule for calculations as he worked out a detailed plan for the expedition, aided by several
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colleagues. By 1952, the study had been published in Germany, and the following year an
English translation appeared in the U.S. with the title The Mars Project.

By that time von Braun was becoming known to Americans as a space visionary, having penned
a forecast of the coming Space Age for the widely read magazine Colliers in a series of articles
between 1952 and 1954. Despite von Braun’s optimism, The Mars Project must have seemed
impossibly ambitious in 1952 (and even today, it still does). The plan called for ten Mars ships
that would be assembled in Earth orbit by a fleet of nearly four-dozen space shuttles, each with
almost twice the payload capacity of the actual Space Shuttle that would not become reality for
nearly three decades. Each of the expeditionary ships, outfitted with a ‘landing boat’ for the trip
from Mars down to the planet’s surface and back, would weigh 3,720 metric tons for a total
expedition mass of 37,200 metric tons, more than 88 times the mass of the completed
International Space Station (ISS).

The number that really conveys the audacity of von Braun’s expedition is the crew size: No less
than 70 people would make the 260-day journey to Mars, with 50 of them setting foot on the
surface. Von Braun did not say how he arrived at such a large number of expedition members,
but historian David S. F. Portree has proposed that there may have been an Antarctic connection.
In his seminal monograph Humans to Mars: Fifty Years of Mission Planning, 1950-2000, Portree
speculated that as von Braun carried out his study in 1948, he would have been inspired by the
recently completed Antarctic expedition known as Operation High Jump, which included

4,000 people, 13 ships, and 23 aircraft. “In the days before satellites,” Portree wrote, “Antarctic
explorers were largely cut off from the world, so experts and technicians had to be on hand to
contend with any situation that might arise. Von Braun anticipated that Mars explorers would
face a similar situation.” 3

In his introduction to The Mars Project von Braun justified the expedition’s enormous economic
and logistical costs by pointing out that they “are no greater than those for a minor military
operation extending over a limited theater of war.” By 1956, however, von Braun had apparently
come to grips with real-world limitations, presenting a more modest plan in the book he co-
authored with Willy Ley, The Exploration of Mars. “In order to keep the costs for the
undertaking to a minimum,” they wrote, the expedition was limited to 12 people, 9 of whom
would land on the planet.

Even at this early date, von Braun and Ley were mindful of the human-factors elements of the
mission, and The Exploration of Mars mentions cross-training for Mars expedition astronauts.
Any of them might become incapacitated by illness or injury, they noted, so the entire crew
would have to be trained to cover specialties other than their own. “Logically, then,” they wrote,
“the radioman must be able to take the place of the navigator, the co-pilot of the glider the place
of the chief engineer, while at least three men of the crew should have a fair amount of training
in medicine and simple dentistry.” It was the first appearance of what would become a recurring
theme in humans-to-Mars studies.

%Ina February 2023 email to the author, Portree explained that this statement was based solely on his own
interpretation of von Braun’s study.
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Early NASA Mars Mission Studies Mention Crew Workload

Crew Crew
Y Titl NASA
ear itle SA Sponsor Contractor (total) (landed)
TRW Space
1963 Manned Mars NASA Ames Technology 6 2

Landing and Return Research Center )
Laboratories

1963 Manned Mars NASA Ames North American 3-10 5
Landing and Return Research Center Aviation )

NASA Manned

Study of Subsystems .
1963 Required for a Mars Spacecraft Center North An?encan 46 )

. (now Johnson Aviation

Mission Module
Space Center)
Study of a Manned NASA Manned Philco Corp.

1963 Mars Excursion Spacecraft Center Aeronutronic 4-6 3

Module (now JSC) Division

In the early 1960s, even as NASA tackled the enormous challenges of the Apollo lunar landing
program, farsighted engineers at several NASA centers were already looking to a future they
hoped would include human missions to Mars. In 1963, two centers funded Mars mission studies
that demonstrated at least some awareness of the importance of workload as a determining factor
in crew size. One was carried out for the Ames Research Center (ARC) by TRW, whose report
stated that in light of “a brief human factors study” including an analysis of crew tasks, “a crew
of eight...is desirable and seven is a minimum.” However, in the next sentence they noted that
“substantial improvements in subsystem reliability and maintainability could allow a reduction in
crew requirements.” Apparently, they believed those improvements would become reality: Their
report assumed a six-person crew, with two landing on the Martian surface. The TRW study
reflected a challenge that would confront all Mars mission planners: The pressure to rely on yet-
undeveloped technologies as a means of reducing crew size.

Crew workload also figured in two Mars studies funded that year by the Manned Spacecraft
Center (MSC, now the Johnson Space Center). At this time the Houston center was well along in
creating the Apollo spacecraft, including a command module that would carry three people (a
crew size based on the minimum number that would allow round-the-clock watches like those on
naval vessels) and a lunar module that would bring a pair of astronauts down to the lunar surface
and back. For Mars, however, MSC told the contractors to assume a four-person crew but to
design the mission’s habitation module to handle as many as six people.

MSC chose North American Aviation, prime contractor for the Apollo command/service
module, to study the transit vehicle, which would house four astronauts during the trip to Mars
and back and two in Mars orbit during the surface operations phase of the mission. Their study
included a workload analysis that revealed the impact of a small crew size on the mission’s
scientific accomplishments. The astronauts would spend most of their seventeen-hour days on
systems monitoring and controlling the vehicle, the engineers noted, and because of subsystems’
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limited reliability additional crew time would be required for onboard repairs. If malfunctions
piled up, “noncritical activities, such as scientific experimentation, training, and recreation would
have to be replaced with the maintenance function as required.”

The design study of the mission’s lander, which was carried out by the Aeronutronics division of
Philco, also included a task analysis that indicated that the mission could be accomplished with a
small crew—but not as small as had been prescribed. Philco’s engineers reported that contrary to
the two-crew minimum specified for the lander, three people would be needed to obtain “a
reasonable scientific and engineering data return from the surface of Mars.” The lander crew
would consist of a Captain-Astronaut-Scientific Aide who would have “complete authority
during flight phases” and would assist the two scientists during surface activities; a First Officer-
Scientist-Astronaut trained in geology who would also handle navigation during flight and advise
on the choice of the mission’s landing site, and a Second Officer-Scientist-Astronaut who would
conduct biological studies, monitor the lander’s systems and the health of the crew, and manage
the life support equipment. And in what may have been an early recognition of the need for in-
situ IV support, the study stated that two astronauts would conduct EVAs while the third
remained inside the lander.

Based on available documents, these brief forays into the implications of Mars crew size seem to
be unique in NASA’s early history. Although the Agency’s studies of Mars missions would
continue through the end of the 1960s, the 1963 ARC and MSC efforts marked the last time that
human factors would play a role in Mars crew size determinations in the Apollo era.

1988: Words of Caution on Minimum Crew Sizes

Crew Crew
Y Titl NASA Origi
ear itle SA Originator (total) (landed)
NASA H ffi f
1988 Human Expeditions to Mars S eadquartc.ers Office o 8 4
Exploration
Lunar Outpost to Early Mars NASA Headquarters Office of
1988 . ) 8 8
Evolution Exploration

In the late 1980s, after nearly two decades in which the Red Planet all but disappeared from
planners’ agendas, human Mars missions enjoyed a resurgence at NASA. In 1988 NASA
Headquarters’ newly formed Office of Exploration ordered a range of studies of human missions
to the Moon and Mars, including landings on Mars and a rendezvous with the Martian moon
Phobos. The Mars landing case studies, entitled “Human Expeditions to Mars” and “Lunar
Outpost to Early Mars Evolution,” featured eight-person crews, with four or eight people landing
on the surface. The study report said nothing about the rationale for this crew size, but it did
include a fascinating discussion of minimum crew size written by a young JSC systems engineer
named Kyle Fairchild, who soaked up the wisdom of the veteran engineers, scientists, and
mission planners participating in the study. His comments highlighted the daunting and
sometimes surprising complexities of the crew-size issue, and explicitly addressed two opposing
pulls—the desire for a larger team of astronauts to ensure mission success, and the mass and cost
penalties of sending them to Mars.

Fairchild observed that the combined mass of the astronauts and the systems needed to support
them had often been the leading parameter used to determine a mission’s cost because “mass is
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the easiest parameter to quantify.” But he noted that minimizing the crew size, he noted, can
actually increase costs due to the expensive technology development required to compensate for
the tasks that would otherwise have to be performed by humans. A smaller crew would also bear
the burden of a heightened need for cross-training. “For example,” he wrote, “the diverse skills
of commander, physician, scientist, and engineer might have to be compressed into two people.”
Fairchild clearly foresaw the need for a data-driven assessment of the implications of reduced
crew size: “To quantify this impact, it is necessary to do a functional decomposition of the entire
mission, then determine the amount of crew time necessary to perform each function, crew
endurance limits for each function, and the sequence of functions.”

On the idea of relieving the crew’s workload with automated systems, Fairchild sounded a
cautionary note. In contrast to machines that are best suited to performing routine tasks, he
observed, humans do best when they are required to perform “new innovative tasks that are
initially poorly understood.” Space Shuttle missions had demonstrated this again and again as
astronauts devised “innovative fixes for unanticipated contingencies.” But in contrast to the near
routine of shuttle flights, Fairchild noted, “the relatively unknown environment and situations
that will be encountered in a Phobos or Mars mission [mean that] crew contributions will be even
more critical. Considerable advances will be required in artificial intelligence, automation, and
robotics before it is truly viable to replace crew members with machines.” He warned that future
program managers betting on the development of such systems to stay within cost and schedule
constraints “will find themselves in the unenviable position of trusting in technology
development they largely have no control over...Gambling an entire program on state-of-the-art
forecasts can be very risky.” It was a remarkable observation to make in 1988, and one that could
easily be made today.

1992: Skill Mix Gains New Importance for Crew Size

. . . Crew Crew
Year Title NASA Originator (total) (landed)
Mars Exploration Study
1993 Workshop Il NASA Headquarters 6 6

NASA’s humans-to-Mars studies got an enormous boost in July 1989 when President George H.
W. Bush called for a Space Exploration Initiative (SEI) including a human return to the Moon
and expeditions to the Red Planet. Ultimately, however, SEI proved to be untenable—Ilargely
because, as JSC mission architect and cost analyst Humboldt Mandell later wrote, “NASA
management had little concern for the costs of human exploration” because they believed the
new program would inevitably be high on the list of national priorities. For the 90-day study
mounted by the Agency in response to Bush’s SEI speech, cost estimates were not generated
until the mission designs had been completed. The resulting $200-billion price tags for each of
the study’s Moon and Mars alternatives, Mandell wrote, “would have required a doubling or
tripling of the current NASA budget for up to thirty years,” a realization so alarming that NASA
management decided to recall and embargo all cost estimates connected with the report.
Nevertheless, Mandell wrote, “the damage was done. The perception abounded, throughout
NASA and the external community, that costs of up to $500 billion would be required to
implement Moon and Mars exploration.” Things could have been different, he said, if costs had
been a concern from the outset.
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By 1992 SEI was all but dead, but there was still enough momentum to support a Mars
Exploration Study Team that included engineers and scientists from across the Agency, along
with a few outside researchers and Mars enthusiasts. In the spring of 1992, the team gathered at
ARC to work out a new and more affordable humans-to-Mars plan, and especially, to evaluate
the Design Reference Mission* that was in preparation. Exploration Program mission architects
Kent Joosten, David Weaver, Bret Drake and John Connolly were among those who deliberated
at Ames. Connolly remembers the gathering with enthusiasm. “That was a hell of a workshop,”
he says. “It was a cast of the most brilliant folks you could have.”

The participants included ARC human factors specialist Yvonne Clearwater, who had joined
NASA in 1984 after working on design issues for military bases in extreme environments where
levels of isolation, confinement, and risk were high. “In these settings,” she recalls, “skill mix
and cross-training were key to determining not only the size and composition of the crews, but
also served as drivers for many other aspects of mission planning and concept design.” By 1992,
she had been applying this fundamental understanding to Mars missions, and for the ARC
workshop she conducted an analysis of “the minimal size crew needed to achieve the combined
science and habitability objectives of the Mars surface mission.” Her focus stemmed from an
understanding that during the trip to and from Mars, the crew would likely be occupied with
training activities and physical conditioning, while the mission-critical tasks would be
accomplished on the Martian surface.

Clearwater began with the assumption that while the astronauts were living on Mars they would
have “weekday schedules similar to a normal life regime,” with 9 hours for work, 8 hours for
sleep, 1 hour each for hygiene and exercise, 2 hours for meals, and 3 hours for rest and
relaxation. On weekends the schedule included only “essential tasks and chores which could be
carried out in less than 5 hours per crew member.”

Next, Clearwater identified the skills required for the surface mission:
e Operation, maintenance, and repair of mechanical, electrical, and electronic systems

e Tool making

e General practice medicine plus surgery, biomedicine, and psychology

e Geological studies including geochemistry, paleontology, geophysics, meteorology, and
atmospheric science

e Biological studies including botany, ecology, agronomy, and soil science

e Management/planning

e Communications

e Computer sciences and database management

e Food preparation and greenhouse operations

e Vehicle control and navigation, including teleoperated rover

e Journalism

e Housekeeping

Finally, Clearwater summarized the technical fields required: mechanical engineer, electrical and
electronics engineer, geoscientist, life scientist, and physician/psychologist. Each of these were
important enough to be assigned as a primary specialty to one crewmember, with at least one

4 NASA’s practice of creating a Design Reference Mission to guide the design of hardware and missions dated back
to the early years of the Apollo Program.
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other crew person being cross-trained as a backup. “A wide variety of tasks would have to be
handled by each crew member,” she noted, “including support tasks as well as tasks of command
and communications. It is assumed that technical individuals would be cross-trained for these
responsibilities.” Nevertheless, Clearwater concluded that “the surface mission can be conducted
with a minimum crew size of five, based on technical skills required.” But she added an
important caveat: “Loss or incapacitation of one or more crew could significantly jeopardize
mission success. Therefore, a minimum crew size of seven or eight may be required to address
the risk issues. Currently, the reference mission is built on the assumption of a crew of six.”

However mindful the ARC workshop participants were about SEI’s painful lessons, when it
came to crew size their choice seems to have been driven less by cost than reducing risk to
mission success. As Clearwater noted, there were overriding considerations for the first human
Mars expedition. Ensuring the crew survived the journey was not enough; the real objective was
“to learn about Mars and its capability to support humans in the future.” And she articulated a
compelling mandate: “Humans are the most valuable mission asset for the Mars exploration
program and must not become the weak link.”

Clearwater’s analysis did not address key issues, including the amount of time it would take to
train a Mars crew for all the roles they would need to master. Nevertheless, it was an important
effort that took the consideration of workload in crew-size determinations to a new level, and its
influence would be seen in NASA’s Mars mission planning for many years to come.

1997: NASA Publishes a Design Reference Mission for Mars
Year Title NASA Originator

Crew Crew
(total) | (landed)

Human Exploration of Mars:

The Reference Mission of the

NASA Mars Exploration Study
Team

1997 NASA Headquarters 6 6

By 1993, when the report of the ARC workshop was published, JSC systems engineer Steve
Hoffman was a veteran of Mars mission studies, having begun his involvement in 1986 as a
contributor to the report of the National Commission on Space. Hoffman had not attended the
ARC gathering, but hearing about it sparked his interest, and soon he was interviewing
participants and collecting their presentation materials. Over the next several years he and his
colleagues incorporated the workshop’s findings into NASA’s first published Design Reference
Mission (DRM) for a human Mars mission, which was released to the public in the summer of
1997.

The DRM began its discussion of crew size with the acknowledgement of that parameter’s
impact on the scale of every system required for the expedition, and therefore, the mission’s
cost—but in an echo of Kyle Fairchild’s caution a decade earlier about the hidden costs of
technology development, it noted that “[t]he size of the crew also is probably inversely
proportional to the amount of new technology which must be developed to allow all tasks to be
performed.” Nevertheless, there was no way around the requirement for “highly autonomous”
systems, given the fact that the astronauts would be deprived of real-time support from Earth.
The level of system automation achieved, the authors noted, would be an important consideration
for crew size.
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The DRM included Clearwater’s chart of Surface Mission Skills from the 1992 ARC workshop
and repeated her assessment that a crew of five could accomplish the surface mission, with the
same caveat about the potential impact of injury or illness that drove the baselining of a six-
person crew. However, there was new language amplifying crew roles:

e “Medical treatment. In a 3-year mission, it is very likely that an accident or disease will
occur. At least one medically trained person will be required as well as a backup who is
capable of conducting procedures under the direction of medical experts on Earth
(through telemedicine).”

e “Engineer or technician. A person skilled in diagnosing, maintaining, and repairing
mechanical and electrical equipment will be essential. A high degree of system
autonomy, self-diagnosis, and self-repair is assumed for electronic systems; however, the
skill to identify and fix problems, in conjunction with expert personnel on Earth, has been
repeatedly demonstrated to be essential for space missions.”

e “Geologist-Biologist. A skilled field observer-geologist-biologist is essential to manage
the bioregenerative life support system experiment. All crew members should be trained
observers, should be highly knowledgeable of the mission science objectives, and should
be able to contribute to the mission science.”

Although the DRM assumed six crew, it acknowledged that number might not be large enough to
handle some situations. “For example, EVAs are likely to require at least two people outside the
habitat at any one time in order to assist each other. A third person is likely to be required inside
to monitor the EVA activities and assist if necessary. If other tasks (repair, science,
bioregenerative life support system operation) are required to be done simultaneously, the
number of crew members may need to be increased.” And although it was too early in the design
of the reference mission to articulate mission rules for specific contingencies, the authors noted
that “the choice of what the crew will be allowed to do or not do can impact the size of the crew.
For example, during exploration campaigns, mission rules may require that some portion of the
crew be left in the main habitat while the remainder of the crew is exploring in the mobile unit. It
will be necessary to have a backup crew to operate a rescue vehicle in case the mobile unit has a
problem. If the exploration crew requires three people, the requirement to have one driver for a
backup unit and one left at the outpost implies a crew of not less than five.”

Like the ARC workshop report, the DRM’s crew-size assessment lacked any quantitative
analysis to support its recommendations on crew size. “There was never an effort to try and go
do that,” Hoffman recalls. “It could have been due to a number of things. | mean, there was still a
lot of skepticism about a Mars mission being so far away [in the future], why do we have to
spend resources on that?”” And although the DRM discussed the preflight training a Mars crew
would require to accomplish the mission, it did not offer any estimates of the amount of training
or the time that would be required. There were also divergent statements about the feasibility of
adequately preparing the astronauts for what they might have to deal with. On the one hand, the
DRM stated that “training for critical events will ensure that crews are adequately prepared for
nominal and contingency situations.” But it also acknowledged that “[s]Jome needs may not be
anticipated during crew preparation and training, which will significantly challenge the
management and operations systems to support the crew....”

Finally, as Hoffman recalls, the DRM focused on tasks that would have to be accomplished
during the transit to and from Mars and in orbit around the planet, while surface activities
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received relatively little attention. “In my opinion, there was a glaring hole about what are they
doing once they get on the ground,” he says. “The whole idea was to get there and do things on
the ground, and yet nobody was paying attention to that.” That realization would later motivate
Hoffman to create a Surface Reference Mission that would be released in 2001.

Still, the DRM was an important milestone in the evolution of thinking about Mars crew size.
With the July 1997 release of Human Exploration of Mars: The Reference Mission of the NASA
Mars Exploration Study Team, a six-person crew became a standard that would endure for nearly
two decades—although not without some challenges.

1999-2000: Challenging the Six-crew Paradigm

Crew Crew

Year Title NASA Originator (total) | (landed)

Operations Concept Definition | Human Exploration Operations
1999/2000 | for the Human Exploration of Team / NASA HQ Office of 4 4
Mars Exploration

Sometime in the late 1990s the Office of Exploration recruited members of JSC’s Mission
Operations Directorate to support NASA’s ongoing studies of human Mars missions. As MOD’s
Tony Griffith recalls, he and his colleagues soon realized that they could bring to the work an
operations-based perspective that had been missing up until then. Issues such as “failure
tolerance, robustness, having the lack of propagating failures so that a single failure doesn't
become two or three or five...those are very ops-centric views,” Griffith says. “How do you
manifest and accept risk? How do you plan missions that don't depend on everything being
perfect to succeed so that...things can fail elegantly and not just bring the whole thing to a
screeching halt?”” To bring these considerations to humans-to-Mars planning, Griffith led the
Human Exploration Operations Team (HEOT), which included about two dozen specialists from
JSC and KSC, in the creation of a document called Operations Concept Definition for the
Human Exploration of Mars. It was first issued within NASA in the spring of 1999, with a
revised edition released a year later.

Significantly, the first item on HEOT’s list of Operational Assumptions and Requirements read,
“Human planetary exploration missions shall be economically feasible.” That mandate led the
team to challenge the six-person crew assumed by the 1997 DRM. Reducing the crew size to
four would mean a significant savings of mass and cost, but could it be done without
jeopardizing crew safety or mission success? To answer that question, they focused on Martian
surface EVAs because, Griffith explains, “if you can't do EVA with the crew size you have, you
can't do the mission.”

HEOT’s assessment began with a survey of crew sizes on human spaceflight missions in low
Earth orbit, including the Space Shuttle (five to seven), the Soviet/Russian Mir space station (two
to three), and the ISS (three during assembly, seven during operations). In some ways, they
wrote, the ability to conduct the Mars surface mission safely and successfully with four
astronauts® would be based directly on those past experiences. Shuttle crews tasked with carrying

5 Griffith’s team started with the same assumption used in the DRM, that the entire crew would land on Mars,
leaving the transit vehicle unattended in orbit.
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out multiple EVAs included two EV pairs (“the buddy system is critical to success and safety”),
with at least one of the remaining astronauts providing IV support by “[keeping] track of the
timeline, consumables, tools, and tasks.” The same EV/IV protocol had also been used by
cosmonauts on the Russian Mir space station. For Mars, having four astronauts on the surface
would allow “two EVA teams for surface exploration. While one pair was outside, the second
pair would remain inside, with one individual performing 1V support, and the other monitoring
vehicle health/status.” Furthermore, “with sufficient time off to prevent exhaustion and burnout,
these two pair of EV teams would perform exploration EVAs on alternating days within the crew
scheduling constraints and as the mission schedule demands.”

Even as they looked to past experience in LEO for their crew size recommendation, HEOT
acknowledged the fundamental challenges for a Mars crew created by the delay in
communications, which could be up to approximately 22 minutes each way. (The authors also
mentioned the blackout created when Mars is behind the Sun as seen from Earth, a period that
can last up to three weeks, and proposed using a communications satellite as a relay.) Because of
the delay, they noted, real-time support from the MCC would be impossible, so “all of the
current oversight and monitoring tasks that the MCC traditionally performs during an EVA will
have to be handled autonomously or done by the IV crew member.” It is important to note that
this statement touches on what is today a critical unknown: Can one or two astronauts handle IV
support for Martian surface EVAs, given the total team size, in space and on the ground, that has
historically been necessary to support LEO, cislunar, and lunar surface EVAS?

HEQT also noted the clear need to develop new technologies to allow “more capable onboard
monitoring and analysis.” And because of the debilitating effects of the trip to and from Mars
“the majority of the manual flying tasks for Mars and Earth entry will be automated, with the
capability for manual controls as a backup only.” But the team seemed to present a split decision
about the impact of distance on the crew’s task burden. On the one hand, they said, automation
had the potential to reduce the astronauts’ ongoing workload. On the other hand, they
acknowledged, there would be “an increased need for the crew to be able to perform a variety of
in-situ repairs and maintenance tasks” compared to past spaceflight experience. Nevertheless,
HEOT concluded that taken together, these factors “generally support having exploration
missions with smaller, or at least comparable crews than have been typically used in LEO” and
that a crew of four would be “operationally sufficient.”

As an additional argument for reducing crew size, Griffith’s team challenged the 1997 DRM’s
minimum requirement that each person be able to back up just one specialty in addition to their
own primary role. “It goes without saying,” they wrote, “that each crew member, while
specializing in one area of expertise, must be competent in the other major areas, so that each of
the crew members can provide effective backup to critical skills required of the entire crew in
general.” Their document listed the following roles for the mission’s four astronauts:

1. “Mission commander and vehicle systems specialist/engineer. Responsible for overall
onboard operations, safety and mission success. Expert in the vehicle systems,
redundancy management and crew support of mission requirements. Will provide backup
to the technical specialist for IFM [in-flight maintenance] tasks and troubleshooting.”

2. “Medical doctor. Self-explanatory for long duration missions. At least EMT-level
training will be likely for all crew members as a backup. Biology background will also
backup the science crew.”
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3. “Geologist/Biologist/Meteorologist/Planetary Scientist. While each crew member will be
trained and proficient in geology, at least one member should be a professionally trained
geologist, experienced in ‘expedition’ research. This capability will be leveraged to help
ground planners choose exploration targets and priorities. Heavy emphasis on biology
and meteorology will be necessary to assist with mission/science planning and as a
backup to the medical doctor.”

4. “Technical specialist/assistant geologist. This person would be an expert at IFM [in-flight
maintenance] tasks, troubleshooting problems, and fabricating parts, while also having a
substantial geology background. This will provide backup to both the systems expertise
of the mission commander and the exploration background of the planetary scientist.”

A four-person crew capable of handling this broad spectrum of primary roles and backup duties,
HEOT wrote, would need to be carefully selected “based on past training and/or professional
experience.” The team added that although an odd-numbered crew was preferred for establishing
a pyramidal command structure, screening the astronauts for compatibility would offset this
disadvantage.

“It is shown,” they concluded, “that this reduction [from six to four] is consistent with past LEO
experience and does not incur a substantial increase in exploration/EVA risk to the crews,
whether they are assuming EV or IV duties.” The benefits of this smaller crew size included
smaller vehicles, lower pressurized volume (“at least 180 cubic meters [would be saved] using
current planning”), reduced life-support infrastructure, and a lessened demand for in-situ
resources during the Mars surface portion of the mission.

A Dissenting View of HEOT Crew Size Recommendation

It didn’t surprise Tony Griffith that his team’s crew-Size recommendation might elicit pushback
from some quarters. “We knew in writing this,” he recalls, “that we were kind of bucking the
system, so to speak, in the sense that the DRM [crew size] was six. And what we wanted to show
was that from an operational perspective, the logic existed to support a number smaller than
that.” Griffith also acknowledges what he calls “the creative tension” that can exist between two
groups with differing perspectives such as MOD as opposed to the engineers and architects who
had traditionally led humans-to-Mars studies.

That tension was felt by a member of Griffith’s own team, Steve Hoffman, who had helped lead
the creation of the 1997 DRM. Hoffman was uneasy about MOD’s conclusion that four crew was
“operationally sufficient” because, he explains, “the unstated ‘part two’ of that statement was, ‘if
everything goes right.””” The likelihood that at least one crewmember would become
incapacitated due to injury or illness was one aspect that worried him; there was also the sheer
duration of the mission, and the fact that unlike the previous LEO missions that HEOT used as
the foundation for their crew size assessment, a Mars crew would have few opportunities to abort
the mission and return to Earth in an emergency. Hoffman recalls that his colleagues in JSC’s
Exploration Office, some of whom had been studying Mars missions almost as long as he had,
shared his concerns. But one of the challenges of resolving the “creative tension” he felt with his
data-oriented teammates from MOD, Hoffman says, is the fact that “those of us who had been
working on this kind of mission could...only bring a lot of qualitative justification for our point
of view, but we didn’t have a lot of quantitative evidence to go with it.” (It is worth noting that
the HEOT assessment also did not include numerical data, other than the sizes of past LEO
crews.)
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Nevertheless, Hoffman and other like-minded mission planners were able to help spur the
inclusion of several caveats in the finished document:

e On risk to mission success: “It should be noted that while a reduction to 4 crew members
appears operationally sufficient, it may not be optimal for mission success. For instance,
the assumptions outlined above do not presuppose the ability to sustain the incapacitation
of a single crew member for a prolonged period of time. Probabilistic risk analysis has
shown that for the duration of the proposed mission, at least one crew member will
sustain a serious injury or illness. Despite an attempt at redundant crew training,
depending on the affected crew member, the level of either scientific return or
vehicle/systems capability may be reduced; thus affecting overall mission success.”

e On crew roles: “The areas of expertise outlined above are fairly ambitious. For example,
a high level of in-depth knowledge, spread across several, unrelated scientific fields will
likely be required of the mission’s Planetary Scientist. While it is possible for one crew
member to have a working level knowledge of several scientific disciplines, the in-depth
knowledge required for successful planetary exploration may make it more prudent to
have an additional, dedicated crew member for this task.”

e On scenarios resulting in no IV support: “The above proposal also identifies two EVA
teams of two crew members each. For scenarios where a remote EVA is in progress
during the same timeframe as a local EVA is required for vehicle or system’s [Sic]
maintenance, there are no crew members left to perform the required 1V tasks for either
EVA team. The same situation results for contingency EVA rescue operations.”

e On the need for further risk analysis of crew size: “A crew size of 4 is considered
operationally sufficient. However, to realistically determine the crew size, a trade must be
made between the cost associated with one additional crew member and the level of risk
which is considered acceptable for achieving mission success.”

Hoffman’s experience on the HEOT study motivated him to find ways of illuminating the crucial
differences between Mars missions and past human spaceflight experience. One was by studying
Mars mission analogs in extreme environments. Beginning in 1998 he’d been trekking to Devon
Island in the Canadian arctic to support simulated Mars surface missions there and had
discovered a degree of isolation that he says, “has to be experienced to be understood.” And in
2001 he organized a workshop in which Antarctic explorers whose expeditions dated back as far
as the late 1940s came to JSC to share their perspectives on a range of issues, including crew size
and dynamics. As a result of these activities, he realized that “a Mars mission is more than just
Apollo on steroids; there is a quantum difference from any of our previous spaceflight
experience.” In Hoffman’s mind, that reality drove the need to consider deeper issues that might
outweigh the mass and cost savings resulting from MOD’s reduced crew size.

In 2001, a year after the release of HEOT’s revised Operations Concept Definition, NASA
published The Mars Surface Reference Mission: A Description of Human and Robotic Surface
Activities, which had been spearheaded and edited by Hoffman as a way of filling in the hole left
by the 1997 DRM about tasks the astronauts would have to accomplish on the Martian surface.
Looking back, Hoffman says he had hoped the document would provide the impetus for the
quantitative analysis whose value was becoming increasingly evident, but that did not come to
pass.
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2005-2009: Six Crew Endures

Crew Crew

Year Title NASA Originator (total) | (landed)

Exploration Systems

?

2005 Architecture Study NASA Headquarters 6 ?

2009 Design Reference Architecture Mars Architecture Steering 6 6
5.0 Group, NASA Headquarters

By mid-2005, NASA was responding to the direction given at the beginning of the previous year
by President George W. Bush in his Vision for Space Exploration (VSE), which included laying
the groundwork for human Mars missions. In November NASA released the Exploration
Systems Architecture Study (ESAS), a 90-day effort to define the systems necessary to carry out
the VSE’s objectives in a new program called Constellation. ESAS called for development of a
Crew Exploration Vehicle, later called the Orion Multipurpose Crew Vehicle (MPCV), that
would be capable of transporting six people to and from the ISS and, ultimately, a Mars Transfer
Vehicle—a crew size that reflected the recommendation of the 1997 DRM.

When NASA released a revised version of the reference mission in 2009 entitled Human
Exploration of Mars: Design Reference Architecture 5.0, it again specified a six-person crew for
Mars missions. “The rationale for a crew of this size,” the authors wrote, “has been judged to be
a reasonable compromise between the skill mix and level of effort for missions of this
complexity and duration balanced with the magnitude of the systems and infrastructure needed to
support this crew.”

But a lengthy addendum to DRA 5.0 revealed an emerging sense of uncertainty about crew size.
The addendum reprinted both the 1997 DRM’s six-crew finding and the 1999-2000 HEOT four-
crew assessment and then noted, “While no final conclusion has been reached regarding the
required number of crew, recent studies have tended to assume a crew of six.” It added that “The
specific skill mix for this crew also continues to be analyzed and will be dependent on needs
driven by the objectives that are set for this crew.”

2010-2011: Preserving a Six-crew Option for Orion MPCV, under the Radar

In late 2010 and early 2011, more than a year after the publication of DRA 5.0, work was
underway at NASA Headquarters to define Level | requirements for the Orion MPCV crew
capsule that had replaced Constellation’s Crew Exploration Vehicle. Doug Cooke, Associate
Administrator for the Exploration Systems Mission Directorate, was working closely with his
deputy, Dan Dumbacher, and during their deliberations they got into a discussion of crew size:
Should it be kept at the six-crew recommended by the Design Reference Architecture? Or should
it be reduced to four-crew, a number considered sufficient for ISS and lunar missions? They
were acutely aware that the Level I requirements would establish the capsule’s outer mold line,
which could not be changed. There was a move to go with four crew, Dumbacher remembers,
“because of cost.” But when it came time for a decision, he says, Cooke pushed back on that
idea. “I can remember the meeting where Doug did it,” he recalls, “where we were thinking four,
and Doug said, ‘No, we want to make sure that we have the outer mold line so that we can size
up to six if we ever do that [i.e., send humans to Mars].”” But they kept it to themselves. To this
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day, Dumbacher says, “I am confident that this is not written down anywhere in memos and
you're not going to be able to find it documented.”

“We set the public requirement as four because we had rationale for that,” namely the lunar
missions that were on a nearer horizon than humans-to-Mars. “We sized the outer mold line for
the vehicle for six so that we could increase the crew compliment if and when we got down
there. But we just never told anybody that that's what we were doing.” The reason, Dumbacher
says, boiled down to politics. “We knew at the political level that four was a sellable number. So
we stuck with four, it went in the requirements that way, and we just kept on trucking.”
Dumbacher’s comments provide a window on the ways in which engineering decisions at the
highest level can be shaped by political realities.

2014-2016: Four Crew is Specified, Despite Opposition

. . . Crew Crew
Year Title NASA Originator (total) | (landed)
2014- . Human Exploration and
2016 The Evolvable Mars Campaign Operations Mission Directorate 4 4 (TBR)

The cancellation of Constellation in February 2010 put an end to the formal development of the
Design Reference Architecture. In 2014 NASA’s Human Exploration and Operations Mission
Directorate (HEOMD) chose a new direction for humans-to-Mars planning called the Evolvable
Mars Campaign (EMC). As one 2015 paper noted, “[t]he EMC is not a specific plan for
conducting missions beyond LEO and eventually to Mars,” but rather, “a framework for defining
the pioneering strategy for extending human access and operational capabilities in the journey
towards the Mars system in the mid-2030s, while laying the foundation for sustained human
presence in the following decades.” The EMC was designed to leverage the Capability Driven
Framework (CDF), HEOMD’s plan for near-term human and robotic missions that would
incrementally build toward “affordable flight elements” for a range of deep-space missions.

“Humans will travel to the Mars system by [the] mid-2030s,” stated a late-2016 NASA
presentation on the work of the EMC team, which included members from across the Agency.
Astronauts would leave on a mission to the Martian moon Phobos in 2033, followed in 2039 by
the first Mars landing. One of the ground rules given to the team, the authors noted, was a four-
person crew.®

Steve Hoffman, who took part in the new study, recalls that he and fellow EMC team member
Larry Toups were not comfortable with the direction to use a crew size of four and voiced their
concerns. “Larry and I objected, others objected,” Hoffman says, “but the Headquarters folks
that were directing us said, ‘Well, let's just see what happens. Let's see if we can make it work
[with four crew].”” No additional explanation was ever provided to Hoffman or Toups. In
addition, a 2015 paper whose lead authors were EMC team members Kandyce Goodliff and
William Cirillo contained words of caution on the risk to mission success posed by small crew
sizes due to the amount of time required for maintenance. “With limited abort options,” they
wrote, “the ability to maintain systems will be critical. There is potential that repair activities

® Some EMC team members recall that follow-on studies with six crew were intended but ultimately were not
undertaken.
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could overwhelm available crew time.” Nevertheless, with the Evolvable Mars Campaign the
six-crew standard that had held since 1997 was overturned. It is certainly plausible that in the
EMC timeframe planners believed, as Dan Dumbacher did in 2011, that any number higher than
four would not be politically viable.

2021: A split-crew Approach for the First Mars Landing Mission

Crew Crew
Y Titl NASA Origi
ear itle SA Originator (total) | (landed)
2021 Strategic Analysis Cycle 2021 Mars Architecture Team 4 2

In 2021, six decades after the Lewis Research Center (now the Glenn Research Center)
published NASA’s first Mars mission study in 1961, human expeditions to the Red Planet
remained what planners called “a horizon goal,” one that lacked formal approval but still
attracted the energies and intellects of specialists from across NASA. By that year the Agency
had reorganized those experts into the MAT, which was initially tasked with devising a plan for
accomplishing the first Mars landing mission “as fast—and as soon—as practical.” That meant
abandoning the options favored in previous studies that minimized energy requirements but
resulted in stays on the Martian surface of one Earth year or more and total mission durations of
three years or more. Instead, the MAT zeroed in on options with durations of less than three
years that include one-month surface stays.” They also focused on ways to reduce mass by
designing a mission that required as little infrastructure as possible. The study’s purpose, as team
members wrote in 2022, was to “fill in an often-overlooked corner of the trade space, helping to
complete the menu of options available to decision-makers as they chart the course for humans
to Mars.”

One key to the MAT’s mission design was splitting its four-person crew into two pairs, one of
whom would land on the surface in a pressurized rover while the other remained in the Transit
Habitat in Mars orbit. By having the surface crew live in their pressurized rover during their
relatively short stay on the planet, the MAT eliminated the need for a surface habitat on this
first landing mission. The pair would conduct a series of EVAs ranging perhaps as far as

20 kilometers from their landing point, utilizing a pre-deployed fission power generator at the
landing site to recharge the rover’s batteries.

Meanwhile, their crewmates in Mars orbit would be responsible for an array of roles including
supporting the surface crew during EVAs, providing a communications relay for them with
Earth, and potentially, teleoperating robotic assets at the landing site and participating in
analyzing data and planning future activities in coordination with experts back home. All of this,
of course, would be in addition to whatever tasks were necessary to operate and maintain their
orbiting habitat by themselves until their crewmates returned from the surface in a previously
deployed and fueled Mars Ascent Vehicle.

” One of the main goals of the shorter mission was reducing the risk to crew health, but the MAT acknowledged that
their plan had pluses and minuses. The reduced total mission duration, they wrote, meant “less time for equipment to
break down or for crew to develop health issues.” But the chosen scenario actually required more time spent in
transit compared to longer-duration missions that included year-long surface stays. As a result, the authors noted, the
crew could face increased risk from exposure to microgravity and deep-space radiation.
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Despite many daunting challenges, including development of a Deep Space Transport utilizing
nuclear-electric propulsion, the study concluded that “shorter round-trip Mars missions are
certainly possible from a performance standpoint.” But a critical question regarding the human
performance requirements of the mission remains to be addressed: Is the ambitious agenda
described above feasible for the specified crew size?

That question cannot be answered only by past spaceflight experience; it must be addressed with
quantitative analysis of crew workload and expertise that would actually be required.

Additional Concerns and Unknowns

On a broader level, a number of concerns and unknowns for human Mars, missions have been
identified by those interviewed for this historical narrative that can be addressed using NESC’s
new analytical capability.

e Without detailed definition of the Mars transit habitat, key unknowns exist about the
knowledge base and workload required for onboard maintenance and repair. These
unknowns also limit the ability to estimate pre-mission training requirements, another
important factor in determining the adequacy of any given crew size. The only current
basis for comparison is the ISS, but that is challenging given the station’s level of real-
time troubleshooting support from MCC that would be unavailable on a Mars mission.
The analytical capability being developed by the NESC can help guide designers to
create a transit habitat whose operation and maintenance requirements would not overtax
the crew. In addition, the NESC has laid out a systematic approach to estimating pre-
mission training requirements with an analytical model.

e |ISS experience shows that there are real limits to the amount of information that the crew
can be expected to retain during a multi-year mission. This directly impacts the adequacy
of any given crew size, and points to the need for onboard information and diagnostic
capabilities to assist the crew. There are also limits to the number of systems any single
ISS flight controller can realistically be trained to master. The NESC capability includes
modeling of the expertise required to meet primary mission objectives.

e Past experience in Apollo and ISS missions shows that a Mars crew is likely to encounter
problems that fall outside the scope of established procedures, meaning that the
astronauts would not have information onboard to find solutions. This can become
critical for serious problems whose time-to-effect requires the Mars crew to respond
independently from the MCC given the communications delay/blackout with Earth. The
NESC capability addresses the onboard expertise necessary to respond to these
unforeseen failures.

e The workload of the crew that remains in Mars orbit during the surface stay, including
remote IV support tasks for all surface EVAs, will be one of the most important drivers
for determining the total crew size. It must be recognized that EVA support on ISS and
all other previous human spaceflight missions has always included many more people
than the front-room flight controller, who relies on input from a network of back-room
specialists to address unexpected anomalies and problems. The workload of the crew in
Mars orbit can be addressed using an NESC analytical model.

e Determining the cadence of surface EVAs with the goal of obtaining high-quality science
will need to consider not only the workload of the EV astronauts, but those providing 1V
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support. The level of effort that can be sustained by the 1V crew, who will have to handle
the operation and maintenance of their vehicle in addition to their IV workload, all
without real-time support from Earth, is a key unknown that has important implications
for determining a crew size adequate for mission success. The NESC has identified this
unknown as an area for future work.

Summing up

Almost from the very beginning of Mars mission studies, there has been an awareness that in
order to determine the necessary crew size planners must consider the astronauts’ roles and tasks,
and the need for cross-training to provide backup in case of contingencies, as critical factors.
Although much progress has been made over the decades in assessing these factors, it is only
now that quantitative methods of analyzing the impact of crew size on crew safety and mission
success are becoming available with the NESC’s new capability. While this capability fills a
crucial gap, it is not a turnkey solution. It is intended to guide decision-makers, not provide “the
answer.”

How many people should NASA send to Mars? Finding the sweet spot between “too many to be
doable” and “too few to enable crew survival and mission success” will always be a judgment
call based on rigorous, clear-eyed assessments. But if there is one lesson to be learned from the
work of all the brilliant minds who have faced the ultimate systems challenge over the last

75 years, it is that the human exploration of Mars is an Everest for our species, and we must
never let ourselves be lured into underestimating the extraordinary and unprecedented demands
of reaching the summit.

6.2.2 Crew Size Determination within the DoD

In addition to considering NASA’s historical consideration of crew size for missions to Mars, the
assessment team turned to the NPS to understand how the military considers crew size. In
support of the assessment, two NPS graduate students conducted literature reviews and
structured interviews on DoD policies and guidance for determining crew size [ref. 2]. A
summary of their paper is provided:

The National Aeronautics and Space Administration (NASA) is pursuing the task of creating a
methodology for crew size determination with applications to human Mars missions. The
authors of “A Review of Department of Defense (DoD) Manpower Analyses to Inform Crew
Size Determination for NASA’s Manned Missions to Mars,” Amanda F. Lippert and Benjamin
L. Scripture, conducted a review of the literature published by the Department of Defense
(DoD) on crew size determination, task analysis, and workload assessment. This review aimed
to compile the published research on the topic while identifying gaps in the research that can
be filled.

Although the original intent of the review was to further the authors’ understanding of how
crew sizes have historically been determined by examining current DoD guidance on
Manpower analyses, the authors discovered that there is little published literature that details
how previous DoD Programs determined their optimum crew size in the early stages of the
program. Instead, they found that Human System Integration (HSI)) practices are often absent
from early stages of program development. However, some guidance exists in the DoD and
individual branches of the Armed Forces on how to incorporate HSI practices into acquisition
programs.
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The review consisted of literature from the DoD, Navy, Army, and Air Force to determine
which HSI practices exist and where there are gaps that need to be filled by further research,
publications, and policies.

The authors recognize that guidelines from the DoD and branches of the Armed Forces may
differ from the needs of NASA’s crew size determination; the DoD and military rely on
historical data to create their systems, whereas NASA has limited historical data to draw upon
for this type of unprecedented mission. However, they believe that some of the methodologies,
protocols, and procedures used by the aforementioned entities may be beneficial for the NASA
team to review as they endeavor to create a methodology for crew size determination.

Although the DoD does not offer specific guidance for Manpower requirements determination
(MRD), they emphasize utilizing data and quantifiable metrics to evaluate and determine
workload. In addition, they direct acquisition program managers to collaborate with
Manpower experts. The authors found that DoD literature (e.g., the Defense Acquisition
Guidebook) offers guidelines to ensure that programs conduct a comprehensive analysis of
Manpower but do not provide explicit procedures for crew size determination [ref. 10].

The authors reviewed the OPNAVINST 1000.16L: Navy Total Force Manpower Policies and
Procedures [ref. 11]. This document provides general guidance for MRD and approval,
including how to report Manpower requirements for funding. It also emphasizes that fiscal
restraints can limit the approval of those requirements. Although the authors found little in the
document relating to crew size determination, they believe that it could be beneficial to
consider the way that the Navy defines Manpower Requirements. Through their definition, the
Navy affirms that conducting task and workload analysis is needed to determine the workload
assigned to individual crewmembers.

In the OPNAVINST 1000.16L, the authors found the methodology used for Fleet MRD to be
the most comparable to that of a NASA Spacecraft because it considers the required operation
capabilities (ROC) as well as the projected operational environment (POE). This methodology
maintains that ROC and POE are crucial aspects of fleet Manpower determination and
recognizes that Manpower requirements need to be adapted to fit mission requirements and
environmental limitations. The authors could not locate detailed instructions in the publication
but found some descriptions of elements of MRD (e.g., ROC and POE parameters and
analysis, directed Manpower requirements, operational manning, planned maintenance,
corrective maintenance, facilities maintenance, utility tasking, administrative support, support
actions, and workload allowances). The authors provide brief descriptions of each element in
their paper.

The authors noted that the Navy Total Force Manpower Requirements Handbook is the only
Navy-published document they could find that provides step-by-step and practical instruction
for Manpower analysis [ref. 12]. They broke down the document into the following chapters,
noting the methods and tools indicated in the chapter titles, “The Five Steps to Performing a
Study,” “Performance Work Statement and Workload Indicator Development,” “Staffing
Standards and Manpower Estimating Models,” “General Work Measurement and Methods
Study Tools and Techniques,” “Operational Audit; Work Sampling; Timing Technique,”
“Work Distribution Analysis,” “Operational Analysis,” and “Benchmarking.” They believe the
NASA team working on crew size determination could review this framework as they create a
methodology.
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In their examination of Army Regulation 570-4: Manpower Management, the authors found
that it gave greater detail on MRD methodologies than some of the other Armed Forces
literature [ref. 13] In this document, “Emphasis is placed on study of workload requirements
through quantitative processes based on historical data....” (Lippert & Scripture, 2021). They
define workload by the amount of work that needs to be completed and the resources
necessary to fulfill that work. While MRD processes and techniques can vary, the authors
found that they share a common framework; Create a Baseline, Validate Mission, Evaluate
Functions, Validate Manpower Utilization, Define, Validate, and Project Workload, Develop
Workload/Manpower Relationship, Discuss Issues, Assumptions, and Risks, Compute
Manpower Demand, Determine Optimum Manpower Mix, Structure New Organization,
Resolve Remaining Issues, and Document Results. The authors expand on each point of the
framework in their paper.

The Army uses Manpower staffing guides to determine the number and type of people needed
to fulfill work requirements for specific types of units. When there are no precedents or
standards, Manpower studies are conducted to evaluate the workload to determine the
Manpower requirement.

In their review of Air Force literature, the authors found that Air Force Instruction 38-101:
Manpower and Organization serves as the primary document for the Air Force’s Manpower
management [ref. 14]. This document, while not detailed on processes for MRD, defines the
availability factors used by the Air Force; these factors are defined as the “average number of
man-hours per month an individual is available for primary duties” (Lippert & Scripture,
2021).

The authors regarded the Air Force Manual 38-102: Manpower and Organization; Standard
Work Processes and Procedures (AFMAN 38-102) as the most detailed publication they
reviewed related to conducting MRD. This publication “provides the framework for
developing the Manpower determinants that form the basis of the Air Force’s Manpower plan”
(Lippert & Scripture, 2021). The AFMAN 38-102 provides a detailed analysis of tools used by
Manpower analysts, a list of which the authors summarize in their paper. This publication
includes instructions and guidelines for a comprehensive list of Manpower and task analysis
techniques [ref. 15]

By listing the following chapters and providing concise descriptions of the chapter, found in
their paper, the authors believe one can grasp the extent of the information contained within
the manual; “Work Measurement,” “Operational Audits,” “Workshop Measurement and
Facilitation Techniques,” “Time Study,” “Determining Personal, Fatigue, and Delay
Allowances,” “Work Sampling,” “Queueing,” “Simulation Modeling,” “Minimum Manpower,
Standby Determination, and Man-Hour Shift Profile Analysis,” “Manpower Model
Development and Selections Using Correlation and Regression Analysis,” “Core modeling,”
and “Modular Equations.” The authors note that although there is no distinct methodology for
crew size determination, numerous tools and methodologies detailed in the document could be
valuable in that endeavor.

The authors believe that the most valuable information and knowledge pertaining to HSI
practices is not formally published but instead comes from “informal networking channels.”
To capture and publish some of this knowledge, they conducted interviews with HSI experts.
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In their interview with Dr. Jim Pharmer, he highlighted the emphasis current DoD acquisition
programs put on the completion of a system under budget and on time rather than on
sustainment, which is ultimately the highest cost driver. Dr. Pharmer worked on DDG 1000
program in which HSI practices were integrated early, praising the program for including a
Manpower Key Performance Parameter (KPP). He noted the use of the Manpower
Uncertainties Issues List (MUIL) that gave the team a space to bring attention to issues or
concerns regarding an HSI domain; this tool brought HSI concerns to the program manager’s
attention so that solutions could be proposed, and those challenges could be addressed early.

Mr. Doyle Avant shared, in their interview, that the Office of Naval Research funded outside
research to determine what they should use as the Productive Availability Factor (PAF) when
conducting validation calculations for Manpower analysis. The PAF serves as the denominator
for the Manpower formula used to determine the number of Manpower billets needed to
complete the work. Mr. Avant believes that validating manpower requirements is crucial to
ensure that the defined work that needs to be done is accurate.

The authors identified several themes during their interview with Dr. Pam Savage-Knepshield.
Dr. Savage-Knepshield spent much of her career working in the commercial industry, bringing
a different perspective and valuable knowledge about how to make systems more intuitive to
the DoD. Unlike many HSI practitioners, Dr. Savage-Knepshield holds a permanent position
that allows her to influence programs and have important conversations with PMs on HSI
integration. Finally, the authors gained insight into what Dr. Savage-Knepshield called
“Soldier Touchpoints.” For these surveys to have academic rigor, and therefore be useful, she
recommends the Army hire HSI professionals to conduct these surveys and perform analysis
of the data.

The Littoral Combat Ships: A Cautionary Tale

While the military has established methodologies, protocols, and procedures for manpower
determination, there is a cautionary tale within the DoD that has important lessons that NASA
can learn. In the early aughts, the military commissioned two classes of Littoral Combat Ships
(LCS). The LCS was intended to allow the military to reduce the number of sailors from

~200 sailors on similar ships to ~45 sailors on the LCS based on the expectation that smart
technologies would support the planned reduction. After the first ships were put to sea, there
were several incidents including mechanical failures and the ships proved difficult for sailors to
control. The LCS has been so unsuccessful that the military has begun decommissioning ships.
The Naval Postgraduate School conducted multiple human performance modeling studies on the
ship’s manpower needs after the ships had entered service and found that the LCS required

~60 sailors to safely operate the ships, many more than planned, and required sailors with
significantly more experience than is normally required on similar ships (sailors ranked E5,
having an average of 30 years old) [refs. 16, 17].
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Figure 4. Littoral Combat Ship

The lesson learned for NASA’s decision-makers on crew size is that mandating a crew size for a
new ship without understanding the workload and necessary expertise within the crew to
successfully operate the ship may lead to serious consequences.

F-1. Deterministically mandating a Mars mission crew size without consideration of crew
workload and expertise increases risk to loss of crew/loss of mission and mission
success.

6.2.3 Background Summary

Like the DoD, NASA has processes for using workload measures (of individuals) in the design
and development of vehicles and operations. The NASA Task Load Index (NASA-TLX)
developed by ARC as a tool for cognitive workload rating is one of the most recognized
workload measures in human factors research. However, while the DoD and NASA have
established qualitative and validated workload and human performance models, neither
organization utilizes their models in trade space decision-making for determining crew sizes for
mission operations.

Missions to Mars will differ from all previous human spaceflight missions in that the crew will
be required to operate semi-autonomously to autonomously from the MCC teams. Without a
systematic, repeatable process to determine the number and composition of crew necessary to
successfully accomplish these missions prior to launching, NASA increases the risk to such
missions in that crew sizes may be too small to meet mission objectives under nominal
conditions and, more consequentially, the crewmembers may not have the expertise needed to
successfully respond to failures without the real-time expertise in the MCC on which NASA has
always relied.
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F-2.  While DoD and NASA have established qualitative and validated workload and
human performance models, neither organization has utilized their models in trade
space decision-making for determining crew sizes for mission operations.

In further review of the literature, the assessment team found there was a team developing a
methodology for tradeoffs in crew size determination for future DoD missions. In their work, the
DoD-funded team approached the problem by recognizing that determining crew size is a “form
of function allocation” [ref. 3] where mission functions are allocated across the humans and
automation with the focus is on “the number of human operators necessary for a safe and
successful mission” [ref. 4]. The DoD-funded team developed a methodology for considering
trades in crew size given the allocation of functions between the human operators and
automation using human performance modeling to consider the workload on the human
operators. The team developed a framework for evaluating tradeoffs based on model outputs
recognizing that there is not a best allocation of functions nor is there a best crew size, rather
there are tradeoffs in factors (e.g., cost, risk, and mission success).

6.3 Proposed Solution

To fill the gap in the Agency’s capability for determining crew size for missions to Mars, the
proposed solution is a methodology for NASA to perform systematic, repeatable trade space
analysis comparing crew size for missions to Mars against trade space parameters using

quantitative data from human performance modeling.

Gather Mars Mission
Information

Document Mission
Parameters
The Mars environment,
mission objectives, and
architecture information.

Determine Use
Cases to Model

Develop Mars Master
Task List

Listing of candidate crew-

assigned duties and tasks.
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Cases* to Model
Nominal and off-nominal.

Create a Trade Space
Evaluation Framework
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trade space dimensions.
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recommendations on crew
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manpower, or a high level of expertise in such a
way that may drive crew size requirements.

complement.

SME Reviews

Reviews for each model.

Figure 5. Proposed Solution
The steps in the methodology are (Figure 5):
e Gather Mars Mission Information
e Determine Use Cases to Model
e Create a Trade Space Evaluation Framework
e Conduct Human Performance Modeling

e Perform Trade Space Analyses
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The results of the analyses can be used to make recommendations to decision-makers as they
consider the potentially competing factors in deciding on the crew size for missions to Mars.

Several steps clearly align with NASA’s Strategic Architecture Office strategy for architecting
from the right: defining the Mars mission objectives, determining the architecture required to
support those objectives, and then identifying operational use cases to meet mission needs
(Figure 6).

Architecting from the Right

Architecture

v v .
Segments Sub-Architectures |_ Moon to Mars Objectives

Objectives & Goals

Objectives & Goals:
Leadership defines what is needed
to achieve the blueprint vision and

Moon-to-Mars endeavor

Reference Elements
Missions / Elements / (programs, projects, or systems)
ConOps

Requirements

i organized by and Sub
in the ADD to group similar features and express
progression of capabilities over time.

The Architecture process requires a decomposition of Moon to Mars Objectives to
element functions and mission use cases to complete the process of “architecting from the right.”
This establishes the relationship of executing programs and projects to the driving goals and objectives.

Figure 6. Architecting From the Right
[ref. 18]

The assessment team developed the full methodology for trade space analysis using human
performance modeling based on work conducted for the DoD on determining crew size for a set
of military missions and on recommendations from the NPS review of DOD manpower
determinations. Each of the steps in the methodology are described in more detail below.

6.3.1 Gather Mars Mission Information

Gathering information on the Mars mission environment, on NASA’s mission objectives and
science goals, and on the anticipated Mars mission architecture is “intended to provide the
necessary contextual knowledge about the future environment” [ref. 19] needed to build human
performance models. In their work for the DOD, Militello et al. (2018) define this set of
information as describing the “envisioned world” or “future operating environment” [ref. 19].
The assessment team decided to separate this information for this report, to align steps within the
methodology to the Agency’s current Moon-to-Mars architecting.

Mars Mission Environment

The Mars mission environment includes a description of the spaceflight and planetary surface
environment, including hazards within the environment and supporting communication
infrastructure.

Deep Space and Planetary Surface. Astronauts on missions to Mars will operate in a deep space
microgravity environment on the transit to and from Mars and in a reduced gravity environment
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on the Mars planetary surface. These environments are hostile to life and include inherent
hazards described below.

Spaceflight Hazards. NASA’s HSRB® recognized that there are “unchangeable aspects of the
space environment” that pose a risk to crew [ref. 5]. The five main hazards of the spaceflight
environment harmful to humans are identified as:

1. “Altered gravity — Exposure to a gravity environment that is less than Earth-normal
begins a process of adaptation; some of these adaptations create issues for human bodies
that developed to function in a 1G (gravity) environment.

2. Radiation — Risk exposure damages biological cells in duration- and intensity-dependent
manner and may lead to clinical illness or contribute to human performance decrements.

3. Isolation and Confinement — Increasing time in isolation increases the risk of
psychological, physical, and mental health issues for crew.

4. Hostile closed environment — The habitable volume and environmental systems required
to enable life and work in any space vehicle or habitat can expose astronauts to different
atmospheric, water, or microbial challenges as well as acceleration environments that
can lead to injury.

5. Distance from Earth — Impacts real-time communications, consumables resupply, time to

evacuation, and available mass and volume that can limit inclusion of countermeasures.’
[ref. 14]

While all five hazards may impact crew (e.g., radiation may affect cognitive functioning leading
to performance decrements, isolation and confinement may impact psychological health or team
cohesion, a hostile closed environment may lead to injuries — all of which may impact crew
performance and thus impact crew size), modeling efforts for most of the models for this
assessment assume a healthy, highly functioning team. The one exception is that medical events
are included in the Mars Transit Crew model. Future modeling efforts should consider the
additional effects that these hazards have on crew performance and manpower and the impact
that may have on crew size.

’

Communication Infrastructure. Missions to Mars will take astronauts further from Earth than any
previous human spaceflight missions. Given the great distances, a crew at Mars will experience
communication delays from ~4 minutes up to ~22 minutes one-way and one continuous period
of communication blackout lasting ~2 to 3 weeks per mission during Mars superior conjunction
(the actual communication delay profile will be highly dependent on the specific mission
trajectory).[ref. 20] NASA’s SCaN Program personnel provided information on the possibilities
for the communication infrastructure to support communication among the crew in the Mars
vicinity and between the Earth and Mars [ref. 21].

SCaN manages and directs the ground-based facilities and services provided by the Deep Space
Network (DSN) and the Near Space Network (NSN), the networks that provide space-to-ground
communication for NASA’s human spaceflight and uncrewed science missions. ScaN is
currently working to develop a more robust network for NASA’s upcoming Artemis missions to
cislunar space and the lunar surface designated LunaNet. [ref. 9] NASA’s Planetary Science
Division has a study underway to assess the communication infrastructure for human missions to

8 HSRB operates as part of the Health and Medical Technical Authority (HMTA) within the Office of the Chief
Health and Medical Officer (OCHMO) via the JSC Chief Medical Officer.
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Mars. According to SCAN, such a Mars communication infrastructure may likely include an
application of the LunaNet architecture to create a MarsNet that grows out of the current Mars
Relay Network and includes contributions from international partners and uses Mars Relay &
Navigation Orbiters to provide “local” (cis-Mars) service.

It is worth noting that the DSN does not currently enable continual communication with
uncrewed science missions orbiting Mars or on the Martian surface. Instead, there are scheduled
times throughout the day for communicating with each spacecraft or rover — e.g., a planned time
for sending data and another time for receiving data. As shown in Figure 7, if there are not
upgrades in place to the DSN for human Mars missions, the crew will not have continual
communication with Earth. Instead, there would be planned windows of time for space-to-
ground communications with Earth, delayed between ~4 to ~22 minutes one-way for a crew at
Mars. Additionally, without Mars Relay & Navigation Orbiters used to augment local surface
coverage, a crew on the planetary surface may only have sporadic communication with a crew in
Mars orbit, when the on-orbit vehicle is in direct light-of-sight of the crew on the surface. Mars
Relay & Navigation Orbiters may use crosslinks to enable continuous coverage of a surface
region such as a Base Camp, and, hence, continuous communication with orbiting crew.

Communication Infrastructure

Current Infrastructure Upgraded Infrastructure

dedicated

orbjtal relays ‘\
! ¢ ¥
\ ”

elayed comm
dedicated Earth asset:
no blackout of comn
dedicated Earth-to-Mars relay
« No continual comm. with Earth; instead, planned + Dedicated Earth-based assets providing continual
windows of comm,, delayed between ~4 to ~22 comm., delayed between ~4 to ~22 min. one way
min. one way *" Relays in Mars orbit for continual comm. between
*  Only line-of-sight comm. between orbit and Mars orbit and Mars surface
surface » Dedicated relay between Earth and Mars allowing
* Continuous comm. blackout for a ~2- to 3-week for low data rates when Mars passes through
period when Mars passes through superior superior conjunction
conjunction [Mars is on the opposite side of the Sun
from Earth)

Figure 7. Communication Infrastructure

When Mars or the spacecraft passes through superior conjunction—that is, Mars or the
spacecraft is on the opposite side of the Sun from Earth—there will be a period of time without
direct line-of sight with Earth (Figure 8). (Mars superior conjunction occurs approximately every
25 months.) Since all communication with Mars is currently by line-of-sight, if there is not a
dedicated relay between the orbits of the Earth and Mars to bounce a signal around the Sun, then
there would be a continuous communication blackout between Earth and Mars for ~2 to 3 weeks
(again noting that the communication profile will be highly dependent on the specific mission
trajectory; for some mission profiles the conjunction blackout would occur during the transit to
or from Mars). [ref. 20] Current Mars spacecraft are put into a near dormant state during this
timeframe frame or loaded in advance with commands covering the blackout and operated
autonomously; however, that is not an option for a human mission.
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Figure 8. Earth-Sun-Mars Conjunction
[ref. 15, Figure 1]

To provide time delayed communication during superior conjunction, a dedicated
communications relay would need to be placed in an orbit that allows for low data rates in both
directions providing minimal communication coverage between Earth and Mars (or the
spacecraft), although the communication delay would likely be longer during Mars superior
conjunction since the signal would need to travel further than line-of-sight distance [ref. 20].

In summary, for a crew at Mars to have continual time-delayed communication with Earth
throughout their entire mission would require upgrades to the DSN, Mars Relay & Navigation
Orbiters, and an Earth-to-Mars relay.

Mars Mission Objectives and Goals

The assessment team gathered Mars mission objectives and goals to add to the contextual
information needed to build the models and provide information to support the trade space
evaluation. As described in a later section, the evaluation framework includes evaluating the
ability of different crew sizes to meet mission objectives.

The Agency published their most recent set of mission objectives and goals to Mars in their
Moon to Mars Objectives publication dated September 2022 [ref. 6]. The objectives and goals
include recurring tenets (RT) that are common themes across objectives, science objectives
across disciplines including lunar/planetary science (LPS), human and biological science (HBS),
and science enabling (SE) objectives, infrastructure objectives including Mars infrastructure
(M), transportation and habitation (TH) goals, and operations (OP) goals. The objectives most
related to this assessment include:

e RT-3: Crew Return: return crews safely to Earth while mitigating adverse impacts to
crew health.

e RT-4: Crew Time: maximize crew time available for science and engineering activities
within planned mission durations.

e LPS-4M: Advance understanding of the origin of life in the solar system by identifying
where and when potentially habitable environments exist(ed), what processes led to their
formation, how planetary environments and habitable conditions have co-evolved over
time, and whether there is evidence of past or present life in the solar system beyond
Earth.
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e HBS-2"M: Evaluate and validate progressively Earth-independent crew health and
performance systems and operations with mission durations representative of Mars-class
missions.

e SE-1"M: Provide in-depth, mission-specific science training for astronauts to enable crew
to perform high-priority or transformational science on the surface of the Moon, and
Mars, and in deep space.

e MI-2M: Develop Mars surface, orbital, and Mars-to-Earth communications to support an
initial human Mars exploration campaign.

e TH-10M: Develop integrated human and robotic systems with inter-relationships that enable
maximum science and exploration during Martian missions.

e OP-2"M: Optimize operations, training, and interaction between the team on Earth,
crewmembers on orbit, and a Martian surface team considering communication delays,
autonomy level, and time required for an early return to the Earth.

e OP-9"M: Demonstrate the capability of integrated robotic systems to support and
maximize the useful work performed by crewmembers on the surface, and in orbit.

Architecture Information

To develop human performance models for trade space analysis for crew size for future missions
(of any kind), a team requires a third set of contextual knowledge, that is information on the
future mission architecture, including information on vehicle capabilities and technologies
necessary to support crew operational task performance and operational and training data.
However, that information is not always known. To address this limitation, the team must
determine the best analog missions, analog vehicles, and analog programs of training to model
and must determine any known or anticipated new capabilities to include in their models.

NASA has not defined the architecture for missions to Mars. While the findings, observations,
and recommendations from this assessment can be used to inform decisions on the crew size and
mission architecture that better supports the crew in achieving mission success, there may be
limitations on the applicability of the findings if model assumptions prove to be very different
from the final architecture. This is simply the reality of attempting such a challenging endeavor —
that is, attempting to model missions that have not been designed to inform the necessary crew
size and design of such missions.

With this in mind, the assessment team gathered information from the most relevant analog
vehicles for Mars including ISS, MPCV, and Gateway Programs and operational and training
information from FOD. The assessment team conducted literature reviews and interviewed
SMEs to further gather architecture information, and the team documented assumptions on
capabilities for each model in Section 7. For the one model that required a listing of vehicles in
the architecture and for the listing of candidate crew tasks for Mars, the assessment team chose
to reference the vehicles in the SAC22 architecture: an MPCV Earth-to-orbit vehicle, a Transit
Habitat for the transit to and from Mars, a Mars Descent Vehicle (MDV), a Mars Rover, and a
Mars Ascent Vehicle (MAV) [ref. 22]. As new technologies are brought online and as Mars
functions and elements are defined, their impacts to crew workload should be incorporated in
future modeling efforts.

6.3.2 Determine Use Cases to Model

After gathering information on the Mars mission environment, on NASA’s mission objectives
and science goals, and on the anticipated Mars mission architecture, the next step in the
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methodology is to consider the operational demands or workload of the crew to determine use
cases to model. In conversations with HSI researchers at the NPS, the NPS researchers
recommended that the assessment team focus not on use cases for nominal operations but also
consider “corner cases” in the trade space, to look for those challenging scenarios that a crew
would need to be able to respond to successfully complete their mission. The assessment team
set criteria for candidate use cases to include use cases necessary to meet primary mission
objectives and use cases to respond to unforeseen failures (i.e., for which pre-planned responses
do not exist) with potential loss of crew/loss of mission consequences and short time-to-effect.

Despite the most thorough preparations and planning, off-nominal conditions are an inevitable
aspect of human space flight. Many off-nominal events will have been anticipated and planned
for. Crewmembers on a mission to Mars will have received training for these situations and will
be able to refer to procedures to guide their actions. On other occasions however, off-nominals
take anticipated forms, or occur in ways that were considered to be extremely unlikely during
hazard analyses. As illustrated in Figure 9, crewmembers who are unable to receive real-time (or
near real-time) support from the MCC will need the capacity to act autonomously and develop
solutions, particularly in the case of off-nominal conditions that have a short time-to-effect and
have the potential for loss of crew/loss of mission consequences. The assumption by the HSIA
Risk team is that an unforeseen failure that must be safed within ~24 hours and up to ~72 hours
would require the Mars crew to respond independently from the MCC given the communications
delay/blackout with Earth. The assessment team assumed the MCC would be available to support
less consequential failures or those with a longer time-to-effect.

Off-nominal condition
requires action by Mars crew

Does the crew have e s P
a procedure for the YES =1 FAR col qa
off-nominal? B Wf”k -4
-and/or crew errors
NO .
1 YES
Is crew workload | o Crew executes
Potential for ieh? rocedure
NO already high? p
Loc/Lom? I
YES YES
Does crew possess sufficient
- < Crew must develop 5
Is the situation = expertise (and onboard
. 9 YES ==—>1 procedure without s S
time-critical? . decision-support capabilities)
Earth involvement
to develop procedure?

NO
] NO

Procedure developed by
—>] MCC on Earth and y
transmitted to Mars crew.

Several factors, including crew size, determine whether a Mars crew can successfully respond to
an off-nominal condition without real-time support from mission control.

Figure 9. Crew Response to Off-Nominal Conditions
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The assessment team also set as criteria use cases that would that likely require high manpower,
high mental workload, or a high level of expertise in such a way that may drive crew size
requirements. The assessment team gathered candidate use cases based on previous work on ISS
high-risk, critical skills (tasks and skills associated with emergencies, major malfunction, or
time-critical responses), research on autonomous tasks for Mars (tasks that are critical to perform
but will likely prove challenging to complete autonomously from the ground), and through SME
interviews conducted by the assessment team [refs. 23, 24]. Candidate use cases, or modeling
scenarios, included:

Conduct nominal science operations on the transit to Mars.

Perform robotic activities during the transit to Mars or in Mars orbit.

Respond to an automation failure on the transit to Mars.

Respond to an unforeseen major system failure on the transit to Mars.

Conduct an EVA repair on transit to Mars.

Prepare for Mars surface descent.

Perform an installation/activation/inspection of vehicle/habitat system on Mars.
Conduct a geological survey during planetary surface EVA.

Perform a complex repair during planetary surface EVA.

Support a planetary surface EVA (IV crew).

Conduct a 30-day planetary surface stay, including accounting for a crewmember injury.
Conduct planetary surface rover operations.

Respond to loss of power to an important science experiment on Mars.

Prepare for Mars ascent.

Perform a job analysis of duties across the crew.

The assessment team created criteria against which to down-select the use cases to build for the
first set of models for trade space analysis. The criteria included the following questions:

Criteria 1: Nominal, Off-Nominal, Emergency

o Does this use case include nominal operations, off-nominal operations, or
emergency scenarios?

o What are the consequences of failure? Are there LOC or LOM consequences?
Criteria 2: Time Critical

o Is this a time-critical use case on a short time scale (hours) or does it affect sleep
across multiple days? Does this use case have the possibility to pose a threat to
crew health and performance under communication delay or blackout?

Criteria 3: Workload, Manpower, Experience
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o Does this use case require high mental workload, high manpower, or expertise in
such a way that may drive crew size requirements? Does this use case include
instances of multitasking (i.e., communicating while also performing science)?

e Criteria 4: Details for Modeling
o What are the mission objectives for this use case?

o What are the parameters that can be modeled in IMPRINT? Do detailed relevant
analog procedures or schedules exist (which are needed to build certain types of
models)? Do procedures have communication call outs so that we know the
frequency of communication between crew and ground and the type and
criticality of that information (or alternately, can we observe this task to gather
this information)? Does the task require more than one person? Are interfaces
listed in the procedure?

e Criteria 5: Framework Analysis

o  Will output be useful to evaluate against the trade space evaluation framework?
Will this inform crew size?

The assessment team discussed candidate use cases using the criteria listed above and decided on
a final set of four use cases to model that could reasonably be built given access to the data
needed for modeling and that would also be informative across the dimensions of the trade space.
The four models include use cases necessary to meet primary mission objectives and use cases to
respond to unforeseen failures and align with use cases currently under development by the
MAT.

The assessment team selected three Mars mission use cases to build as IMPRINT models:

e |V Operations for Planetary Surface EVA Model: modeling the mental workload of
the IV Mars crewmembers supporting a planetary surface technical EVA.

e Robotic Arm Assisted EVA Operator Model: modeling the mental workload of a Mars
crewmember controlling a robotic arm while concurrently monitoring an automated
system.

e Mars Transit Crew Model: modeling the level of engagement (daily workload) of the
Mars crew on the transit to Mars.

The assessment team selected a fourth Mars mission use case to develop a custom model for:

e Personnel, Expertise, and Training Model: modeling in-mission expertise necessary to
meet primary mission objectives and to respond to an unforeseen failure.

While the assessment team attempted to select use cases to model that were as vehicle agnostic
as possible (i.e., avoiding ascent/entry vehicles for which workload is highly dependent on the
design) while being relevant for missions to Mars, the models are based on ISS vehicle and
operational data given that ISS is currently the most relevant analog mission for Mars. As
Artemis capabilities including new Artemis suits, airlocks, robotic arms, rovers, etc. become
operational, models should be updated to better reflect the demands on the crew given the
mission architecture.
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The assessment team had initially selected five models to build that included modeling
responding to a cooling loop failure (an event that occurred on ISS). However, the team quickly
learned that the most important issue in considering the crew size necessary for root cause
diagnosis of a major malfunction (e.g., a cooling loop failure) is in comparing the mental
workload of the crew performing root cause analysis with the mental workload of a large team
on the ground working the same problem. While human performance modeling can model the
mental workload of an individual, it cannot be used — at this time — to model and compare the
summative mental workload of different teams of people.

The assessment team addressed the expertise necessary to respond to an unforeseen failure (the
initial failure response but not root cause diagnosis) with a different modeling technique in the
Personnel, Expertise, and Training model.

6.3.3 Create a Trade Space Evaluation Framework

Militello et al. (2019), developed a trade space framework designed to assist decision-makers
with analyzing trades associated with different crew sizes [ref. 4]. Militello’s team recognized
that determining crew size “is a form of function allocation, which is an intrinsic piece of
complex systems”®. Therefore, to develop a framework for evaluating crew size, Militello’s team
first conducted a literature review on function allocation. They gathered an initial list of 156
factors to consider and developed these into a list of 24 factors grouped into eight dimensions
(Figure 10).

® Militello et al. (2019) considered “crewing configurations” where they defined a crewing configuration as, “an
allocation of functions among different agents in a complex system”. In this context, an agent can be a human (e.g.,
flight crew, ground support) or technological agent (e.g., robotic agent, automation, intelligent system). For this
assessment, the team considered the crew size, that is the number of humans on the mission to Mars.
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TRADESPACE DIMENSIONS FOR
EVALUATING CREWING CONFIGURATIONS

The following eight dimensions represent key areas to explore when evaluating
crewing configurations. Each dimension contains individual factors to analyze.

n
1 2 3 4

OPERATIONAL
IMPACT

SYSTEM HUMAN
RESILIENCE PERFORMANCE

TEAM
COORDINATION

How well does
the crewing
configuration
safely and
successfully
support missions
in the envisioned
world?

@

5

COGNITIVE
SUPPORT

How well does

How well does How well does

the crewing the crewing
configuration configuration
enable the align with crew
system to cope capabilities,
with complex, strengths,
off-nominal limitations, and
situations? training?

6

ORGANIZATION
CONSTRAINTS

What are the

How well does

How well does
the crewing
configuration

support

coordination

among agents,

both human and
automation?

8

TECHNOLOGY
CAPABILITIES

What are the

the crewing the crewing initial and technological
configuration configuration fit ongoing costs capabilities that
support the within associated with are required to
cognitive work organizational the crewing make the
and decision constraints? configuration? crewing
making of crew configuration
members? feasible?

Figure 10. Tradespace Dimensions for Evaluating Crewing Configurations
[ref. 19, Figure 8]

Militello et al. developed an evaluation worksheet to assist SMEs in comparing crew sizes
considering the factors in each dimension of the trade space. The assessment team adapted the
evaluation framework developed by the Militello team into a framework for use by NASA. The
assessment team edited the Militello team’s framework and evaluation worksheet to change to
language used by NASA, and the assessment team added an additional category recognizing that
human health and performance is a critical dimension in the trade space for NASA missions,
leaving the criteria for this category to be determined by medical researchers. (Figure 11). The
dimensions of the trade space include considerations of mission design parameters (e.g., the
communication infrastructure can be considered in technology capabilities and operational
decisions can be considered in organization constraints). The use of the evaluation framework is
described below in the subsection Perform Trade Space Analysis.
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Trade Space Framework for

Evaluating Crew Sizes
The following trade space framework can be completed as a heuristic or used to guide specific analyses.
In completing this matrix, trade-offs between different crew sizes and mission architectures should become explicit.

Operational Impact

The factors here are designed to assess how well the crew comply t supports mission effectiveness for the expected concept of operations. It requires an
under ding of the Mars mission envir t, NASA's Moon to Mars objectives, and the risk posed to crew and equipment.

Factor NASA Strategy for Assessment Option 1 Option 2
Safety Risk

Does the crew complement aid managing risk and maintaining Describe how each crew complement may impact
survivability? Does the crew complement allow NASA to crew the crew safety (considering risks including those

mission in a way that manages risk as best as possible? managed by NASA's risk boards).
Mission Objectives
Will the crew complement positively impact mission success? Explore each crew complement's impact on mission

Considerations include meeting NASA's major mission objectives  success.

documented in the Moon to Mars Objectives (September 2022).

Mars Mission Environment (including hazards and communication infrastructure)

Does the crew complement meet the demands of a mission to Identify areas of concern with regards to operations
Mars? Consider aspects of the Mars mission enviroment including for a mission to Mars, in particular crew autonomy
the deep space and planetary surface environment, space flight from MCC during significant comm delays.

hazards, and the communication infrastructure.

[System Resilience
The factors in this category are designed to determine how well the crew compl. acc dates (or hinders) performance in unexpected situations where
adaptation and dynamic re-planning are required.

Factor NASA Strategy for Assessment Option 1 Option 2
Crew Redundancy
Does the crew complement allow for handoff of key mission Utilize a crew qualification and responsibilites
functions? When crew members are task saturated or matrix (CQRM) to identify important redundancies

incapacitated, who or what could provide backup for functions and/or identify the absence of critical redundancies.
such as: piloting, conducting EVA operations, conducting robotic
operations?

Task Redundancy

Are there backup mechanisms for accomplishing the task if Utilize a structured methodology (such as a coded
technology fails? Consider tasks related to: piloting, EVA abstraction hierarchy and/or contextual activity
operations, robotics operations, communication systems. templates) to identify important redundancies

and/or identify the absence of critical redundancies.
Off-Nominal Events
How well does the crew complement support the crew in adapting Explore different off-nominal events with SMEs and
to unanticipated events? More critically, how well does the crew  stakeholders and report on their impact with regard

complement support the crew in responding to unforeseen to each configuration. Utilize a crew qualification

failures (where an unforeseen failure is of unknown origin and and responsibilites matrix (CQRM) to identify

does not have published procedure)? necessary expertise to respond to unforeseen
failures.
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uman Performance

This category contains factors relating to how well the crew complement aligns with crewmember capabilities, strengths, limitations, and training, including

and decisi ki

manageability of tasks such as time management and real-time ch

Factor
Workload
How does the crew complement affect cognitive and physical
workload? Consider workload spikes and troughs.

Reliability

Are the crewmembers assigned tasks they can reliably perform?
Does the configuration rely on humans exceeding perceptual,
motor, or cognitive abilities such as reaction time or memory? Are
humans expected to passively monitor automation? Will humans
need to take over when automation fails?

Skill Acquisition & Proficiency Training

Do crewmembers require specialized competency, training, or
experience? Will the crewmembers require ongoing proficiency
training to compensate for perishable skills? Will the
crewmembers require increased training to support an
understanding of automated systems?

NASA Strategy for Assessment Option 1 Option 2
Through IMPRINT, examine the workload associated

with elements of the crew configurations. Highlight

potential sources of high workload as identified by

SMEs, stakeholders, or members of the project

team. Through CQRM modeling, examine the

training workload associated with crew

configurations.

Identify instances where agents (both human and
automation) are assigned tasks they cannot be
expected to perform reliably.

Describe how each crewing configuration may
impact the need for additional training.

eam Coordination

This category contains factors related to how well the crew complement supports coordination among crewmembers and automation. This category also explores the
allocation of functions in terms of coherence and responsibility, as these factors shape crew performance and coordination needs.

Factor
Coherence
Does the crew complement create coherent sets of tasks (i.e., no
left-over or conflicting tasks) for each crewmember? Is any
crewmember assigned tasks that rely on another crewmember's
action (i.e., interdependent tasks)? Where will coordination
between crewmembers be required to accomplish tasks?

Responsibility

Does the crew complement create a clear structure of
responsibility? Does the configuration create instances of divided
responsibility between which agent (either human and
automation) carries out the task and which agent is responsible
for the task? What are the resulting coordination needs?

Ease of Coordination

NASA Strategy for Assessment Option 1 Option 2
Highlight instances where humans are assigned left-

over tasks. Identify activities where there is a known

conflict or interdependence between activities. This

will highlight where team coordination is required.

Identify instances of divided responsibility. Identify
activities that will require human monitoring. This
will highlight where team coordination is required.

Does the crew complement facilitate the coordination needs of the Knowing where team coordination is required will

crew? In what ways does the Mars mission environment hinder
the coordination needs of the crew?

help identify situations in which coordination might
be challenging or impossible.
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ognitive Support

These factors relate to how well the crew compl supports h decision making and other cognitive activities.
Factor NASA Strategy for Assessment Option 1 Option 2
Situational Awareness
Does the crew complement promote each crewmember's Describe instances where the crew complement
situational awareness about the activity being performed? could facilitate or hinder situational awareness.

Consider crewmember's ability to perceive the environment, make
sense of the situation, and anticipate the future status of the

situation.

Shared Mental Models

Does the crew complement support a shared understanding Describe instances where the crew complement
among crewmembers? Consider how well the configuration could facilitate or hinder shared mental models.

supports shared: Understanding of the goals, plans, priorities, and
intentions of other crewmembers. Understanding of other
crewmembers' activities and where they are focusing their
attention. Understanding of the status, capacity, strengths, and
limits of other agents (both human and automation).
Understanding the current situation and how it evolves over time.

Curiosity
Does the crew complement facilitate noticing and respondingto  Describe instances where the crew complement
anomalies? could facilitate or hinder noticing anomalies.

Organizational Constraints

These factors are meant to capture organizational requir and capture cultural issues within NASA that may affect or be affected by the crew complement.
Factor NASA Strategy for Assessment Option 1 Option 2

Explicit Constraints

Does the crew complement align with stated NASA procedural Identify known areas where the crew complement

requirements (NPRs), standards (e.g., NASA-STD-3001), and/or does not align with explicit requirements or flight

flight rules? rules.

Implicit Constraints

Does the crew complement align with common practice or Identify known areas where the crew complement

culture? does not align with implicit restrictions.

Costs

The factors in this category are designed to highlight classes of costs associated with each of the crew complements.
Factor NASA Strategy for Assessment Option 1 Option 2
Procurement
What is the cost to develop, acquire, integrate, or implement the  Outline variables that may influence costs
functions that are required for the crew complement? What is the associated with each crew complement.
cost to develop, acquire, integrate, or implement the technology
that is required for the crew complement?

Operations & Maintenance

What is the cost to operate and maintain the required Outline variables that may influence costs
technology? associated with each crew complement.
Personnel

What are the implications of the crew complement on ongoing Outline variables that may influence costs
personnel costs? associated with each crew complement.
Training & Skill Maintenance

What are the costs associated with the required training and skill Outline variables that may influence costs
maintenance? associated with each crew complement.
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echnology Capabilities

The factors in this category serve as a place to capture and evaluate the technologies that are critical to make each crew complement feasible to implement safely and
effectively.
Factor NASA Strategy for Assessment Option 1 Option 2
Criticality
How critical is each required technology to the crew complement? Rank the technologies in terms of criticality to the
crew complement.

Feasibility

How feasible and reliable is each required technology for tactical  Discuss the feasibility of each technology in terms of
use? its use to meet major mission objectives.
Integration Considerations

Are the required technologies compatible? Identify salient integration considerations.

uman Health & Performance

The factors in this category relate to how well the crew complement supports the physical and behavioral health of the crew.
Factor NASA Strategy for Assessment Option 1 Option 2

Figure 11. Trade Space Framework for Evaluating Crew Sizes
[ref. 19, Figure 9]

6.3.4 Conduct Human Performance Modeling

With the use cases selected, the next step in the methodology is to conduct human performance
modeling to provide quantitative data to aid decision-makers as they evaluate the dimensions in
the trade space. Section 7 provides details for each of the models.

Three of the models developed by the assessment team were built using the Army’s IMPRINT
modeling platform augmented with the NASA tailored S-PRINT plug-in. The models were based
on analog vehicles, systems, or missions (e.g., ISS) with added assumptions about crew tasking,
communication issues, reliance on automation, and other opportunities associated with missions
to Mars.

The data collected by the assessment team for the models included existing NASA procedures,
observations of real-time ISS operations, and SME input collected via structured interviews.
Although it is too early in the design of Mars missions to validate model results, the fact that the
models were built using IMPRINT and its robust mental workload model, Multiple Resource
Theory (MRT), provided the assessment team with a leveraged, validated platform. IMPRINT
and MRT have been validated as Department of Defense industry standards for human
performance modeling, manpower analysis, and mental workload analysis. IMPRINT was
validated as a human performance modeling tool [ref. 25]. MRT has been validated as an
industry standard in mental workload analysis [refs. 26, 27, 28]. IMPRINT model outputs
include quantitative data on mental workload and quantitative on level of engagement (daily
workload).

The fourth model the assessment team built was a custom-designed model based on the 1SS
CQRM, a well-established tool used and maintained by the International Partners in the 1SS
Program to identify the minimum crew qualifications for each area of responsibility necessary
for an 1SS mission [ref. 29]. The data collected by the assessment team for the model included
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existing NASA training data and SME input. The output of the model is flight-assigned Mars
CQRM with quantitative data that informs the level of expertise within a crew of a given size.

F-3. The DoD IMPRINT tool augmented with the NASA tailored S-PRINT plug-in
provides NASA with quantitative analysis capability for crew size decision-making
using human performance modeling.

6.3.5 Perform Trade Space Analysis

The final step in the methodology is to perform an analysis of the trade space comparing
different crew sizes for missions to Mars against trade space dimensions using quantitative data
from human performance modeling. The trade space evaluation worksheet provides guidelines
for SMEs in making comparisons across the dimensions. The results of the analysis can be used
to make recommendations to decision-makers as they consider the potentially competing goals in
deciding on the crew size. Section 7 provides details for the analysis of each of the models.

As an example, the IMPRINT model outputs quantitative data on mental workload. In
considering the human performance dimension of the trade space, model data can be used to
compare the workload of two different crew sizes. The same two crew sizes can be compared
across other dimensions of the trade space, including considering model assumptions on mission
design parameters (e.g., technologies or communication infrastructure).

The evaluation framework is meant as a guide for analysis. For the models in this assessment,
questions in the evaluation worksheet were adapted to the particular use case being modeled.
Each model is analyzed against a subset of the dimensions in the trade space relevant to that
model. The assessment team did not consider cost or health requirements in their evaluations.
The MAT is considering cost in their work on crew size (along with other factors), and the
Human System Risk Board oversees health requirements for human missions.

6.3.6 Summary of Proposed Solution

Crewmembers on missions to Mars will be operating in hazardous environments, including in a
deep space microgravity environment on the transit to and from Mars and in a reduced gravity
environment on the Mars planetary surface. Given the communication delay/blackout associated
with these missions, the crew will be required to operate semi-autonomously from the MCC, and
depending on the communication infrastructure, the crew may also be required to operate
autonomously for up to ~3 weeks during the mission and operate semi-autonomously or
autonomously from each other when the crew is split between the vehicle in Mars orbit and the
rover on the planetary surface. Their mission goals include landing on Mars, performing
scientific research during planetary surface EVAs, and safely returning to Earth.

The decision on the crew size, specifically the number of crewmembers for such a mission,
includes considering trades across multiple dimensions of the trade space. To assist decision-
makers with analyzing trades associated with different crew sizes, the assessment team proposed
a methodology for NASA to perform systematic, repeatable trade space analysis comparing crew
size for missions to Mars against trade space dimensions using quantitative data from human
performance modeling.

The steps in the methodology include gathering the contextual knowledge about the mission
necessary to build human performance models, selecting use cases to model that include nominal
operations but also include corner cases, and then building and analyzing the models against an
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evaluation framework that covers the dimensions in the trade space. The results of the analysis
can be used to provide recommendations to decision-makers.

As decision-makers consider crew size, if the risks to the mission from a given set of models
results (and recommended crew size) show unacceptable risks, modelers can adjust model
parameters and re-run models (Figure 12). The process can be repeated as new technologies are
developed and updated mission assumptions are defined.
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The NESC’s proposed methodology to aid crew size determinations. Trade space parameters are input
into any/all of four models, whose output characterizes the risk level associated with a given crew size.
Decision makers may choose to adjust input parameters and re-run the models or accept the risk.

Figure 12. Mars Crew Size Decision Process

The assessment team used this methodology to build four models for an initial trade space
analysis for crew size for missions to Mars. The details of the models and analysis are discussed
in Section 7.

7.0 Human Performance Modeling and Trade Space Analysis
7.1  Listing of the Models

As described above, the assessment team selected four uses cases to model for this assessment.
This includes a set of three human performance models using IMPRINT, a human systems
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integration analysis modeling platform built for the military to model workload at various levels,
and a fourth model of human expertise developed independently by the assessment team.

The three IMPRINT models were built based on Mars mission use cases:

e 1V Operations for Planetary Surface EVA Model: Modeling the mental workload of
the IV Mars crewmembers supporting a planetary surface technical EVA.

e Robotic Arm Assisted EVA Operator Model: Modeling the mental workload of a Mars
crewmember controlling a robotic arm manually or in an automated control mode.

e Mars Transit Crew Model: Modeling the level of engagement (i.e., daily workload) of
the Mars crew on the transit to Mars.

The fourth custom-built model was based on a Mars mission use case:

e Personnel, Expertise, and Training Model: Modeling crew expertise necessary to meet
primary mission and objectives and respond to unforeseen failures.

This section of the report provides more information on human performance modeling and then
provides detailed information on each model and modeling results and trade space analysis for
crew size for missions to Mars.

7.2  Modeling and Analysis

7.2.1 Human Performance Modeling Introduction

A human performance model dynamically simulates the complex behavior of human operators
with an executable task network diagram. Examples of human behavior include the decisions be
made, time to perform different tasks, potential for task errors, and consequences of those task
errors. The assessment team conducted performance, workload, and crew engagement analyses
for operationally relevant scenarios using the IMPRINT. IMPRINT is a dynamic, stochastic,
human performance modeling software tool designed to assess the interaction of operator and
system performance throughout the system lifecycle from concept and design to field testing and
system upgrades. The U.S. Army Research Laboratory, Human Research and Engineering
Directorate (ARL HRED) developed IMPRINT to support HSI. Our team conducted two
different types of analyses using IMPRINT, namely: 1) detailed human performance models of
crewmembers performing specific activities and using specific systems, called operation models,
and 2) higher level manpower analysis models that focus on crew utilization over longer periods
of time, including during periods in which unexpected events occur, called force models.

Mental Workload

Mental workload in IMPRINT represents the operator mental capacity utilized, associated with
different resource channels, when an operator performs tasks during the course of a mission.
Every task performed by an operator is assigned workload values for applicable resources
including visual, cognitive, fine motor, gross motor, auditory, speech, and tactile (Figure 13).
Tasks can require several different resources to perform. For example, steering a car requires
visual resources (watch where you are going), cognitive resources (decide if you are turning
enough), and fine motor resources (moving the steering wheel). When an IMPRINT model is
executed, IMPRINT generates a timeline of workload for each operator during a mission
segment.
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Speech: Any speech by the operator.
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Tactile: Any external stimuli related to the sense of touch.
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Fine Motor: Fine motor skills involving the smaller muscles of the hands, wrists, and fingers (and toes).
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Gross Motor: Gross motor skills involve movements of large muscles of the body including the arms, legs, feet, or the entire body.
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Cognitive: The level of problem-solving and abstraction required for a task.
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Visual: Any external stimuli related to sight, such as seeing a light.
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Auditory: Any external stimuli related to hearing.
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Figure 13. Workload Resources in IMPRINT

Workload calculations are especially important when an operator is performing a complex task
or multiple tasks simultaneously. IMPRINT utilizes MRT (Wickens, 2002) —a human
engineering standard for quantitatively assessing mental workload, to calculate workload over
time for each operator associated with a mission [ref. 28]. MRT calculates an overall workload
score that includes all single task demands plus a conflict score that measures task interference
between two or more concurrently performed tasks. It further assumes that the interference varies
depending on the time-shared mental resources. For example, the interference between a visually
demanding task and a speech task may not be as severe as two visually demanding tasks.

A definition of the workload threshold in MRT, or the “red-line,” is “the point where one
traverses safe and effective multi-tasking to dangerous and ineffective multi-tasking” [ref. 26].
The default workload threshold in IMPRINT is 60 and is based on 18 workload studies [ref. 27].
Overall workload in MRT is calculated by summing the single task demand scores across all
resources utilized (e.g., visual, cognitive, and fine motor) along with conflict scores between
resources. IMPRINT models can be coded to affect operator performance when overload occurs.
For example, tasks can be delayed, dropped, or take longer to perform.

Consequences of High Mental Workload

Sustained periods of workload above a threshold can lead to poor performance. IMPRINT has a
long history of use in examining proposed new Army systems, and analyzing different system
design and crew task allocations, to determine potential multi-tasking scenarios that could lead to
overload conditions and poor performance. In addition to MRT and the associated work
performed by Wickens, Mitchell and Samms [ref. 30] cite a baseline theory of an inverted U
chart of task performance to mental workload (Figure 14), based on work performed by Yerkes
and Dodson [ref. 31].
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Figure 14. Task Performance versus Mental Workload

Many studies have shown that periods of high mental workload can have consequences on
human performance. Wickens states that “excessive workload is an undesirable state,
contributing to errors, or the failure to manage unexpected extra tasks” [ref. 28]. High mental
workload can change the way the person processes information and responds to task demands.
An operator experiencing high workload may fail to detect certain signals, may delay responses
during peaks in workload and attempt to catch up during lulls, systematically disregard some
information according to a priority scheme, and may make less precise responses [ref. 32]. A
consequence of high workload that has been identified in aerospace is attentional tunnelling,
where attention becomes excessively focused on one aspect of a task, which may lead to some
tasks not being attended to [ref. 33]. Workload that is unpredictable and/or that involves rapid
increases can significantly increase the likelihood of human error [ref. 34].

F-4. Research literature and prior mental workload studies performed with human
performance modeling tools (e.g., IMPRINT/S-PRINT) and utilizing MRT indicate
that there are consequences of high or unacceptably high mental workload, including:

1. Task performance errors.

2 Increased likelihood of task shedding.

3. Degraded detection of and response to off-nominal events.
4 Failure to detect and manage unexpected extra tasks.

During future Mars missions, with limited crew sizes and assumed crew autonomy due to
communication delay/blackout, high crew mental workload could have significant operational
consequences. For example, it may be assumed that the crew is more reliant on automated
systems. However, if these automated systems fail, while at the same time decrease the crew’s
situation awareness of the tasks they are performing, a crew experiencing high mental workload,
and thus reduced capacity for resilient performance, may not notice, diagnose, or correct failures
in a timely manner. Even in well-understood, ultra-safe commercial aviation systems that have
undergone rigorous operational certification, airline pilots intervene to address automation
malfunctions on 20% of normal (routine) flights [ref. 7]. Thus, it is likely unrealistic to expect
that these automation system failures on Mars missions will be rare "corner-case" events.
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As research shows, humans are a “resource necessary for flexibility and resilience” in compleX,
engineered systems [ref. 8]. Successful missions to Mars will only increase in complexity
compared with the challenges of LEO and lunar missions, and it is critical that human
performance is appropriately considered in the design of these missions. Results from human
performance modeling can be used in considering the workload and associated adaptive capacity
of the crew, among other factors in the trade space, as planners consider trades in designing
missions and as decision-makers decide on crew size.

Categorizing Levels of Mental Workload

For individual model executions, IMPRINT provides charts showing operator workload over
modeled scenario time. An analyst can quickly look at these charts to see if operators are
predicted to have high workload spikes above the MRT redline of 60, how high the spikes go,
how often they may occur, and how dense overall mental workload attentional demands are over
the course of a scenario. These workload over time reports can also be collaborated with another
report, the operator workload detail report, that shows which tasks the operator was performing
that led to changes in overall workload at every event time stamp of model execution. This
allows an analyst to study what multi-tasking led to the highest workload peaks.

IMPRINT also allows an analyst to generate a report of all data used to create the workload over
time charts. This data can be parsed and post-processed to determine two other telling workload
metrics; time-averaged workload over the course of the scenario run and percent time in
overload. These metrics can be used in more detailed comparative analyses between modeled
crew/system configurations and scenario conditions (e.g., occurrences of off-nominal events or
operator fatigue).

In NASA-STD-3001 Technical Brief - Cognitive Workload [ref. 35], a figure very similar to the
one shown above in Figure 14 is shown to illustrate the need to consider cognitive underload and
overload workload conditions. Additionally, the Bedford Workload Scale is presented as an
option to evaluate workload demands as they relate to an operator’s (a pilot in this case) ability
to perform a scenario and associated tasks (Figure 15).
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Figure 15. The Bedford Workload Scale

The Bedford Workload Scale characterizes a person’s workload with respect to the spare
capacity to perform other tasks by asking that person to answer three questions. The 10 Bedford
scale rankings are broken into three groupings that are associated with the traditional stoplight
colors; green (workload is not an issue that impacts task performance), yellow (workload is
starting to have some impact on an operator’s ability to perform tasks), and red (workload will
most likely have a significant impact on the performance of tasks).

Similar to the Bedford scale, the MRT workload scores generated by an IMPRINT model over
modeled scenario time indicate an operator’s capacity to perform tasks. Mapping two of the three
IMPRINT workload metrics captured in this effort, percent of scenario time spent in overload
(above 60), and time-averaged workload, yielded the broad categories, similar to those
associated with the Bedford scale, per the logical flow bullets below. Workload peaks were not
included because high peaks of a very short duration may not have an impact on an operator’s
ability to perform tasks as they may briefly delay some tasks that would put them into overload.
However, numerous high workload peaks, and those of longer durations, will drive up the other
two metrics, thus they are included in this analysis.

Green (workload is “acceptable” and will not impact task performance)
e Percent time in overload is less than 3%
AND

e Time-averaged workload is less than 30.0

Yellow (workload is “high” and may impact task performance)
e Percent time in overload is greater than 3% but below 30%
OR

e Time-averaged workload is above 30.0 but below 40.0
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Red (workload is “unacceptably high” may severely impact task performance)
e Percent time in overload is above 30%
OR
e Time-averaged workload is above 40.0

Crew Utilization (Level of Engagement)

For IMPRINT human performance models representing higher level activities instead of finite
tasks (e.g., sleeping, conducting experiments, eating/personal time, exercise, and travel time)
performed over longer time periods (e.g., the outbound Mars transit segment) crew utilization, or
level of engagement, in different types of activities can be measured. Each crewmember can be
placed on standard schedules that include all planned activities. Then “what-if”” scenarios can be
run with unplanned activities, or off-nominal events, scripted at different levels to see their
impacts on crew utilization. Each activity needs to be prioritized to determine which ones will be
performed and which ones will be sacrificed by higher priority activities. Crew utilization
models allow an analyst to take a higher-level look at necessary crew sizes to accomplish longer
duration missions.

7.2.2 1V Operations for Planetary Surface EVA Model

7.2.2.1 Purpose and Scope

The purpose of this element of the assessment was to examine the real-time activities necessary
to support crew engaged in a Mars surface EVA and produce an estimate of the workload that
would be experienced if these activities were performed entirely by crew in Mars orbit, without
the ability for real-time communication with Earth. The IMPRINT modeling system was used to
produce workload estimates.

This assessment focused on a Mars surface EVA scenario, in which two crewmembers, EV1 and
EV2, perform a technical task. Although the main purpose of Mars EVAs will be scientific
activities (e.g., sample collection) there is a possibility that some technical EVAs involving
assembly or maintenance may be required. The scenario below is informed by the document
“Reference surface activities for crewed Mars mission systems and utilization” (Document No:
HEOMD-415, 2022).
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MARS TECHNICAL EVA SCENARIO

A four-person crew arrives at Mars on board the Transit Habitat. The Transit Habitat enters
Mars orbit and rendezvous with the Mars Descent Vehicle (MDV) that had previously arrived in
Martian orbit. Two of the four crewmembers enter the MDV for descent to the Martian surface.
The other two crewmembers remain on the Transit Habitat, which continues to orbit the planet
serves as a communications relay back to Earth during the surface mission.

The crewmembers on board the Transit Habitat and the MDV communicate via text messages
with the MCC, however due to a ~22-minute one-way delay, communication is restricted to
issues that are not time-critical (e.g., timeline updates, minor off-nominal conditions, and
procedures for scheduled tasks to be performed over the coming sols). The crew on the surface
communicate real-time with the orbit crew via Mars communication assets.

The MDV lands on the Martian surface next to a pre-deployed power grid, and in the vicinity of
two previously deployed cargo landers. The MDV is designed to be robotically connected to the
surface power grid shortly after arrival. The mission plan has reserved sols 1-3 for lander crew
re-adaptation to a gravity environment with no scheduled EVA activity.

Shortly after landing, the crew becomes aware that the robotic connection to the power grid has
been unsuccessful. The orbiting crew and the lander crew attempt to resolve the issue in
conjunction with the MCC. After 24 hours has elapsed, the problem has not been resolved, and
the MCC on Earth decides that a contingency EVA is necessary to manually make the
connection. The manual power connection contingency task had been planned for and has been
rehearsed before launch and during the voyage to Mars.

The two crewmembers in the lander prepare for the EVA, with the two crewmembers in Mars
orbit providing real-time support, guiding the EVA crew through procedures and checks, and
helping to resolve issues as they arise. The two surface crewmembers exit the MDV using
suitports that enable ingress and egress of the spacecraft while the spacesuit remains outside of
the pressurized volume of the spacecraft. The use of suitports avoids the use of an airlock and
simplifies the ingress and egress procedures. The orbiting crew receives real-time telemetry from
the suits, and before the EVA crew detach from the MDYV, the orbiting crew performs checks on
the functioning of the suits. The orbiting crew receive real-time suit telemetry of suit parameters
and crew physiological state and can see video from helmet mounted cameras in addition to
cameras situated on the outside of the MDV.

With suit performance confirmed as nominal, the EVA crew detach from the MDV and walk
towards the power connection. One member of the orbiting crew (flight director/IV) acts as flight
director and communicator, providing a single point of verbal communication with the EVA
crew, while also maintaining overall situation awareness. The other member of the orbiting crew
manages all other tasks, including monitoring the status of the EVA suits, monitoring the
physiological state of the EVA crew, calculating time remaining on consumables, providing
assistance on task performance, and responding to any off-nominal conditions that may arise.

After successful connection to the power grid, the EVA crew return to the MDV and ingress via
the suitports. Forty minutes after the completion of the EVA, the crew receive a congratulatory
text message from the MCC.
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Several analogs or simulations were potential sources of data to estimate the workload involved
in supporting a planetary EVA. These included NEEMO, BASALT, and historical records from
Apollo. It was decided to use a recent ISS EVA as a real-world analog of a future Mars surface
EVA due to the large amount of data that would be available from voice loops, video recordings,
documentation, and interviews with personnel.

The focus of this assessment was the workload of personnel who support EV1 and EV2, rather
than the EVA crew themselves. The extensive planning, training and other preparations that
occur in the days, weeks, and months leading up to an ISS EVA are out of scope. A large number
of personnel in the MCC, and support personnel in other locations are involved during EVAs,
and it was not possible in the current assessment to examine the workload of all of these
individuals. It was decided to focus on five core positions as shown in Figure 16. These positions
were Ground IV, flight director, EVA flight controller, EVA Task flight controller, and
Extravehicular Mobility Unit (EMU) flight controller.

ISS EVAT9, performed in March 2022 was selected for analysis because it involved an assembly
task and was performed without the use of the robotic arm. During EVA79 crewmembers Kayla
Barron and Raja Chari (designated as EV1 and EV?2) installed equipment in preparation for the
later installation of an ISS Roll Out Solar Array (IROSA).

It is acknowledged that an ISS EVA and a Mars Planetary EVA will differ in many respects,
however it was considered that many of the core MCC tasks required to support EV1 and EV2
during EVA79 will apply to a Mars EVA.
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Other MCC Locations
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MER Manager Flight Director
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Figure 16. MCC Positions

7.2.2.2 Method and Procedures

A 2.5-hour period towards the end of EVA79 was selected for analysis. The selected period
began at four hours and 20 minutes into the EVA and ended shortly before ingress. The methods
of egress and ingress on future Mars missions are likely to be very different from current ISS
procedures, therefore it was decided to exclude these phases from the current evaluation.
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Sources and Data Used
The following sources of data were used:
Voice Loop Recordings

The frequency and duration of speech on several voice loops were analyzed, and speech was
categorized according to whether the words were simple utterances (one or two words) or
complex utterances (three or more words comprising a sentence).

SME Interviews

Structured interviews were held with 12 SMEs who served in the following positions in support
of EVA79: flight director, Ground IV, EVA, EVA Task, EVA Task OJT, EMU, Airlock,
Surgeon, Biomedical Engineer (BME), Deputy System Manager, MER, Communications Rf
Onboard Network Utilization Specialist (CRONUS), Environmental and Thermal Operating
Systems Officer (ETHOS).

Each interviewee was asked the following open-ended questions:

What are the main responsibilities of your position?

What sources of information do you rely on to perform this role during EVA 79?
What decisions or assessments did you need to make during EVA 79?

What are the main actions that you took during EVA 79?

For each activity that you performed during EVA 79, how frequently did it occur
and how long did it take?

o Any other comments you would like to make?
Creation of IMPRINT Workload Models
IMPRINT models were created to represent the workload of five MCC positions during ISS

EVA 79. The five positions were Ground IV, flight director, EVA flight controller, EVA Task
flight controller, and EMU flight controller.

o O O O O

For each of these five positions, the identified tasks, their frequency and duration were tabulated,
and then entered into the IMPRINT modeling system. Each task was described using the
following categories from the IMPRINT resources taxonomy: auditory, cognitive, fine motor,
speech, visual. Workload values were then assigned to each task, guided by the
recommendations contained in IMPRINT documentation. For example, listening to simple
speech involved lower auditory and cognitive demands than listening to complex speech.

Each model covered three core performance elements: nominal performance, communications,
and off-nominal performance. Tasks in each model are color-coded. Green boxes represent
model tasks. These are functions (e.g., starts, ends, or pauses between tasks) performed by
IMPRINT that enable the model to run correctly. Tasks performed by a person are shown in
colors other than green.

A distinction was made between tasks that might occur in parallel (e.g., listening to crewmember
speech and scanning a video display) and tasks which would not occur in parallel (e.g., referring
to a procedure document while also scanning a caution and warning screen).
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Each model was run ten times. Models contained probabilistic logic statements and uncertainty
bands associated with task timings, with the result that no two model runs produced identical
workload estimates.

For each position, two workload graphs were selected from the 10 model runs to illustrate (1) a
run in which a complex off-nominal event was not introduced by the model, and (2) a run in
which a complex off-nominal event did occur. Workload values throughout the 2.5 hours period
were presented on the vertical axis of the graphs. An IMPRINT workload value of 60 is
considered to be the threshold above which task saturation is likely.

Hypothetical Combination of Positions

The five MCC positions were combined into two hypothetical EVA support positions that might
conceivably be located on a spacecraft orbiting Mars. The two hypothetical positions were (1)
combined flight director/IV, and (2) combined EVA Controller, comprising the tasks currently
performed by EVA, EVA Task, and EMU positions. IMPRINT models were created for each of
these hypothetical positions, and workload estimates were obtained.

Follow-up Interviews

Follow-up interviews were held with SMEs. During these interviews SMEs were asked to
evaluate whether the IMPRINT models were realistic and whether the resulting workload graphs
seemed reasonable. They were then asked to comment on the hypothetical combined positions,
including the workload graphs that expressed the estimated workload for these positions.

To guide the SME discussion of the hypothetical combined positions, SMEs were asked a set of
probe questions based on the trade space evaluation [ref. 19]. The questions covered the impact

of the proposed configuration on Resilience, Human Performance, and Coordination, and can be
found in Table 1.

7.2.2.3 Assumptions and Model Limitations

For modeling purposes, the following assumptions were made concerning how a planetary EVA
would be conducted on Mars:

e The support tasks necessary for a planetary EVA will share many characteristics with
those involved in current ISS EVAs.

e All or most of the preparation and planning tasks performed in the days leading up to a
planetary surface EVA work will be performed on Earth. Therefore, this work was not
modeled.

e There will be no communication latency between crew orbiting Mars and surface EVA
crew.

e Two crewmembers (EV1 and EV2) will conduct the EVA on the planetary surface.

e A support crew on orbit around Mars will provide all the real-time 1V support to the EVA
crew that is currently provided by the MCC.

e One-Way Light Time between Earth and Mars will be ~22 minutes, therefore there will
be no real-time communication between crew at Mars and Earth.

The following limitations concerning the current modeling activities should be noted:
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e There will be significant differences between an ISS EVA and a planetary EVA on Mars.
Differences will include environment, gravity, equipment, communication latencies,
tasks, and suit designs. Despite these differences, the experience gained from ISS EVAs
can help us consider the future challenges of Mars EVAs.

e The suits used for Mars EVAs are envisioned to be more advanced than those currently
used for ISS EVAs. It is expected that Mars EVA suits will be more robust, will contain
more advanced features, and will require less real-time monitoring than current suits.

e Some of the support tasks currently performed by people may be automated in the future.

e The assessment can only model cognitive activities that are apparent from voice loops,
console logs, and self-reports. It is likely that not all cognitive tasks will be captured.

e ISS EVA 79 progressed relatively smoothly, without significant complications.
Therefore, it may provide a best-case analog for a planetary EVA.

e The potential effects of fatigue, deconditioning, stress, and other factors that could reduce
cognitive performance were not included in the models.

Specific assumptions used in creating IMPRINT models

e The assessment did not model tasks associated with operation of spacecraft, habitats, or
rovers.
e The dependencies between positions were not included in the models.

e All of the IMPRINT models simulate only one off-nominal at a time.

e The models did not include workload of assistant or OJT positions, or others involved in
the support of EVAs.

e It was assumed that 70% of off-nominals could be resolved with a rapid response based
on the controller’s training and experience. A further 20% of off-nominals could be
resolved with reference to documents (e.g., procedures or crib sheets). The remaining
10% of off-nominals would involve more complex problems and would require MCC
personnel to prepare a procedure for the situation, with a corresponding increase in
mental workload. The 7:2:1 ratio of off-nominals was arrived at based on judgment rather
than statistical analysis.

7.2.2.4 Results and Discussion
A Note about Exploration EVAs

Any investigation of Mars crew workload during EVA must recognize the important differences
between the carefully scripted assembly and maintenance EVVAs so familiar to ground and flight
crews on ISS missions and the exploration EVAs that will be the main activity conducted on the
Martian surface. More than half a century has passed since humans last explored the surface of
another world during the Apollo EVAs. While some of the work done on the lunar surface (i.e.,
setting up scientific instruments) bore a resemblance to ISS tasks, the scientific exploration that
was the main purpose of the Apollo EVAs was by its very nature impossible to script ahead of
time. Even though their traverses were carefully planned, what the crew did at each station stop
was always, to some degree, a matter of reacting to the unexpected.
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No one could have predicted, for example, Apollo 17 astronaut Jack Schmitt’s discovery of
orange soil at Shorty Crater, which proved to be one of the most important finds in the entire
Apollo collection. For about half an hour, faced with an immutable walkback constraint, Schmitt
and mission commander Gene Cernan worked quickly and intensely to collect samples and carry
out photographic documentation. The episode illustrates the potential for unexpected spikes in
crew workload during exploration EVAs. It is also important to realize that Cernan and Schmitt’s
sampling at Shorty was aided by frequent input from scientists in a back room of the MCC. This
kind of real-time support will be unavailable to a Mars crew. Explorers on the Martian surface
will essentially be on their own to make decisions and deal with unanticipated discoveries.
Another factor is the advanced avionics planned for next-generation space suits that may offer
risk reduction but will also increase the cognitive workload on the exploration EVA crew if
tasking is shifted from the IV crew to the EVA crew.'? All of these factors point to the need for
additional study to assess crew workload during exploration EVAs.

Flight Director

The flight director is in charge of operations and has the authority to make any real-time decision
required to ensure the safety of the crew and ISS. The flight director is located in the Flight
Control Room (FCR). The flight director interviewed in the current assessment considered that
during an ISS EVA, around 90% of his attention would be directed at the EVVA crew, and around
10% would be directed at more general ISS issues. However, if an off-nominal situation arose
with the EVA, the ISS issues could be handed off to other personnel, enabling him to focus on
the EVA issue.

ISS EVAs are tightly choreographed, so as to maximize efficiency by accomplishing as much as
possible during each EVA. During task performance, the flight director’s attention is most
closely focused on the transitions between tasks. The specifics of task performance are managed
by the EVA and EVA task position.

The flight director described his job as conducting risk trades in real-time. Around 90% of the
time, EVAs proceed as planned. The flight director’s main role is to deal with the other 10%. He
considered that no EVA goes entirely according to plan. Off-nominals are to be expected during
EVAs, and this is when workload for the MCC personnel becomes high. When things that are
not going to plan his role is to gather everyone on the flight loop and lay out trades that need to
be made to manage risk. He lays out decisions in plain language to ensure that everyone
understands the plan and gives a time frame for the actions that need to occur. Clear verbal
communication is critical, and he will often state the same thing twice in different ways to ensure
it is clearly understood. He must assume that no matter what you say, someone did not hear you.

The flight director may have occasional airwave (face-to-face) communications with personnel
in FCR, but important decisions are re-stated on the flight director loop, so that everyone can
hear, and the decision is recorded.

10'If tasking for suit monitoring is shifted to the EVA crew, then the crewmembers will experience increased
cognitive workload assuming that the advanced avionics require human-machine teaming to operate effectively. For
further reading, see Johnson, M. & Vera. H. (2019) No Al is an Island: The Case for Teaming Intelligence. Al
Magazine. Vol. 40, No. 1.
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The flight director will make a brief electronic log entry at the end of each significant task step
and will also make log entries if an off-nominal situation arises, however, preparing notes is not
a major task for the flight director.

Table 1. Nominal Tasks for Flight Director Position during ISS EVA

Nominal Tasks for Flight Director Position during ISS Estimated Estimated
EVA frequency average
duration
(seconds)
Scan cycle Scan video display of EV crew 1.5 min 30
Scan data screen, including cautions and warnings, 25 min 10
communications displays
Documents Refer to procedures, timeline, engineering documents, 7.5 min 35
flight rules
Prepare flight note, text message, or log entry 10 min 30
Decide on plan adjustment (e.g., which get-aheads to Ev2 hr 180
do, when to end)
Monitor the | Observe or become aware of non-verbal activity in the 1 min 2
room MCC
Speaking Monitor comm loops Constant
and
listening Pay attention to complex crewmember speech 15 sec 7
(sentences)
Pay attention to simple crewmember speech (one or 1 min 1
two words)
Pay attention to complex MCC speech (sentences) 5 min 4
Pay attention to simple MCC speech (one or two words) | 3 min 1
Communicate complex speech (sentences) 2.5 min 4
Communicate simple speech (one or two words) 2 min 1
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Off-nominal Tasks for Flight Director Position

During an off-nominal event, the flight director continues to perform the tasks listed in Table 2,
with the exception of the following tasks. For modeling purposes, these tasks are assumed to be
briefly paused while the off-nominal situation is resolved, or performed as part of the flight

director’s response to the off-nominal situation.

e Refer to procedures, timeline, engineering documents, flight rules

e Prepare flight note, text message, or log entry

Depending on the nature of the off-nominal condition, one of the three following responses is

made:
Table 2. Off-Nominal Tasks for Flight Director
Off-nominal situation Average Estimated
frequency average duration
(seconds)
One pf three 1. Rapidly apply a prepared decision Ev 45 min 5
possible
responses to off- ] ] : ]
nominal: 2. Decide action after referring to crib 20
sheet, flight rules, or other document Ev 2.5 hr
3. Complex problem requires 300
coordination with other MCC personnel |Ev5 hr

Flight Director Model and Results for ISS EVA

The task model for flight director contained three sections, shown below. These are nominal
tasks (shown in Figure 17), communication tasks (Figure 18), and tasks that would be performed
during an off-nominal event (Figure 19). During an off-nominal event, communication tasks
continue; however, the nominal tasks shown in Figure 17 are paused and are replaced by the off-

nominal tasks shown in Figure 19.

63 Scan video display of EV crew &S

84 Scan Cycle FD <>

83 Referto procedures, engineering docs, flight rules

203 Start FD network 4

# 245 Rejoin Scan Loop FD Q 103 End Scan Loop §>

85 Scan cautions & warning. camms. dats @

87 Prepare flight notes. minor text messages. or log entries

285 Plan adjustment Loop P> 284 Decide plan adjustment ¢S

H{ 90 Time between off-nominal events FD §D~—>{ 106 End off-nominal event FD §:>
107 Startcomms <

286 Rejoin plan adjustment loop 0

‘;( 209 Time between non-verbal MCC activity 1 M 210 Observe non-verbal activity in MCC1 %p{ 243 End non-verbal abservation FD O

Figure 17. Flight Director Nominal Tasks
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104_25 Listen to Complex Astronaut Speech (5>

104_27 Listening Astro Tasks <P

104_26 Listen to Astronaut Simple Speech &>
104_20 Listen to Complex Speech &>
104_21 Listen to Simple Speech 5>

104_22 Communicate complex speech 5

{ 104 OSTART 104_17 Monitor comms 8~

104_24 RejoinSpeechLoop <T» 104_999END <>

104_18 Listen to MCC Personnel P>

104_19 SpeakingTasks

104_23 Communicate Simple Speech

Figure 18. Flight Director Communication Tasks

190_7 Simple, rapid. prepared decision ®ﬁ
190_0 START 4>
{1900 START 4~ »{ 180 3 Problem requires response 190_2 Refer to crib sheet, flight rules &8> 180_839 END

180_1 Complex situation, input from other MCC personnel required @—J

180_4 Time between video scans 190_5 Scan video display of EV crew g@—%
‘-{ 1%0_6 End Scan Loop 5 >
1

'30_14 Off nominal Scan cautions & warning. comms, data screens

“——>4 130_17 Time before non-verbal MCC activity <S;———————-{ 130_16 Observe non-verbal activity in MCC1_ >

Figure 19. Flight Director Off-nominal Tasks

Figure 20 shows estimated workload for the flight director over a 2.5-hour period of an ISS EVA
scenario generated by the IMPRINT model during which no complex off-nominal events
occurred. Even without a complex off-nominal, workload is regularly predicted to spike above
the 60 threshold.

Figure 21 shows estimated flight director workload for a 2.5-hour period during of an ISS EVA
scenario generated by the IMPRINT model during which a complex off-nominal event occurred,
around 48 minutes into the scenario. Some of the increased workload reflects conflicts between
tasks that draw on the same mental resources.
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Flight Director Workload
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Figure 20. Flight Director Workload with No Complex Off-nominal Events
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Flight Director

One Complex Off-Nominal Event
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Figure 21. Flight Director Workload with One Complex Off-nominal Events

Table 3 shows workload metrics produced by IMPRINT for two scenarios shown in Figures 25
and 26. Overall workload for the flight director was predicted to be “high” in the scenario
without a complex off-nominal, and “acceptable” for the scenario involving a complex-off-
nominal event. It may appear counterintuitive that the less complex scenario would involve a
higher workload than the more complex scenario; however, it must be remembered that
IMPRINT introduces random variation into each run, and the “high” outcome is due to the
percent time in overload being slightly above the 3% threshold. The peak workload value of
164.97 occurred on several runs whenever four specific tasks were performed simultaneously.
These tasks were: decide plan adjustment, listen to complex crewmember speech, observe non-
verbal activity in the MCC, and refer to procedures, engineering docs, flight rules.

Table 3. Flight Director Workload Metrics for 2.5-hour Period of an ISS EVA

Time-Avg :_?::?: Peak
Workload Workload
Overload
No Complex Off-Nominal Events 18.85 3.10 164.97
One Complex Off-Nominal Event 17.28 1.70 164.97
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Ground IV

The Ground IV is the communicator between the crewmembers performing the EVA (EV1,
EV2) and the rest of the team in the MCC. The Ground 1V is located in the FCR and is staffed
only during EVAs. In addition to their role as a communicator, as a crewmember, the Ground 1V
is alert to subtle cues (e.g., speech, breathing, or behaviors) that could indicate that the
crewmembers are becoming physically exhausted or fatigued (see Table 4).

ISS Flight Rules specify that there must be two-way voice communications between the
crewmembers performing the EVA and the ISS. During shuttle orbiter EVAs, a crewmember
(Intra Vehicle) communicated with EV1 and EV2. When the function was moved to the ground
during ISS EVAs, the “Intra Vehicle” (IV) description was retained in the position title. The
Ground IV SME described his scan pattern as “thin slicing”, where he briefly directs his
attention to multiple inputs. He watches the crew as much as possible on video, but also pays
attention to paper procedures and crib sheets, and occasionally glances at computer screens. He
also maintains awareness of movement or activity in the FCR (e.g., body language or gestures).
He constantly monitors auditory input, some from communication loops (notably Space-to-
Ground, flight director, and EVA) and some from activity in the FCR.

During an EVA, EV1 and EV2 set the tempo and the MCC team on the ground follow. As the
crew performs a task, the Ground IV reads steps and checks off procedures as they are
completed, writing down actions (turns on bolts, etc.) to confirm that they have been completed.
During an off-nominal situation, his attention is focused more on the video of the crew. For most
off-nominals, there is a procedure or crib sheet.
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Table 4. Nominal Tasks for Ground IV Position

Nominal Tasks for Ground IV Position Estimated Estimated
frequency average
duration
(seconds)
Scan cycle Scan video display of EV crew Ev 30 sec 10
Scan data screen, including cautions and warnings, Ev 15 min 5
communications displays
Documents Refer to procedures, engineering documents, flight | Ev 10 min 5
rules
Prepare flight note, text message, or log entry Ev 10 min 5
Monitor the Observe or become aware of non-verbal activity in Ev 1 min 2
room the MCC
Speaking and Monitor comm loops Constant
listening
Pay attention to complex crewmember speech Ev 15 sec 7
(sentences)
Pay attention to simple crewmember speech (one Ev 1 min 1
or two words)
Pay attention to complex MCC speech (sentences) Ev 6 min 4
Pay attention to simple MCC speech (one or two Ev 2 min 1
words)
Communicate complex speech to the MCC Ev 12 min 5
(sentences)
Communicate simple speech to the MCC (one or Ev 5 min 1
two words)
Communicate complex speech to Crewmembers Ev 1 min 8
Communicate simple speech to Crewmembers Ev 30 sec 1
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Off-nominal Tasks for Ground IV Position

During an off-nominal situation, the Ground IV continues to perform the tasks listed in Table 5,
with the exception of the following tasks, which (for modeling purposes) are assumed to be
briefly paused while off-nominal is dealt with or performed as part of the Ground IV’s response
to the off-nominal.

e Refer to procedures, timeline, engineering documents, flight rules
e Prepare flight note, text message, or log entry

Depending on the nature of the off-nominal condition, one of the three following responses is
made:

Table 5. Off-Nominal Tasks for Ground IV Position

Off-nominal situation Estimated Estimated
Average average
frequency duration

(seconds)

One of three p055|ble‘ 1. Rapidly apply a prepared decision Ev 45 min 5

responses to off-nominal:

2. Decide action after referring to crib 10
sheet, flight rules, or other document Ev 2.5 hr

3. Complex problem requires coordination 10
with other MCC personnel Ev 5 hr

Ground 1V Model and Results for ISS EVA

The task model for Ground IV contained three sections, shown below. These are nominal tasks
(shown in Figure 22), communication tasks (Figure 23), and tasks that would be performed
during an off-nominal event (Figure 24). During an off-nominal event, communication tasks
continue, however the nominal tasks shown in Figure 22 are paused and are replaced by the off-
nominal tasks shown in Figure 24.

168 Rejoin Scan Loop GIV ®]—-( 235 End Scan Loops {7

172 Scan Cycle GIV P>

171 Scan & confirm procedures. engineering docs. flight rules5

170 Scan video display of EV crew4

179 Start Ground IV Netwark >

173 Scan cautions & waming. comms, data screens4

195 Prepare notes. minor text messages and log entries

{306 Time between nomverbal MCC activy 35— »4_ 205 Obseve nor-verbal actviiy nMGC._ 21y 236 End nor-verbal cbeervalion GIV_ >

[~—»4_176 Time between off-nominal events GIV_¢>—»§ 169 End off-nominal event GIV_

221 Start Ground IV comms

Figure 22. Ground IV Nominal Tasks
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151_11 Listen to Astro Speech >

191_8 RejainSpeechLoop 191_989END

131_0 START &>

191_2 Listen to MCC Persons <P,

191_3 Speak to Astronauts

191_12 Speak to MCC Persons <>

Figure 23. Ground 1V Communication Tasks
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—["’“‘”'”"‘*"""*’""*’“S“’“ BL-E S

ST ey 8 (O SS 3)

Figure 24. Ground 1V Off-nominal Tasks

Figure 25 presents model output for Ground IV workload for a 2.5-hour period of an ISS EVA
scenario generated by the IMPRINT model during which no complex off-nominal events
occurred. Workload generally remained below the 60 threshold, apart from brief spikes.

Figure 26 presents Ground IV workload for a 2.5-hour period of an ISS EVA scenario generated
by the IMPRINT model during which one complex off-nominal event occurred. The workload
spike is brief, reflecting that the Ground 1V was aware of the problem but was not actively
working on a solution, and continued to act as an intermediary between the EV crew and the

MCC.
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Figure 25. Ground 1V Workload with no Complex Off-nominal Events
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Ground IV
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Figure 26. Ground IV Workload with One Complex Off-nominal Event

Table 6 presents workload metrics produced by IMPRINT for the two scenarios shown in

Figures 30 and 31. Overall workload for the Ground IV position remained in the “acceptable”
range during these runs.

Table 6. Ground IV Position Workload Metrics for 2.5-hour Period of an ISS EVA

Time-Avg :_ie::?: Peak
Workload Workload
Overload
No Complex Off-Nominal Events 16.43 0.86 99.88
One Complex Off-Nominal Event 16.73 0.75 111.15

EVA Flight Controller

The EVA flight controller is responsible for all EMU, Airlock, and EVA-related tasks,
equipment and plans when an EVA takes place from the ISS. The EVA flight controller is
located in the FCR. The EVA flight controller considered that her workload can be very
demanding at times and that EVA flight controllers “work at the edge of human brain capacity
sometimes.” The EVA flight controller must maintain a mental picture of what is happening
throughout the EVA and what is expected to occur next (see Table 7).
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The EVA flight controller stated that she has six monitors in front of her showing screens of data
and the timeline. Her main source of information during the EVA are helmet cams, although
static cameras are also referred to. The EVA flight controller stated that she performs a rapid
scan cycle, where around every 30 seconds she refers to the video display of the EV crew,
performs a quick scan of data screens, including cautions and warnings, and also scans and
confirms procedures or other documentation. In common with all flight controllers, she monitors
multiple voice loops. Space-ground communications are set to the loudest volume.

The EVA flight controller also monitors body language within the MCC. Small non-verbal
gestures (e.g., nods or facial expressions) can convey information that enables her to maintain a
shared understanding of the activities occurring in the room. The importance of non-verbal cues
became apparent during COVID, when masks obscured facial expressions.

An important role of the position during EVA 79 was to optimize the use of time and to enable
as many tasks as possible to be completed. When things go smoothly, the planned tasks are
completed, and the crew can move on to get-aheads. An EVA OJT position seated next to the
EVA position provides support including updating the console log and monitoring
communications.

The EVA flight controller stated that off-nominal events are not unusual during EVAs. Many
off-nominals are familiar situations that can be responded to rapidly because the event has been
planned and trained for. In other cases, there may be a need to discuss an issue among flight
controllers and solve a problem.
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Table 7. Nominal Tasks for EVA Position

Nominal Tasks for EVA Estimated frequency Estimated
Position average
duration
(seconds)
Rapid scan Scan video display of EV Ev 30 sec 2
cycle crew
Scan cautions & warning, Ev 30 sec 2
comms, data screens
Scan & confirm Ev 30 sec 5
procedures, engineering
docs, flight rules
Slow task cycle | Prepare notes and minor Ev 25 min 30
text messages (Assistant
makes log entries)
Decide and prepare plan Ev hour 300
adjustment
Monitor the Observe or become Ev 1 min 2
room aware of non-verbal
activity in the MCC
Speaking and Monitor comm loops Constant
listening
Pay attention to complex Ev 15 sec 7
crewmember speech
(sentences)
Pay attention to simple Ev 60 sec 1
crewmember speech
(one or two words)
Pay attention to complex Ev 1.5 min 4
MCC speech (sentences)
Pay attention to simple Ev 45 sec 1
MCC speech (one or two
words)
Communicate complex Ev 60 sec 6
speech to the MCC
(sentences)
Communicate simple Ev 30 sec 1
speech to the MCC (one
or two words)
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Off-nominal Tasks for EVA Position

For modeling purposes, it was assumed that the EVA flight controller would be faced with an
off-nominal situation on average every 15 minutes, and that 70% of the time, the problem could
be resolved by the rapid application of a prepared decision, 20% of the time it would be
necessary to refer to a procedure or other document to determine the appropriate action, and the
remaining 10% of off-nominals would require the EVA flight controller to prepare a procedure
for a more complex situation. It was assumed that the EVA flight controller would become aware
of off-nominals more frequently than would the flight director or Ground IV. This is because the
EVA flight controller is working at a more detailed level, and some off-nominals would be
resolved without the need to elevate them to the flight director or Ground IV.

During an off-nominal situation, the EVA flight controller continues to perform the tasks listed
in Table 8, with the exception of the following tasks, which (for modeling purposes) are assumed
to be briefly paused while the off-nominal is dealt with or performed as part of solution
development.

e Scan and confirm procedures, engineering docs, flight rules
e Prepare notes and minor text messages (Assistant makes log entries)
e Decide and prepare plan adjustment

Depending on the nature of the off-nominal condition, one of the three following responses is
made:

Table 8. Off-Nominal Tasks for EVA Position

Off-nominal situation Average Estimated
frequency Average

Duration
(seconds)

One of three possible 1. Rapidly apply a prepared decision Ev 20 min 5

responses to off-

nominal:

2. Decide action after referring to crib sheet, Ev 75 min 300

flight rules, or other document

3. Decide on response to a complex off- Ev 2.5 hr 600
nominal

EVA Model and Results for 1SS EVA

The task model for the EVA flight controller contained three sections, shown below. These are
nominal tasks (shown in Figure 27), communication tasks (Figure 28), and tasks that would be
performed during an off-nominal event (Figure 29). During an off-nominal event,
communication tasks continue, however the nominal tasks shown in Figure 27 are paused and
are replaced by the off-nominal tasks shown in Figure 29.
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239 Rejoin Scan Loop EVA @J——q 126 End Scan Loop2 >

130 Scan & confirm i docs. fight les2_ 35

129 Scan video display i EV crew? 35

202 Scan cautions & waming, comms, data screensé &5

131 Rapid Task Cycle EVA_ &>

267 Scan Cycle EVA >

141 Start EVA Position

266 Slow task cycle EVA 264 Prepare notes and minor text &

134 Decide and prepare plan adj 5

216 Time between non-verbal MICC activity2 (S 217 Observe non-verbal activity in MCC2 @J—q 240 End non-verbal observation EVA_ 0

135 Time between off-nominal events EVA >——»4_ 127 End off-nominal event EVA 3

222 Start EVA comms { )

Figure 27. EVA Flight Controller Nominal Tasks

219_14 Listen to Complex Astronaut Speech <5

219_3 Listen to Astro Speech >

219_2 Listen to Astronaut Simple Speech 35

.I
219_10 Listen to Simple Speech <S>

219 5C plex speech’ &8>

f 219_0 START 219_1 Monitor comms >

219_999END ¢

219_7 Listen to MCC Persons ¢

£

219_4 Speak to MCC Persons >

213 6 C icate Simple Speech] 9~

Figure 28. EVA Flight Controller Communication Tasks

181_0START 4ib> 181_3 Problem requires response 181_8 Simple rapid prepared decision ¢ 181 999 END O

181_2 Refer to crib sheet. flight rules @

{ 181_1 Develop response for complex non-normal situati @

181_4 Time Between Video Scans ®‘EN 181_5 Scan viden display of EV crew {[}J‘ »{ 181 6End Scan Loop <>
1

81_19 Off nominal Scan cautions & waming. comms, data screens

——————>¢_131_17 Time before non-verbal MCC activity ¢S)———»4 181_18 Observe nor-verbal activity nMCC1_ ¢

Figure 29. EVA Flight Controller Off-nominal Tasks

Figure 30 shows model output for EVA flight controller workload over a 2.5-hour period of an
ISS EVA scenario generated by the IMPRINT model during which no complex off-nominal
events occurred. Workload was regularly expected to be above the 60 threshold. The high peak
of workload at 1:38.34 represents an off-nominal that was not considered complex, but required
reference to crib sheets or flight rules. During that peak, the model predicted that the EVA flight
controller would also be listening to complex crewmember speech, while simultaneously
scanning cautions and warnings.
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Figure 131 presents estimated EVA flight controller workload for a 2.5-hour period of an ISS
EVA scenario generated by the IMPRINT model during which a complex off-nominal occurred
within the first 30 minutes. Two additional off-nominals that could be resolved by reference to

crib sheets, flight rules, or other documents occurred at around the 30-minute and 55-minute
clock time.
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Figure 30. EVA Position Workload with no Complex Off-nominal Events
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Figure 31. EVA Position Workload with One Complex Off-nominal Event

Table 9 presents workload metrics produced by IMPRINT for the two scenarios shown in
Figures 30 and 31. Overall workload for the EVA position was “high” during these runs.

Table 9. EVA Position \Workload Metrics for 2.5-hour Period of an ISS EVA

Time-Avg ::e;‘c::: Peak
Workload Workload
Overload
No Complex off-Nominal Events 26.51 3.02 111.95
One Complex Off-Nominal Event 28.75 6.14 150.99

EVA Task Flight Controller

The EVA Task flight controller (EVA Task) is located in the MPSR. They report to the EVA
flight controller. EVA Task supports all task related activities during the EVA and is also
responsible for crew and vehicle safety during EVA task operations. EVA Task monitors the
progress of tasks at a high level of detail, including bolt turns and torque settings, and maintains
awareness of crew safety, hardware constraints, and cautions and warnings. EVA Task follows
task performance using paper procedures and draws an up arrow each time a command has been
sent up, and crosses off each task as it is completed. When the crewmembers are speaking
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everyone else’s conversation tends to stop, but sometimes EVA Task has to do other tasks while
they are talking. EVA Task tracks hardware to ensure that equipment is left in a safe state and
ensures that tools are accounted for.

Currently they only plan to perform tasks that have been analyzed in advance. If you go “off
script” you need the flight director to agree before non-analyzed tasks or configurations occur.

As the task progresses, she coordinates with flight controllers in the FCR and personnel in the

MER. This includes equipment manufacturers, specialist engineering personnel and with flight
controllers whose area of responsibility may be affected by the task being performed. For each
ISS EVA, the MCC will contain a mix of full-time personnel (e.g., flight director, Ground 1V)

and specialists who have been brought in with specific task-related expertise.

The EVA Task flight controller prepares potential timelines in advance that can be updated and
distributed when necessary. She has an automated tool to show progress against timelines, but
she said that it is often easier to do these calculations mentally. She prepares timelines in Excel®
and then sends out updated timelines when necessary. Starting at the beginning of the EVA,
EVA Task is considering what get-aheads may be achievable, and in what order they should be
performed. Part of her job is to knit together standalone procedures to get-aheads and monitor
when estimates of time are correct and if necessary, to replan. An EVA that proceeds efficiently
(e.g., EVA 79) can (somewhat counterintuitively) lead to increased workload for EVA Task,
because the EV crew are able to move on to get-aheads, and therefore may be performing tasks
that were not core objectives of the EVA.

EVA Task needs to deal with unplanned events as they occur. She relies on documents including
crib sheets for possible failures, but crib sheets do not cover every eventuality. When the crib
sheet does not cover an eventuality, she needs to prepare instructions that the Ground 1V will
read to the EV crew. For example, she thinks ahead to the actions that would be needed if the
EVA needed to be terminated during a rapid abort or during a slower termination.

An EVA Task OJT position seated next to EVA Task provides support. This support includes
updating the console log, monitoring task progress, checking the tools inventory, watching video
of crew actions, and listening to voice loops, particularly the space-ground loop. It was noted that
when crewmembers are speaking, personnel in the MCC generally remain quiet. If EVA Task is
task saturated, the OJT can maintain awareness of the crew’s actions and provide a situational
update when needed. EVA Task OJT mentioned that he monitors video of the FCR, and this can
be useful because it can tell you not to interrupt someone if you can see they're having an
airwaves conversation.
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Table 10. Nominal Tasks for EVA Task Position

Nominal tasks for EVA Task Position Estimated Estimated
frequency average
duration
(seconds)
Rapid scan
cycle Scan video display of EV crew Ev 10 sec 2
Scan & confirm procedures, engineering docs, flight rules | Ev 10 sec 2
Slow task Prepare notes and minor messages (Assistant makes log | Ev 30 min 300
cycle entries)
Decide and prepare plan adjustment Ev 30 min 10
Check progress, tools inventory, review and update Ev 20 min 60
timeline
5
Scan cautions & warning, comms, data screens Ev 30 min
Monitor the Observe or become aware of non-verbal activity inthe | Ev1 min 2
room MCC
Speaking and Monitor comm loops Constant
listening
Pay attention to complex crewmember speech Ev 15 sec 7
(sentences)
Pay attention to simple crewmember speech (one or Ev 1 min 1
two words)
Pay attention to complex MCC speech (sentences) Ev 90 sec 4
Pay attention to simple MCC speech (one or two Ev 1 min 1
words)
Communicate complex speech to the MCC (sentences) Ev 1 min 6
Communicate simple speech to the MCC (one or two Ev 90 sec 2

words)
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Off-nominal Tasks for EVA Task Position

For modeling purposes, it was assumed that EVA Task flight controller would be faced with an
off-nominal situation on average every 15 minutes, and that 70% of the time, the problem could

be resolved by the rapid application of a prepared decision, 20% of the time it would be

necessary to refer to a procedure or other document to determine the appropriate action, and the

remaining 10% of off-nominals would require the EVA Task fight controller to prepare a

procedure for a more complex situation.

During an off-nominal situation, the EVA Task flight controller continues to perform the tasks

listed in Table 10 above, with the exception of the following tasks, which (for modeling

purposes) are assumed to be briefly paused while off-nominal is dealt with or performed as part
of solution development.

Scan and confirm procedures, engineering docs, flight rules
Prepare notes and minor text messages (Assistant makes log entries)
Decide and prepare plan adjustment

Check progress, tools inventory, review and update timeline

Depending on the nature of the off-nominal condition, one of the three following responses is

made:

Table 11. Off-Nominal Tasks for EVA Task Position

Off-nominal situation Average Estimated
frequency average
duration
(seconds)
One of three possible 1. Rapidly apply a prepared decision Ev 20 min 5
responses to off-
nominal:
2. Decide action after referring to crib sheet, Ev 75 min 300
flight rules, or other document
3. Prepare procedure for complex off-nominal Ev 2.5 hr 1800

EVA Task Model and Results for 1SS EVA

The task model for the EVA task flight controller contained three sections, shown below. These
are nominal tasks (shown in Figure 32), communication tasks (Figure 33), and tasks that would
be performed during an off-nominal event (Figure 34). During an off-nominal event,
communication tasks continue, however the nominal tasks shown in Figure 32 are paused and
are replaced by the off-nominal tasks shown in Figure 34.
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Figure 32. EVA Task Flight Controller Nominal Tasks
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232_12 Listen to MCC Persons  ¢F>
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Figure 33. EVA Task Flight Controller Communication Tasks
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Figure 34. EVA Task Flight Controller Off-nominal Tasks

Figure 35 shows model output for EVA Task flight controller workload over a 2.5-hour period of
an ISS EVA scenario generated by the IMPRINT model during which no complex off-nominal
events occurred. As might be expected for a technical EVA involving an assembly task, workload
frequently exceeded the 60 threshold.
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Figure 35. EVA Task Position Workload with no Complex Off-nominal Events

Figure 36 shows model output for EVA Task flight controller workload over a 2.5-hour period of
an ISS EVA scenario generated by the IMPRINT model during a complex off-nominal event
occurred. The off-nominal (at around 2:10) produced a sustained peak in workload. It would be

expected that EVA Task would need to shed some tasks while the off-nominal situation was
dealt with.
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Figure 36. EVA Task Position Workload with One Complex Off-nominal Event

Table 12 presents workload metrics produced by IMPRINT for the two scenarios shown in
Figures 35 and 36. Overall workload for the EVA Task position was estimated to “high” regardless
of whether a complex off-nominal event occurred.

Table 12. EVA Task Position Workload Metrics for 2.5-hour Period of an ISS EVA

Time-Avg :?::?: Peak
Workload Workload
Overload
No Complex Off-Nominal Events 28.55 3.43 111.95
One Complex Off-Nominal Event 30.25 6.81 129.76

EMU Flight Controller (EVA Systems)

The EMU flight controller (also referred to as EVA Systems) is a MPSR position, co-located
with EVA TASK and AIRLOCK. The EMU flight controller monitors and configures the EMU,
troubleshoots EMU problems when necessary, and provides reports on systems status and
consumables to the EVA position. The challenges of each EVA can differ greatly depending on
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the nature of the task; however, similar EMU considerations tend to apply regardless of the
purpose of the EVA.

The EMU SME reported that he constantly monitors video displays, and listens to around
15 flight loops, the most critical being flight director and Space Ground, and the communication
loop with the EVA position.

Calculating time remaining on consumables is a key task. The EMU SME reported that he uses a
spreadsheet to calculate time remaining in EVA. If a sensor fails, the spreadsheet provides a
backup, enabling him to extrapolate. He has a flight rules table that shows how long
consumables will last, and that can give an idea of when it will be necessary to return to the
airlock.

Every 2 minutes there is a data pass from the suits via UHF. If something is off-nominal, he will
wait for the next update in 2 minutes, to see if it is a genuine reading or a spurious data spike.
Each suit has a history, and some have known quirks (e.g., a tendency to give low or high
telemetry readings). The EMU flight controller is aware of each suit’s characteristics and this
assists in interpreting suit telemetry.

He will also sometimes perform quick calculations on the status of consumables. During nominal
operations, he will report the status of consumables to the EVA position about once per hour.

Most EMU failures would result in a need to terminate the EVA. The more serious the problem,
the more rapidly the EV crew will need to return to the airlock. During EVA 79 a fire indication
occurred on the ISS. This indication turned out to be false; however, the EMU flight controller
referred to flight rules to prepare a response and coordinate with EVA and ETHOS (life support)
in preparation for airlock entry.

The EMU flight controller estimated that there would be two or three occasions each EVA where
there was a need to diagnose an off-nominal event, and that, on average, they might encounter
one event per EVA that would require them to prepare a procedure for a complex off-nominal.
For modeling purposes, it was assumed that an off-nominal would occur on average every

30 minutes, and that 70% of the time, the problem could be resolved by the rapid application of a
prepared decision, 20% of the time it would be necessary to refer to a procedure or other
document to determine the appropriate action, and the remaining 10% of off-nominals would
require EMU flight controller to prepare a procedure for a more complex situation.
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Table 13. Nominal Tasks for EMU Position

Nominal tasks for EMU Position Estimated Estimated
frequency average
duration
(seconds)
Rapid task Scan video display of EV crew 10 sec 2
cycle
Slow task Scan data screen, including cautions and warnings, 2 min 10
cycle communications displays
Prepare flight note, text message, or log entry 5 min 10
Calculate status of consumables 9 min 10
Calculate end time for EVA 60 min 60
Glove and Helmet Absorption Pad (HAP) check 90 min 15
Monitor the Observe or become aware of non-verbal activity in the | 1 min 2
room MCC
Speaking Monitor comm loops Constant
and listening
Pay attention to complex crewmember speech 15 sec 7
(sentences)
Pay attention to simple crewmember speech (one or 1 min 1
two words)
Pay attention to complex MCC speech (sentences) 2 min 4
Pay attention to simple MCC speech (one or two 1 min 1
words)
Communicate complex speech to the MCC (sentences) | 20 min 6
Communicate simple speech to the MCC (one or two 8 min 2
words)
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Off-nominal Tasks for EMU Position

In contrast to other positions, the EMU flight controller did not shed tasks during off-nominal
situations. In addition to the tasks shown in Table 13 above, one of the three following responses
is made during the off-nominal situation:

Table 14. Off-Nominal Tasks for EMU Position

Off-nominal situation Average Estimated
frequency average
duration
(seconds)
One of three possible 1. Straightforward rapid response Ev 30 min 5

responses to off-nominal:

2. Decide action after referring to crib Ev 2.5 hr 300
sheet, flight rules, or other document

3. Prepare procedure for complex off- Ev6 hr 1200
nominal

EMU Model and Results

The task model for the EMU flight controller contained three sections, shown below. These are
nominal tasks (shown in Figure 37), communication tasks (Figure 38), and tasks that would be
performed during an off-nominal event (Figure 39). During an off-nominal event,
communication tasks continue, however the nominal tasks shown in Figure 37 are paused and
replaced by the off-nominal tasks shown in Figure 39.

259 Rapid task cycle EMU 84 240 Scan video display of EV crews
248 Scan cautions & waming, comms, data screens2
241 Rejoin normal task cycle EMU 166 End S L
155 Start EMU Network 260 Task Cycle EMU 756 Siow task oycls EMU 751 Prepare flight notes and minor text messages 1 ! 4 {Dj'{ nd ScanLoops {7

r
alculate sta 5
253 Calculate status of S

.I 159 Calculate end time for EVA -
254 Glove and HAP check <5

;I{ 255 Time between non-verbal MCC activity4 {S>~—>{ 256 Observe non-verbal activity EMU @1—»{ 257 End non-verbal observation EMU ">

I+ 164 Time between off-nominal events EMU_ J7> 165 End off-nominal event_{
270 Start EMU comms < 3

Figure 37. EMU Flight Controller Nominal Tasks
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>4 268 8 Listen to Complex Astronaut Speech
268_10 Listen to Astro Speech <P
268_9 Listen to Astronaut Simple Speech

268_5 Listen to Complex MCC Speech ’{ 268_7 RejoinS, hLoop 268 999 END <>

{ 268 0START 268_1 Monitor comms P

268_4 Listen to MCC Persons <P

268_6 Listen to Simple MCC Speech

268_2 Communicate complex speech to MCC personnel &

268_11 Speak to MCC Persans &>

268_3 Communicate Simple Speech to MCC personnel @—/

Figure 38. EMU Flight Controller Communication Tasks

244_0START 4>

244_7 Simple rapid response @

244_2 Refer to crib sheet. flight rules

{20 SN 2)

244_3 Problem requires response

244_1 Prepare procedure for complex non-normal situation @

244_10 Time befare non-verbal MCC activity @—D{ 244_5 Observe non-verbal activity in MCC1 §>

244_18 Rapid Off-Nom task cycle EMU @—D{ 244_14 Scan video display of EV crew5
D{ 244_18 Off-Nominal Task Cycle EMU

244 _11 Slow Off-Nom task cycle EMU 19

244 21 Rejoin Off-Nom scan cycle

& I L 244 22 End Off-Nom scanloop 4>

244 15 Prepare flight note, text message. orlogentry ¢S

244_17 Glove and HAP check @

Figure 39. EMU Flight Controller Off-nominal Tasks

Figure 40 shows model output for EMU flight controller workload over a 2.5-hour period of an
ISS EVA scenario generated by the IMPRINT model during which no complex off-nominal
events occurred. The peak in workload shown near the one-hour mark represents a non-complex
off-nominal that required reference to a crib sheet, flight rule or other document, while the EMU
officer was simultaneously listening to a complex communication from a crewmember, while
also observing non-verbal activity in the MCC.
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Figure 40. EMU Position Workload withno Complex Off-nominal Events

Figure 41 shows model output for EMU flight controller workload over a 2.5-hour period of an
ISS EVA scenario generated by the IMPRINT model during which a complex off-nominal event
occurred at around the 2-hour mark. The model predicted that this would produce a significant
and sustained workload peak. It would be expected that the EMU officer would be task saturated
at this point and would need to shed some tasks until the off-nominal situation was resolved.
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Figure 41. EMU Position Workload with one Complex Off-nominal Event

Table 15 presents workload metrics produced by IMPRINT for the two scenarios shown in
Figures 40 and 41. Overall workload for the EMU position was estimated to be in in the
“acceptable” range on the run without a complex off-nominal event, and in the “high” range on
the run that involved a complex off-nominal event.

Table 15. EMU Position Workload Metrics for 2.5-hour period of an ISS EVA

Time-Avg :?::?: Peak
Workload Workload
Overload
No Complex Off-Nominal Events 22.96 2.12 111.95
One Complex Off-Nominal Event 24.72 7.56 129.76

Combined Positions

To investigate the possibility of assigning MCC responsibilities for a future Mars mission to
personnel who would be located in a vehicle orbiting the planet, the five MCC positions modeled
up to this point were combined into two positions as follows. The tasks for the flight director and
Ground IV were combined into a hypothetical flight director/IV position, and the roles of EVA,
EVA Task, and EMU were combined into a hypothetical Combined EVA position.

In combining these positions, the following assumptions were made:
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e No real-time communication would occur between these positions and MCC personnel

on Earth.

e Compared to current MCC personnel, the combined positions would have significantly
fewer people with whom to communicate, and therefore communication workload would
be reduced.

e When a task that was performed at a different frequency by different MCC personnel was
assigned to a hypothetical combined position, the highest frequency of task performance

was entered into the model. (For example, if EMU and EVA Task scanned a video
display every 10 seconds and EVA scanned it every 30 seconds, then the 10-second

frequency would be used in the model for the combined EVA position.)

e Some form of recurring suit check similar to the current Glove and HAP checks would be
necessary. For example, this may involve checks of gloves, boots, seals, or other features

of the suit that may experience wear under Mars surface conditions.

Combined Flight Director/IV

Tasks for the hypothetical combined flight director/IV position are shown in Table 16.

Table 16. Nominal Tasks for Hypothetical Combined Flight Director/IV Position

Nominal tasks for hypothetical combined Flight Estimated Estimated
Director/IV Position frequency average
duration
(seconds)
Scan cycle Scan video display of EV crew Ev 45 sec 30
Scan data screen, including cautions and warnings, | Ev 25 min 10
communications displays
Documents Refer to procedures, timeline, engineering documents, flight | Ev 7.5 min 35
rules
Prepare flight note, text message, or log entry Ev 10 min 30
Decide on plan adjustment (e.g., which get-aheads to do, | Ev2 hr 180
when to end)
Monitor the Observe or become aware of non-verbal activity in vehicle 1 min 2
other Astro in
vehicle
Monitor comm loops Constant
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Nominal tasks for hypothetical combined Flight Estimated Estimated
Director/IV Position frequency average
duration
(seconds)
Pay attention to complex crewmember speech (sentences) Ev 15 sec 7
Pay attention to simple crewmember speech (one or two | Ev1 min 60
words)
Pay attention to complex EVA speech (sentences) Ev 5 min 4
Speaking and
listening Pay attention to simple EVA speech (one or two words) Ev 2.5 min 1
Communicate complex speech to EVA (sentences) Ev 2.5 min 4
Communicate simple speech to EVA (one or two words) Ev 2 min 1
Communicate complex speech to Crewmembers Ev 1 min 8
Communicate simple speech to Crewmembers Ev 30 sec 1

Off-nominal Tasks for Hypothetical Combined Flight Director/IV Position

During an off-nominal situation, the flight director/IV position would continue to perform the
tasks listed in Table 17, with the exception of the following tasks, which (for modeling purposes)
are assumed to be briefly paused while off-nominal is dealt with or performed as part of solution

development.

e Refer to procedures, engineering documents, flight rules
e Prepare flight note, text message, or log entry

Depending on the nature of the off-nominal condition, one of the three following responses is

made:
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Table 17. Oft-Nominal Tasks for Hypothetical Combined Flight Director/IV Position

Off-nominal situation Average Estimated
frequency average
duration
(seconds)
One of three possible | 1. Rapidly apply a prepared decision Ev 45 min 5

responses to off-nominal:

2. Decide action after referring to crib 10
sheet, flight rules, or other document Ev 2.5 hr

3. Complex problem outside 300
procedures requires solution Ev5 hr

Combined Flight Director/IVV Model and Results

The task model for the hypothetical combined flight director/IV position contained three
sections, shown below. These are nominal tasks (shown in Figure 42), communication tasks
(Figure 43), and tasks that would be performed during an off-nominal event (Figure 44). During
an off-nominal event, communication tasks continue, however the nominal tasks shown in
Figure 42 are paused and are replaced by the off-nominal tasks shown in Figure 44.

245 Rejoin Scan Loop FDIV <>

TModel START &) 24 Scan Cycle FDIV 30— e e R EET Sy 103 End Scan Locp 25

83 Refer to procedures, engineering docs, flight rules <5

203 Start FDIV network

85 Scan cautions & waming, comms. data screens  <S)

87 Prepare flight notes. minor text messages, or log entries @

»4 285 Plan adjustment Loop <P 284 Decide plan adjustment ¢5) 286 Rejoin plan adjustment loop 21— 399 Model END >

¥£{ 209 Time between non-verbal EVA Position activity _¢5»——»-{ 210 Observe non-verbal activity in MCC1 {Dj—p{ 243 End non-verbal observation FDIV 7>

90 Time between off-nominal events gb—b 106 End off-nominal event ¢ »
107 Startcomms < »

Figure 42. Nominal Tasks for Hypothetical Combined Flight Director/IV Position
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191_9 Listen to Complex Astronaut Speech

181_11 Listen to Astro Speech <P

191_10 Listen to Astronaut Simple Speech
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{_1910START 1 Monitor comms ¢ 191_2 Listen o EVA Position ) 191_4 Listen to Complex EVA IV Cantroller Speach 4 131_8 RejoinSpeschLoop 191_999END ¢
191_5 Listen to Simple IV EVA Controller Speech
191_3 Speak to Astronauts ¢ 191_6 Communicate complex speech to EVA astronauts @
191_7 Commur ple Speech to EVA fos

191_13 Communicate complex speech to EVA Position &8
191_12 Speak to EVA Position
191_14 Communicate Simple Spesch to EVA Position <5’

Figure 43. Communication Tasks for Hypothetical Combined Flight Director/IV Position

180_7 Simple, rapid. prepared decision @
f_150 0START i ——>4_190_3 Problem requires response 190_2 Refer lo crib sheet, flight rules &> 1 @
{ 190_1 Complex situation. input from EVA IV controller required ®-|
180_4 Time between video scans 190_5 Scan video display of EV crew gD—% ‘@

180_14 Off nominal Scan cautions & warmning, comms, data screens

—»{_190_17 Time before non-verbal MCC activity ¢S)—————»4 190_16 Observe non-verbal activity of EVA IV controller "

Figure 44. Off-nominal Tasks for Hypothetical Combined Flight Director/IV Position

Figure 45 displays predicted flight director/1V workload for a 2.5-hour period of a Mars
Planetary Surface EVA during which no complex off-nominal events occurred. For most of this
period, workload remained below the threshold of 60. Nevertheless, brief peaks of high workload
are predicted. The highest workload peak, at around 1:30 occurs when the flight director/1V
position is required to simultaneously decide on a plan adjustment, observe non-verbal activity
from the EVA controller, refer to procedures, while also listening to complex speech from EV1
or EV2.
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Figure 45. Workload for a Combined Flight Director/IV Position with no Complex Off-Nominal
Events

Figure 46 displays predicted flight director/1V workload for a 2.5-hour period of a Mars
Planetary Surface EVA during which a complex off-nominal events occurred at approximately
1:15. A period of workload with a value of below 90 occurs for around 6 minutes. During this
time, the flight director/1V position is predicted to be dealing with a complex problem for which
no proceduralized solution exists, while scanning the video display of the EV crew and listening
to complex speech from EV1 or EV2.
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Figure 46. Workload for a Combined Flight Director/IV Position with one Complex Off-Nominal
Events

Table 18 presents workload metrics produced by IMPRINT for the two scenarios shown in
Figures 45 and 46. The flight director/IV overall workload during the run without a complex off-

nominal was in the “acceptable” range. The run with a complex off-nominal event produced an
overall workload metric of “high”.

Table 18. Combined Flight Director/IV Position Workload Metrics for 2.5-hour Period of a
Hypothetical Mars EVA

Time-Avg :ierl;lcee:‘: Peak
Workload Workload
Overload
No Complex off-Nominal Events 18.93 2.16 164.97
One Complex Off-Nominal Event 20.80 3.50 134.25

Comparison of Workload Estimates for Current Flight Director and Ground 1V Positions
vs Combined Position

Figures 47 and 48 show workload metrics produced by the IMPRINT models for the current
flight director and Ground IV positions, alongside the estimated workload for a hypothetical
combined flight director/IV position performed from mars orbit. The results suggest that a
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combined flight director/IV position would not produce a level of workload significantly
different to that currently experienced by the flight director or Ground IV positions.

FD/Ground IV Workload Comparisons - No Complex Off-Nominal Event
180.00

160.00
140.00
120.00
100.00
80.00
60.00
40.00

20.00

Time Avg Wklid Percent Time in Overload Peak Workload
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Figure 47. Comparison of Workload for Hypothetical Combined Flight Director/IV Position with
Current Flight Director and Ground IV Workload for EVAs with No Complex Off-nominal Events
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FD/Ground IV Workload Comparisons - With Complex Off-Nominal Event
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Figure 48. Comparison of Workload for Hypothetical Combined Flight Director/IV Position with
Current Flight Director and Ground IV Workload for EVAs with One Complex Off-nominal Event

Combined EVA, EVA Task, and EMU Positions

Tasks for the hypothetical combined EVA, EVA Task, ad EMU flight controller positions are
shown in Table 19.

Table 19. Combined EVA, EVA Task, and EMU Positions

Nominal tasks for hypothetical combined EVA, EVA Task & Estimated Estimated
EMU Position frequency average
duration
(seconds)
Rapid
scan Scan video display of EV crew Ev 10 sec 2
cycle
Scan & confirm procedures, engineering docs, flight rules Ev 10 sec 2
Slow task Ev 30 min 300
cycle Prepare notes and minor messages
Decide and prepare plan adjustment Ev 30 min 10
Check progress, tools inventory, review and update timeline Ev 20 min 60
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words)

Nominal tasks for hypothetical combined EVA, EVA Task & Estimated Estimated
EMU Position frequency average
duration
(seconds)
Scan cautions & warning, comms, data screens Ev 30 sec 5
Calculate status of consumables Ev 9 min 10
Calculate EVA end time Ev 60 min 60
Glove and HAP (or equivalent suit check) Ev 90 min 15
Monitor Observe or become aware of non-verbal activity in the MCC Ev 1 min 2
the room
Speaking | Monitor comm loops Constant
and
listening Pay attention to complex crewmember speech (sentences) Ev 15 sec 7
Pay attention to simple crewmember speech (one or two Ev 60 sec 1
words)
Pay attention to complex flight director/IV speech (sentences) | Ev 150 sec 4
Pay attention to simple flight director/IV speech (one or two Ev 120 sec 1
words)
Communicate complex speech to flight director/IV Ev 5 min 6
(sentences)
Communicate simple speech to flight director/IV (one or two Ev 150 sec 2

Off-nominal Tasks for Hypothetical Combined EVA, EVA Task and EMU Position

During an off-nominal situation, the Combined EVA position would continue to perform the

tasks listed in Table 20, with the exception of the following tasks, which (for modeling purposes)
are assumed to be briefly paused while off-nominal is dealt with or performed as part of solution
development.

e Prepare notes and minor messages
e Decide and prepare plan adjustment
e Check progress, tools inventory, review and update timeline
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Depending on the nature of the off-nominal condition, one of the three following responses is

made:

Table 20. Oft-Nominal Tasks for Hypothetical Combined EVA, EVA Task and EMU Position

Off-nominal situation Average Estimated
frequency average
duration
(seconds)
One of three possible 1. Rapidly apply a prepared decision Ev 20 min 5
responses to off-
nominal:

2. Decide action after referring to crib sheet, Ev 75 min 300

flight rules, or other document

3. Prepare procedure for complex off-nominal Ev 2.5 hr 1800

Combined EVA, EVA TASK, and EMU Model and Results

The task model for the hypothetical combined EVA, EVA Task, and EMU position contained
three sections, shown below. These are nominal tasks (shown in Figure 49), communication
tasks (Figure 50), and tasks that would be performed during an off-nominal event (Figure 51).
During an off-nominal event, communication tasks continue, however the nominal tasks shown
in Figure 49 are paused and are replaced by the off-nominal tasks shown in Figure 51.

144 End Scan Loopl 35

i\ 237 Rejoin EVA Task scan 1;')

238 Scan Cycle Combined EVA_ P>

153 Start Combined EVA >

0 Model START 3
999 Model END 3

[ { 246 Time between non-verbal FD/IV activity

242 End non-verbal observation EVA Task

0

»{ 151 Time between off- | Cs va  3—

{ 152 End off nominal event Combined EVA 3

269 Start Ct VA comms.

Figure 49. Nominal Tasks for Hypothetical Combined EVA, EVA TASK, and EMU Position

NESC Document #: NESC-RP-20-01525 Page #: 116 of 292



(ZzosTART

232_8 Listen to Astro Speech >

232_5 RejoinSpeechLoop (0

232_12 Listento FD/IV >
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Figure 50. Communication Tasks for Hypothetical Combined EVA, EVA TASK, and EMU Position
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Figure 51. Off-nominal Tasks for Hypothetical Combined EVA, EVA TASK, and EMU Position

Figure 52 displays predicted Combined EVA workload for a 2.5-hour period of a Mars Planetary
Surface EVA scenario generated by the IMPRINT model during no complex off-nominal events
occurred. Workload is predicted to be consistently above the 60 threshold, reaching brief peaks
as high as 160 and 190. This level of workload would be likely to lead to task shedding. It is also
unlikely to be sustainable for an extended period.
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Figure 52. Workload for Combined EVA, EVA Task, and EMU Position with no Off-nominal
Events

Figure 53 displays predicted Combined EVA workload for a 2.5-hour period of a Mars Planetary
Surface EVA scenario generated by the IMPRINT model during which a complex off-nominal
events occurred at around the 1:18 mark and was not resolved until around 8 minutes later.
During the off-nominal situation, workload remained at around 135 as the combined EVA
position performed tasks (e.g., preparing a procedure for the complex off-nominal, scanning
cautions and warnings) while also listening to complex speech from EV1 or EV2.

Even before the off-nominal occurred, workload was high, with occasional brief peaks to around
160. This level of workload would be likely to lead to task shedding. It is also unlikely to be
sustainable for an extended period.
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Figure 53. Workload for Combined EVA, EVA Task, and EMU Position with one Off-nominal
Event

Table 21 presents workload metrics produced by IMPRINT for the two scenarios shown in
Figures 52 and 53. Workload for the combined EVA, EVA Task, and EMU position was
estimated to be “unacceptably high” for both scenarios. This level of workload would be
expected to severely impact task performance.

Table 21. Combined EVA, EVA Task, and EMU Position \Workload Metrics for 2.5-hour Period of a
Hypothetical Mars EVA

Time-Avg :?::?: Peak
Workload Workload
Overload

No Complex off-Nominal Events
One Complex Off-Nominal Event

Figures 54 and 55 show workload metrics produced by the IMPRINT models for the current
EVA, EVA Task, and EMU positions, alongside the estimated workload for a hypothetical
position where one person performs all three of these roles from Mars orbit. The results suggest
that a combined EVA/EVA Task/EMU position would experience a significantly higher
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workload than currently experienced by each of the individual positions. This is the case,
regardless of whether the scenario involves a complex off-nominal event.

EVA/EVA Task/EMU Workload Comparisons - No Complex Off-Nominal Event

200.00
180.00
160.00
140.00
120.00
100.00

80.00

60.00

40.00

20.00 . . I

0.00 . fr—— -
Time Avg Wkld Percent Time in Overload Peak Workload
BMEVA MEVATask WEMU ® Combined EVA

Figure 54. Comparison of Workload for Individual and Combined EVA, EVA Task, and EMU
Positions with no Complex Off-nominal Events
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EVA/EVA Task/EMU Workload Comparisons - With Complex Off-Nominal Event
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Figure 55. Comparison of Workload for Individual and Combined EVA, EVA Task, and EMU
Positions with one Complex Off-nominal Event

SME Review
Review of Workload Models for Current MCC Positions

In a second set of interviews, the list of tasks for each position, and the associated timings,
workload models, and workload graphs were presented to three SMEs. The SMEs were asked to
review the analyses for accuracy and assess whether the output workload graphs appeared to be
reasonable. The three SMEs were the flight director, the EMU officer who had participated in the
initial data-gathering interviews, and an experienced EVA controller who was also qualified on
the EMU position. The Ground IV, EVA, and EVA Task personnel who participated in the initial
data gathering interviews were unavailable at the time of the second set of interviews.

The flight director considered that the IMPRINT models for flight director and Ground 1V
accurately captured the reality of their jobs. He commented that the workload graph for flight
director matched his experience. In particular, sharp peaks of workload during an off-nominal
condition could lead to brief periods of task saturation. He stated that during these periods of task
saturation, it was necessary to slow the pace of events and “unwind” the problem. He noted that
if not properly managed, task saturation can lead to bad decisions.

The flight director considered that the Ground IV model and workload graph were realistic. He
commented that the workload graph was what he would expect to see for a Ground IV who was a
crewmember with EVA experience.

The workload models and graphs for EVA, EVA Task were evaluated by the EVA-qualified
SME. Some scan timings were adjusted as a result of the SME review; however, he considered
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that the models were reasonable representations of the work of the EVA and EVA flight
controllers.

The workload model and graph for the EMU position was evaluated by the EMU officer. He
identified that several tasks that were originally shown as paused (or shed) during an off-nominal
would continue while a response to the off-nominal was being developed. The resulting change
to the model increased the EMU workload during off-nominals. The EMU officer also made
several wording corrections to the model, ensuring that tasks were accurately described.

Review of Workload Models for Combined Positions

In conjunction with an examination of task listings and workload graphs, the questions in Table
22 were used to guide the discussion about the feasibility of combined positions for a future
Mars Planetary surface EVA. The questions are adapted from the trade space evaluation
framework.

Combined Flight Director and 1V Model

Resilience. The flight director SME considered that combining the flight director and IV
positions would be possible, but it would be necessary to tradeoff efficiency. The SME noted
that the CAPCOM and Ground IV are similar positions, and in current MCC ISS operations, the
flight director performs CAPCOM role at times when a CAPCOM is not on duty. The SME
considered that a combined flight director/IV position would be task saturated during off-
nominal situations. However, the SME believed that brief periods of task saturation may be
acceptable if the off-nominal situation is not a time critical.

Human Performance. The SME considered that a person could reliably perform the tasks, as long
as efficiency could be traded off. Skills would definitely degrade over time. When asked for an
example of a skill that degrades, the SME mentioned the ability to manage three or four issues at
once as a perishable skill that degrades without regular practice. Skills would also be expected to
degrade due to cumulative fatigue if EVAs were being performed without adequate rest days in
between. EVAs from the ISS are long days and can be taxing for all involved.

Team coordination. The SME considered that a combined position may be more efficient, and
the combination of roles would be unlikely to produce an incoherent set of tasks. This is because
it would remove the communication demands between the flight director and 1V, eliminating the
potential for misunderstandings between the flight director and IV positions, and bringing the
flight director closer to the execution of tasks.

The need for coordination may be greatest when it comes to managing the orbital outpost,
habitat, or rover.
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Table 22. Guide for Discussion on Feasibility of Combined Positions for a Future Mars Planetary
Surface EVA

Resilience e Could the crew manage off-nominal events?
e Would there be backup if crewmembers became task saturated?

Human e How would the configuration affect cognitive workload?

Performance | e Could a person reliably perform the assigned tasks?

e Would the configuration require more from people than they
can deliver, in terms of cognitive abilities (e.g., reaction times,
memory)

e  Will crewmembers require specialized competency, training, or
experience?

e Will these skills degrade over time?

Team e Would the configuration give crewmembers a coherent set of
Coordination tasks (e.g., no left-over or conflicting tasks)?
e Where would coordination with other crewmembers be
required?

e Would the configuration disrupt the structure of responsibility?
e How would the configuration impact coordination?

Combined EVA, EVA Task, and EMU Position

Resilience. The SMEs considered that a combined EVA position would not be able to provide
the same level of response currently provided by the three separate positions. When an off-
nominal situation arises, it may be necessary to end a Mars Planetary EVA in situations where an
ISS EVA would be able to continue.

In current MCC operations, routine tasks can be handed off by the responsible controller if an
off-nominal leads to task saturation. The combined configuration does not provide an option to
shed tasks or hand them to an assistant.

Well-designed automation may help to reduce the workload of a combined EVA position by
handling nominal functions and assisting the human in off-nominal situations with tasks such as
troubleshooting and response selection. However, it should not be assumed that increasing levels
of automation will reduce workload in all circumstances. As Bainbridge (1983) has noted, “By
taking away the easy parts of his task, automation can make the difficult parts of the human
operator's task more difficult.”

Human performance. The SMEs considered that these roles could probably be combined when
things were going well, particularly if expert system help is available. But when things were not
going well, it could be extremely challenging.

The single crewmember performing the combined EVA role would be unlikely to possess all of
the specialized competencies that are currently available in the MCC. As a result, there may be
more uncertainty about off-nominal situations, and EVAs may be ended early in situations where
specialized support, had it been available, would have enabled the EVVA to continue. One SME
considered that the EV1 and EV2 crewmembers will require specialized training and procedures
to enable them to manage the EVA themselves and return to safety when necessary.
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Team coordination. It was noted that reducing to two crew onboard an orbiting vehicle reduces
communication possibilities, and therefore communication workload.

7.2.2.5 Conclusions

This element of the assessment modeled the workload of five MCC positions during ISS EVAs,
using representative data obtained from ISS EVA 79. The five models were then reduced into
two models to estimate the workload involved if a planetary surface EVA on Mars was
supported by two crewmembers in Mars orbit performing tasks similar to those performed by the
five MCC positions during current ISS EVAs. The IMPRINT modeling system proved to be a
useful tool to model workload and promote discussion of this important topic.

ISS Workload Models

Most interviewees described their tasks in terms of cycles. Some tasks (e.g., scanning camera
imagery) cycled rapidly, whereas others (e.g., scanning cautions and warnings) occurred at a
lower tempo for most positions.

Every interviewee stated that they monitored multiple flight loops, and a critical skill is the
ability to filter pertinent information from non-pertinent information. It is particularly important
for controllers to monitor speech that touches on their areas of responsibility and listen to ensure
that the information passed up to EV1 and EV2 is correct. Several SMEs mentioned that they
used volume control to help distinguish different flight loops. All positions mentioned that they
listened to the space ground loop, and in general, controllers avoid talking while crewmembers
are speaking. The Quindar beeps that precede crewmember communications also help controllers
to focus on crewmember speech.

For the five MCC positions for which models were created, the assessment determined that
mental workload during an ISS EVA was frequently high. During nominal operations, brief
spikes in workload tended to occur. During complex off-nominal events, sustained periods of
high workload were predicted.

Off-nominals occur on virtually all 1SS technical EVAs, and it is likely that Mars technical
EVASs will experience a comparable frequency of off-nominals. Some off-nominals can be
considered to be relatively minor, whereas others have the potential for loss of crew/loss of
mission. However, for the purposes of this assessment, off-nominal events were not ranked on
criticality. Three broad categories of off-nominals could be identified, depending on whether a
solution (1) could be identified rapidly on the basis of skill, training and experience, (2) could be
found by reference to documentation (e.g., a crib sheet, procedure or flight rule) possibly with
consultation between colleagues, or (3) required a procedure to be prepared, possibly involving
problem solving and risk management in the absence of a pre-determined procedure, almost
certainly with the assistance of colleagues. The flight director SME stated that it is undesirable to
go “off script” during an EVA, that is to be in a situation that has not been anticipated and
planned for. The three types of responses to off-nominals can be compared to the Skill-Rule-
Knowledge (SRK) distinction of Rasmussen (1983) [ref. 39]. According to Rasmussen, skill-
based behavior is characterized as rapid and relatively effortless actions that are under the
cognitive control of well-learned, or automatic, routines. Rule-based behavior occurs when the
person can respond to a situation by invoking an existing procedure or “if-then” rule.
Knowledge-based processing tends to occur in unfamiliar situations, where the person must
develop a solution by engaging in resource-intensive conscious problem solving. Of the three
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types of cognitive control, knowledge-based problem solving involves the greatest mental
workload.

Workload during nominal operations may be manageable, but workload during category 3 off-
nominals can spike significantly, and this is likely to produce task shedding. When evaluating
whether a task can be performed reliably, peaks in workload are more determinative than
average workload. The highest peaks in workload were associated with the concurrent
performance of tasks that demanded the same mental resources. For example, listening to
complex crewmember speech while simultaneously preparing a procedure for a complex off-
nominal situation. One SME specifically mentioned that crewmembers would be likely to be
speaking during a complex off-nominal, and this unavoidably contributes to the workload of
controllers.

Hypothetical Models of Mars Planetary EVA Support

Combined Flight Director/IV. Workload modeling predicted that a combined flight director/1\V
position performing tasks similar to those currently assigned to two MCC positions during ISS
EVAs would experience an acceptable level of workload in the absence of complex off-nominal
events, and a high level of workload during complex off-nominal events.

The flight director SME considered that a combined flight director/IV position may be feasible if
EVAs on the surface of Mars had a less ambitious timeline, were more flexible, and occurred at a
slower pace than current ISS EVAs. An ability to stop (get to safety) will reduce the need to
solve problems in real-time and may therefore avoid some spikes of excessive mental workload.
However, in the case of time-critical technical tasks where failure could have loss of crew/loss of
mission consequences, a combined flight director/1VV crewmember may be unable to avoid spikes
of excessive mental workload.

F-5. IMPRINT modeling results predict that workload for a crewmember performing a
combined set of flight director/IV duties will be acceptable in the absence of complex-
off-nominal events but will be high during complex off-nominal events.

Combined EVA Position. Workload modeling predicted that a combined EVA position
performing tasks similar to those currently assigned to three MCCs positions during ISS EVAS
would experience an unacceptably high level of workload, even in the absence of off-nominal
situations. However, SMEs considered that a combined position could be feasible during
nominal operations but noted that in the event of an off-nominal, it would not be possible to
hand-off tasks to others, or solve problems in real-time. Given that off-nominal situations arise
on most EVAs, the combined position would function on the rare EVAs that went entirely
according to plan. As a result, some EVAs would be terminated prematurely in situations that
could have been solved if more personnel were available to work on problems.

F-6. IMPRINT modeling results predict that workload for a crewmember performing a
combined set of EVA, EVA Task, and EMU flight controller duties will be
unacceptably high level.

The current analysis suggests that two crewmembers orbiting Mars would not be able to
adequately manage the workload necessary to provide real-time support to crewmembers
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performing a time-critical technical EVA on the surface of Mars for an EVA run at the pace of
an ISS EVA. The current analysis was not designed to determine what an adequate number
might be, and that question remains to be answered.

F-7. Based on analysis of IMPRINT modeling results and MCC EVA flight controllers
SME evaluations, two astronauts orbiting Mars would not be able to adequately
manage the workload necessary to provide real-time support to astronauts performing
a technical EVA on the surface of Mars.

Limitations

The models of combined positions were best-case situations. The ISS EVA that was used as a
source of data (EVAT79) was performed efficiently. Tasks associated with managing the ISS, or
future Mars spacecraft, habitats or rovers were not included. The depth of real-time expertise
available to the five flight controllers from the rest of the MCC and from experts in outside
organizations was not modeled, nor was the assistance currently provided by OJT assistants. It
was also assumed that only one off-nominal occurred at one. Modeling did not include
performance degrading factors (e.g., fatigue) or other factors that may be associated with long
duration spaceflight. Currently, ISS EVAs occur over many hours, from preparation through to
the final completion, and three MCC shifts cover ISS EVAs. Support crew for a Mars EVA must
handle the entire EVA, without the ability to hand responsibility to an oncoming shift.

Based on SME interviews, Mars surface EVAs may be particularly fatiguing for the IV crew
who will need to support the EVA without the ability to hand off support to other personnel.
Performance of IV crew orbiting Mars would be expected to degrade due to cumulative fatigue if
EVAs were being performed without adequate intervening rest days.

Even if tasks can be adequately performed over the course of a Martian Sol, the pace may be
difficult to sustain over longer periods due to cumulative fatigue and reduced capabilities as a
result of physiological and mental stresses of spaceflight.

ISS EVAs are tightly choreographed and structured, with the aim of maximizing efficiency. This
creates an intense need for real-time support from the MCC. If Planetary Surface EVAs were
planned to occur at a more relaxed pace, with less ambitious timelines, and an ability to stop (get
to safety) occurred with, there may be less need for such intense real-time support.

The current assessment modeled an assembly task. It is possible that such tasks may require EV
crewmembers to receive more real-time monitoring and assistance from support personnel than
would be the case with less choreographed tasks (e.g., sample collection).

Future

The current assessment focused on the workload of five out of numerous positions and
specialists who support EVAs in real-time. A future assessment could examine the tasks and
workload of all personnel who have a real-time involvement in supporting EVAs.

The current study encountered some difficulty in examining the voice inputs and outputs of each
MCC position, due to large number of potential voice loops that each position may be using to
communicate. A future examination of the MCC workload could benefit if all voice inputs and
outputs for each position were available on a single recording.
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The current assessment has underscored the need to consider the expected workload of crew
when determining the number of crew required for a Mars mission.

7.2.3 Robotic Arm Assisted EVA Operator Model

ROBOTIC ARM SCENARIO
The Transit Habitat in Mars orbit with 4 crewmembers on board suffers potentially severe
damage on an external system. Time is critical in repairing the damage and the crew has
greatly delayed /blackout communication with the ground. The crew quickly determines that
the only way to fix the issue is to conduct a two-person EVA, including one person on the end
of a robotic arm, with one crewmember controlling the robotic arm while the other
crewmember manages and monitors the EVA. Due to advancements in both robotic arm
automation technology, including highly reliable systems that avoid obstacles and are very
precise with positioning, and improved crew procedures, the crew is able to perform the
highly complex mission quickly and averts a disaster.

The fictional vignette above illustrates the necessity of conducting detailed human performance
model studies prior to the development of systems and procedures supporting new, complex
missions performed in challenging environments (e.g., Mars endeavors). This modeling effort
focused on one mission in particular, similar to that described above, with a sharpened focus on
the mental workload experienced by one key operator, the IV crewmember operating the robotic
arm inside the vehicle (referred to as the M1 role). While other models associated with this
NESC team effort addressed the trades between different number of crew and supporting
personnel more directly, this analysis focused on demonstrating how advanced technology
capabilities complement the crew, the roles crewmembers have and their impact on one
crewmember’s mental workload, and other possible factors (e.g., sleep-based fatigue and
automation failures).

7.2.3.1 Purpose and Scope

This effort directly addresses NASA’s HRP formally acknowledged Risk of Inadequate Human-
System Integration Architecture [ref. 40]. This Risk Statement is as follows: “Given decreasing
real-time ground support for execution of complex operations during future explorations
missions, there is a possibility of adverse performance outcomes including that crew are unable
to adequately respond to unanticipated critical malfunctions or detect safety-critical procedural
errors.”

The Evidence Report specifically identifies robotics as a form of human-system interaction of
concern — “Human-robot teaming will be a cornerstone of future operations [p30]. Effective use
requires human supportive interfaces for the roles humans will have with respect to robots,
particularly to ensure situation awareness of robotic capabilities, actions, plans and health state;
and to override the system whenever necessary”.

Increasingly capable technology has the potential to offload crewmember workload and reduce
fatigue, but simply reallocating tasks to automation/robotics does not necessarily confer only
benefits - for example, when crews are less engaged manually, but are required to provide
cognitive oversight, skilled performance can degrade over time. Such shifts in the patterns of
work can reveal system vulnerabilities [ref. 41]. The Substitution Myth [ref. 40, p. 143]
articulates the false assumption that if the function allocation of a task switches from a human to
an automated (or robotic) component, that the resulting system remains unchanged. While the
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full scope of issues pertaining to function allocation among human and automated/ robotic agents
is beyond the domain of this assessment, the purpose of this modeling effort is to demonstrate an
approach to assessing trades for different human-automation/robotic configurations with respect
to human workload and effects on mission performance time.

Scope of Modeled Tasks:

The example Human-Automation/Robotic Interaction (HARI) mission scenario selected is that
of robotic arm assisted EVA. Based on SME interviews, current ISS operations use IV crew as
robotic arm operators only for robotic arm assisted EVA and visiting vehicle capture operations.
All other operations are teleoperated from MCC Robotics Officer (ROBO). Ground control with
respect to robotic arm control has been an evolving story. Originally the robotic system was to be
operated by IV crew only [ref. 40]. When robotic tasks became increasingly complicated
(requiring additional crew training), and other demands for IV crew time increased (e.g.,
science), some robotic arm operations moved to ground control. At first it was small slow
movements, but now ground control can participate in EVA operations. Additional MCC
personnel allowed for more teleoperated robotic operations from the ground.

The scope for this modeling effort derives from the Human System Integration Architecture
(HSIA) HRP Risk Evidence Report [ref. 40], which indicates that “increased autonomy,
crewmembers must have complementary and enhanced capabilities ... to perform the kind of
anomaly response that has previously been done mostly by MCC and complete these in the face
of the expected communication delays or unexpected blackouts.”

The modeled scenario is to conduct a robotic arm Assisted EVA from a Mars transit vehicle at a
distance from Earth that precluded MCC/ROBO interactions. The motivating scenario for this
scope is a repair that has some urgency to conduct, but for which a known procedure, including
robotic arm trajectories, is available. The tasking included in model scope includes not only the
movement of the robotic arm in a realistic segmented manner, but ancillary tasks including
communications involving the M1 controller, monitoring tasks, failure detection, diagnosis and
remediation, and supporting an environmental control and life support system (ECLSS) tending
task that occurs during the robotic arm assisted EVA.

Variables examined in this effort include: the manner of robotic arm control (Manual versus
Automated), the condition of the modeled operator (Rested versus Fatigued), the difficulty of a
monitoring and simple response ECLSS task, the degree to which a failure in the automated
robotic arm controller is expected and salient, the availability of an additional crewmember to
assist the robotic arm operator as an M2, and the workload management strategy employed by
the modeled operator.

Conducting Robotic Arm Assisted EVAs:

Current ISS operations conduct the modeled procedures typically with two IV crewmembers, M1
and M2, wherein M1 is at the controls and M2 coordinates with the EVA crew on the robotic
arm, tracks the ongoing procedure, controls cameras and confirms motion is as desired. While
two crew IV staffing is typical, crew are trained to conduct robotic arm operations with only an
M1. Having M1 and M2 increases situation awareness and permits a system of checks and
balances, as reported in the HSIA Risk Report [ref. 40, p. 97], and as reported in by IV
Crewmember SMEs in this effort.
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ISS crewmembers have reported in post-mission briefings that more than one crewmember is
required to perform robotics tasks to improve and maintain SA, and that they regularly engage
with ground personnel for assistance [ref. 41, pp. 102,103]. In current operations EVA Ground
works directly with the EVA crewmember to track task execution, mission time constraints, and
crewmember status; and communicates other constraints and changes of plan as coordinated with
the flight director. Additionally, in current operations, the MCC team and other support staff may
be in communication with M1/M2 with guidance on robotic arm operation or diagnosis. The
robotics ground control team consists of three flight controller positions: ROBO, Systems, and
Task. ROBO is the ISS MCC robotics position, which oversees all SSRMS and Special Purpose
Dexterous Manipulator (SPDM) activities. Task and Systems support ROBO from the MPSR,
which are located at NASA Johnson Space Center and the CSA [ref. 42]. The Systems flight
controller monitors the telemetry data and is primarily responsible for the state of the system and
the Task flight controller monitors the mission and task timelines including procedures to
maintain the team’s situational awareness [ref. 42]. Additionally, there are ground personnel who
manage robotic arm cameras, and the JAXA camera when needed to support IV robotic arm
operations. Finally, EVA crewmembers are active participants in robotic arm operations, often
providing visualization that is unavailable otherwise.

Current ISS operations, relying on this significant ground support, are an evolution from the
original intention for robotic arm control. While initially, IV crew were assumed to be able to
perform the range of robotic arm control duties, STS-122/ISS 10A (2005) reallocated the
majority of pre-move and post operation configurations to ground control [ref. 43, p. 100], with
only EVA-assist and visiting vehicle capture as the remaining IV crewmember-controlling
robotic arm activities.

In the developed model, the EVA ground responsibilities are assumed to be executed by another
IV crewmember proximal to the M1 operator, and Earth-based staff are not available.

The Environment and Operator Interfaces:

The mission scenario is executed in microgravity and the tight confines of a control station.
Direct views of the robotic arm through windows are potentially available, but current operations
of the robotic arm are often limited by ambient light conditions. Lighting conditions is a
significant factor in determining speed when operating in manual mode. Additional perceptual
challenges include assessing relative size of features and changing rates of motion [ref. 41,

p. 99].

The Robotic Workstation System (RWS) controls and displays are presented in Figure 56.
Central to the RWS is the Portable Computer System (PCS), which has a standard keyboard and
display. Above the PCS are three additional video monitor systems for camera views and on
which information from the PCS can be overlaid. The camera views that are presented on these
video monitors are selected and adjusted using the Display and Control panel to the left of the
PCS. Manual robotic arm manipulation is executed through use of two hand controllers, the
translational controller and the rotational controller. The Artificial Vision Unit (AVU) provides
payload positioning information to the operator and can use cameras for photogrammetric image
processing. The AVU cursor control device (AVU CCD) permits the operator to control and
browse this information. A singularity display (not shown) shows when the robotic arm
configuration approaches a configuration in which it has reduced degrees of freedom for
movement.
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Figure 56. a. Robotic Workstation and Ancillary Controls and Displays; b. Robotic Workstation
On Orbit in ISS
[ref. 2] (Credit b: NASA)

Crew wear communications equipment and have access to portable tablet computers that can
display procedures. Paper procedures are also used, with crew-annotations (e.g., for checkpoints,
time hacks, and comm content reminders).

Robotic Arm Modes and Control Task:

This effort investigates control of the ISS Canadarm robotic arm, or the Space Station Remote
Manipulator System (SSRMS) (Figure 57). The SSRMS is a 17-meter-long manipulator
consisting of two booms, seven joints, each with a range of £270°, and two latching end
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effectors. Power, data, and video are provided to the payloads via the latching end effectors [ref.
44].

Figure 57. The SSRMS on Orbit
(Credit: NASA)

The varieties of SSRMS operational modes are characterized fully in Reference 38. The modeled
robotic arm assisted EVA in this effort includes:
e Braked: Mechanical joint brakes are applied, keeping the robotic arm in a fixed
configuration.

e Joint Operator Commanded Auto Sequence (JOCAS): ISS computers directly enter
the desired joint angles for operator confirmation and follows a prescribed trajectory to
achieve this configuration. In this mode, M1 references the procedure for the correct final
configuration’s joint angles, inspects these in the PCS, and executes JOCAS. In ISS
operations, JOCAS can be interrupted by the crew, but this model only does this when a
failure occurs. Maximum robotic Arm speed is 36cm/sec [ref. 44]. In this model, the
robotic arm moves at this fast speed until it approaches the end of a movement.

e Manual: Operator controls robotic arm via hand controllers with vehicle frame of
reference. SMEs indicated a distinction between Pure GCA (Ground Control Assist —
which does not, despite the name, include MCC Ground Control) — movement that is
typically relative to the current position (i.e., ‘10cm body forward”), and GCA-to-
Published — relative to a known published location as reference. Manual control in this
model uses GCA-to-Published until close to the end of a movement, when Pure GCA
occurs. Pure GCA and GCA-to-Published have M1 using the translational and rotational
controllers to move the robotic arm. In practice, the speed at which the robotic arm is
moved during manual operations varies with operator confidence, mission tempo,
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lighting availability and proximity to vehicle. Manual control speeds can between
25-75% of Vernier speed (8.3cm/sec).

During EVAs, the robotic arm is moved in several movement segments. While in operations, this
sequence of movements might include GCA-to-Published and JOCAS, and perhaps other control
modes; these models were constructed to execute all 5 movement segments using GCA-to-
Published or JOCAS modes. At the end of the final segment, the robotic arm is modeled to move
more slowly as it approaches the final worksite. Effectively this is “Pure GCA” where the EVA
crewmember directs the M1 to provide movement adjustment to ensure good positioning for the
work to be accomplished.

The differences between the Manual (GCA) and the Automated (JOCAS) modes are not simply
with respect to control, but also have implications for differences in procedure reference,
monitoring, and communications. The particulars of these will be discussed in the context of the
developed models.

Ancillary and Contemporaneous Tasks:

Robotic arm EVAs are in the service of completing tasks outside the vehicle — e.g., repair, and
these are managed through procedures for the conduct of this task. The ROBO task has a
corresponding procedure that references the task-focused procedure. In current ISS operations,
Ground IV manages the procedure and communications with the EVA crewmember to
accomplish the work, with input and observations of many other ground staff. In the current
model, this role is assumed to be accomplished by another IV crewmember, not included in the
model. M1/M2 procedures include tasking that precedes and follows robotic arm movement, and
the details for movement and peripheral tasks. These peripheral tasks include communicating
cautions, applying and removing brakes, communicating expectations to crew, and data for
situation awareness (e.g., estimated duration of movement).

One important set of data that is relevant to the task of robotic arm assisted EVA, but not simply
to the movement of the robotic arm itself, is communications with the crewmember on the
robotic arm. Communications between the IV M1 robotic arm operator and the robotic arm EVA
crewmember were added to reflect these explicit procedural calls, and incidental
communications that were observed to arise during actual operations. Per both SME interviews
and data from voice loops analyzed, communications differed between GCA and JOCAS
operations.

Monitoring is an essential aspect of the robotic arm assisted EVA operation. Beyond the visual
monitoring data sources indicated in Figure 56, IV crew conducting robotic arm assisted EVA
attend to the procedure, and more tacit aspects of the operations including time management with
respect to other constraints (e.g., metabolic constraints, lighting availability, task urgency) and
EVA crew manner and affect.

Current ISS robotic arm operations typically have IV crew in the M1 and M2 roles. Some
conditions are investigated with only an M1 (representing a reduced crew) and some with M1
and M2. All model variants assessed assume Earth independent operations wherein direct
communications to MCC are not available.

7.2.3.2 Methods and Procedures

This section provides an overview of the IMPRINT/S-Print modeling software environment,
source of model data, how individual tasks are characterized and modeled as a task network, the
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run types developed to test independent variables of consideration (e.g., whether the robotic arm
operation is staffed by only M1 or M1 and M2), planned analyses of these, and the dependent
measures upon which these assessments are based.

IMPRINT/S-PRINT Approach:

A unique software modification to IMPRINT was created for NASA called the Space -
Performance Research and Integration Tool, or S-PRINT, in 2015 [ref. 45]. This modification
added several components to IMPRINT to facilitate mental workload studies applicable to long-
duration space missions. Included among the key enhancements was a human-automation
interaction (HAI) modeling architecture and associated algorithms that enabled the examination
of different levels of automation on mission performance and crew workload, and the impact of
different possible automation failures. For this modeling project, the NASA team resurrected the
S-PRINT plug-in software and seamlessly added it to a more current version of IMPRINT as a
new plug-in. The focus of this IMPRINT operations human performance model was to extend an
S-PRINT library model of a crewmember controlling a robotic arm to different possible Mars
manning scenarios and different levels of robotic arm automation assistance.

Accompanying S-PRINT development is a library model of a brief robotic arm scenario during a
long-duration mission that would impose significant mental workload on one crewmember. Due
to assumed crew size constraints, and a potential lack of real-time ground communications, one
crewmember is being tasked with operating the robotic arm while also monitoring an ECLSS.
Various scenario factors, including controlling the robotic arm manually, faults or out of bounds
conditions occurring in ECLSS that require adjustments, and automation failures, can induce
high levels of mental workload for the crewmember during a modeled scenario. The library
model was developed using data from NASA trainers, crewmembers, and from data collected in
studies of college students using a robotics simulation, the Basic Operational Robotic
Instructional System (BORIS) and a process control simulation, AutoCAMS to simulate ECLSS.

This library model, however, needed significant changes to represent a more complex scenario of
one crewmember controlling a robotic arm with an associated robotic arm assisted EVA. Many
changes were made to the library model, and new variations of the model were developed, to
represent the scenario of interest more realistically, with a higher degree of fidelity, and to study
other scenario variables of interest. These changes are detailed further in a subsequent section of
this report.

The U.S. Army Combat Capabilities Development Command (DEVCOM) Analysis Center’s
(DAC) IMPRINT software, version 4.7.24.0, with the S-PRINT plug-in installed, was used to
construct the HARI models. This module added several components to IMPRINT to facilitate
mental workload studies applicable to long-duration space missions. The S-PRINT plug-in
allows an analyst to characterize automation (HAI Architecture), including levels of automation
in different phases of operator assistance, and the consideration of automation failures and
attributes associated with those failures. Empirical data of human/automation interactions
underpins S-PRINT’s approach to modeling the impact that automation characteristics have on
human task execution times and operator mental workload.

S-PRINT provides two mechanisms by which to include fatigue effects on task performance - the
Sleep, Activity, Fatigue, and Task Effectiveness (SAFTE) capability and the S-PRINT cognitive
sleep-debt moderator. Whereas the SAFTE fatigue model impacts all tasks similarly when sleep
deprivation or other sleep factors occur, S-PRINT’s sleep-debt moderator impacts the
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performance of only those tasks that are difficult (high total workload demand) and highly
cognitive, by extending the time to perform them and increasing the likelihood of task failure.
Both fatigue models are operationalized in IMPRINT by specifying sleep history for the modeled
operator. The sleep-debt moderator also has an operator’s resistance to sleep debt component that
can be considered. SAFTE and the S-PRINT cogpnitive sleep-debt moderator were implemented
for the fatigue studies associated with this modeling effort.

Sources of Model Data:

In addition to using the S-PRINT library model as a baseline for this effort, additional data was
collected based on ISS scenarios involving a crewmember conducting an EVA on the end of a
robotic arm. The NASA team was able to observe a recent ISS scenario involving an EVA on the
end of a robotic arm, US EVA 80, on March 23, 2022. The team was also able to gather
procedural information associated with this scenario and listen to voice loops associated with
robotic arm control. The team had several virtual meetings with an MCC ROBO SME, and
interviewed M1 and M2 operators, in addition to one experienced EVA crewmember who had
been on the end of a robotic arm. All SMEs provided the team with system operation expertise,
procedures, and answers to many technical questions to assist in increasing the fidelity of the
human performance model.

In summary, the team’s resources for model development included the following:

e Resources
o EVA flight following observations and Collaborative Operations Data Activation
(CODA) review
Mission voice loops
Operational procedures
Training information
Literature reviews of robotic arm operations
o Crew Comment Database!! (CCDB)
e Interviews/Discussions
o A certified MCC ROBO flight controller
o Several M1 and M2 IV ROBO operators
o A liaison and expert on CANADARM
o An EVA crewmember who was on the end of a robotic arm
o NASA personnel who conducted previous robotic arm controller task analyses

o O O O

The model was initially developed by conducting flight following of relevant scenarios and
further analyzing voice and video of these, and reviewing related procedures and documentation
describing tasks, robotic arm, and the RWS. After this initial development, the resulting models
and preliminary results were reviewed by MCC ROBO, M1 and M2 SMEs. Significant input
from these reviews drove model updates to increase their fidelity further. Some of these

11 The Crew Comments Database (CCDB) is a repository maintained by the Johnson Space Center Flight Crew
Integration Operational Habitability team for crew spaceflight operations debrief feedback spanning the ISS 2A
missions to the present containing over 110,000 unique comments. Although summaries of 1SS crew comments are
presented as evidence, the CCDB is protected and not publicly available, due to the sensitive nature of the
attributable crew data it contains. CCDB data is classified as a response “Not Highly Representative of the Crew
Office (CB).” It is considered a formal opinion and should not be utilized to determine crew consensus but can aid in
the identification of issues or trends via analysis of related comments.
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additional updates included revised, more complex, communication networks that varied
communication frequency depending on phases of operation, a more complex and representative
monitoring network, and some revised task times and task mental workload scores. SMEs who
have performed as M1/M2 and EVA on the robotic arm, and a researcher to has previously
analyzed tasks associated with robotic arm assisted EVAs reviewed workload and execution time
results of baseline GCA and JOCAS models. Additionally, a Canadarm SME provided useful
commentary regarding possible future technology extensions for robotic arm capabilities and
interfaces. Finally, a crewmember who has been trained for M1/M2 was interviewed to assess
five crew conditions with respect to the framework provided by Militello et al., 2019 [ref. 4], and
as modified in the trade space evaluation methodology provided above (Section 6.3.5).

Task Duration Characterization:

Each task is characterized by the time it takes the M1 to complete it. Task execution times can be
modeled as constants and with a variety of distributions. This modeling effort used triangular
distributions when obtaining time estimates from sparse data or from SMEs, as this mirrors the
way people general think about time (the shortest, longest, and most frequent duration
experienced). Normal distributions were used when ample data was available to reliably
calculate parameters. Gamma distributions were employed when a task was might take longer to
perform on some occasions, with a normal distribution representing lower performance times.
An example in which a gamma distribution was used was for long communication times.

For the main model, communication task times were obtained by obtaining timestamp data from
REVA comms during EVA80, parsing these by robotic arm control type and as
before/during/after movement utterances. Speeds associated with robotic arm movements were
provided by MCC ROBO SME and typical manual speeds vetted with M1/M2 crew.

Tasks associated with monitoring various information sources were derived from analysis of the
EVA80 Jumper Install procedure, wherein the M1’s point of gaze was inferred to be on the
robotic workstation controls/displays during data entry and distance call outs, on the procedure
for each new step in it, and most often monitoring the camera/out the window view.

Modeled Operator Workload Characterization:

Workload scores for each task were characterized in different resources for their auditory,
cognitive, fine motor, speech, and visual demands. IMPRINT provides descriptive guidance for
workload level characterization for each type of demand based on benchmarks within each
resource channel which supports appropriate and consistent characterization across constituent
tasks. While workload scores were not based on empirical data for this initial modeling effort,
IMPRINT modeling experts and operational experts reviewed correspondence of these data to
assess consistency and accuracy with respect to ISS EVA robotic arm operations.

IMPRINT/S-Print Human Performance Model Features:

All scenario models were built using IMPRINT, the S-PRINT software plug-in with the HAI
architecture, and IMPRINT’s goal-oriented modeling capability. By using the S-PRINT plug-in,
automated systems associated with the model were able to be defined, including those systems
associated with the robotic arm control. Figure 58 shows the automation levels defined for
ECLSS and robotic arm control expanded at the bottom of the IMPRINT analysis tree. Also
highlighted in the tree is the one real operator modeled in this scenario, the IV crewmember
serving as the M1 robotic arm operator.
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Figure 58. Automations defined in the IMPRINT Analysis Tree
Task Network Model Structure:

For the IMPRINT task network model, at the highest level, the modeled scenario contains
functions (the gray boxes in Figure 59) that have subnetworks with more detailed tasks for the
crewmember monitoring ECLSS and controlling the robotic arm, and goals (the large red
diamonds) which are subnetworks for addressing incidents (e.g., a robotic arm automated control
failure).

— 6 End ECLSS Function <5
4 ECLSS Menitoring

TinitislizeModelConditions i)~ 1.5 Robotic Am Control_¢
7 End Robotic Am Control Function ¢S

\—D{ 3 Robotic arm automation failure <>

0 Model START <5

(SO MadRIEND 3

& Respond to ECLSS Incident

————»4 2ECLSS alam and/orincident >
<9 Hespond to Auto Arm Failure

Figure 59. Highest Level IMPRINT Task Network Model

Tasks in the model are color-coded according to the assigned operator. Blue tasks represent
model tasks (i.e., tasks not representing a person taking an action). Model tasks are used to make
the model run correctly. In addition to starts, ends, and rejoins, model tasks can also be used to
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initialize model conditions, trigger events to occur, or to represent time delays. Yellow tasks in
the model are actions being performed by an automated system (e.g., automation controlling
robotic arm movement in JOCAS mode. Finally, most tasks in the model are plum colored and
assigned to the M1 IV robotic arm operator). These tasks represent actions being performed by
the operator of interest and contain timing information, decision logic, and mental workload
values that impact model execution and data collection.

Figure 60 shows the more detailed task network model for robotic arm control (Function 5 in
Figure 87). In a significant departure from the S-PRINT library model, and a much more realistic
representation of a robotic arm assisted EVA, robotic arm movement is in segments, and each
segment has pre-move and post-move tasks associated with it. The entire mission consists of
moving a robotic arm with an EVA in a staple pattern, 8 feet vertical, 30 feet horizontal, and

8 feet vertical. For simplicity, it has been broken into 5 robotic arm movement segments, 1 for
each vertical movement, and 3 equal length segments for the horizontal movement.
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Figure 60. Robotic Arm Control Segment Task Network

Figure 61 shows the pre-movement tasks associated with each robotic arm movement segment.
Some tasks (e.g., “Config PCS JOCAS”) are only applicable to the JOCAS mode of operations
and model logic ensures they are only selected during that mode. Figure 62 shows the post-
movement tasks associated with each robotic arm movement segment.
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Figure 61. Pre-movement Tasks
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Figure 62. Post-movement Tasks

Figure 62 also shows the branch where the model chooses the manual robotic arm control or the
automated robotic arm control function. The manual robotic arm control function will be
discussed in more detail, and differences in the automated robotic arm control function will be
shown and discussed.

Figure 63 shows the detailed task network diagram for one M1 controlling the robotic arm
manually. The diagram has been broken into three horizontal sections representing different
main subnetworks with different background colors. The top subnetwork, with a green
background, represents task required to move the robotic arm. The main tasks being constantly
engaged are moving the control sticks to move the robotic arm vertically or horizontally, at the
top of that subnetwork. Other tasks that are intermittently performed include moving the controls
more abruptly (higher workload) to avoid an obstacle, changing robotic arm speed, and changing
a camera view.

The middle network on a yellow background represents monitoring tasks being performed by the
M1 IV crewmember. Monitoring data was defined by analyzing procedures and determining the
appropriate sources of information for each step. Per data collected, they spend the most time
monitoring camera views, but considered this task to be more intense (higher workload) near the
end of the mission when the robotic arm was close to its final location. A task was added for this.
Other monitor tasks include monitoring positioning data, monitoring a singularity display, and
checking procedures. A task to occasionally look ahead or replan movements was also added to
this subnetwork based on SME feedback.

Finally, the lower network on an orange background represents communication tasks. At the
very least, the M1 IV crewmember is always listening for communications. There is a very low-
level workload task for this that is engaged whenever a real communication is not taking place.
The communication network, like the monitoring network, contains logic to allow for differences
in communication frequencies and types change between different modes of operation and in
different phases of robotic arm movement.
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Figure 63. Manual Robotic Arm Movement Task Network
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Figure 64 shows the robotic arm movement portion of the entire network diagram for automated
robotic arm control. The main difference between this diagram and that for manual control is that
automation is moving the robotic arm, shown by yellow tasks. The rest of the robotic arm
movement network diagram for automated robotic arm control, including the monitoring tasks
subnetwork and the communication tasks subnetwork, are similar to that for manual robotic arm
control. However, task frequencies and times differ based on observational data and SME input.
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Figure 64. Auto Robotic Arm Movement Task Network

Figure 65 shows the task network diagram for responding to an automated robotic arm control
failure. The tasks on the left side of the network diagram represent necessary troubleshooting
tasks to understand the problem and ensure the EVA is safe. For these models, it is assumed that
the control failure does not cause damage to the arm, there is a delay involved for diagnosis, and
eventually the robotic arm is switched to manual control and the movement mission is completed
manually. The self-contained goal network (it suspends the main mission when it is triggered)
also included communication tasks performed during troubleshooting, the ECLSS monitoring
function, and the entire segment diagram for controlling the robotic arm including pre-move and
post-move tasks and the function for manual robotic arm control.

Figure 66 shows the robotic arm control automation settings that are part of the HAI architecture
installed with the S-PRINT plug-in. The first grouping of attributes for each automated mode
(Automated and Manual) shows the level of automation assistance provide by each mode across
four phases of possible support (Alert, Diagnose, Decide, Control). The only difference between
the two levels of automation modeled are the reside in control (high control versus manual). To
the right of the table interface, a user Modelers can declare that different possible automation
failures are “expected” (possible low trust in automation/more monitoring) or “unexpected”
(possible high trust in automation/less monitoring) (Figure 66, right-most three columns). If an
automation failure is unexpected, it may take longer to be detected and recovery time will likely
be extended.
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Figure 65. Respond to Auto Failure Task Network

Automation Name: | Robotic Am Control

Function Name: |Robotic Am Movement

Reliability
Mode Alert Diagnose Decide Control Selected Alert Diagnosis Decision Control
Gone False Alarm Miss Gone Wrong Gone | wrong Gone | Catastrophic | Slow Failure
High Automation Low Automation Low Automation High Automation @ Unexpected Unexpected Unexpected Unexpected Unexpected Unexpected Unexpected Unexpected Unexpected Unexpected

High Automation Low Automation Low Automation Manual |:| Unexpected Unexpected Unexpected Unexpected Unexpected Unexpected Unexpected _—_
Figure 66. Robotic Arm Control Automation Settings
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The HAI architecture also allows automation failures to be scripted during model runs to see
what their impact is on overall mission performance. In the example shown in Figure 67, a slow
control failure is scripted to occur at 10 minutes and 30 seconds into a model run. Another
important attribute of automation that impacts response tasks is the salience of the failure. If a
failure is highly salient, as the example for robotic arm control shown in the figure, it is more
likely to be noticed and dealt with in a timely manner.

Mission Criteria  SPRINT Properties

Automation Failures

Automation Mode Activate Failure | Failure Start Time Failure Type Failure Salience
Robotic Arm Control / Robotic Arm Movement / Automated True 0 00 Control - Slow Failure High
ECLSS System /Fault Identification and Recovery /Fault Identification On False 00:01:00.00 Alert- False Alarm Mone

Figure 67. Robotic Arm Control Automation Settings

Model Variables, Versions, and Analysis Plan:

Several versions of the IMPRINT robotic arm assisted EVA human performance model were
developed to analyze different variables that could be associated with missions to Mars. The
following summarizes the variables that were changed for different model runs:

e The baseline S-PRINT model was expanded to include higher fidelity models of the
robotic arm being controlled manually (GCA) versus automated arm control (JOCAS)
by one operator, an M1. Modeled scenarios without failures are GCA or JOCAS
controlled — there are no mixed operations. When a robotic arm control failure occurred
in JOCAS mode, the robotic arm control switched back to manual.

e Most model runs were executed assuming a rested crew (8 hours of sleep per night for the
previous 4 nights, no fatigue effect). Some model runs were executed assuming a sleep-
based fatigue effect due to sleep deprivation of 4 hours of sleep per night for the
previous 4 nights.

e In JOCAS mode, automated robotic arm control failures were scripted to occur during
some model runs. For one of these runs, the failure was detected, corrective action was
taken, and the robotic arm was switched to manual control, but no HAI time penalty
associated with the automation failure was imposed on applicable tasks.

e For other model runs with scripted automated robotic arm control failures, variables
associated with the failure were modified between runs and the HAI time penalty was
applied to applicable tasks. These variables included the expectancy of the failure
(unexpected versus expected), and the salience of the failure (no salience versus high
salience).

e Due to an assumed limited Mars mission crew size, it is also assumed that the M1 IV
crewmember is being tasked to monitor an ECLSS during the mission. In most cases, it is
assumed that ECLSS has a robust alerting system, is easy to monitor and operate, and
has lower workload (“Easy ECLSS”). However, for two model runs, it is assumed that
ECLSS does not have a robust alerting system and is more difficult to monitor and
operate, and has higher workload (“Hard ECLSS”).
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Part of the robotic arm operator analysis is studying the impact of automation on operator
workload and mission performance. However, another variable was added to see how
having another crewmember available to assist with robotic arm operations, an M2,
would impact the mission. It was assumed that the M2 took over ECLSS monitoring and
operations, some communications (with some communications between the M1 and M2

remains necessary), reading procedures, and switching camera views.

The final variable added was the addition of IMPRINT workload management
strategies to a high workload baseline model run. Workload management strategies
assume an operator will delay task performance whenever an overload condition (overall
workload above 60) will occur. Most runs assumed no workload management strategies
(all tasks were performed as scheduled).

Table 23 summarizes every model run associated with the robotic arm assisted EVA human
performance model analysis. Bold items in the table denote differences from previous runs and
help to highlight them. The model run numbers used in this table will subsequently be used to
delineate model run comparisons that were conducted.

Table 23. HARI Model Runs Summarized by Variables Changed

No. C:r:::ol Fatig.ue Sc;Lr)tt‘;ed Failure Failure 'EC-LSS Add Wkid
Mode Applied Failure Expected | Salience | Difficulty M2 Mgmt
01 | GCA No No n/a n/a Easy No No
02 | JOCAS No No n/a n/a Easy No No
03 | GCA Yes No n/a n/a Easy No No
04 | JOCAS Yes No n/a n/a Easy No No
05 | JOCAS No Yes n/a n/a Easy No No
06 | JOCAS No Yes Yes None Easy No No
07 | JOCAS No Yes Yes High Easy No No
08 | JOCAS No Yes No None Easy No No
09 | JOCAS No Yes No High Easy No No
10 | JOCAS Yes Yes No None Easy No No
11 | GCA No No n/a n/a Hard No No
12 | JOCAS No No n/a n/a Hard No No
13 | GCA No No n/a n/a Easy Yes No
14 | JOCAS No No n/a n/a Easy Yes No
15 | GCA No No n/a n/a Easy No Yes

After running all models above to collect data (data for 30 model runs collected for mission
times and other timing analysis data, data for workload collected and analyzed for one
representative run for each model), the following comparative analyses were conducted:
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Table 24. HARI Model Comparative Analyses Summarized

No. | Analysis Name l\gz:f;;';zs Analysis Description
1 Baseline GCA 01 and 02 Baseline analysis of GCA (manual robotic arm) operations
vs JOCAS to JOCAS (automated robotic arm) operations.
Baseline 03, 04 with 01, | The impact of sleep debt-based fatigue (assuming 4 hours
2 Fatigue 02, respectively | of sleep per night for 4 previous nights) to GCA and JOCAS
operations.
Scripted 05 to 02 Compared the impact of a scripted automated robotic arm
3 Automation control failure with no HAI time penalty effects with the
Failure baseline JOCAS run.
Auto Failure 05 through 09 | Compared the impact of different levels of automation
a Attribute failure expectancy, and failure salience, associated with
Effects automation robotic arm control failures scripted similar to
run 05 but with associated HAI time penalties considered.
Auto Failure 10 to 08 Compared the worst case JOCAS failure (unexpected and
5 with Fatigue with no salience, run 08) with the same case JOCAS failure
with sleep debt-based fatigue applied.
ECLSS Hard 11,12 with 01, | Most of the model runs were conducted assuming an ECLSS
02, respectively | system with a very clear failure alerting system that made
6 the system easier to monitor and manage. Runs 11 and 12
assume an ECLSS system without a failure alerting system
that is slightly more difficult to monitor and manage.
Added M2 13, 14 with 01, | Assume that another crewmember, an M2, is available to
Crewmember 02, respectively | take on some of the duties that the lone robotic arm
operator is being tasked to perform. This includes the ECLSS
7 monitoring tasks, reading procedures, and many of the
communication tasks (although M1 will be communicating
with the new M2 position), switching camera views, and
some monitoring tasking.
Workload 15 with 01 Take one of the highest workload models, the baseline GCA
8 Strategies model and apply IMPRINT workload management

strategies that do not allow the robotic arm operator’s
mental workload to get above the threshold of 60.

Dependent Measures:

The main measures of mission (a mission in IMPRINT equates to a scenario modeled) success in
IMPRINT applicable to this modeling effort were operator mental workload and mission
execution time. Workload reports provide the modeled operator’s workload level over simulation
time and indicate the tasks being executed at different times (so an analyst can see exactly which
tasks were being performed simultaneously during periods of high workload).

Mission (scenario) execution time is a single value for an executed model run, derived from the
instances of the task durations provided by the simulation and the order in which tasks occur as
executed in the simulation. Scenario models can be executed multiple times, with each run
having a unique initial random number seed, to obtain variations in mission execution time and
subsequently compare multiple model runs with one set of conditions versus another set of
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model runs with varying conditions (e.g., no fatigue versus fatigue). Descriptive statistics for

mission execution time are then calculated (e.g., mean time, minimum time, maximum time). For

the robotic-arm-assisted EVA model in particular, it was useful to distinguish between the
mission execution time and the time required only to move the robotic arm. When these

additional metrics are deemed useful, the model must include delimiting variables to characterize
the appropriate conditions, and a variable to store the metric.

7.2.3.3 Assumptions and Model Limitations

The human performance models developed for this effort are largely based on existing analogous
systems and missions extended to a Mars mission environment with unique challenges
anticipated.

1. This model assumed that the crew was in a situation where they had to perform the robotic

arm tasks autonomously without MCC support due to communication delay/blackout and
assumed that the crew was fully autonomous in the execution of the necessary repair. The
model assumed that for most scenarios only one crewmember conducted the robotic arm
control. While missions to Mars may require such crew autonomy and staffing, the current
practice of ISS crew commonly interacting with ground support during robotics operations
[ref. 40] and SME comments about the “invaluable.” benefits of having an M2 as “another
set of eyes on” and “someone to bounce ideas off of”” underscores the importance of fully
characterizing tasking demands, including the functionality of providing checks and
balances. In ISS operations, the roles of M1 and M2 differ by crew and are often fluid in
response to situational demands of the robotic arm assisted EVA task at hand and other
concurrent tasking as required. This model did not fully vary all possible task allocations and
resulting team dynamics.

. The scenario modeled here assumed that while the need to conduct this EVVA was not

anticipated, the procedure for how to conduct this robotic arm assisted EVA was already
developed and assessed to whatever level it could be assessed, given time pressure, prior to
execution. The scope of the current robotic arm assisted EVA model begins with the pre-
move procedure and ends with the post-move procedure when the crewmember arrives at the
worksite. It is important to realize that what might be the most cognitively demanding tasks
associated with robotic arm operations are not included — trajectory generation, planning
communications with EVA crewmembers that necessitate translating among frames of
reference, contingency management planning throughout operations. Further, SME M1/M2,
when asked how they would do this, have said that they defer to the “ROBO Geeks” for that
skill set. Although analogous procedures used to develop the robotic arm models were based
on ISS SSRMS, and crew SMEs were also ISS SSRMS robotic operators, the scenario
modeled was a simple staple movement and could be applicable to a simpler robotic arm that
might exist on a future Mars transit vehicle.

It was also assumed that some tasks (e.g., tending to the ECLSS system) were critical and
had to be performed simultaneously with the robotic arm task. To focus the study on the
robotic arm controller, and robotic arm control, no ECLSS automation failures were scripted
during this scenario and the ECLSS system control was a constant unless a larger crew size
dictated that it could be moved from the Robotic Arm controller. It was assumed that
increasing the Mars crew size would allow the M1 crewmember controlling the robotic arm
to shed some tasks from the baseline smallest crew model (e.g., ECLSS tasks). The default
ECLSS mode and associated tasking required fairly minimal demand from the M1. However,
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for some runs, a more difficult ECLSS system and associated demands were introduced. The
more difficult ECLSS system did not have an advanced alerting system and thus required
more frequent monitoring, with longer fixation times and higher cognitive and visual
workload components. It also required the astronaut to occasionally adjust their history graph
view to interpret changes in ECLSS conditions.

4. Chang & Marquez (2018) highlight, and conversations with SMEs underscore, the fact that
there are aspects of Robotic Arm operations by M1/M2 performance that are difficult to
ascertain simply from analyzing the relevant procedures [ref. 42]. Some of these “implicit
tasks and challenges” are more evident when observing operations, e.g., during flight
following and review of audio loops, but even this more ethnographic form of data collection
did not reveal some aspects of tasking that affect workload and performance time in real
operations. Some of these types of tasks and challenges that were addressed in this model,
and how they were addressed include:

e Listening for incoming communications and off-nominal conditions. (This model
includes a task that adds workload associated with listening for incoming commes).

e Interpreting noisy communications and doubling back to confirm these. (This model
used empirical data to describe communication task duration, and included back and
forth communications, without delays, with model logic).

e Concern and caution when operating in more risk-adverse contexts (e.g., being close
to structure). This model implemented slowing when close to the final location —
presumably a point where the robotic arm is close to structure, and this final
movement was higher workload for the GCA mode than for the JOCAS mode.

Additional implicit tasks and challenges that were not explicitly addressed include:

e Lighting and shadow effects that introduce risk in moving the robotic arm, and
therefore may extend the time to consider the current and planned robotic arm
position relative to structure and EVA position; and may impact the control mode
used, and speed at which the robotic arm is operated.

e Crew attention is required to assess whether the robotic arm is moving as it should be.
While this model included a monitoring function and camera control, more detailed
observations of this particular task would be necessary to fully appreciate the mental
workload associated with the crew’s need to perceive and evaluate off-nominal
conditions (e.g., ‘sluggish joints’) and maintaining contingency plans for possible off-
nominal circumstances.

e Some SSRMS configurations have more instability than others, and in some cases,
this is unexpected and can result in poor camera views. One early ISS crewmember
indicated "with the pump module it was more (in)balance in the system than they
were expecting, so much so that the field of view was going outside of the view of the
camera (Crew Comment Database Inquiry, 2023).

e M1/M2 SMEs conveyed that one of the challenges for robotic arm operations is the
management of various perspectives and frames of reference. They take it as an
additional task to convert other frames of reference (e.g., JOCAS’ robotic arm joint
configuration) into that which is most relevant to the EVA crewmember. Not only is
this comforting to the EVA-crewmember on the Robotic Arm so they can predict
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their movement direction and orientation, but this also ensures that their direct
observations can be more quickly understood by M1/M2. Conducting this type of
four-dimensional translation task induces considerable workload.

5. While the contexts of models described M1’s task demands with respect to automation
capabilities and other available crew, the impacts of the workload induced to other agents is
not an output of this form of model. Where M1 tasks are shed, companion models of other
crew would need to be constructed to indicate the effects on those crewmembers and
determine the likelihood that a task may not be performed at all given other crewmembers’
workload. Other models in this effort (EVA Model) have shown this multi-crew analysis, but
at a higher level of analysis and not specifically with respect to automation capability
variants.

6. This model assumes that the crew, particularly the robotic arm operator, will have sufficient
training and recency of use to perform robotic arm operations without access to ground
control personnel. Interviewed SMEs suggested that M1s have different manual operating
speeds, reflecting nature and skill level. Such skills are not only manual control but include
maintenance of an accurate mental model of automation/robotic capabilities and methods of
interaction, health management (failure detection, diagnosis and response/mitigation) of the
automated/robotic system, interface dialog semantics and semiotics, and all of these for
ancillary tasking (e.g., communications, procedure use) supporting these. Additionally,
SMEs indicated that operations for long duration space missions will require additional
investment in crew training devices and IV scheduled crew time to ensure skills are
maintained during space missions. When one crewmember was asked to compare a
simulation environment and operations at the robotic workstation in the Cupola, s/he
indicated that they could not comment because too much time had passed between the
simulation and activity (Crew Comment Database Inquiry, 2023). Crew commented that
training should also include scenarios that go beyond the manual operations and clearance
keeping, where the full crew is in the scenario “where everyone is trying to work together to
get the job done and it's hard to do it safely. So understanding the CRM aspect of that, (e.g.,)
how you use an M2 or how you interact with EV.” These observations underscore the
necessity of periodic operational training, and that this training should not be limited to the
skill-based aspects of conducting robotic arm operations.

7. This model’s outputs the workload experienced by M1, and the time to perform the required
tasks. This effort did not model human error, the acquisition and maintenance of situation
awareness, or the ability to perceive necessary information from the environment. Sufficient
data was not available to support detailed model enhancements in these areas although
narrative input collected from SMEs indicated that an M1 operating robotic arm without M2
support would be expected to be more error prone. A comment from an early Expedition
noted that it was difficult to manage the Robotic Arm, performing as an M1 and manage the
rest of the vehicle — “The IV crew must be at three places at once.” This was said to be
especially challenging when a system failure occurs (Crew Comment Database Inquiry,
2023).

8. The current model presumes that the interfaces available for the M1 to control the Robotic
Arm are as they exist on the ISS, and the capability of the robotic arm controlling automation
is generally as is available on the SSRMS/Canadarm?2. The current model deviates from these
assumptions in a few ways. While in current ISS operations, manual and automated modes

NESC Document #: NESC-RP-20-01525 Page #: 147 of 292



are used back and forth to achieve an end during EVA operations. This model uses manual or
automation mode for the mission unless the automated mode fails. Currently robotic arm
operations proximal to the worksite are often Pure GCA adjustments, where the M1 and the
EVA-on-the-robotic arm communicate to make adjustments as necessary for visual and
physical access in either mode. In this model, the automated (i.e., JOCAS) operations assume
automated adjustment—slowing when proximal to worksite, but not involving the
crewmember as the controlling entity. This model does assume an advanced version of
automated control that is allocated more control responsibility than the existing version. SME
Interviews suggest various forms of technological advancement to the IV crew interfaces to
control the robotic arm and to the capabilities of the robotic arm itself. Some of those
mentioned include more robust automated movement such that automated movement is
permitted even when close to structure (e.g., collision detection and avoidance) and when
visual clearances are not available, more sophisticated alerting, assistance with camera and
lighting to improve visualizing robotic arm position, vehicle structure and EVA crew, and
even direct control interfaces to be used by the EVA crewmember on the robotic arm. The
model allows full automated control throughout a mission, with the assumption that enough
finite position sensing, and collision avoidance sensing, is available to allow for this.
Ambient conditions and peripheral design features at the Robotic Workstation also may
affect performance. For example, the Crew Comments Database also indicated the
importance of postural support at the robotic workstation to ensure effective loads for manual
control.

Further, this model focused on the impact of alternative levels of robotic autonomy, trust
(inversely modeled as expectation of failure) and alert salience on M1 performance and mental
workload when automated operations of the robotic arm failed.

7.2.3.4 Results and Discussion

Per the methodology outlined in the “Model Variables, Versions, and Analysis Plan” subsection
of the “7.2.3.2 Methods and Procedures Methods” main section of this report, many versions of
the model were built and executed to collect data to perform many different comparative mental
workload and mission time analyses. This section first summarizes each of these comparative
analyses, then discusses the meaning of the results with findings and associated
recommendations.

Analysis Results
Overview of Analyzed Runs

IMPRINT provides several built-in reports for operational model runs. Several of those reports
were utilized, and some expanded, to feed the team’s model analyses. One of these reports is a
chart showing operator workload over time. An analyst can quickly look at this chart to see if an
operator is predicted to have high workload spikes above the MRT redline of 60, how high the
spikes go, how often they may occur, and how dense overall mental workload attentional
demands are over the course of a mission. The highest workload peak for every mission run in
this analysis are shown in Figure 68. These workload over time reports can also be collaborated
with another report, the operator workload detail report, that shows which tasks the operator was
performing that led to changes in overall workload at every event time stamp of model
execution. For this set of model analyses, the team has selected workload peaks and used the
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workload detail report to discover, and report, which tasks were being performed simultaneously
that caused the highest workload peaks in different model runs.

IMPRINT also allows an analyst to generate a report of all data used to create the workload over
time charts. This data can be parsed and post-processed to determine two other telling workload
metrics; time-averaged workload over the course of the mission run and percent time in
overload. These metrics were also used as a part of this model’s detailed workload analysis.
These two additional workload metrics are shown for all model runs in Figures 69 and 72.
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Figure 68. Peak Workload for Every Model Run
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Figure 69. Time-Averaged Workload for Every Model Run
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Figure 70. Percent Time in Overload for Every Model Run

Other built-in model reports capture mission (each modeled scenario is a “mission” in IMPRINT
terminology), function, task timing information associated with multiple model executions (our
team chose 30 to analyze a large set of output data for runs with different initial random number
seeds) for each run set, and data (e.g., mission executions time means, maximums, and
minimums). Additionally, these reports were used to derive the mean time spent moving the
robotic arm (where higher workload typically occurred, especially during manual operations).
These metrics are summarized for all model runs in Figures 71 through 74.
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Figure 71. Mean Mission Time per Model Run Sets
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NESC Document #: NESC-RP-20-01525 Page #: 151 of 292



Mean Arm Movement Time per Model Run Sets

18
4 16
214
212
£ 10
E E | | | | | | | |
S 6
z
v 2
=

0

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15
Model Run

Figure 74. Total Robotic Arm Movement Time per Model Run Sets
Comparative Data Analyses:

For the remainder of this section, additional comparative analyses delineated in Table 25 will be
examined in more detail. This analysis will include the workload over time reports for each
model run, examples of simultaneous tasks performed during workload peaks, and tables and
charts comparing the metrics discussed above but more specific to the comparisons. For the
comparative workload tables, a color scheme mapping workload values to the stoplight chart
from the Bedford scale (discussed in Section 7.2.1), shows how the levels of workload may
impact task performance. For discussion purposes, the colors mapped to the logic in that section
can also be mapped as follows according to possible impact on task or scenario performance:
Green equates to acceptable workload, Yellow equates to high workload, and Red equates to
unacceptably high workload.

Analysis 1:

Comparison of M1 using manual (GCA) control (run 01) vs automated (JOCAS) control mode
(run 02).

M1 Mental Workload comparisons:

The full workload charts, over time, for one representative mission run for each mode is shown
in Figures 75 and 76. Tables 25 and 26 show workload peaks for each mode of operations and
associated concurrent tasks being performed by the M1. NASA robotic arm control SMEs vetted
the fact that these task concurrences were possible.
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IV Robo Mental Workload Score Over Time Baseline GCA Run 01
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Figure 75. Workload Over Time for Baseline GCA Run 01
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IV Robo Mental Workload Score Over Time Baseline JOCAS Run 02
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Figure 76. Workload Over Time for Baseline JOCAS Run 02
Table 25. Tasks Concurrently Performed at Peak Workload Values Run 01

L LIRS Simultaneous Tasks
Time (Min) Score

Change camera view

2791 180 48 GCA ‘LongComrn_Llsten .
Monitor robotic arm camera views (manual mode close to end)
Twist right stick (vertical robotic arm control)
Change camera view

596 17291 GCA 'LongComrn_Speak .
Monitor robotic arm camera views (manual mode)
Twist right stick (vertical robotic arm control)
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Table 26. Tasks Concurrently Performed at Peak Workload Values Run 02

1 EET LTI CEL Simultaneous Tasks
Time (Min) Score

Change camera view

23.14 102.16 JOCAS LongComm Listen
Monitor positioning data (J)
JOCAS LongComm_Speak

13.69 92.50 Monitor positioning data (J)
Push button on left stick to change robotic arm speed

The higher and more dense workload peaks shown in Figure 75 illustrate mental workload
during periods of robotic arm movement in the GCA mode. The two workload charts also show
that workload peaks are significantly higher in GCA mode versus JOCAS (note that the charts
are on different scales, with the redline of 60 shown on each chart). Average workload during
robotic arm movement in the GCA mode is significantly higher than that experienced during
JOCAS operations, with a time-averaged workload during these periods over 2.5 times greater.
This was the primary driving factor associated with higher overall workload in GCA modes
versus JOCAS modes. A summary of workload metrics associated with this comparative analysis
is show in Table 27. This same data is shown in a bar chart in Figure 77.

Table 27. Workload Metric Comparison Analysis 1
Percent

Run No. — Brief Time-Avg Time in Peak
Model Description | Workload Workload
Overload

02 JOCAS 27.05 8.32 102.16
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Figure 77. Workload Metric Comparison Analysis 1
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The most significant overall workload difference between GCA (manual) robotic arm operations
and JOCAS (automated) mode is the percent time in overload (above the workload threshold of
60). The M1 robotic arm operator spends almost 4.5 times more in overload in GCA mode, with
most of that occurring during robotic arm movement operations.

Mission Time Comparisons:

Mission time differences were negligibly different between GCA and JOCAS operations.
Sometimes differences (slightly more time for JOCAS) were due to slightly higher pre-move
segment times for a few JOCAS tasks. Other small differences in mission times were more
driven by different robotic arm speeds than by human performance. The mission time
comparisons for GCA versus JOCAS are shown in Table 28 and Figure 78.

Table 28. Mission Time Comparison Analysis 1

Run No. — Brief Mean Max Min Time Mean Move
Model Description Time Time Time
01 GCA 23.28 25.48 20.63 9.64
02 JOCAS 24.65 27.69 21.80 9.51

Analysis 1 - GCA vs. JOCAS Time Comparison
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Figure 78. Mission Time Comparison Analysis 1
Analysis 2:

Comparison of M1 using manual (GCA) control and automated (JOCAS) control mode while
fatigued (assuming sleep deprivation of 4 hours of sleep per night for the previous four nights
prior to mission performance, runs 03 and 04) versus the baseline non-fatigued models.

M1 Mental Workload Comparisons:

The full workload charts, over time, for one representative mission run for each fatigued mode
are shown in Figures 79 and 80. Tables 29 and 30 show workload peaks for each mode of
operations and associated concurrent tasks being performed by the M1. NASA robotic arm

NESC Document #: NESC-RP-20-01525 Page #: 156 of 292



control SMEs vetted the fact that these task concurrences were possible. While fatigue made
little difference in the workload profiles and peaks during JOCAS operations (comparing the
charts shown in Figures 80 and 76), there were some significantly higher workload peaks during
fatigued operations when GCA control was being utilized (comparing Figures 79 and 75). This is
due to the potential for more brief periods of added multi-tasking, including five simultaneous
tasks with some short and minor, but adding to overall workload due to the conflict component

of MRT) as shown in Table 29.
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Figure 79. Workload Over Time for Fatigued GCA Run 03

NESC Document #: NESC-RP-20-01525

Page #: 157 of 292



IV Robo Mental Workload Score Over Time JOCAS Fatigued Run 04
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Figure 80. Workload Over Time for Fatigued JOCAS Run 04

Table 29. Tasks Concurrently Performed at Peak Workload Values Run 03

Mission Workload
Time (Min) Score

Mental Workload Score

Simultaneous Tasks

GCA ShortComm Speak

Monitor positioning data

10.01 233.55 Move left stick to avoid hazards/contacts

Move right stick sideways (horizontal robotic arm control)
Push button on left stick to change robotic arm speed
GCA ShortComm_Speak

Monitor positioning data

9.99 210.80 Move left stick to avoid hazards/contacts

Move right stick sideways (horizontal robotic arm control)
Push button on left stick to change robotic arm speed
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Table 30. Tasks Concurrently Performed at Peak Workload Values Run 04

[ UG AET Simultaneous Tasks
Time (Min) Score

Change camera view

26.12 104.12 JOCAS LongComm Speak
Monitor robotic arm camera views (JOCAS close to end)
Change camera view

16.55 102.16 JOCAS LongComm__Listen
Monitor positioning data (J)

The summary workload data comparison charts shown in Table 31 and Figure 81 show moderate
increases in time-averaged workload for GCA and JOCAS operations under fatigued conditions.
However, due to higher workload peaks (from more multi-tasking overlap during GCA fatigued

conditions), there are significant increases in percent time in overload (43.2 versus 37.4) and

peak workload.

250

200

150

100

50

Table 31. Workload Metric Comparison Analysis 2

Run No. — Brief
Model Description

04 JOCAS-Fatigued

Time-Avg Pfercefrt
Workload Time in
Overload

28.08 9.31

Peak
Workload

104.12

02 JOCAS-Rested

27.05 8.32

102.16

Analysis 2 - Control and Fatigue Workload Comparison

Time Avg Wkid

B GCA-Fatigued

B GCA-Rested

Percent Time in Overload

JOCAS-Fatigued

Peak Workload

JOCAS-Rested

Figure 81. Workload Metric Comparison Analysis 2

NESC Document #: NESC-RP-20-01525

Page #: 159 of 292



Mission Time Comparisons:

Mission time differences were noticeable due to fatigue effects for GCA and JOCAS operations,
but the time impacts associated with GCA were higher. This was largely due to a large increase
in robotic arm movement time due to fatigue impacts. The mission time comparisons for fatigued
GCA and JOCAS operational runs 03 and 04 versus baseline models without fatigue are shown
in Table 32 and Figure 82.

Table 32. Mission Time Comparison Analysis 2

Run No. — Brief Model Mean Max Time Min Mean
Description Time Time MoveTime
03 GCA-Fatigued 30.08 32.08 27.59 12.33
01 GCA-Rested 23.28 25.48 20.63 9.64
04 JOCAS-Fatigued 29.11 32.77 25.45 9.75
02 JOCAS-Rested 24.65 27.69 21.80 9.51

Analysis 2 - Control & Fatigue Time Comparison (Minutes)
35

30

25
2
1
| I
0

Mean Time Max Time Min Time Mean MoveTime

o

(€]

o

(€]

B GCA-Fatigued  m GCA-Rested JOCAS-Fatigued JOCAS-Rested

Figure 82. Mission Time Comparison Analysis 2
Analysis 3:

Comparison of M1 using JOCAS control with an automation failure scripted (run 05) versus
baseline JOCAS without an automation failure scripted (run 01).

M1 Mental Workload Comparisons:

The full workload chart, over time, for one representative mission run of the scripted automation
failure is shown in Figure 83. Table 33 shows workload peaks for this model run. The peaks are
much greater than the baseline JOCAS model because after automated robotic arm control starts
to fail, and troubleshooting steps are performed, the M1 robotic arm operator switches to manual
control.
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IV Robo Mental Workload Score Over Time Auto Fail No Penalty Run 05
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Figure 83. Workload Over Time for JOCAS with Scripted Failure Run 05
Table 33. Tasks Concurrently Performed at Peak Workload Values Run 05

Mission LI Simultaneous Tasks
Time (Min) Score
Change camera view
15.59 157.76 GCA LongComm _Speak .
Monitor robotic arm camera views (manual mode)
Move right stick sideways (horizontal robotic arm control)
GCA LongComm_Speak
15.34 135.83 Monito.r robo.tic arm camera vi‘ews (manual'mode)
Move right stick sideways (horizontal robotic arm control)
Push button on left stick to change robotic arm speed

A summary of workload metrics associated with this comparative analysis is show in Table 34.
This same data is shown in a bar chart in Figure 84. All workload metrics increase significantly
for the automation failure scenario due to the switch to manual control mode. These include an
almost 3 times increase in time spent in overload.

NESC Document #: NESC-RP-20-01525 Page #: 161 of 292



Table 34. Workload Metric Comparison Analysis 3

Run No. — Brief Time-Avg :?::?: Peak
Model Description | Workload Workload
Overload
05 JOCAS with Fail 38.81 24.93 157.76
02 JOCAS No Fail 27.05 8.32 102.16

180.00
150.00
140.00
120.00
100.00
80.00
60.00
40.00

20.00

Time Awg Wkid

0.00

Percent Time in Overload

W JOCAS Mo Fal

B IOCAS with Fail

Analysis 3 - JOCAS with Auto Fail vs No Fail Workload Comparison

Peak Workload

Figure 84. Workload Metric Comparison Analysis 3

Mission Time Comparisons:

Predictably, mission times increased due to automation control failures. This was mostly due to
the addition of troubleshooting tasks. IMPRINT with the S-PRINT installed also allows for the
consideration of HAI failure time penalties associated with recovery tasks and certain automation
attributes. This analysis, and model run 05, does not include the HAI time penalty. The mission
time comparisons for JOCAS with failures (but no time penalties considered) versus baseline
JOCAS missions without failures are shown in Table 35 and Figure 85.
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Table 35. Mission Time Comparison Analysis 3

Run No. — Brief Mean Max Min Mean Move
Model Description Time Time Time Time
05 JOCAS with Fail 27.27 29.68 24.27 9.64
02 JOCAS No Fail 24.65 27.69 21.80 9.51
Analysis 3 - JOCAS with Auto Fail vs No Fail Time Comparison
35.00
30.00
25.00
20.00
15.00
10.00
E-W I I
0.00
Mean Mission Time Max Mission Time Min Mission Time Mean Mowve Tme
B /OCAS No Fail  WIOCAS with Fail
Figure 85. Mission Time Comparison Analysis 3
Analysis 4:

Comparison of JOCAS automation failures with different automation failure attribute effects
considered. These attributes included automation failure expectancy, and failure salience,
associated with automation robotic arm control failures scripted similar to run 05 but with
associated HAI time penalties considered.

M1 Mental Workload Comparisons:

The full workload charts, over time, for one representative mission run for each of the four
unique automation failure attribute combinations are shown in Figures 86 to 89. Tables 36
through 39 show workload peaks for each automation failure attribute combination and
associated concurrent tasks being performed by the M1.
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IV Robo Mental Workload Score Over Time Auto Fail Expected No Salience Run 06
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Figure 86. Workload Over Time for JOCAS with Fail Expected No Salience Run 06

IV Robo Mental Workload Score Over Time Auto Fail Expected High Salience Run 07
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Figure 87. Workload Over Time for JOCAS with Fail Expected High Salience Run 07
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IV Robo Mental Workload Score Over Time Auto Fail Unexpected No Salience Run 08
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Figure 88. Workload Over Time for JOCAS with Fail Unexpected No Salience Run 08

IV Robo Mental Workload Score Over Time Auto Fail Unexpected High Salience Run 09
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Figure 89. Workload Over Time for JOCAS with Fail Unexpected High Salience Run 09
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Table 36. Tasks Concurrently Performed at Peak Workload Values Run 06

Mission WLl Simultaneous Tasks
Time (Min) Score

Change camera view

30.19 150.19 GCA .ShortCom_m_Llsten .
Monitor robotic arm camera views (manual mode close to end)
Twist right stick (vertical robotic arm control)
Change camera view

26.85 14537 | GCAShortComm Speak
Monitor robotic arm camera views (manual mode)
Twist right stick (vertical robotic arm control)

Table 37. Tasks Concurrently Performed at Peak Workload Values Run 07
sion et Simultaneous Tasks
Time (Min) Score

GCA LongComm_Listen
Monitor positioning data

16.1 149.22

6.13 9 Move right stick sideways (horizontal robotic arm control)

Push button on left stick to change robotic arm speed
Change camera view

1554 12957 GCA Low level listening

Monitor robotic arm camera views (manual mode)
Twist right stick (vertical robotic arm control)

Table 38. Tasks Concurrently Performed at Peak Workload Values Run 08

eion IR Simultaneous Tasks
Time (Min) Score

Change camera view
GCA ShortComm_Speak

26.52 162. . . .

6.5 62.98 Monitor robotic arm camera views (manual mode close to end)

Twist right stick (vertical robotic arm control)
Change camera view

16.01 150,98 GCA LongCommp_Listen

Monitor robotic arm camera views (manual mode)
Move right stick sideways (horizontal robotic arm control)
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Table 39. Tasks Concurrently Performed at Peak Workload Values Run 09

Mission Workload Simultaneous Tasks
Time (Min) Score

Change camera view

19.56 163.26 | GCALongComm Listen .
Monitor robotic arm camera views (manual mode)
Twist right stick (vertical robotic arm control)
Change camera view
GCA ShortComm_Speak

26.23 162.98 . . .
Monitor robotic arm camera views (manual mode close to end)
Twist right stick (vertical robotic arm control)

Although workload profiles differed in times in which high density peaks might occur, the
overall profiles and peaks for each case of automation failure were similar. Also, by looking at
the workload data shown in Table 40 and associated Figure 90, workload measures were similar
across different automation failure attribute settings. As might be predicted, the automation
failure with low expectancy (unexpected) and no salience (overall worst-case scenario) had
slightly higher time-averaged workload and percent time in overload than the other conditions.

Table 40. Workload Metric Comparison Analysis 4

NESC Document #: NESC-RP-20-01525

Run No. — Brief Time-Avg :ie::?: Peak
Model Description | Workload Workload
Overload
07 Fail Exp Salient 39.91 25.48 149.22

05 Fail No Penalty 38.81 24.93 157.76
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Analysis 4 - Auto Fail Attributes Workload Comparison
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Figure 90. Workload Metric Comparison Analysis 4

Mission Time Comparisons:

Mission time metrics are summarized in Table 41 and Figure 91. Mission times associated with
automation control failure scenarios increased due to the automation time penalties associated
with the attributes of expectancy (unexpected failures took longer to deal with) and salience
(failures with no salience took longer to detect and had more consequences). In the worst-case
scenario, that of an unexpected failure that was also not salient, the average mission time
increased by 15% over the same control failure set of runs without automation failure time
penalties considered.

Table 41. Mission Time Comparison Analysis 4

Run No. — Brief Model Mean Max Time Min Mean
Description Time Time MoveTime
07 Fail Exp Salient 29.64 33.82 26.55 12.16
06 Fail Exp NoSal 30.69 35.36 27.58 13.38
05 Fail No Penalty 27.27 29.68 24.27 9.87
09 Fail UnExp Salient 29.64 32.99 27.34 12.69
08 Fail UnExp NosSal 31.57 35.69 29.49 14.24
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Analysis 4 - Auto Fail Attributes Time Comparison
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Figure 91. Mission Time Comparison Analysis 4
Analysis 5:

Comparison of the worst-case automation control failure (unexpected and with low salience)
encountered and corrected without fatigue (run 08) versus the same case automation control
failure encountered and corrected while fatigued (assuming sleep deprivation of 4 hours of sleep
per night for the previous four nights prior to mission performance, run 10).

M1 Mental Workload Comparisons:

The full workload chart, over time, for one representative mission run for the fatigued mode of
the automation control failure scenario is shown in Figure 92. Table 42 shows workload peaks
for this scenario. This scenario is being compared against run 08, whose workload profile is
shown in Figure 88.
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IV Robo Mental Workload Score Over Time Auto Fail Unexpected No Salience Fatigued Run 10
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Figure 92. Workload for JOCAS with Fail Unexpected No Salience and Fatigue Run 10
Table 42. Tasks Concurrently Performed at Peak Workload Values Run 10

Mission
Time (Min)

Workload
Score

Simultaneous Tasks

17.10

227.10

GCA LongComm_Listen

Monitor robotic arm camera views (manual mode)

Move left stick to avoid hazards/contacts

Move right stick sideways (horizontal robotic arm control)
Push button on left stick to change robotic arm speed

16.81

175.81

GCA LongComm_Speak

Monitor robotic arm camera views (manual mode)

Move left stick to avoid hazards/contacts

Move right stick sideways (horizontal robotic arm control)

The time-averaged workload and percent time in overload are very similar between the worst-
case automation control failure experienced while rested and the same failure experienced while
fatigued. However, due to one convergency of tasks that include avoiding an obstacle in the
fatigued model run, the peak workload is significantly higher. The workload metrics for this
analysis are shown in Table 43 and Figure 93.
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Table 43. Workload Metric Comparison Analysis 5

Run No. — Brief Model Time-Avg Percent Time in
Description Workload Overload

Peak Workload

Analysis 5 - Auto Failure with Fatigue Workload Comparison
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W IOCAS Worst Fail Rested W OCAS Worst Fail Fatigued

Figure 93. Workload Metric Comparison Analysis 5
Mission Time Comparisons:

Mission time metrics are summarized in Table 44 and Figure 94. In terms of mission times, the
worst-case automation failure experienced while under a fatigue condition was the entire set of
analyses worst case scenario. The mean mission time for the fatigued model set of runs, when the
M1 robotic arm operator was also dealing with the worst-case scenario automation control
failure, was over 20% greater than that for the same scenario without fatigue. This is because the
HAI automation failure time penalty and fatigue moderator are impacting task times.

Table 44. Mission Time Comparison Analysis 5

Run No. — Brief Model Mean Max A Mean Move
.. . . Min Time .
Description Time Time Time
08 JOCAS Worst Fail Rested 31.57 35.69 29.49 14.24
10 JOCAS Worst Fail Fatigued 38.34 44.61 33.89 15.49
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Analysis 5 - Auto Failure with Fatigue Time Comparison
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Figure 94. Mission Time Comparison Analysis 5
Analysis 6:

Comparison of scenarios in which an ECLSS system without failure alerting guidance, or one
more difficult to monitor and operate in GCA and JOCAS modes of operation (runs 11 and 12)
to the baseline GCA and JOCAS scenarios with the more advanced, and easier to monitor and
operate ECLSS system (run 01 and run 02). This analysis will simulate additional task loading
for the M1 robotic arm operator that may occur with a limited Mars mission crew size.

M1 Mental Workload comparisons:

The full workload charts, over time, for one representative mission run for each of the more
difficult ECLSS system model runs are shown in Figures 95 and 96. The associated workload
peaks and concurrent task instances are shown in Tables 45 and 46. In GCA and JOCAS modes
of operation, the M1 robotic arm operator has significant increases in workload spikes due to the
increased activity involving the ECLSS system, particularly pronounced in GCA mode.
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IV Robo Mental Workload Score Over Time GCA with Hard ECLSS Run 11
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Figure 95. Workload Over Time for GCA with Hard ECLSS Run 11

IV Robo Mental Workload Score Over Time JOCAS with Hard ECLSS Run 12
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Figure 96. Workload Over Time for JOCAS with Hard ECLSS Run 12
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Table 45. Tasks Concurrently Performed at Peak Workload values Run 11

Mission Workload
Time (Min) Score

Simultaneous Tasks

Change history graph view

GCA LongComm_Listen

9.27 255.66 Monitor robotic arm camera views (manual mode)

Move left stick to avoid hazards/contacts

Move right stick sideways (horizontal robotic arm control)
GCA LongComm_Listen

Monitor ECLSS Screens (alert system off)

9.22 249.26 Move left stick to avoid hazards/contacts

Move right stick sideways (horizontal robotic arm control)
Push button on left stick to change robotic arm speed

Table 46. Tasks Concurrently Performed at Peak Workload Values Run 12

Mission Workload Simultaneous Tasks
Time (Min) Score

Change camera view
JOCAS LongComm_Listen

24.59 176.46 Monitor ECLSS Screens (alert system off)
Notice poor camera views (no sys help)
Change camera view

15.62 155.69 Change history graph view

JOCAS LongComm_Listen
Monitor robotic arm camera views (J)

Adding tasks, and task difficulty, associated with a more difficult system manage while working
on the main mission increased the mental workload experienced by the M1 robotic arm operator
very significantly in GCA and JOCAS modes of operations per the workload metrics shown in
Table 47 and Figure 97. The time-averaged workload experienced by the M1 in GCA mode was
greater than the workload threshold of 60 and they were predicted to be in overload almost 57%
of the time.

Table 47. Workload Metric Comparison Analysis 6

Run No. — Brief Model | Time-Avg :_?::?: Peak
Description Workload Workload
Overload

02 JOCAS-Easy ECLSS 27.05 8.32 102.16

12 JOCAS-Hard ECLSS 39.87 27.7 176.46
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Analysis 6 - Easy vs Hard ECLSS Workload Comparison
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Figure 97. Workload Metric Comparison Analysis 6
Mission Time Comparisons:

Mission time metrics are summarized in Table 48 and Figure 98. Mission time metrics were not
very sensitive to the manipulation of ECLSS task difficulty (i.e., when the ECLSS task required
more attentive monitoring). Additional monitoring requirements would be periodic, and so the
Modeled Operator may be able to monitor the ECLSS as a secondary task when time was
available with little penalty.

Table 48. Mission Time Comparison Analysis 6

Run No. — Brief Model Mean Max Time Min Mean
Description Time Time MoveTime
01 GCA-Easy ECLSS 23.2818 25.4798 | 20.6335 9.637
11 GCA-Hard ECLSS 24.2836 26.5375 | 21.2004 10.0355
02 JOCAS-Easy ECLSS 24.6516 27.6853 | 21.7983 9.5135
12 JOCAS-Hard ECLSS 25.4815 27.5932 | 23.5905 9.685
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Analysis 6 - Easy vs Hard ECLSS Time Comparison
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Figure 98. Mission Time Comparison Analysis 6
Analysis 7:

Comparison of scenarios in which an M2 is added to the crew, assuming that the Mars mission
crew size has increased by at least one to allow this to occur, and the M2 is able to assist the M1
with EVA robotic arm control and take on extra tasking including the ECLSS monitoring in
GCA and JOCAS modes (runs 13 and 14) with the baseline M1 GCA and JOCAS models (runs
01 and 02).

M1 Mental Workload Comparisons:

The full workload charts, over time, for one representative mission run for each of the added M2
models, with reduced tasking for the M1, are shown in Figures 99 and 100. The associated
workload peaks and concurrent task instances are shown in Tables 49 and 50. In GCA and
JOCAS modes of operation, the M1 robotic arm operator has significant decreases in workload
spikes due to the assistance provided and offloading of tasks, although high workload peaks in
GCA mode occur.
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IV Robo Mental Workload Score Over Time GCA with M2 Help Run 13
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Figure 99. Workload Over Time for GCA with M1 and M2 Run 13

IV Robo Mental Workload Score Over Time JOCAS with M2 Help Run 14
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Figure 100. Workload Over Time for JOCAS with M1 and M2 Run 14
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Table 49. Tasks Concurrently Performed at Peak Workload Values Run 13

Al EEEID UG AET Simultaneous Tasks
Time (Min) Score
GCA LongComm_Speak
3.27 116.83 Monitor positioning data
Twist right stick (vertical robotic arm control)
GCA LongComm_Speak
16.61 113.15 Monitor robotic arm camera views (manual mode close to end)
Twist right stick (vertical robotic arm control)
Table 50. Tasks Concurrently Performed at Peak Workload Values Run 14
Ti'r\::?lclri\n) W:;I;Irc;ad Simultaneous Tasks
JOCAS ShortComm_Speak
10.23 72.54 Monitor positioning data (J)
Push button on left stick to change robotic arm speed
JOCAS ShortComm_Listen
10.21 64.30 Monitor positioning data (J)
Push button on left stick to change robotic arm speed

As shown in workload metric data Table 51, and Figure 101, the addition of the M2 greatly
reduces time-average workload, percent time spent in overload, and peak workload experienced
by the M1 operator in the GCA and JOCAS modes. In the JOCAS mode, the M1 experiences a
very brief period of overload that is not far above the threshold of 60.

Table 51. Workload Metric Comparison Analysis 7

Run No. — Brief Model | Time-Avg :_?::?: Peak
Description Workload Workload
Overload

13 GCA-M1 and M2 39.74 29.65 116.83
02 JOCAS-M1 Only 27.05 8.32 102.16
14 JOCAS-M1 and M2 21.8 0.13 72.54
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Figure 101. Workload Metric Comparison Analysis 7

Mission Time Comparisons:

Mission time metrics are summarized in Table 52 and Figure 102. Mission times were also
impacted positively (reduced mission times), in GCA and JOCAS missions, by having an extra
crewmember capable of being an M2. Part of this reduction was due to coordination time being
reduced during pre-movement tasking, and part was due to the M2 handling an issue that
occurred (was scripted during every model run) to adjust the ECLSS system.

Table 52. Mission Time Comparison Analysis 7

Run No. - Brief Model Mean | Max Time Min Mean
Description Time Time MoveTime
01 GCA-M1 Only 23.28 25.48 20.63 9.64
13 GCA-M1 and M2 18.62 19.58 17.79 9.47
02 JOCAS-M1 Only 24.65 27.69 21.80 9.51
14 JOCAS-M1 and M2 19.18 20.49 17.90 9.60
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Analysis 7 - M1 vs M1/M2 Time Comparison
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Figure 102. Mission Time Comparison Analysis 7
Analysis 8:

IMPRINT provides an analyst with the capability to run a model with workload management
strategies employed. These strategies will not allow an operator to go over a threshold (usually
60), and the operator will delay tasks or drop them depending upon how they are queued up and
timing of task assignments. This analysis compares the baseline GCA run (run 01) with a run
with workload management strategies implements (run 15).

M1 Mental Workload Comparisons:

The full workload chart, over time, for one representative mission run for the GCA with
workload management strategies implemented is shown in Figure 103. There are no workload
peaks above the 60 threshold shown on this chart because the IMPRINT workload management
strategy employed did not allow workload peaks to occur.
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IV Robo Mental Workload Score Over Time GCA with Workload Management Run 15
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Figure 103. Workload Over Time for GCA with Workload Management Run 15
Per its intention, the model ran with workload management strategies employed and reduced

time in overload to zero, reduced peak workload to below 60, and reduced the time-averaged
workload significantly, as shown in Table 53 and Figure 104.

Table 53. Workload Metric Comparison Analysis 8

Run No. — Brief Model Time-Avg Percent Time in Peak Workload
Description Workload Overload

15 GCA with Wkld Mgmt 29.69 0.00 59.72
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Analysis 8 - GCA Workload Management Strategies Workload Comparison
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Figure 104. Workload Metric Comparison Analysis 8
Mission Time Comparisons:

Mission time metrics are summarized in Table 54 and Figure 105. Mission times were increased
due to the workload management strategies being employed because some tasks would be
delayed until a window of low workload opportunity arose for them to be performed. Most of the
mission time increases occurred during robotic arm movement, where most overload conditions
occurred in the baseline model without workload management strategies employed.

The assessment team expected a greater increase in mission times due to task rescheduling.
Further analysis revealed that many tasks were also dropped because they were in a queue and
did not get performed as often. These tasks included communication tasks. On average, with
workload management strategies employed, the M1 robotic arm operator was engaged with
communications approximately 4.55 minutes per run. Without workload management strategies
employed they were engaged in communications an average of 7.83 minutes per run. This is a
reduction in communications of 42%.

Table 54. Mission Time Comparison Analysis 8

Run No. — Brief Model Mean Max Min Mean Move
Description Time Time Time Time

01 Baseline GCA 23.28 25.48 20.63 9.64

15 GCA with Wkid Mgmt 25.91 28.40 22.38 11.88
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Figure 105. Mission Time Comparison Analysis 8

Independent Evaluation

The trade space evaluation framework provides open-ended questions to assess the adequacy of
crewing configurations. This effort assessed two main independent variables of concern with
respect to reformulations of these questions to be more tailored to the scope of this effort and to
permit scale responses. Five scenarios were considered, those corresponding to runs 01, 02, 13,
14 (Table 23) and a future concept that was not modeled. The future concept was described as
one in which the EVA crewmember on the robotic arm has intuitive controls for the robotic arm
and cameras, and where an M1 monitors the operation while also monitoring three other
unrelated systems. This last case was posited by a SME from Canadarm as a possible future
capability.

Investigators presented the survey to a crewmember who was trained to perform as M1/M2. The
crewmember was encouraged to express commentary on the questions themselves and how they
apply to the four scenarios; and at the conclusion of the survey, asked to comment in general on
crewing (M1 versus M1 and M2), crew coordination, control modes (GCA, JOCAS) with respect
to robotic assisted EVA operations. Finally, the crewmember was asked if they had any other
thoughts to share. Results were provided to the crewmember for audit and to certify no changes
were necessary upon reflection. None were indicated.

The trade space evaluation framework includes the major categories of: Operational Impact,
Human Performance, Team Coordination, Cognitive Requirements, Organizational Constraints,
Cost, and Technology Capabilities. As stated in the earlier section presenting the Trade Space
Framework, we are omitting the concern of costs for these early assessments. Figure 106 shows
the average scores across the five conditions.
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Crew Configuration Adequacy

Run01: GCA/M1 Run13:GCA/M1M2 Run02:JOCAS/M1  Run14:JOCAS/M1M2 EVA-Op

Figure 106. Crewing Configuration Tradespace Analysis (Scale: 1 low -6 high)

As only one respondent’s data is provided, these results are presented only as a demonstration of
this parallel approach for assessing crewing configuration adequacy. This respondent’s data
revealed a recognition of the value an M2 provides not only to GCA operations, but also JOCAS
operations — as was found in model results. However, this averaged subjective data did not reveal
the modeled findings that show the ease of (hominal) JOCAS operations over GCA operations.
Closer inspection of the question specifically addressing workload does reveal this
correspondence (Figure 107). Workload for the GCA/M1 condition (run 01) exceeded that of the
JOCAS/M1 condition (run 02), and GCA/M1 and M2 condition (run 13) exceeded the
JOCAS/M1 and M2 condition (run 14).

Workload

Figure 107. Subjective Workload Ratings (Scale: 1 low -5 high)
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The condition in which the M1 monitors the robotic arm assisted EVA while the EVA
crewmember is the principal controller shows some benefit in overall crew configuration
adequacy. Commentary suggested that if this technology is reliable, M1 could more effectively
monitor/address other systems which would be an advantage with a small IV crew size; and
EVA crew often have better situation awareness of proximity to structure and so might derive
benefit from direct control of the robotic arm under nominal conditions. Interestingly though, the
respondent indicated that the M1’s workload in this situation may be higher for this case than for
the ideal current operation (JOCAS with an assisting M2). Commentary suggested that even if
the EVA crewmember is directly controlling the robotic arm, I\V’s concern for that crewmember
would be a paramount and workload would be associated with ensuring rapid and successful
intervention if necessary.

This investigation of a future concept shows value in conducting this form of evaluation even
earlier in assessments as findings may provide useful information for model development. For
example, were this future EVA crewmember-guided robotic arm control be modeled, initial SME
interviews would specifically address the monitoring and communicating frequency and
workload associated to alleviate concerns about the EVA crewmember during operations, and
the impact on available resources to conduct other tasking. The IV crewmember operating the
external cameras can have a better view than the EVA crewmember. This analysis also points out
the need to assess the workload for all participants in the operation — here, the EVA crewmember
becomes particularly important to consider. While the respondent here suggested the advantage
of first-person viewing while operating the robotic arm, another crewmember (Crew Comment
Database Inquiry, 2023) suggested that the EVA crewmember on the robotic arm may not be
able to appropriately localize elements outside because of parallax-induced visual distortions,
e.g., what might seem parallel to their body may not be. Understanding workload associated with
gaining appropriate situation awareness for all participants is necessary.

Discussion
Methodological Considerations

Observational data, SME interviews and reviews, and system descriptions, training data and
understanding of crew interfaces and automation characteristics inform model development.
Observation of related operations and SME inputs are essential to appropriately characterize
mental workload of constituent tasks, and to assess model outputs and provide iterative guidance
to refine models. This effort was fortunate to have anticipated the iterative need for these data
sources and ensured access to direct mission observation and excellent SMEs. While the data
collected for this effort are based on these representative data, the number of data sources were
few and therefore results are potentially biased to individual differences. Future modeling efforts
will necessitate the early, and iterative access to SMEs, operational data and observational
opportunities and would benefit from a broader sampling of perspectives. Observational data was
collected from watching real-time flight following of a robotic arm assisted EVA and reviewing
such operations in CODA and coding the audio loops associated with the mission. While these
audio loops provide a textured source of data, content can be noisy and difficult to attribute to
speakers’ roles. Some data that would have been useful for the robotic arm assisted model were
not available (i.e., video of the mission’s M1 and M2 during robotic arm assisted EVA). This
data would have permitted a better characterization of fluidity in roles, internal communication
workload, and any errors and uncertainty mitigated by cross-checks. This effort used
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IMPRINT/S-Print’s characterization of human/automation interaction (including response to
automation failures), fatigue and workload management features.

The robotic arm movement models constructed during the development of S-Print for NASA’s
HRP [ref. 45] was based on data collected during part-task simulation trials. It did not include
some tasks associated with the EVA/robotic arm control mission (monitoring, communications),
include more realistic movement times and segmented travel, or include procedural context of
manual as GCA-to-Published and automated as JOCAS operations. These modifications resulted
in higher fidelity models and demonstrated higher mental workload for the modeled robotic arm
controller and longer scenario execution times. This reveals a common experience of human
performance modelers; that as models develop, often unappreciated task demands are revealed,
and the model predictions of task difficulty generally increase with model granularity. Often this
is because tasks that are not explicitly defined, “implicit tasks,” become evident, including
monitoring the amount of time a procedural step might nominally take. One crewmember noted,
when looking at the procedure note indicating "Expect 90 seconds," this crewmember recalled
thinking "How are we going to track this? What if it takes more than 90 seconds?"(Crew
Comment Database Inquiry, 2023). Consequently, this crew practiced the procedure execution to
the point of knowing how to use timers to meet its intent. This is an example of the importance
of the implicit tasking associated with of timekeeping. Modeled operator mental workload can
also decrease with development, as staffing levels, automation capabilities, crew rest and tasking
schedules are known and are increasingly supportive.

IMPRINT/S-Print also permits characterization of tasks in terms of likelihood of performance
errors. The effort described here did not model human performance errors for this task because
our data corpus did not reveal these. Access to more observational data, perhaps including analog
and training data with the time to fully analyze these would enable such an analysis.
Additionally, future developments may benefit from consideration of errors and additional
dependent measures to fully characterize the impact of automation design trades. Other metrics
that might be useful include situation awareness and perceived risk. Current measures were
assessed by SMEs but not formally analyzed for correspondence with perceived workload when
immersed in the operational environment and tasking. For these, and the workload constructs
used in the current model, it is also necessary to define correspondence between model levels
and operationally relevant levels (e.g., what difference in performance execution times between
two crew configurations is operationally meaningful?)

While IMPRINT/S-Print does offer several approaches to modeling fatigue as a performance
shaping factor, and various methods of strategic workload management, the effort here included
only a single demonstration of each. Further, there are other aspects of the ambient and
constructed environment that SMEs indicated would likely mediate M1 performance. Examples
of such characteristics include visibility levels/camera views and lighting conditions and robotic
arm configuration/stability as they affect robotic arm control speed and mental workload; and the
robotic workstation interface characteristics and usability.

As ConOps evolve to better specify training and crew roles, the characteristics of relevant
technology, and performance quality requirements, models should be updated and should include
data obtained from relevant human-in-the-loop and analog studies.
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Model Execution Observations

All model runs in which an M1 manually operates the robotic arm alone demonstrate excessive
workload peaks, and higher percentages of time in overload conditions and time-averaged
workload for the course of the scenario. Adding an M2 to assist lowers M1’s workload
somewhat, but it is not significantly alleviated. While M1/M2 SMEs interviewed said that
training prepares crew to operate as an M1 without assistance from an M2, it is not preferred, is
significantly more stressful and slower, and creates a greater potential for risk. A comment from
an early Expedition in the Crew Comments Database noted that it was difficult to manage the
robotic arm, performing as the M1, and manage the rest of the vehicle. ““(It seemed that the) 1V
crew must be at three places at once. This is especially challenging when a system failure
occurs.”

F-8. IMPRINT/S-PRINT modeling results predict that two crew (i.e., an M1 and an M2)
will be necessary to mitigate unacceptably high workload of an M1 operating the
robotic arm manually (GCA).

F-9. IMPRINT/S-PRINT modeling results predict that an M1 using automated (JOCAS)
operations without M2 assistance to control the arm will experience high workload
given the task complexity and technology characteristics.

JOCAS controlled runs show workload reduced for M1 (all other factors held constant). Still, all
runs wherein M1 operates the robotic arm alone using JOCAS show peak workloads over
threshold and high time-averaged workload — albeit significantly lower time in overload, unless
attending to the more engaging ECLSS task. Only when the M1 is assisted by an M2 operator
does their peak workload fall below threshold. When so assisted, M1’s time-averaged workload
and mean execution time is the least of all JOCAS-controlled conditions and they have
essentially no significant amount of time in an overloaded state.

When failures occur in automated control (JOCAS) when M1 works alone, this operator’s
workload is demonstrably higher than in unfailed conditions, and all of these are over threshold.
When failures occur, nominally reversion to manual operations takes place and there is a tax to
the execution time of subsequent tasks, as operators shift contexts to the interrupting recovery
tasks. If we consider the automation to perform these recovery tasks, and therefore impose no
time penalty, execution time for the run is shortened and M1’s time-averaged workload for
failure runs is minimized.

Increasing the salience of failure alerts, and ensuring operators are appropriately tuned to
anticipate such failures act to reduce workload. This underscores the importance of
communicative, transparent technology and ensuring crew have appropriately calibrated trust for
the technology they must use.

F-10. IMPRINT/S-PRINT modeling results predict that increasing the salience of failure
alerts and ensuring operators have appropriately calibrated trust in automation reduces
workload when automated robotic arm control automation fails.
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Model execution also permitted consideration of the benefits of crew rest and workload-
protective scheduling practices. When robotic arm operations are particularly challenging (e.g.,
when conducting manual operations, fatigued M1 experienced higher workload peaks, time-
averaged workload, and percent time in workload, and took longer to perform all the required
tasks).

F-11. IMPRINT/S-PRINT modeling results predict that sleep debt increases the M1’s
workload measures and lengthens performance times.

IMPRINT/S-PRINT permits modeling various workload management strategies. This effort
exercised one in which the modeled operator (M1) could manage their workload to never
experience high workload (over threshold). Doing this results in differing tasks, some of which
are ultimately shed entirely, and extending total execution time. Depending on the tasks shed,
this could have significant mission-level impact. For instance, monitoring and communication
tasks support crew Situation Awareness (SA) and failure to execute these can result in
misunderstandings of system modes, and disconnects among crewmembers. Ensuring peak
workload remains below threshold, trades with extending total execution time.

Analyses of model results provide insight into the Crew Size appropriate for a Mars transit
vehicle robotic am assisted EVA when unassisted by Earth MCC, and the forms of technology
that are supportive of this operation. Based on current assumptions and data, M1 operating the
robotic arm alone benefits from robotic arm technology that does not require manual controls,
has salient indicators for failures, and for which they have an accurate mental model for expected
reliability. Having an M2 protects against unacceptable workload when a failure occurs, when
manual control is necessary and when the M1 operator is fatigued.

7.2.3.5 Conclusions

Robotic arm capabilities and characteristics modeled here were based on existing ISS SSRMS
modes to contrast manual and automated control, and with notional variants characterizing
operator reliance on automation, alert salience, and the capability for automated recovery actions
when automated control failed. While this model does not purport to replicate any particular
future Moon-to-Mars robotic arm operational scenario, the context in which the modeled
scenario occurs is consistent with that envisioned in the HRP HSIA Evidence report, and the
operational context described in the Moon-to-Mars Architectural Definition workshop [ref 11].

Future models of this task should consider expanding upon the scope of tasks that IV
crewmembers perform in support of robotic arm assisted EVA operations. These include the
cognitively demanding tasks associated with trajectory planning and diagnostics currently
performed by ground support; further considering the impact of lighting and robotic arm physical
stability as constraints on robotic arm movement; and consider implementing design details of
future robotic arm, camera and clearance prediction/alerting technologies as they are developed
for the Moon-to-Mars missions. Finally, results from the Independent Evaluation highlight the
need to model the experiences of all crewmembers involved in an operation to fully understand
workload impacts of a crew configuration.

This HARI modeling effort demonstrates that crew size (M1 alone, M1 with M2), control mode
(manual/GCA versus automated/JOCAS), sleep debt and workload management strategy impact
the modeled operator’s workload and in some cases execution times. Further, automation failures
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highlight the benefit of the alerting for the modeled operator (M1) workload and the negative
consequences of over-trusting automation when failures do occur. As such, the IMPRINT/S-
PRINT modeling approach exemplifies an appropriate approach to consider operator workload
and performance time impacts with respect to crew number, technology and human/machine
interface capabilities, and operator performance factors (fatigue and workload management
strategies). Results from this modeling approach, demonstrating the impact of technology
capabilities and characteristics (e.g., form and level of automation, alert salience, trustedness) on
operator workload and ultimately crew size, also inform what technologies are invested in to
meet mission requirements and other ConOps decisions (e.g., crew roles and task allocations,
crew rest scheduling).

7.2.4 Mars Transit Crew Model

MARS TRANSIT OPERATIONS SCENARIO

On the transit to Mars, the crew is engaged in meaningful work that includes tasks performed
by ISS crew on earlier LEO missions and additional tasks that had been performed real-time
by flight controllers during the ISS Program. While time-delayed MCC support is assumed to
be continually available, the shift in tasking from the ground to the crew was necessary given
the long communication delay between Earth and Mars and the need for certain tasks to be
performed real-time. The crew schedule allows the Mars crew time to perform all their duties
and accommodates schedule changes in the event of a medical condition experienced by one
crewmember without overloading the remaining crewmembers. The ability of the crew to
complete all assigned duties during the transit to Mars was considered in the development of
the Mars Transit Crew model.

7.2.4.1 Purpose and Scope

The other IMPRINT human performance models associated with this assessment focused on
specific systems and scenarios of interest, procedures, and tasks performed by Mars
crewmembers, and the detailed mental workload experienced by crewmembers associated with
those scenarios. Those models were built utilizing the IMPRINT Operations model. The Mars
Transit Crew model utilized the IMPRINT Force model to perform a higher-level analysis
associated with crew utilization and manpower requirements given the impact of unplanned, or
different anticipated tasking, on a crew’s ability to perform work during a 9-month Mars transit
mission.

7.2.4.2 Methods and Procedures

To build a Mars Transit Crew model, the assessment team worked with a flight director and a
payloads operations director to develop a list of Mars mission assumptions of the types of tasks
that likely would remain with MCC and those tasks that would likely shift to the crew (e.g.,
MCC is prime for nominal commanding, crew is prime for commanding that requires real-time
verification). Based on this set of assumptions, the team conducted structured interviews of flight
controllers to document tasks for each vehicle system or operation that would likely be shifted
from MCC to the Mars crew.

Planned tasks shifted to the crew included daily health and status check on IT equipment, safing
for maintenance tasks (e.g., powering down equipment prior to performing maintenance), tasks
associated with daily operations, and training to ensure the crew would be able to retain Mars
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lead qualifications throughout their mission (see Section 7.2.5). While the assessment team
recognizes some of these tasks may be candidates to automate, the team chose to include all
tasks currently performed by humans and not currently anticipated to be automated in this initial
build of the Mars Transit Crew model.

Unplanned tasks included vehicle maintenance, medical events, responding to vehicle system
emergency, warning, caution, and advisory events, and responding to a major incident or
unforeseen failure. The assessment team gathered relevant source data for each category of
unplanned tasks and analyzed the data sets with applicable and adequate statistical methods and
techniques to predict the rate of the event occurrences during a 9-month transit to Mars and the
effect on crewmembers’ work time associated for each occurrence of an event. Given the
uncertainties in the source data, the assessment team considered IMPRINT results with average
values of all task categories and results with 75% confidence of all categories to represent a
conservative bound on the average, and then 95% confidence of all categories to represent an
upper bound of all of the estimates.

The assessment team built two predictive models of Mars transit scenarios, using Mars-unique
planned and unplanned tasks occurring at the average and 75% confidence levels. The two Mars-
unique models were used to conduct a comparative analysis of IMPRINT Force model results
with a model of tasks performed on the ISS.

Crew Schedules

At the base of the IMPRINT Mars Transit Crew model were the anticipated regular schedules
that each crewmember was assigned listing planned activities with durations. Using the MAT
generated Composition of the Nominal Work Week (Mars Surface) (Figure 108), the assessment
team built a Composition of the Nominal Work Week (Mars Transit) (Figure 109).
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Composition of the Nominal Work Week (Mars Surface)
Per S5P 5026102, Rev. D-S5CD 16104, 155 Generic Groundrules ond Constroints, Port 2: Execute Plonning, |
. ) Template C: Template D:
Tem::lhe A Ll‘il'ork Tem:;alte B: T;.I'nrk kend | Rest kend / Rest
fype Yrpe sel1 sol2
Mo, of days per 7-sol Week 4 1 1 1

Available Work Hours 6:30 6:30 1:00*
Daily Planning Conference [DPC) 0:30-0:50 0:30-0:50 MNSA 0:15-0:25
Maorning Prep-Work** 0:20-0:30 0:20-0:30 MNJA MA
Evening Prep-Work ** *** 0:50-1:00 0:30 MNSA 0:50-1:00
Midday Meal 1:00 1:00 1:00 1:00
Exercise 2:30 2:30 2:30 2:30
Sleep B8:30 8:30 8:30 B8:30
Post-Sleep 1:30 1:30 1:30 1:30
Pre-Sleep 2:00 2:00 2:00 2:00
Housekeeping M/A N/A 3:00 M/A
Weekly Planning Conference

M NSA 0:40 M
(Wirc)
Private Medical Conference

0:15 N/SA NSA NfA
pn / / /
Private Family Conference [PFC) MA N/A MNJA 0:15

* May be split between both Weekend/Rest Sals
** May be reduced to asccommodate activities that do not count against the
crew's available work hours
*** My be reduced from 1:00 to 0:30 if the following sol is a Weekend/Rest Sol

Figure 108. MAT Composition of the Nominal Work Week (Mars Surface)
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Composition of the Nominal Work Week (Mars Transit)
Per SSP 50261-02, Rev. D-S5CD 16104, ISS Generic Groundrules and Constraints, Part 2: Execute Planning, Table 3.1.5-1,
Template A: Work Template C: Template D:
Template A: Work | Template B: Work
Mon.-Wed. w/o i Weekend f Rest | Weekend / Rest
Thurs. w/PMC Fri.
PMC Sat. Sun.
No. of days per 7-day Week
Available Work Hours* 6:30 6:30 6:30 1:00* N/A
Daily Planning Conference (DPC) 0:30-0:50 0:30-0:50 0:30-0:50 N/A 0:15-0:25
Morning Prep-Work** 0:20-0:30 0:20-0:30 0:20-0:30 N/A N/A
0:45)0:50 -
Evening Prep-Work ** *** 0:50-1:00 ( 1.)00 0:30 N/A 0:50-1:00
Midday Meal 1:00 1:00 1:00 1:00 1:00
Exercise 2:30 2:30 2:30 2:30 2:30
Sleep 8:30 8:30 8:30 8:30 8:30
Post-Sleep 1:30 1:30 1:30 1:30 1:30
Pre-Sleep 2:00 2:00 2:00 2:00 2:00
Housekeeping N/A N/A N/A 3:00 N/A
Weekly Planning Conference
N/A N/A N/A 0:30 N/A
P / / / /
Private Medical Conf
riva edical Conference N/A 0:15 N/A N/A N/A
(PMC)
Private Family Conference (PFC) N/A N/A N/A N/A 0:15
FD/CREW-CONF**** 0:30
Off Duty 4:00 7:00

* May be split between both Sat. and Sun. Transit hasis on Sat.
** May be reduced to accommodate activities that do not count against the
crew's available work hours
*#* May be reduced from 1:00 to 0:30 if the following day is a Weekend
**** GGRC has 20 min. Fri. FD/CREW-CONF and has a 30 min. Sat WPC. Transit has each for 30 min. (0.50 hrs).

Figure 109. NESC Composition of the Nominal Work Week (Mars Transit)

The Composition of the Nominal Work Week is not a schedule but a listing of crew-assigned
tasks and associated task durations. To model in IMPRINT, the assessment team built 7-day
repeating schedules that contained all planned activities associated with the Mars transit scenario
for a four-person crew. Figure 110 shows 1 day of the 7-day repeating schedules.
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Crew 1 Crew 2 (IT) Crew 3 Crew 4
12 AM\
1AM
1AM
I Sleep Sleep Sleep Sleep
3aM|  6hr 6 hr. 6 hr. 6 hr.
4 AM|
5 AM|
6 AV Postsleep Postsleep Postsleep Postsleep
1.5 hr. 1.5 hr. 1.5 hr. 1.5 hr.
7 AM|
DPC DPC DPC DPC
8 AM| morn PFW morn PFW morn PFW
. Ops Lan Work
Exercise 10h
9 AM| 2.5 hr .Ohr
Work Hours Work Hours
10 AM| 1.0 hr Work Hours
35hr
morn PFW 4.0 hr.
A Work Hours Exercise
1.5 hr. 2.5 hr
12 PM| Midday Meal
Midday Meal 1hr Midday Meal
1PM Lhr Midday Meal | Work Hours 1hr
I PMC .25 hr 1hr 1hr.
2pm| Work Hours
E i 2.25 hr.
3pM| (start 1:45 ;e;"sre f
pm, ends 6:45 | Work Hours :
4 PM| pm) 4.50 hr even. PFW .75 hr
Work Hours PMC .25 hr Eart 4345 pin)
5 PM| 5.0 hr (start 4:45 pm) it ; i
Exercise
Work Hours
2.5 hr(end 7:15
6 PMm| PMC .25 hr @ 6:30 1.75 br Ho9)
even. PFW @ even. PFW @ even. PFW @
7 PM| 6:45pm 0.75 hr. | 6:45pm 0.75 hr. | 6:45pm 0.75hr. | PMC .25 hr
8 PMI Presleep Presleep Presleep Presleep
2 hr 2hr 2 hr 2 hr
9 PM|
10 PM
Sleep Sleep Sleep Sleep
11 PM 25hr 25hr 2.5hr 2.5 hr

Figure 110. Thursday Schedule for Four Crew

These 7-day repeating schedules contained all planned activities associated with the Mars transit
scenario and were largely based on similar ISS missions. Examples of planned activities included
sleep, work hours, exercise, and housekeeping. Each of the four crewmembers was placed on a
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7-day repeating schedule, each one unique as partially necessitated by the decision to stagger
exercise times.

An IMPRINT model executed with the regular schedules and planned events, and no
modifications to the schedule associated with the Mars transit scenario, or unplanned events
associated with ISS and/or the Mars scenario, was considered to be “Perfect ISS World
Baseline” for the purposes of the Mars transit analyses. An example snippet of a regular schedule
for one crewmember for Day 5 (Day 5 starts with four full days elapsed, denoted in the time
format 4 00:00 in the table) and Day 6 (Friday and Saturday, the schedule starts on Monday) is
shown in Figure 111.

Crewl15chedule  Crew2Schedule Crew3Schedule Crew4Schedule
Activity Start Time | End Time | Total Activity Time
Sleep 4 00:00 4 06:00 06:00
Postsleep 4 06:00 40730 01:30
OPC 40730 4 08:00 00:30
Exercise 4 03:00 4 10:30 02:30
Morning PFW 410:30 4 11:00 00:30
Wark Hours 411:00 412:30 01:30
Midday Meal 412:30 41330 01:00
‘Wark Hours 41330 4 18:30 05:00
Evening PFW 41830 4 19:00 00:30
FD Crew Conference 41900 41930 00:30
Preslesp 41%:30 42130 02:00
Sleep 421:30 5 00:00 02:30
Sleep 5 00:00 5 0600 06:00
Postsleep 5 06:00 50730 01:30
WPC 50730 5 08:00 00:30
Exercise b 05:00 5 10:30 02:30
House Keeping 510:30 512:30 02:00
Midday Meal £12:30 51330 01:00
House Keeping 513:30 514:30 01:00
Wark Hours 514:30 5 1500 00:30
Safing 515:00 515:30 00:30
Off Duty 515:30 519:30 04:00
Presleep 51330 52130 02:00
Sleep 52130 6 00:00 02:30

Figure 111. Example Snippet of a Regular Mars Transit Crew Schedule

Other inputs to the Mars Transit Crew model included adjustments to crewmember schedules
associated with work they would need to perform during a Mars transit due to delayed
communication with the MCC, and anticipated unplanned events that could occur based on ISS
historical data. Some of these unplanned events were also applicable to the Perfect World ISS
Baseline. These were used to create an adjusted baseline model for comparative purposes, an ISS
scenario model with anticipated unplanned events that impact the crew, or the “Adjusted ISS
Scenario.”

The addition of Mars scenario-specific tasking and unplanned events that would need to be
addressed by the in-transit crew, as opposed to the ground in the 1SS mission environment,
allowed for the exploration of the impacts on these events on a Mars crew’s ability to perform
work during the transit scenario. Data input into the model was either adjusted planned schedules
(e.g., one crewmember was assigned to perform Operations Local Area Network (Ops LAN) IT
work in their regular schedule in place of normal work hours) or unplanned events in IMPRINT.
Post-processing was performed for other tasking (e.g., dealing with anticipated maintenance
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events and task management). The rest of this section details how data was derived, and how it
was input into the IMPRINT Force model.

Model Data

For the Mars Transit Crew model, several data sets are considered for IMPRINT Force modeling
to predict Mars mission planned and unplanned crew task performance impacts. The data sets
considered are:

e Integrated Medical Model (IMM) Data
o Crew medical conditions and illness frequency and crewmember time-off due to
illness (see Section 7.2.4.2.1).
e Emergency, Caution, and Warning (ECW) Data
o Vehicle system ECW events that need crew’s attention and actions (see
Section 7.2.4.2.2).
e Advisory Data
o Vehicle system advisories that need crew’s attention and possible actions (see
Section 7.2.4.2.3).
e Vehicle Maintenance Data
o Scheduled and unscheduled vehicle maintenance tasks (see Section 7.2.4.2.4).
e Major Incident/Unforeseen Event Data
o Major vehicle incident and unforeseen events (see Section 7.2.4.2.5).
e MCC Task Data
o MCC real-time tasks shifted to the crew given the communication delay for missions
to Mars (see Section 7.2.4.2.6). Task shifting due to a communication blackout was
not considered in the analysis of this model.

The basic approach for the first five data set categories was to gather relevant and applicable
source data for each category, analyze the data set with applicable and adequate statistical
methods and techniques to predict the rate of the event occurrences during 9 months of Mars
transit and the affected crewmembers’ time off or tasking time for each event occurrence. The
frequency and crew time-off data were put into time buckets which are a set of discrete time-off
intervals (e.g., 0 to 8 hours, 8 to 48 hours for the medical event attribute, etc.). Time buckets
were established with some analytical rationales respectively for each attribute data set. The
rationale of using time buckets was to simplify the analysis as an initial effort of the Mars Transit
Crew model.

With the nature of the original data sets built for each data category, it is possible to refine the
analysis with a continuous scale of time-off for producing full probabilistic results. However, as
the current approach is not probabilistic, the event frequency and time-off are predicted at
average (~50%), 75%, and 95% confidence levels for each attribute to cover data and modeling
uncertainty. The system uncertainty analysis result was obtained through aggregating individual
attribute uncertainty by running IMPRINT Force model with attributes at average and 75%
confidence levels. IMPRINT results with 95% confidence level of all attributes represents
approximately the worst case of the combined effect of all attributes. This was considered by
SMEs to be unrealistic, so while these calculations are shown, the results were not included in
the findings in this report.
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With the detailed uncertainty analysis results and associated probabilistic distributions available,
an IMPRINT Force model refinement is possible that takes individual results with probabilistic
distributions as input to Force model and run system level probabilistic analysis to derive system
50%, 75%, and 95% confidence level values for event frequencies and affected crew time-off.
By considering the individual attributes, rather than where all attributes at each confidence level
were combined, including the 95% confidence level for may prove useful.

For the IMPRINT model, individualized models were created for the Perfect ISS World Baseline
scenario, without any unplanned events or Mars mission changes, for each unplanned activity
individually at the different potential occurrence levels, and for combined Mars transit scenarios
with each unplanned event forecasted and distributed to occur within their different buckets. All
these models were created within one IMPRINT “Analysis”, which is one IMPRINT file and a
collection of models. This approach allowed the assessment team to copy parts of modeled
scenarios (e.g., different levels of anticipated unplanned events) into other scenarios. The
analysis tree showing different IMPRINT Force models developed is shown in Figure 112. The
top Force model shown, with the tree expanded, is the Perfect ISS World Baseline model without
additional tasking or unplanned events. The bottom three Force models shown are fully
assembled models with unplanned events identified.

Analysis Tree 1 X
S Mars TransitModel_SMonthUpdatedSked AlCombos'v12Long InjuryHigherPriorty MxBuckets Added
+H Warfighters

—-pf Force Models
—v 01MTVWeeklyScheduleUpdatedBaseline Mo Unplanned
: & Activities
- E-fB Planned
P & Unplanned

Jobs
: Crew 1

ﬁCrewz

Crew 3

..... 5@ Crew 4

- fgh 02MTVupdatedSkeds_IMMavg
+-fgh 03MTVupdatedSkeds_IMM75pctie

- fgh 04MTVupdatedSkeds_IMM35pctile

- fgF D5MTVupdatedSkeds_CWavg

+ &; 06MTVupdated Skeds_CW 75pctile

+$ 07MTVupdated Skeds_CW35pctile

+ &5‘ 08MTVupdated Skeds_lnforeseenEvents_avg

+ #‘ 09MTVupdated Skeds_UnforeseenEvents_75pctile
+ v 10MTVupdated Skeds_UnforeseenEvents_S5pctile
- fgh 1TMTVupdatedSkeds_MxData_avg

+ &‘ 12MTVupdated Skeds_MxData_75pctile

+ v 13IMTVupdated Skeds_MxData_S5pctie

+ a 14MTVupdated Skeds_MxDataPlus25pct_avg

+ v 21MTVupdated Skeds_allEvents_avg

+$ 22MTVupdated Skeds_allEvents_T75pctile

+$ 23MTVupdatedSkeds_allEvents_95pctile

Figure 112. IMPRINT Analysis Tree Showing Different Force Models

Unplanned events were scripted to occur according to the data collected and analyzed per the
following subsections. For events that were predicted to occur more than once, they were made
to be repeating with intervals calculated so they would occur the correct number of times during
the 9-month scenario. A master spreadsheet of unplanned events assisted the assessment team in
ensuring events were ‘peanut buttered’ or spread throughout the scenario without significant
overlap so individual crewmembers would not be overburdened. Figure 113 shows examples of
interfaces used in IMPRINT to script unplanned events.
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Figure 113. IMPRINT Unplanned Event Interfaces

Job roles were used to ensure different crewmembers responded to different events. In the
example shown, all four crewmembers were requested (i.e., the “Desired” column in the “Job
Roles” table in Figure 113) to respond to an emergency event. However, for this particular event,
fewer crewmembers were “Required” to respond to the event, which allowed the response to
happen if a crewmember was incapacitated due to a major injury. The other fields shown in the
figure are the start time for the first occurrence of the event (i.e., 7 days, 12 hours into the
scenario), the duration of the event (i.e., 2 hours with a normal distribution), and the repeat
interval of the event (i.e., 120 days, or three occurrences in the 270-day scenario). For some
events, the “Cancel” field was used to ensure they took place after a certain amount of time if a
higher priority event made crewmembers not available to respond at the scheduled time (e.g., the
planned activity of sleep was made to be a higher priority than responding to advisories). As
some advisories could occur while the entire crew was sleeping, a cancel time was added to
those events so they would be handled when a crewmember was available.

The Assumptions and Model Limitations subsection of this report (Section 7.2.4.3) contains
details on how events were scheduled and how task post processing was performed. The Results
and Discussion subsection (Section 7.2.4.4) contains details on comparative analyses performed
with different unplanned events and Mars mission-specific crew tasking considered.

7.2.4.2.1 IMM Data Analysis and Results
7.2.4.2.1.1 IMM Data Sources

Sources of the crew medical event data were provided by the IMM Project Team with the
following files:

1). D-20221216-454 Report, December 20, 2022

2). S-20220624-447, NESC Assessment, August 18, 2022

3) SR_447 Fully _Treated_Condition_Summary_stats.xlsx
The IMM data primarily consist of 100 medical conditions with descriptions, and statistics of
each condition with best case and worse case for event rates derived by IMM team through a set
of Monte Carlo Simulation (MCS) Runs (100,000 runs), minimal, maximal, average, and
standard deviation of crew time off due to the illness. IMM data were provided for the case of a
crew size of four (Crew 4) and the case for a crew size of 12 (Crew 12). Table 55 provides the
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list of the 100 medical conditions, and Table 56 provides the list of the statistics for each of
medical conditions with sample statistics values.

Table 55. 100 Medical Conditions in IMM

— [ ——— Data_Order|Category|Medical Ccondition Description | [Hearing Lpss
Dot Order |Category 1 onTen eereen 38 = |Abdominal Wall Hemia 71 Hemarrhoids
H ;cflzp‘?'a.:'”" Syndrome 39 2 |Abnommal Uterine Bleeding 7 Herpes Zoster Reactivation (shingles)
; = E::tr:u:a F:::sinus Biagk} 40 = |Acute Angle-Closure Glaucoma 73 Hy
= E Boms secondary o Fire a1 8 [Acute Arthrtis ™ Indigestion
pumssecndsyilo e n = r ; .
- § Decompression Sickness Secondary to EVA ‘i i :Eu:: gm_?ﬂ‘!m— L] :"ﬁ"enza n
= - 4 ute Unerticulily 76 nsomnia (space adaptation)
G S [Exch 1B ” = — -
7 E Hﬁdacﬂf;o;;&uml 44 :5”’9 Ea"“ea‘ is 77 Medication Overdose/Adverse Reaction
B Smoke Inhalation 45 AW'E 3“75‘3““5 78 Mouth Ulcer
El Towic Exposure: Ammornia 46 cule Sinusiis 7 Nasal Cong [ ion)
e | sbdaminal injury 47 Allergic Reaction (mild to moderate) 52 I-J:sarotl:;r:;iilm [spate adaptation)
11 Acute Cnm.EartmE.nt Syndrome 48 Anaphylaxis WE': Bleed Sactation]
ﬁ |pokle Spain/Stmin 29 AnginaMyocardial Infarction i [uose bleed (space adapialion)
Back Sprain/Strain 50 Aﬂ!lew 8 Otitis Externa
14 Chest Injury - i
= [Dental: Awision (tooth loss) 51 |Appendicitis L Otitis Media
16 [Elbow Dislocation 52 Atrial Fibrillation/Atrial Flutter 84 Pharyngtis
;l; Elbulw_SD!air;f;miﬂ 53 Back Pain (space ad ) 85 Respiratory Infection
e Irritation/Abracion = - " 9 ”
= [Eve Penetration Goreignbody) —— —* T E T B Roted Daachmen
b « |FingsrDislocstion - |C?;dé$gemc Shock Secondary to Myocardial 87 [SEI.ZL!IES
2 = |[Fingernail D ination 5 dary to EWA EECRIOn 23 epsis
= E Head Inuny 56 (Choking/Obstructed Airway 89 Shan Infection
23 E_f [Hip Sprin/Strain 57 Constipation (space adaptation) %0 |Sk|n Rash
2 & [HipProximalFemurFracturs 58 [Dental: Exposed Pulp :
5 E nee Sprain/Strain ) Dental Caries 9; gleeﬁ gusorclieor: —
26 = [Lower Extr.emlgz Stress Fracture 50 Dental’ Abscess 35 mall Dowel S nc -..nl .
7 [Lumbar Spine Fracture 93 Space Motion Sickness (space
8 =ck Sprain/Strain 61 Dental: Crown Loss Ispa
|Meck Sprain/Strain 94 Stroke (Cerebrovascular Accident)
29 [Neurogenic Shock 62 Dental: Filling Loss =
30 ias Secondaryto EVA 63 Depression a5 Sudden Cardiac Anes_t
31 Shoulder Dislocation_ 54 Diarthea % % |Uninary Incontinence (space adaption)
i; % 55 Eye Comeal Ulcer 97 £ |Uninary Retention (space adaptation)
in Abrasion g = [Unnary Tract Infection
31 Skin L i 2] Eye Infection 98 = nnary Trac n
35 Traumatic Hypovolemic Shock 67 Gas 39 E \Vaginal Yeast Infaction
36 Wrist Fracture Wrist 68 Headache (Late) T [Visual Impasment and Increased
7 Sprain/Strain ) Headache (space adaptation) 100 = lintracranial Pressure (VIP) (space adaptation)
Table 56. IMM Event Statistics List with Sample Data Values*
Scenario | Events |Events_Mean_trial| Event_Minimum | Event_Maximum |[Event_SD|TXQTL_Mean_trial| Minimum_TXQTL| Maximum_TXQTL| TXQTL_SD
0 36 0.00036 0 1 0.0190 13.2288 1.5063 23.9585 5.3820
1 12 0.00012 0 1 0.0110 2766.3399 257.6265 5852.7661 2040.1925
0 98 0.00098 0 1 0.0313 159.4366 2.0567 516.5625 119.1092
1 14 0.00014 0 1 0.0118 3459.0742 10.9270 6176.5806 2202.9082
0 7438 0.07438 0 4 0.2729 15.6408 0.1588 31.8920 6.3078
1 176 0.00176 0 2 0.0422 289.5031 7.5903 860.1307 200.9336
0 15 0.00015 0 1 0.0122 1665.3057 1.7338 5571.8837 1991.4857
] 1 5 0.00005 0 1 0.0071 3586.3611 130.4813 5776.9732 2434.1991
*SD — Standard Deviation

TXQTL — Quality Time Loss (hours)
7.2.4.2.1.2 IMM Data Analysis Assumptions
The following assumptions with justification are made in IMM data statistical analysis.

IMM data consist of crew medical condition fully treated and untreated data. For this

analysis, only fully treated data were used which assumes needed medicines, medical devices
and equipment are available. In reality, Mars vehicles may not store all needed medicines and
equipment. This is considered as a future effort for a refined analysis which considers the
tradeoff between needed medical materials and the likelihood of crew illness.

Any crewmembers’ illness was assumed not contagious. This assumption was made because

the IMM data does not contain this information. In case the IMM data are revised to include
this data, this analysis can be updated.

Other crew’s help time is not counted when one crewmember is sick. Similar to the

justification of the prior assumption, the IMM data does not contain this information, and this
analysis can be updated once IMM data provides that information.

Some lines in IMM data sheets which have value zero for event occurrence rate or TXTQL

(total time loss) are removed for analysis since these lines will not add value to the analysis.
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7.2.4.2.1.3 IMM Data Statistical Modeling Approach

The IMM data analysis takes the basic approach of creating medical event buckets with
probabilities definitions (i.e., average and confidence estimates). This approach builds the IMM
data elements for future potential model extensibility, which can evolve from current
deterministic, semi-probabilistic results to full probabilistic and stochastic data to support
dynamic scenario analysis and provide probabilistic distributions as outputs. The detailed steps

are:

1) Time bucket creation, which involves the following sub-steps:
1.1 Define a set of candidate buckets with pre-defined boundaries.
1.2 Run the analysis to observe number of medical events shown in the candidate buckets.
1.3 Down-select a set of final buckets which requires each bucket has minimal expected
medical events > 2.

As a starting point, three options of candidate buckets were selected with the following

definitions:

Option 1 (Op1l): 3 buckets: [0,8 hr], (8, 48 hr], (>48 hr)
Option 2 (Op2): 3 buckets: [0,4 hr], (4, 72 hr], (>72 hr)
Option 3 (Op3): 4 buckets: [0,4 hr], (4, 72 hr], (72, 168 hr], (>168 hr).

Note that as a mathematical convention a square bracket means the interval end point is
included in the interval, and a round bracket means the interval end point is excluded in the

interval.

Analyzing the IMM data led to the bucketing results in Figure 114. As this figure indicates,
Option 2 was selected as the final IMM data bucket set for follow-on IMM data analysis with

three buckets: [0, 4hr], (5,72 hr], (>72 hr).

Bucket Definitions

Total Med.
Events

Not selected
[{Sample size too small

in some Bucket(s))

Selected

Opl [0,8hrs] (8, 48hrs] (>48hrs) Pl
Number of Medical 75 1 4 80
Events

Op2. [0,4hrs] (4, 72hrs] (>72hrs) P
Number of Medical 60 16 4 80
Events

Op3 [0,4hrs] (4, 72hrs] (72, 168hrs] | (»168hrs)

-]

Not selected
[ (Sample size too small

Number of Medical
Events

60

16

1

3

80

in some Bucket(s))

*Open or close bracket indicates the interval end point is included in the interval.
Open or close parenthesis indicates the interval end point is excluded in the interval.

— steps, modeling equations and formulas.

Figure 114. IMM Data Bucket Analysis Result
2) Medical Event Rate and Crew Time Loss (TXTQL) Generation for Crew 4 and Crew 12 data

For event occurrence rates, a Poisson Distribution was determined to be adequate to represent the
number of occurrences or rate per mission. This is justified by the ratio of variance over Mean
close to 1 (Poisson has ratio=1), shown in Figures 115 and 116.
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Figure 115, Justification of Using Poisson Distribution for Medical Event Rate (Crew 4 data)
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Figure 116. Justification of Using Poisson Distribution for Medical Event Rate (Crew 12 data)

The following specific formulas were used to generate Medical Event Rate and Crew Time Loss

distributions:
te = TXQTL x Event

where the occurrence rate is the total quality time loss for that medical event during one mission.

TXQTL and Event Occurrence are considered to be two independent, uncorrelated variables. te
is subject to Log-normal distribution, justified by distribution fitting from MCS with sample size

N=169 for Crew 4 (Figure 117) and 174 for Crew 12 (Figure 118).
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Figure 117. Log-Normal Fitting for Crew 4 Total Quality Time Loss
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Figure 118. Log-Normal Fitting for Crew 12 Total Quality Time Loss

te for each medical event is sub-divided into the three medical event buckets: [0, 4] hr, (4, 72 hr],
(>72 hr) as tey, te2, tez. A Monte Carlo Simulation is performed to generate the total of TXQTL
(trotal) across all medical events:

trotal = Y105 ¢ for Crew 4 data
trotal = Yaog £ for Crew 12 data
The sum of TXQTL for each of the TXQTL buckets are:

— V1 — VN2 — N3
tBucket1 = Zi:l e, Bucketz = Zi:l IE , 1Bucket3 = 2i=1 lE

where N1+ N2+ N3 = N = 169 for Crew 4 and = 174 for Crew 12, with N1 = Number of medical
events in Bucketl: [0, 4 hr], N2 = Number of medical events in Bucket2: (4, 72 hr], and N3 =
Number of medical events in Bucket3: [>72 hr] respectively. These values (tgucket1, tBucket2,
teucket3) represent the estimate as average (mean) estimates.

The estimates at the 75% confidence level for teuckett, tBucket2, tBuckets (NAMelY, tBucketr_75%,
tBucket2_75%, tBucket3_75%), and estimates at the 95% confidence level for taucket1, tBucket2, tBucket3
(namely, taucket1_95%, tBucket2_95%, tBucket3_95%) Were generated that provide variability and
uncertainty information. The approach for generating 75% and 95% confidence estimates was:
1). Varying the MCS generated average estimate titar to MCS generated 75%tile and 95%tile of
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the total (namely, tiota_75% , and tiotal_95%); 2). Proportionally changing teuckett , tBucketz and taucket3
to match trotal_7s% and trotal_ose Using the formula:

tiotal_75% = C X (tBucketl + tBucket2 + tBucket3)

After solving for C from the above equation, teucketr_75% = C X tBuckett, tBucketz_75% = C X tBucket2,
and tguckets_75% = C X tBucket3. Bucket1_95%, tBucket2_95%, and teuckets_95% Were generated in similar
fashion. This approach was chosen given that the assessment team did not have individual time
bucket Monte Carlo data and using pro-ratio provides a good approximation of individual time
bucket’s confidence estimate.

3) Approach to generate Crew 5 to 11 time bucket data.

For IMPRINT Force modeling with IMM time bucket data, the Crew 5 to 11 data may be
needed that can support a vehicle crew size tradeoff study. However, the IMM data tables
only have Crew 4 and 12 data. Examination of the IMM Crew 4 and 12 data indicates that
the event rate is a linear function of the crew size, which makes an interpretation from
Crew 4 and 12 medical event rates to Crew 5 to 11 data tables feasible and convenient.
However, individual crewmember’s medical event time loss is largely independent of crew
size as indicated by the IMM data.

In summary, the approach for generating Crew 5 to 11 IMM time buckets was to take linear
interpretation between the Crew 4 and 12 for the mean and variance event rates, and crew quality
time loss mean and variance values, and conduct MCS to generate the Crew 5 to 11 medical
event time bucket data with the analysis results shown in the next section.

7.2.4.2.1.4 IMM Data Analysis Results (as input to IMPRINT Force Model)

Tables 57 to 65 present the IMM data analysis results with individual timing bucket definition,
number of expected medical events, and expected crew quality hour time loss in each bucket.
The tables for Crew 4 and 12 were used as inputs to IMPRINT Force model for analyzing Mars
transit planned and unplanned crew task performance impact. The Crew 5 to 11 tables were
developed for this assessment. However, the assessment team evaluated crew sizes greater than
four in post-processing rather than by building IMPRINT models for larger crew sizes.
Therefore, the Crew 5 to 11 tables were not used in this assessment but are provided for future
modelers.

Table 57. IMM Medical Event Bucket Result for Crew 4

Result for Event# for Event# for Event# for TXQTL 572 hrs
IMPRINT Crew 4 TXQTL in TXQTL in Total
(Top 4 Values)
Model (0, 4 hrs] (4,72 hrs] T™XQTL

2 bins+4 pts #Hevents 60 16 4
Average Case |Ave.TXQTL hrs 1.82 6.87 867.53 | 267.91 |137.60| 78.69 1570.56
2 bins+4 pts Hevents 62 17 4
75%tile Case |Ave.TXQTL hrs 1.85 7.17 1020.33 | 360.36 |207.53 | 136.50 1961.57
2 bins+4 pts #Hevents 74 23 4
95%tile Case |Ave.TXQTL hrs 2.00 8.27 1881.45 | 881.33 ‘ 601.58| 462.29 4165.11
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Table 58. IMM Medical Event Bucket Result for Crew 5

Result for Event# for | Event# for Event# for Event# for TXQTL >72 hrs
IMPRINT Crew5 TXQTLin | TXQTLin | TXQTL>72 hrs Top 4 Values Total
Model (0, 4 hrs] (4,72 hrs] | (without Top 4) TXQTL
3 bins+4 pts #events 76 20 1 4
Average Case | Ave.TXQTL hrs 1.79 6.87 31.65 1040.67 | 337.23 | 182.09 | 110.01 | 1975.29
3 bins+4 pts #events 78 21 2 4
75%tile Case | Ave.TXQTL hrs 1.85 7.29 40.06 1320.24 | 504.81 | 308.00 | 213.56 |2723.96
3 bins+4 pts #events 91 28 5 4
95%tile Case | Ave.TXQTL hrs 2.02 8.24 64.06 2236.00 ‘ 1053.74 ‘ 720.47 ‘ 552.74 | 5297.41
Table 59. IMM Medical Event Bucket Result for Crew 6
Result for Eventt for Eventi#t for Eventi# for Event#t for TXQTL >72 hrs
IMPRINT Crew 6 TXQTLin TXQTLin | TXQTL>72 hrs Top 4 Values Total
Model (0, 4 hrs] (4,72 hrs]  |(without Top 4) TXQTL
3 bins+4 pts #events 90 24 2 4
Average Case |Ave. TXQTL hrs| 1.82 6.87 43.80 1191.27 | 401.10 | 224.55 | 141.02 2373.79
3 bins+4 pts t#tevents 94 26 3 4
75%tile Case |[Ave.TXQTL hrs 1.84 7.08 51.91 1487.95 | 577.81 | 356.73 | 249.31 3184.87
3 bins+4 pts #events 107 33 6 4
95%tile Case |Ave.TXQTLhrs|  2.04 8.19 77.08 2459.77 [ 1156.64 | 789.68 | 604.04 [ 5960.87
Table 60. IMM Medical Event Bucket Result for Crew 7
Result for Crew 7 E‘I\'/)?(;fl'ﬁ_fiﬁr E‘I\'l)((eglﬁ_iir Eveni#;;o;;XQTL Event# for TXQTL >72 hrs Total
IMPRINT Model Top 4 Val TXQTL
oae (0,4hrs] | (4,72 hrs] | (without Top 4) op & Values a
3 bins+4 pts #events 106 28 3 4
Average Case | Ave.TXQTL hrs 1.80 6.88 51.40 1335.15 | 464.78 | 266.63 171.75 | 2775.48
3 bins+4 pts #events 109 30 4 4
75%tile Case Ave.TXQTL hrs 1.86 7.17 60.98 1645.18 | 648.40 | 403.42 283.47 | 3642.10
3 bins+4 pts #events 124 37 8 4
95%tile Case | Ave.TXQTLhrs | 2.04 8.36 77.08 2660.76 | 1249.89] 851.53 | 649.42 [6590.21
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Table 61. IMM Medical Event Bucket Result for Crew 8

Result f Event# f Event# f Event# f
esutttor ven .or ven ‘or vents for Event# for TXQTL >72 hrs Total
IMPRINT Crew 8 TXQTLin TXQTLin TXQTL >72 hrs
. Top 4 Values TXQTL
Model (0, 4 hrs] (4,72 hrs] (without Top
3 bins+4 pts ftevents 121 32 4 4
Average Case | Ave.TXQTL hrs 1.80 6.88 56.75 1454.38 | 524.66 | 305.37 201.58 | 3150.77
3 bins+4 pts ftevents 125 34 5 4
75%tile Case | Ave.TXQTL hrs 1.85 7.24 67.86 1774.34 | 713.33 | 445.49 315.72 | 4066.14
3 bins+4 pts ftevents 140 42 9 4
95%tile Case | Ave.TXQTL hrs 2.05 8.27 86.29 2822.44 |1331.35‘ 904.48 | 689.62 | 7158.58

Table 62. IMM Medical Event Bucket Result for Crew 9

Result for Event# for Event# for Event# for TXQTL Event# for TXQTL 572 hrs Total
IMPRINT Crew 9 TXQTL in TXQTLin >72 hrs Top 4 Values ™>QTL
Model (0, 4 hrs] (4,72 hrs] | (without Top 4) P
3 bins+4 pts ttevents 136 36 5 4
Average Case| Ave.TXQTL hrs 1.80 6.86 61.81 1581.45 | 582.32 | 345.26 231.38 | 3541.13
3 bins+4 pts ttevents 140 38 6 4
75%tile Case | Ave.TXQTL hrs 1.86 7.28 74.00 1909.93 | 775.28 | 488.19 | 347.56 | 4502.66
3 bins+4 pts t#events 157 47 10 4
95%tile Case| Ave.TXQTL hrs 2.05 8.19 93.84 2985.90 |1407.37| 956.39 | 728.15 | 7722.44

Table 63. IMM Medical Event Bucket Result for Crew 10

Result for Eventt# for | Event# for |Event# for TXQTL
Event# for TXQTL >72 hrs
IMPRINT Crew 10 TXQTLin TXQTL in >72 hrs v Too 4 V(:Iues Total
Model (0,4 hrs] | (4,72 hrs] | (without Top 4) P TXQTL

3 bins+4 pts fevents 151 40 6 4
Average Case | Ave.TXQTL hrs 1.80 6.88 66.29 1710.16| 640.53 | 384.44 | 261.18 3941.38
3 bins+4 pts Hevents 156 43 7 4
75%tile Case | Ave.TXQTL hrs 1.86 7.16 79.38 2052.11| 840.76 | 532.42 381.25 4960.73
3 bins+4 pts H#events 173 51 11
95%tile Case | Ave.TXQTL hrs 2.06 8.29 101.07 3172.23| 1496.65 | 1017.14| 774.56 8351.21

Table 64. IMM Medical Event Bucket Result for Crew 11

Result for Event# for Event# for Eventi for Event# for TXQTL >72 hrs Total
IMPRINT Crew 11 TXQTL in(0, TXQTLin TXQTL >72 hrs Top 4 Values T®QTL
Model 4 hrs] (4,72 hrs] (without Top 4)
3 bins+4 pts #events 166 44 7 4
Average Case| Ave.TXQTL hrs 1.80 6.87 70.52 1833.39 703.44 425.53 291.58 4348.77
3 bins+4 pts tevents 171 47 8 4
75%tile Case| Ave.TXQTL hrs 1.87 7.20 84.44 2185.65 909.12 | 577.24 414.48 5419.76
3 bins+4 pts tevents 189 56 13 4
95%tile Case| Ave.TXQTL hrs 2.06 8.21 99.25 3339.54 | 1582.87 | 1074.17 817.05 8952.62

NESC Document #: NESC-RP-20-01525 Page #: 204 of 292



Table 65. IMM Medical Event Bucket Result for Crew 12

Result for Event# for Event# i:'or Event# for TXQTL Event# for TXQTL 572 hrs Total
IMPRINT Crew 12 TXQTLin TXQTLin >72 hrs
i Top 4 Values TXQTL
Model (0, 4 hrs] (4,72 hrs] (without Top 4)
3 bins+4 pts fevents 181 48 8 4
Average Case | Ave.TXQTL hrs 1.80 6.86 73.49 1950.16 | 759.99 | 462.76 319.61 4736.07
3 bins+4 pts #events 187 51 9 4
75%tile Case | Ave.TXQTL hrs 1.87 7.22 88.06 2312.87| 971.25 | 618.30 445 .44 5857.69
3 bins+4 pts #events 205 60 14 4
95%tile Case Ave.TXQTL hrs 2.07 8.26 104.48 3500.98 | 1663.24 | 1127.78 | 857.60 9531.73

7.2.4.2.2 ECW Data Analysis and Results
7.2.4.2.2.1 ECW Data Source

Mars transit ECW data sources are from the ISS historical experience. The ISS original ECW

data are stored in an Access database which consists of 10 data fields with more than
250,000 lines of records across the period of January 2005 to June 2023.

The 10 data fields include: Operational Data Reduction Complex (ODRC) time, Log Time,
Event Code, Message Text, System, Classification, Event Stat, Annunciation State,

Acknowledge State, and Log Entry Type. Figure 119 shows a snippet of the ECW data sheet.

4 D

E

G

| J

L

ODRC Time -

Log Time

- [Event Code | - [Message Text

- [system

- [Classification |~ [Event_State| - |Annunciation State| - |Acknowledge State

- [Log_Entry_Type

2005_012:16:23:10.000

2005_012:16:23:08.000

5100

Loss of Active IAC Handover to Backup IAC

CNT

1A Suppress

No Ack

Event

1
4
5
6 |2005_012:16:23:11.000
7
8

©

11

2005_012:16:23:09.000 9412|CC MDM Transition to Primary-LAB CDX C 1A Enable No Ack Event

2005_012:16:23:11.000 |2005_012:16:23:10.000 9414 |Primary CC MDM Detected Loss of Sync with CC 1 MDM - LAB CDH C 1A Suppress No Ack Event
2005_012:16:23:13.000 |2005_012:16:23:11.000 757|BGA 4B Observed vs Last C State Discrepancy-P6 EPS C 1A Suppress No Ack Event
2005_012:16:23:13.000 |2005_012:16:23:11.000 4224|ETCS Loop B GPRV Control Sequence Failed -P1 TCS C 1A Suppress No Ack Event

10 2005_012:16:23:15.097 |2005_012:16:23:14.000 758|BGA 2B Observed vs Last Commanded State Discrepancy-P6 EPS C 1A Suppress No Ack Event
12 2005_012:16:23:21.000 |2005_012:16:23:20.000 9414 |Primary CC MDM Detected Loss of Sync with CC 1 MDM - LAB CDH C RTN Suppress No Ack Event
13 2005_012:16:23:36.000 |2005_012:16:23:35.000 9415 | Primary CC MDM Detected Loss of Sync with CC 2 MDM - LAB CDH C 1A Suppress No Ack Event
5 2005_012:16:24:00.000 9415|Primary CC MDM Detected Loss of Sync with CC2 MDM - LAB CDH £ RTN Suppress No Ack Event

] 2005_012:16:24:09.000 5100|Loss of Active IAC Handover to Backup IAC CNT C RTN Suppress No Ack Event

16 2005_012:16:25:43.097 |2005_012:16:25:41.000 757|BGA 4B Observed vs Last C State Discrepancy-P6 EPS C RTN Suppress No Ack Event

For Mars transit vehicle ECW data, NASA ISS historical data were used to predict Mars transit
similar scenarios. It is understood that though ISS data may not be totally applicable with the

Figure 119. ISS ECW Data Sheet
7.2.4.2.2.2 ECW Data Analysis Assumptions

design, vehicle operation, and crew task differences between 1SS and Mars vehicles and
missions, ISS data are the best available data source. The analysis framework and modeling
approaches established in this analysis should be adopted and tailored for future updated and
refined analyses with Mars vehicle design, operation, and crew task information.

ECW occurrences are treated as independent, but it is understood these events may not be
independent. A sensitivity analysis indicates the overlap of ECW events from ISS data is a small
percentage of total occurrences (<20%).

ECW data lines with Event State “IA” (in alarm) and Annunciation State “Enable” were used for

predicting ECW rate during the 9-month Mars Mission period. The filtered data with these two

filters provide relevant ECW data counts.
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All caution events that occurred on the same day are assumed to be dependent on each other with
the same or related cause(s), therefore they are counted as one caution event on that day. Similar
assumptions are made for warning events and emergency events. These assumptions lead to the
situation that for any day of the Mars transit, one (or warning, or emergency) can occur or no
caution (or warning or emergency) will occur.

On the dates that have caution(s), two Mars crewmembers will spend 45 minutes each to handle
these events, where the crew time on the event was based on SME interviews. Similarly, on the
dates that have warning(s), two crewmembers will spend 45 minutes each to handle these events.

On the dates that have emergency event(s), all crewmembers will be involved to deal with the
events with each member spending 120 minutes.

7.2.4.2.2.3 ECW Data Statistical Analysis Approach

The original ECW data sheet was screened with the filters: Event Type “IA” (in alarm) and
Annunciation State “Enable”. This leads to Caution data sheet with 3269 rows, Warning data
sheet with 1032 rows, and Emergency data sheet 73 rows. With the approach that for any day, it
had at least one Caution (or Warning, or Emergency), or no Caution (or no Warning, or no
Emergency). Figures 120, 121, 122 show the trend of caution, warning and emergency
occurrences from 2005 to 2023.

ISS # of Days that have at least 1 Caution
(with IA and Enable)

60 Ave. 31 days/year

50 ° °o © (Y2006(to Y2022)
40 ° ®
30 ? ° 3 'y ® e
° °
20 ® L i o °
10 Y2023 only

0 5 months @
2005 2007 2009 2011 2013 2015 2017 2019 2021 2023

Year from (Y2005 to Y2023)

Number of Days of IA&Enable

Figure 120. Number of Days that ISS had at least One Caution Event
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ISS # of Days that have at least 1 Warnings

= (with 1A and Enable)
©
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Year from (Y2005 to Y2023)

Figure 121. Number of Days that ISS had at least one Warning Event

ISS # of Days that have at least 1 Emergencies

o .
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Figure 122 Number of Days that 1SS had at least one Emergency Event

The average and standard deviation of each data set were calculated for the yearly occurrence
rate for Caution, Warning, and Emergency, respectively, with the data from 2006 to 2022 since
the 2005 and 2023 years had partial data. Since the sample size was too small for obtaining
distribution fitting, the average, 75% and 95% confidence estimates of yearly rates were
computed with Normal distribution, a Log-normal distribution and a non-parametric distribution.
The biggest of the three predicted rates is taken as the final occurrence rate. The reason for
selecting these three distributions is: 1) a Normal distribution is symmetric on both tails, but may
not be conservative on the right tail, 2) the Log-normal distribution is skewed to the right tail and
should be more conservative on the right tail than a Normal distribution, and 3) a non-parametric
distribution is not dependent on the distribution choice, but the sample size for this application is
not sufficient to predict 95% value. By selecting the biggest of the three, 75% and 95%
confidence estimates can be reasonably estimated. The final predicted occurrence rates for
Caution, Warning and Emergency are then converted to 9 months from one year by the factor of
9/12=0.75. The next section shows the final results.
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7.2.4.2.2.4 ECW Data Analysis Results (as inputs to IMPRINT Model)

Table 66 presents the ECW Analysis results with ECW occurrence rates and crew time needed to
deal with the events.

Table 66. ECW Rates and Crew Time Off*

Number of Days during 9 month
Mars Mission that have >=1 )
R i Crew Times
Cautions, or Warnings, or
Emergencies
# Crew Time (minutes)
Ave . - s
A 75%tile 95%tile Members for each involved
(~50%tile) .

involved crew

Caution 24 30 38 2 45

Warning 15 18 22 2 45
Emergency 3 4 6 All 120

*For crew time off data, IMPRINT model adds a percentage to account for additional modeling uncertainty.

The interpretation of Table 66 is as follows. Using caution events as an example, on the average,
there are 24 days that have caution events during the 9-month Mars transit. Each of these events
will cause two crewmembers to each spend 45 minutes to deal with the caution event; 75% and
95% confidence level estimates of days that have caution events are 30 days and 38 days,
respectively. The rows showing warning and emergency data are interpreted similarly. These
data were input into the IMPRINT Force model. Based on SME inputs, the assessment team only
presented results for the average and 75% confidence level.

7.2.4.2.3 Advisory Data Analysis and Result
7.2.4.2.3.1 Advisory Data Source

Mars transit vehicle advisory data source is from ISS historical experience, though maintained in
separate database from the emergency, caution, and warning data. The ISS vehicle advisory data
are stored in an Access database which consists of 10 data fields with a total more than

430,000 lines of records across the period of January 2005 to June 2023.

The 10 data fields include: ODRC time, Log Time, Event Code, Message Text, System,
Classification, Event Stat, Annunciation State, Acknowledge State, and Log Entry Type.
Figure 123 shows a snippet of the advisory data.

A € D E F G H | J K L
1 |DDRCTime | Log Time ~ | Event Code | ~ | Message Text ~ | System | - | Classification ~ | Event_State - iation State - | Acknowledge State ~ | Log_Entry_Type
2 |2005_201:00:00:03.597  2005_200:23:26:1( 4177 RPCM S02B_D Observed vs EPS A RTN Enable No Ack Unknown

3 |2005_201:00:17:03.597  2005_201:00:16:5" 5520 Primary PMCU MDM Detec CDH A 1A Enable No Ack Event

4 12005_201:00:17:23.597  2005_201:00:17:2: 5520 Primary PMCU MDM Detec CDH A RTN Enable No Ack Event

5 |2005_201:08:30:43.597  2005_201:08:26:5" 5520 Primary PMCU MDM Detec CDH A 1A Enable No Ack Command

6 |2005_201:08:30:43.597  2005_201:08:27:2" 5520 Primary PMCU MDM Detec CDH A RTN Enable No Ack Command

7 |2005_201:08:30:43.597  2005_201:08:30:1" 5520 Primary PMCU MDM Detec CDH A 1A Enable No Ack Command

8 |2005_201:08:30:43.597  2005_201:08:30:4" 5520 Primary PMCU MDM Detec CDH A RTN Enable No Ack Command

9 |2005_201:08:56:03.597  2005_201:08:56:0" 6725 Lab LTL PPA HR Flow Sensc TCS A 1A Enable No Ack Event

10 [2005_201:08:56:43.597  2005_201:08:56:3¢ 6725 Lab LTL PPA HR Flow Sensc TCS A RTN Enable No Ack Event
11]2005_201:10:06:53.597  2005_201:10:06:5: 5520 Primary PMCU MDM Detec CDH A 1A Enable No Ack Event

Figure 123. ISS Vehicle Advisory Data Sheet
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7.2.4.2.3.2 Advisory Data Analysis Assumptions

For Mars transit vehicle advisory, NASA ISS historical data were used to predict Mars transit
similar scenarios. It is understood that ISS vehicle advisory data may not be totally applicable
with the design, vehicle operation, and crew task differences between 1SS and Mars vehicles and
missions, but ISS data are the best available data source. Besides, the analysis framework and
modeling approaches established in this project should be adopted and tailored for future updated
or refined analyses with Mars vehicle design, operation, and crew task information.

Advisory data lines with Event State “IA” and Annunciation State “Enable” were used for
predicting Mars Vehicle advisory rate during the 9-month Mars transit period.

All advisory events occurred on the same day within the same system and assumed to be
dependent on each other with the same or related cause(s), therefore they are counted as one
advisory event on that day for that system. Advisory events that occurred across different vehicle
systems on the same day are assumed to be independent of each other. Consequently, all
advisory records are grouped into six vehicle systems for occurrence rate analysis independently.
These six systems are Command and Data Handling System (CDS), Communication and
Tracking System (CNT), ECLSS, Electrical Power System (EPS), Motion Control System
(MCS), and Thermal Control System (TCS). There are other systems listed in the ISS historical
data (e.g., the Crew Health Care (CHC) and Structures and Mechanisms (SNM)), which are
ignored for Mars transit analysis since the advisory counts during the entire ISS operation for
these systems were negligible.

The above two assumptions lead to the situation that for any day of the Mars transit, either one
advisory for each system can occur or no advisory will occur for that system. On the dates that
have advisories occurring on a system, one crewmember will be involved and will spend

15 minutes to deal with the issue, as opposed to 45 minutes for cautions and warnings. The crew
time on the event was based on SME interviews, and this time estimate can be refined for future
models to consider the uniqueness of each subsystem.

7.2.4.2.3.3 Advisory Data Advisory Data Statistical Analysis Approach

The ISS Advisory data sheet was screened with the filters: Event Type “IA” and Annunciation
State “Enable”. This leads to screened down advisory sheet with 208,566 lines of records. With
the approach that for any day for any of the six systems, it had at least one advisory event or no
advisory. Figures 124 to 129 show the trends of advisory data for each of the six systems
respectively across the years 2005 to 2023.
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Figure 124. Number of Days that ISS had at least 1 Advisory for CDS
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CNT: ISS # of Days that have at least 1 Advisories
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Figure 125. Number of Days that ISS had at least 1 Advisory for CNT

ECL: ISS # of Days that have at least 1 Advisories
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Figure 126. Number of Days that ISS had at least 1 Advisory for ECL
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EPS: ISS # of Days that have at least 1 Advisories
(with IA and Enable)
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Figure 127. Number of Days that ISS had at least 1 Advisory for EPS
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Figure 128. Number of Days that ISS had at least 1 Advisory for MCS
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Figure 129. Number of Days that ISS had at least One Advisory for TCS

The average and standard deviation of each data set for each of the six systems were calculated
for the yearly occurrence rate for advisory events with the data from 2006 to 2022 since years
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2005 and 2023 had partial year data. The sample size is too small for distribution fitting, so the
average 75% and 95% confidence estimates of yearly rates were computed with the Normal
Distribution, Log-normal distribution, and Non-parameter methods. The largest of the three
predicted rates is taken as the final occurrence rate. The reasons for selecting these three
distributions are: Normal is symmetric on both tails but may not be conservative on the right tail;
the Log-normal is skewed to the right tail and is more conservative on the right tail than Normal:
and the Non-parameter method is not dependent on the distribution choice, but the sample size is
not sufficient to predict 95% value. By selecting the largest of the three, 75% and 95%
confidence estimates can be reasonably estimated. The final predicted occurrence rates for
advisory events are converted to 9 months from 1 year by the factor 0.75. The next section shows
the final results.

7.2.4.2.3.4 Advisory Data Analysis Results (as inputs to IMPRINT Model)

Table 67 presents the advisory data analysis result with advisory occurrence rates for each of the
six systems and crew time needed to deal with the events.

Table 67. Vehicle Advisory Event Rates for Each System and Crew Time Off *

Number of Days during 9 month Mars

Mission that have >=1 Advisories Crew Times
Ave . . # Crew Members Time (n".nnutes)
. 75%tile 95%tile . for each involved
(~50%tile) involved
crew for that system

CDS 89 109 184 1 15
CNT 63 79 143 1 15
ECL 121 152 178 1 15
EPS 201 228 269 1 15
MCS 190 222 255 1 15
TCS 83 98 132 1 15

*For crew time off data, IMPRINT model adds a percentage to account for additional modeling uncertainty.

The interpretation of the Table 67 is as follows. Using CDS system as an example, on the
average, there are 89 days during 9 months of Mars mission that will have CDS advisory events.
Each of these days will cause one crewmember an estimated 15 minutes to deal with the CDS
advisory event. 75% and 95% confidence level estimates of days that have CDS advisory events
are 109 days and 184 days, respectively. The results of the other five system rows are interpreted
similarly. These data were input into the IMPRINT Force model.

7.2.4.2.4 Vehicle Maintenance Data Analysis and Results
7.2.4.2.4.1 Vehicle Maintenance Data Source

Mars transit vehicle maintenance data sources were provided by NASA LaRC’s Space Mission
Analysis team via the file: Supportability Maintenance Crew Time Demand, Presentation,
November 21, 2022. This team developed an Exploration Crew Time Model (ECTM), which
determines the residual time available for crew to perform science and utilization activities given
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assumptions on crew time for maintenance [ref. 73]. For their model, the team derived a
corrective maintenance event rate for orbital replacement unit (ORU) failure rates and
engineering estimates of individual ORU remove and replace (R&R) hours or non-R&R hours
(e.g., troubleshooting, cleaning or calibration) using ISS historical data. The LaRC team used a
bucket approach for their data shown in Table 68. The data were further analyzed by the
assessment team to derive Mars Transit vehicle maintenance event rate and crew time with
average 75% confidence and 95% confidence level estimates to support Mars Transit Crew
modeling. The table shows the projected Mars 270-day mission vehicle corrected maintenance
rate and crew time in each maintenance time bucket. The time buckets ([0, 1.5 hr], (1.5,3 hr],
(3,5], (5,101, (10,15 hr], and (>15 hr)) were derived to reflect the uniqueness of historical 1SS
maintenance hour bins.

Table 68. Vehicle Corrected Maintenance Rate and Crew Time Involved

Op1 Bucket [0,1.5] (15,3] (3,5] (5,10] (10,15]  (>15)
Avg. Number of Maintenance Events 2.73 6.44 3.32 0.00 1.26 0.66
SD Number of Maintenance Events 1.68 2.72 1.88 0.00 1.15 0.83
Avg. Crew Maintenance Hours Per Event 0.80 2.15 3.74 #N/A 11.21 17.03
SD Crew Maintenance Hours Per Event 0.13 0.22 0.29 #N/A 0.30 0.00
Avg. of Total Crew Maintenance Hours 2.20 13.89 12.03 0.00 14.48 11.26
SD of Total Crew Maintenance Hours 1.37 5.89 6.84 0.00 13.20 14.13
Oop2 Bucket [0, 3] (3, 5] (5,101 (10,15]  (>15)
Avg. Number of Maintenance Events 9.17 3.32 0.00 1.26 0.66
SD Number of Maintenance Events 3.20 1.88 0.00 1.15 0.83
Avg. Crew Maintenance Hours Per Event 1.40 3.74 #N/A 11.21 17.03
SD Crew Maintenance Hours Per Event 0.69 0.29 #N/A 0.30 0.00
Avg. of Total Crew Maintenance Hours 16.09 12.03 0.00 14.48 11.26
SD of Total Crew Maintenance Hours 6.04 6.84 0.00 13.20 14.13
Op3 Bucket [0, 5] (5,10] (10, 15] (>15)
Avg. Number of Maintenance Events 12.49 0.00 1.26 0.66
SD Number of Maintenance Events 3.71 0.00 1.15 0.83
Avg. Crew Maintenance Hours Per Event 1.84 #N/A 11.21 17.03
SD Crew Maintenance Hours Per Event 1.12 #N/A 0.30 0.00
Avg. of Total Crew Maintenance Hours 28.12 0.00 14.48 11.26
SD of Total Crew Maintenance Hours 9.12 0.00 13.20 14.13

7.2.4.2.4.2 Vehicle Maintenance Data Analysis Assumptions

The LaRC team provided historical failure-rate based vehicle maintenance data as the starting
point for the Mars transit scenario vehicle maintenance data analysis. There might be a number
of data pieces that were not analyzed due to data availability or other reasons in the team’s data
and analysis. This data is the best and the most relevant. In addition, the analysis framework and
modeling approaches established in this assessment should be adopted and tailored for future
updated or refined analyses with the team’s update, and Mars vehicle design, operation, and crew
task information.

The LaRC team data were primarily based on the analysis of corrective maintenance rate and
crew hours. The team analysis indicated that the only scheduled maintenance for Mars vehicles
during Mars transit 270-day mission is an advance oxygen generation assembly (OGA) hydrogen
sensor ORU with one-time maintenance on Day 201 with a total of 0.81 crewmember hours
(CM-h). Therefore, scheduled maintenance is not counted in this analysis. Once Mars mission
ConOps is defined with possibly more scheduled maintenance tasks planned, this analysis can be
updated with increased maintenance rates and crew time fed to the IMPRINT Force model.
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7.2.4.2.4.3 Vehicle Maintenance Data Statistical Analysis Approach

Based on Table 68, Option 1 (Op1) data set was used for Mars transit maintenance task
prediction. The reason for selecting Op1 (versus Op2 and Op3) is that Op1 has the most time
buckets. In the future, if a simplified analysis with less time buckets is performed, Op2 and Op3
tables can be used.

Table 68’s total crew time was anchored to the LaRC team’s total maintenance time plot shown
in Figure 130 with 75% confidence level time of 77 hours and 95% confidence level time of
114.1 hours. Individual bucket data (e.g., number of events and crew times) are adjusted
proportionally to make total crew time match Figure 130 75% confidence and 95% confidence

levels values. The resultant final time bucket data table is presented in the next section.
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Figure 130. Cumulative Distribution Function for Total Corrective Maintenance Crew Time
(from Langley’s analysis briefing dated November 21, 2022)

7.2.4.2.4.4 Vehicle Maintenance Data Analysis Results (as inputs to IMPRINT Model)

Table 69 presents Mars 270-day transit mission maintenance task rate and crew time for each
event.

Table 69. Predicted Maintenance Task Rates and Crew Times for Mars 270-day Transit Mission

Maintenance Data (Corrective Maintenance) Bucket Definition
[0, 1.5 hrs.]| (1.5,3] | (3,51 | (10,151 | (»15) | Total

Average Number of events 2.73 6.44 3.32 1.26 0.66 14.41
Case Crew time (hrs.) per event 0.80 2.15 3.74 11.21 17.03 | 53.86
75% confidence Number of events 3.27 7.70 3.97 1.51 0.79 17.23
case Crew time (hrs.) per event 0.96 2.57 4.47 13.41 20.36 | 77.00
95% confidence Number of events 397 9.37 483 1.83 0.96 20.98
case Crew time (hrs.) per event 1.16 3.13 5.44 16.32 2478 |114.10
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7.2.4.2.5 Major Incident/Unforeseen Event Data Analysis and Results
7.2.4.2.5.1 Major Incident/Unforeseen Event Data Source

For the Mars transit scenario, there are nominal, time-critical tasks that the crew will need to
perform without the real-time support of the MCC (e.qg., piloting, EVA operations, certain
robotics operations, and vehicle system commanding that requires real-time responses). Most
critically is the real-time expertise needed to respond to unforeseen failures with potential loss of
crew/loss of mission consequences and short time-to-effect.*?

For the Mars transit unforeseen failure rate analysis, ISS historical data was used. Figure 131
depicts the yearly rate for the ISS Total High Priority IFIs and Vehicle IFIs requiring crew
attention for urgent diagnosis from the year 2001 to 2019. The Vehicle IFls data (red curve) are
used to estimate the Mars transit major incident/unforeseen event rate for the 9-month transit
mission duration.

Current Status
State of Knowledge (New Evidence)

Total High Priority IFls
o 64

Vehicle IFls, Incidents requiring
urgent diagnosis*

18
ATk

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

* Those with potentially high consequence outcomes (e.g, high priority IFl) and significant
uncertainty surrounding their origins. These issues are not known emergencies but have
significant time pressure to identify causality, e.g., so that cascading or common cause
failure modes can be avoided.

Figure 131. ISS Hight Priority IFIs and Vehicle System IFIs
[ref. 38]

12 As noted, the assumption by the HSIA Risk Team is that an unforeseen failure that must be safed within
~24 hours and up to ~72 hours will require the expertise within the Mars crew to respond, given the communication
delay/blackout with Earth.
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7.2.4.2.5.2 Major Incident/Unforeseen Event Data Analysis Assumptions

For the Mars transit major incident/unforeseen event data analysis, ISS historical data were used
to predict Mars transit similar scenarios. It is understood that ISS data may not be totally
applicable with the design, vehicle operation, and operating environment differences between
ISS and Mars vehicles and missions, but ISS data are the best available. In addition, the analysis
framework and modeling approaches established in this assessment should be easily adopted and
tailored for future updated or refined analyses with Mars vehicle design, operation, and unique
operating environment.

Mars transit IFIs rate was held constant during the 9-month mission. Though there were visible
trends in Figure 131 that ISS Total High Priority IFI rate and Vehicle IFI annual rates were
decreasing from 2001 to 2019, the decreasing trend is not consistent. Also, the underlying
reasons of ISS IFIs may not be applicable to the Mars vehicle and operations, and uncertainty
exists for the similarity between 1SS and Mars missions. Therefore, ISS IFI data will be analyzed
to derive average annual IFI rate then confidence estimates will be estimated to cover the
uncertainty.

For each of the unforeseen events, all crewmembers will be required to respond to the event
spending an estimated 2 to 4 days based on SME interviews to work on the issue. This is
significantly longer than the 45 minutes to respond to known caution and warning events, where
known events are those failures that have associated procedures for the crew to execute.

7.2.4.2.5.3 Major Incident/Unforeseen Statistical Analysis Approach

ISS Vehicle IFI data are tabulated in Table 70 year-by-year from 2001 to 2019. Average IFI
rate/year is calculated to be 1.74/year. Mars transient vehicle yearly IFI rate is estimated from the
bigger of Poisson’s and Non-parameter estimate from the ISS data.
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Table 70. ISS Vehicle IFI Rate Per Year (from 2001 to 2019)

Year IFls Vehicle IFls
2001 0 3
2002 10
2003 6
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015
2016
2017
2018
2019
Ave

[EEY
w

NIUVIR|IR[BIN[WIOIOININIW(W|(d (N

JlRr|(r|lolo|lr|lo|lRr|lo|lo|Rr|kR|lw|lw|s[s|lw (v

[y

4

Average IFI rate of 1.74 is taken to be Poisson distribution mean rate, and 75% and 95%
confidence level estimates are estimated per the formula:

IF1 yearly rate with y% confidence = x5, (v%, df)

where y% is the confidence level, df is the degrees of freedom of the x? statistic with df = 2 x
Number of years+2, x3; (v%, df) is the x? distribution percentile with y% probability and
degrees of freedom 2 x Number of years+2.

Table 71 tabulates the IFI yearly rate estimates from Poisson, Non-parameter method, and the
bigger of the two. The last column covers the yearly rate to 9-month transit duration.

Table 71. Mars Transit Mission IFI Rate

Confidence
estimate of IFl Yearly Yearly Larger IFl rate for
rate (Poisson) (non-para) of the two 270 days
Ave (~=50%tile) 1.74 1.74 1.74 1.30
75%tile 1.99 3.00 3.00 2.25
95%tile 2.32 5.00 5.00 3.75

7.2.4.2.5.4 Major Incident/Unforeseen Event Analysis Results (as inputs to IMPRINT
Model)

Table 72 presents the predicted Mars transit major incident/unforeseen event rates for the
9-month transit duration and crew time off result. The interpretation of the Table 72 is as
follows. During the 9-month mission, it is expected to have 1.3 unforeseen IFI events occurring.
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Each occurrence will lead to crewmembers spending 2 to 4 days to deal with each occurrence
therefore, for average estimate of the rate of 1.3 events, it will cause each and every crewmember
2.6 to 5.2 days to work. 75% and 95% confidence level estimates of the unforeseen event rates
are 2.25 and 3.75, respectively, that will cause each and every crewmember 4.5 to 9 days, and
7.5 to 15 days, respectively. These data were input into the IMPRINT Force model.

Table 72. Predicted Mars Transit Mission
Unforeseen Event Rate and Crew Time-off

IFI Rate for Mars Transit Mission Crew Time
Unforeseen Events Estimated from ISS | (5]| crew members)
historical IFls (2-4 days)
Crew Time for
Confidence 270 days for each
estimate of IFI crew member
rate IFl rate for 270 days (rate x (2,4))
Ave (~=50%tile) 1.30 2.6- 5.2 days
75%tile 2.25 4.5 - 9 days
95%tile 3.75 7.5 -15 days

7.2.4.2.6 MCC Task Data Analysis and Results

The final set of data represents those nominal, real-time tasks performed by ISS flight controllers
that will need to be shifted onboard given the communication delay between Earth and Mars.
The model does not address tasking due to communication blackout. Off-nominal events were
addressed in the IMM data, the ECWA data, and the unforeseen failure data. While the
assessment team recognizes that some of these tasks may be candidates to automate in the future,
the team chose to include all tasks currently performed by humans and not anticipated to be
automated in this initial build of the Mars Transit Crew model. If any of these tasks become
automated, then they can be removed from future IMPRINT models.

7.2.4.2.6.1 MCC Task Data Sources

The assessment team worked with a flight director and a payloads operations director to develop
a list of assumptions for Mars missions, assuming continual time-delayed support from the MCC
and the POIC (i.e., enabled by the upgrades described in Section 6.3.1).

Assumptions for Mars:

e MCC is prime for nominal planning (alternately, for crew behavioral health, some
planning to crew).

e MCC is prime for nominal commanding with a communication delay.

e MCC is prime for resource allocation (e.g., power, thermal, bandwidth, data, Oz, N2
vacuum access, etc.).

e MCC is prime for console analytic tools that can be performed with a communication
delay.

e Crew is prime for commanding for tasks requiring real-time or near real-time
verification.

e Crew is prime for tasks with time constraints.
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Crew is prime for go-no-go calls requiring real-time data (e.g., crew lock depress).
Crew is prime for tasks requiring real-time monitoring (e.g., some robotics operations).
Crew is prime for tasks requiring real-time communication (e.g., IV crew).

e Crew is prime for tasks with bandwidth limitations.

e Crew is prime for console analytic tools impacted by the communication delay or

bandwidth limitations.

Additionally, all crewmembers will stay on the same sleep schedule, unless one of the above
conditions requires them to be awake.

The assessment team conducted structure interviews of the flight control team to document MCC
tasks that would likely be shifted to the Mars crew. Each member of the flight control team was
provided a briefing of the assessment along with the assumptions on Mars tasks listed above. The
following flight control disciplines provided task information to the team.

e CRONUS, responsible for the C&DH and the communication and tracking system.

e Station Power Articulation Thermal Analysis (SPARTAN), responsible for the electrical
power system and external thermal control system.

e Integration and Systems Engineer (ISE), responsible for monitoring docked visiting
vehicles.

e Plug-in-plan Utilization Officer (PLUTO), responsible for the Ops LAN and joint Station
LAN.

e Inventory Stowage Officer (1ISO), responsible for inventory and stowage.

e Operations Planner (Ops PLAN), responsible for coordinating planning and for building
the crew’s timeline.

e Visiting Vehicle Officer (VVO), responsible for visiting vehicle trajectories.

e Operations Support Officer for Maintenance (OSO MAINT), responsible for IV
maintenance.

e Operations Support Officer for Mechanisms (OSO MECH), responsible for vehicle
mechanisms (including docking mechanisms).

e BME, a biomedical engineer responsible for crew health countermeasures.

e Surgeon, responsible for crew medical health.

ETHQOS, responsible for the environmental control and life support systems and for internal
thermal control, and Attitude Determination and Control Officer (ADCQO), responsible for
attitude determination and motion control, were not able to support. The assessment team did not
include EVA or robotics operations in the model because it is unknown whether EVA or robotics
operations would occur on the transit and, if they did, they would be included within work hours.

The tasks identified included daily health and status check on IT equipment (i.e., Ops LAN
work), safing for maintenance tasks (e.g., powering down equipment prior to performing
maintenance), and tasks associated with daily operations (e.g., adjusting daily schedules®® and
configuring software applications). Additionally, the assessment team gathered SME inputs on
training hours per week beyond ISS refresher training to ensure the crew would be able to retain
Mars lead qualifications throughout their mission (see Section 7.2.5). Table 73 lists the tasks

13 20 minutes per day is based on personal communication with ARC human factors researcher Dr. J. Marquez in her
analog research conducted using advanced self-scheduling tools.
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included in the model or in post-processing. This table lists tasks identified in the structured
interviews that were not included in the modeling (e.g., water sampling).

Table 73. MCC Tasks Shifted to Mars Crew

Daily Weekly | Monthly +| # of Crewmembers
Involved

y vd to Transi | Sched
Conduct preventative maintenance, including daily health and status X 1 1 hour FLUTO
checks, on operational computers themay include off-nominal responses
[Ops LAN work)

L 1d to Transi ode| ntenance Data (for Planned ntenan s))
Perfarm safing for maintenance tasks (such as remaoving power, fluid flow, x x x Add 25% of crew task time, ETHOS and
madifying data to safely perform maintenance task MAINT
Self—schedullng using Pla'yhuuk X All 20 minutes Ops PLAN
Use Plug-in-Plan [PiP)tool to conduct analysis for unplanned hardware X 1 10 minutes PLUTD
movement
Conduct software setups in preparation for tasks (such as payload x All 10 minutes PLUTO (limited
experiment, medical exam, crew video canference, phane call) ground user)
Locate an item using Inventory Management Systern (IMS) database X 1 10 minutes 150
Training Hours Accounted for Post-Modeling
In-mission initial and refresher training (including maintaining lead quals.) _n_“
NOT INCLUDED IN TRANSIT MODEL:

Perform "Goy/no Go" calls for activity [sl.lrl;h as E‘\I'.k doc kl ng, or LII'I::ll]I: king) T n_m///////////////////’/}m
NOT INCLUDED IN TRANSIT MODEL: This taskis>2 years

NOTINCLUDED IN TRANSIT MODEL: These tasks are being automated
% /

x // // 7

Z AetHos

Water sampling®

Air sampling®

Surface sampling’
NOT INCLUDED IN TRANSIT MODEL:
‘Weekly ECLSS equipment calibration X

Activation/deactivation of ECLSS equipment (e.g., switching from X ETHOS
scrubber 1 to scrubber 2).

Perfarm safing for weekly housekeeping tasks [such as powering down X OSO-MAINT
smoke detectors)

1. On IS8, some water sampling data is produced on orbit and downlinked and some samples are brought to the ground for analysis
2..0n IS8, gir sampling data using the grab sample container (G5C)) and formaldehyde monitoring kit (FMK) is analyzed on ground
3.0n IS5, surface microbes are counted on orbit and genomes are analyzed on ground

7.2.4.2.6.2 MCC Task Analysis and Results (as inputs to IMPRINT Model)

While there is uncertainty of the task duration, the assessment team did not conduct statistical
analysis on this data set given that these are single inputs from a single source. The frequency
and duration of the times in the IMPRINT model are those shown in Table 73.

7.2.4.3 Assumptions and Model Limitations

Activities in an IMPRINT Force model include planned and unplanned tasks. All planned
activities in a Force model are input into schedules that run throughout the duration of model
execution. Unplanned activities in a Force model are scheduled according to predicted
frequencies of occurrence with durations and crewmember requirements also scripted according
to predictive data. All activities, planned and unplanned, are assigned priority numbers (i.e.,
lower numbers are higher priorities) that dictate whether crewmembers will interrupt an ongoing
or scheduled activity to perform a newly scheduled task.

For unplanned events to occur and be handled as scheduled, it was necessary to make them a
higher priority than scheduled activities. Table 74 shows a snippet from the Activities Priority
Table in the combined IMPRINT Forces model. Long-term injuries (i.e., greater than 72 hours)
were forced to be the highest priority for a few reasons. First, it was assumed they would be
debilitating enough to take a crewmember from scheduled activities and to keep them from
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responding to other unplanned events. Second, as a noted limitation or opportunity for
improvement with the Force model, if they were not the highest priority, and an injured
crewmember was requested to respond to another high priority emergency, then the model would
end their injured state which would have been unrealistic.

It was assumed that sleep would take priority over responding to crew advisories, but crew
advisories occurring during a period where all crewmembers were sleeping would be handled
when a crewmember became available. Otherwise, most unplanned events were higher priority
than planned activities.

In addition to sleep, crew exercise is a high priority activity on extended duration space missions.
It was therefore given a higher priority than work hours and other planned activities.

Table 74. IMPRINT Activity Priority Table

o Network Diagram [ Activities |
Priority Name Type

Another noted limitation of the IMPRINT model is that it is not possible to change crewmember
schedules during a model run. Therefore, each crewmember stayed on the same 7-day repeating
schedule for the entire run duration. This necessitated model data post processing. For example,
when a crewmember suffered a major injury or illness, model output reports showed the full
duration of this event, but the event took time from every planned activity, including sleep,
meals, and other personal time. These activities were added back to the model results post model
report generation according to the assumptions noted in Table 75.
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Table 75. Post Processing “Give Back” to Some Activities

Activity Grouping Long-Term Injury Give Back (%)
Sleep 100
Postsleep 100
Conferences 50
Exercise 50
Prepare for Work (PFW) None
Work Hours None
Midday Meal 100
Presleep 100
Housekeeping None
Off Duty 100

It was assumed that an injury may take ability to participate in crew conferences and to exercise
depending on the nature of the injury, but not all capability. 50% was an arbitrary assumption on
the amount of time given back in the absence of detailed data. Similarly, longer duration
unplanned unforeseen events scripted into a scenario were assumed to allow for crewmember
sleep time. It could be assumed that, depending on the nature of the event, the crew might go to
alternate sleep schedules, but the IMPRINT Force model did not allow this to be built in.
Therefore, sleep was added to crewmembers during unforeseen events at the cost of work hours.

It was assumed that some activities (e.g., task management and handling maintenance events)
would take from work hours, but not for other activities. Therefore, due to limitations with the
IMPRINT Force model, these events were post processed and added to the scenario after models
were executed. Also, because exercise was determined to be of a higher priority than work hours,
it was assumed that some time lost for exercise due to unplanned events would be returned from
the pool of work hours. The formula used for this was half the difference between previously
calculated full Mars mission exercise and the baseline Perfect World ISS model exercise.
Finally, the IMM data only accounted for quality crew time lost due to injury or illness for the
afflicted crewmember. It did not account for time spent by other crewmembers attending to the
injury or illness and is therefore conservative overall in its impact.

In developing the schedules for the model, the assessment team made assumptions on Mars
transit operations. There are limitations on these assumptions on tasking that will be added to a
Mars crew (i.e., the R&R maintenance and repair paradigm on ISS that relies on resupply will
not be feasible on a Mars mission) and on tasking that may not be required for a Mars transit
(i.e., the assessment team did not remove cargo vehicle operations from ISS work hours). As the
Agency more fully defines the Mars transit operations, these assumptions and limitations on
tasking can be updated.

7.2.4.4 Results and Discussion

The manageability of tasks is considered within the human performance dimension of the trade
space framework for evaluating crew size. The Mars Transit Crew model allows for an analysis
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of manageability of tasks, specifically crew utilization and manpower requirements, given the
impact of unplanned, or different anticipated tasking, on a crew’s ability to perform work during
a 9-month Mars transit mission. The assessment team built a series of models for comparison of
manpower requirements.

7.2.4.4.1 Perfect 1SS World Scenario Model

The first step in the comparative analysis of IMPRINT Force model results was to build a
baseline model consisting only of a four-person crew performing planned activities on schedules,
execute that model for 9 months, and obtain the summative model results of what activities were
performed by each crewmember. Figure 132 shows an example of raw data from this model
execution.

IMPRINT Forces Model Report
IMPRINT  Time Total By Resource

Analysis: MarsTransitModel_NineMonthUpdatedskedAllCombosv3a
Force Unit: 01MTVWeeklyScheduleUpdatedBaselineNoUnplanned
Initial RNS: 1

Date: 14-Dec-23
Note: Resource refers to Jobs and Assets

Activity Time (Hours)

Resource Schedule Activity Average

Crew 1 CrewlSchedule DPC 97.0000
eDPC 9.5000
Evening PFW 203.2500
Exercise 675.0000
FD Crew Conference 19.0000
Housekeeping 114.0000
Midday Meal 270.0000
Morning PFW 97.0000
Off Duty 418.0000
PFC 9.5000
PMC 9.7500
Postsleep 405.0000
Presleep 540.0000
Safing 19.0000
Sleep 2,295.0000
Waork Hours 1,280.0000
WPC 19.0000

Figure 132. Crew Activity Report from IMPRINT

It became apparent that charting all crew schedule delineated activities for comparative purposes
was not necessary, nor would it be useful as many ‘slivers’ were created in pie charts
summarizing activities. Therefore, some activities were grouped, as follows:

e All Conferences were grouped together (Daily Planning Conference (DPC), evening
DPC (eDPC), Flight Director Crew Conference, Weekly Planning Conference (WPC).

e Prepare for Work (Morning and Evening PFW) activities were combined.

e Safing (putting systems into a safe configuration for housekeeping) was combined with
Housekeeping.

After combining activities, the average crew activity hours, for the 270-day Perfect World ISS
scenario were summarized and compared using the pie chart shown in Figure 133.
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Average Hours Per Crew Member - Perfect World 1SS Scenario

= Sleep = Postsleep = Conferences Exercise = PFW

® Work Hours  m Midday Meal ® Presleep ® Housekeeping ® Off Duty

Figure 133. Average Crew Hours - Perfect World ISS Scenario

Of particular interest for comparisons with other scenarios are the work hours utilized by each
crewmember of the four-person crew during the 9-month period. Based on a 5-day work week,
and not inclusive of PFW, they are significant the second largest bucket of activity behind sleep.

7.2.4.4.2 Adjusted ISS Scenario Model

Although an ISS crew can rely on real-time MCC support, they may experience off-nominal
events that take from their ability to perform normal work. Based on data analyzed per the
previous section of this report, the two unplanned activities that were added to the “Perfect ISS
World Baseline” model were possible medical events as derived from the IMM data, and
possible maintenance events derived from maintenance data. Only the average for these events
was utilized for the Adjusted ISS Scenario Model, as it became the baseline for possible Mars
mission comparisons, which included different possible levels of occurrence.

The pie chart of different predicted activities for the Adjusted 1SS Scenario Model is shown in
Figure 134 and compared to the ISS Perfect World Scenario results. Of particular note, the IMM
data indicated that possible illnesses and injuries will have a larger impact on the crew’s ability
to do work than maintenance data. Overall, there is a predicted 8% decrease in work hours. Sleep
was kept constant, but there was a 4% reduction in exercise.
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Average Hours Per Crew Member - Perfect World 1SS Scenario
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Average Hours Per Crew Member - Adjusted 1SS Scenario
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u Sleep = Postsleep = Conferences = Exercise
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® Housekeeping = Off Duty = IMM Data = Maintenance Data

Figure 134. Average Crew Hours - Adjusted 1SS Scenario compared to Perfect World ISS Scenario
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7.2.4.4.3 Full Mars Scenario Model Results and Discussion

To build a predictive model of a possible Mars transit scenario, several other tasks and
unplanned events were added to the Adjusted ISS Scenario in addition to the IMM and
maintenance data. First, tasking for one crewmember was added to their regular schedule to
perform Ops LAN work which would normally be performed by the ground for the ISS. Next,
unplanned events were added to the model to deal with ECWA, and to respond to unforeseen
events. Task management activities were added to the post-processing of model results to
account for more activity (i.e., calendar or workweek daily) that would need to be performed by
the crew, and a conservative 25% time penalty on maintenance tasks.

The updated Mars mission model scenario was executed under three conditions: average
occurrences of each unplanned event, 75% confidence level occurrences of each unplanned
event, and 95% confidence level occurrences of each unplanned event. Results were compared to
the Perfect ISS World Baseline model and the Adjusted ISS Scenario model for the average and
75% confidence level occurrences with the 95% confidence level percentile case not being
presented as noted above. To additionally identify relative impacts of each newly introduced
model attribute, including those introduced for the Adjusted and the more realistic ISS model, on
average crew work hours for a four-person crew, each component model was executed
individually. The resultant bar charts in Figure 135 show how each added task impacts work
hours for different occurrence levels of the unplanned events.

The first two columns on each of these charts, the IMM Data and Maintenance Data unplanned
events, are applicable to the Adjusted ISS Scenario at the average level. The next three columns,
Ops LAN Work, Task Management, and Refresh Training, all represent Mars scenario unique
tasking due to separation of the ground and are constant, which were not extended based on
statistical percentiles. Finally, the last two columns of the ECWA and the Unforeseen Events are
unplanned activities that will require more crew time due to ground separation and are varied
statistically similar to the IMM data and maintenance data.

Of the four unplanned events (i.e., IMM Data, Maintenance Data, ECWA, and Unforeseen
Events), the IMM Data is the most impactful. However, at average and 75% confidence level of
unplanned events, the Task Management and Refresh Training Mars-unique tasking are more
impactful than the IMM Data. Of note, the IMM data statistical outliers have the potential to be
the most debilitating to the crew, as shown in the 95% confidence level occurrence chart.
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% Work Hour Decrement - Average Unplanned Events
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Figure 135. Percentage of Work Hour Decrements for Added Mars Scenario Tasks
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Next, each full four-person crew model was executed for 9 months and results were post
processed to update sleep hours, exercise, work hours, and other time impacted by hour “give
backs” that needed to be made, keeping sleep and exercise as high priority planned activities. For
the Average Unplanned Events Mars transit scenario, updated average hours per crewmember
spent on different activities is shown in Figure 136 and compared to the Adjusted ISS Scenario
model. Sleep hours and exercise were minimally impacted due to post-processing assumptions.
However, work hours were significantly impacted as reduced 41% from the Adjusted ISS
Scenario.

Similar results are shown in Figure 137 for the 75% Confidence Level Unplanned Event Mars
transit scenario as compared to the Adjusted ISS Scenario. For this scenario, Work Hours were
reduced by approximately 50% from the Adjusted ISS Scenario.

F-12. IMPRINT modeling predicts that average rates for unplanned events will reduce the
available time for a four-person Mars crew to perform work by 41% compared with a
four-person ISS crew.

F-13. IMPRINT modeling predicts that 75% confidence level rates for all unplanned events
will reduce the available time for a four-person Mars crew to perform work by 50%
compared with a four-person ISS crew.

The average and 75% confidence level cases were chosen for additional comparisons and
subsequent manpower analyses because they represent a reasonable range of potential events,
given some of the conservative assumptions made (e.g., no crew assistance added for IMM Data
events) and other potential unknowns of a Mars mission. The overall 95% confidence level
percentile case was not carried forward for analysis, as noted above.
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Figure 136. Average Crew Hours - Adjusted ISS Scenario compared to Mars Transit with Average Unplanned Events
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Figure 137. Average Crew Hours - Adjusted 1SS Scenario compared to Mars Transit with 75 Percentile Unplanned Events
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To understand how different types of activities were being impacted by the Mars specific
unplanned events and tasks, tasks were grouped into higher categories in addition to the original
groupings for meetings and preparing for work. Sleep and exercise were retained as separate
categories, but other “Personal Time” was grouped to include categories as shown in Figure 138.
Similarly, work hours were expanded to include PFW, conferences, and housekeeping, and
unplanned events were grouped as were Mars Tasking activities, all as shown per the color

coding in Figure 138.
2287.02 2287.02
381.43 1535.18

154.69 Exercise 650.71

Mars Transit Average

Exercise 650.71 1322.45
354.12 327.74
702.18 Mars Tasking 352.91
253.86
528.21
111.47
375.67
175.50
16.38
Ops LAN Work 53.98
Task Management 144.63
Refresh Training 154.29
65.53

70.32

Figure 138. Grouped Tasking for Additional Analysis

Next, these groupings were compared across the three four-person crew scenarios being
examined (i.e., the Adjusted ISS, the Mars Transit with Average Unplanned Events, and the
Mars Transit with 75% Confidence Level Unplanned Events scenarios). As Figure139 shows,
sleep and exercise were kept constant between the different scenarios. Some other personal time
was lost, but to a lesser degree than work hours and activity associated with work (i.e., the
unplanned activities and Mars Tasking took most hours from work).
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Figure 139. Comparison of Grouped Crew Average Hours for Different Scenarios
7.2.4.4.4 Manpower Analysis Based on Work Hour Results

In the future, Mars mission manpower requirements will be based on numerous considerations,
including primary mission objectives, human health risks and countermeasures, and required
expertise within the crew. However, manpower requirements may be based on the crew’s
predicted ability to perform certain tasks within the time frame of a mission. The IMPRINT
Force model allows an analyst to perform this type of analysis. For this model, it is assumed
work hours in the crew’s daily schedule include critical tasks required of the crew to accomplish
a successful mission. For the four scenarios modeled inclusive of the Perfect World ISS scenario
without unplanned events, Figure 140 shows the average crew work hours predicted for a four-
person crew.

Average Crew Work Hours - 4 Person Crew
1400.00
1200.00
1000.00
800.00
600.00
400.00
200.00
0.00
Perfect World 155 Adjusted 155 Mars Transit Avg  Mars Transit 75%
Events Events

Figure 140. Average Crew Work Hours for Different Scenarios

For the purposes of this preliminary manpower analysis, it was assumed that a Mars crew would
need to be able to accomplish the same number of work hours as a four-person crew on an ISS
mission that includes some unplanned events, or the Adjusted ISS Scenario. Comparison of the
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four-person crew average work hours per crewmember for the Adjusted ISS Scenario with
average work hours for the Mars Transit Average Events and with Mars Transit with 75%
Confidence Level Events, per Table 76, serves as a baseline for a manpower analysis.

Table 76. Average Crew Work Hours

Average Crew

Work Hours
Adjusted ISS Scenario 1185.16
Mars Transit Avg Events 701.73
Mars Transit 75% Events 589.76

To consider how many additional Mars crewmembers would be needed to accomplish the same
number of work hours as a four-person ISS crew based on the Adjusted 1SS Scenario model, the
assessment team had to determine the number of work hours each additional crewmember would
have available. Some events and tasking will be levied on each additional crewmember. For
example, the IMM data indicated that potential injuries and illnesses were linear in their
occurrences as more crewmembers were added. Also, some tasks are performed by all
crewmembers (e.g., emergency response). Unplanned events and Mars tasking that will not
provide additional crewmembers with added available hours for work include:

IMM Data

Task Management (performed by all crewmembers)
Unforeseen Events

Refresher Training

Other events and tasking are levied on a subset of the crew, so with additional crewmembers’
capacity for additional work hours can be added to the average hours shown in Table 76. The
tasks associated with additional capacity hours for work are shown in Table 77.

Table 77. Extra Work Capacity for Additional Crewmembers

Unplanned Event/Mars Task Hours Avg Case Hours 75% Case
Task Management (performed by one crewmember) 22.50 22.50
Ops LAN Work 53.98 50.24
Warning, Caution, and Advisory Events 32.77 35.80
Maintenance 16.83 24.06
Total Extra Capacity vs Average Crew Capacity in

each case 126.08 132.60

For a four-person crew, the Adjusted ISS Scenario four-person crew can accomplish 4 x
1,185.16 hours of work, or 4,740.64 total hours. This is the target for a Mars crew. A simple
formula to compute the “ideal” crew number based on these work hours is:

Nideal = 4 + (4,740.64-4* AvgMarsWorkHours)/(AvgMarsWorkHours+AddedCapacity)

Based on this formula, the ideal crew sizes to accomplish the same amount of work as the
Adjusted ISS Scenario are 6.34 crewmembers for the Mars transit scenario with Average
Unplanned Events and 7.30 crewmembers for the Mars transit scenario with 75% Confidence
Level Unplanned Events.
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F-14. IMPRINT modeling predicts that more than six crewmembers will be needed to
achieve the same number of work hours on a Mars transit as on a four-person ISS
mission given average rates for all unplanned events.

F-15. IMPRINT modeling predicts that more than seven crewmembers will be needed to
achieve the same number of work hours on a Mars transit as on a four-person ISS
mission given 75% confidence level rates for all unplanned events.

7.2.45 Conclusions

The Mars Transit Crew model is designed to consider the manpower requirements for a mission
to Mars given inputs on crew tasking and unplanned events. Without real-time support from
MCC, tasks will need to be shifted from MCC to the crew or onboard systems due to
communication delay/blackout. Additionally, unplanned events (e.g., medical events or
unforeseen failures) will impact the time available for the crew to complete mission work tasks.
The IMPRINT Force model is an effective tool to show the available work hours in a crew of a
given size using historical and analog data to model Mars mission data.

Future Models: Trades in Mission Design Parameters

The Mars Transit Crew model built by the assessment team demonstrates a methodology for a
systematic, repeatable process for evaluating crew size based on manpower requirements. In
discussing the model inputs and results with SMEs, there are trades in mission design
parameters, including task automation that could be considered in working to reduce the
manpower requirements for missions to Mars. For example, the flight controllers interviewed
acknowledged that automation of tasks (e.qg., safing) could be accomplished resulting in less
work hours assigned to the Mars crew.

This model assumes continual time-delayed communication throughout the mission, and
therefore does not address task shifting due to crew due to planned windows of communication
rather than continual time-delayed communication and due to a communication blackout. Further
analysis is needed to determine the impact of sporadic communication or a communication
blackout on crew size.

As the Agency works to more fully define Mars transit operations and develops an understanding
of critical technologies for future vehicles, additional models can be built to show the impacts of
these to crew workload and manpower requirements.
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7.2.5 Personnel, Expertise, and Training Model

UNFORESEEN FAILURE SCENARIO ON TRANSIT TO MARS

On the transit to Mars, an unforeseen failure in the thermal control system occurs with the
possibility of cascading failures if vehicle equipment overheats. The procedures do not
address the specific failure, so the crewmember assigned as the thermal control system lead
quickly diagnoses the lost functionality and works with the electrical power system lead to
make critical decisions to safely power down redundant systems. At the same time, the
payloads specialists ensure all experiments are smoothly but quickly powered down. The crew
works together to reroute power to ensure critical systems remain operational despite the
failure. With a communication relay between Earth and Mars preventing a communication
blackout, twenty minutes later the ground receives the first telemetry indicating that there has
been a major system malfunction of the Transit Habitat. The flight director calls in a team to
develop a plan for diagnostic troubleshooting to determine the root cause failure and then to
create a repair plan. As the crew waits for detailed instructions from the ground on the repair
plan, they review system schematics and refresh themselves on the tools and equipment that
will be needed to restore full system functionality. Events including responding to an
unforeseen major system malfunction with loss of crew/loss of mission consequences and
short time-to-effect are considered in the development of the Personnel, Expertise, and
Training model.

7.2.5.1 Purpose and Scope

The number of crew for a mission to Mars can be informed by personnel factors, including the
knowledge, skills, abilities needed to perform the necessary roles and responsibilities. These
responsibilities are defined by the duties and tasks to operate, maintain, troubleshoot, and repair
systems in the vehicles across the Mars mission architecture (e.g., the EPS or the C&DH), to
perform vehicle operations (e.g., piloting, EVA, and robotics), and to conduct payload operations
to meet NASA’s scientific mission objectives. The Personnel, Expertise, and Training model is
designed to quantify to some measure the trade space between the number of crew and the
necessary capabilities required to successfully perform all mission tasks.

While the capability within the crew to operate, maintain, troubleshoot, and repair systems,
operations, and payloads is critical for mission success, many tasks will likely be performed at a
tempo that allows for communication delay/blackout exchanges with the MCC to take advantage
of the expertise within the flight control team on the ground. Nonetheless, there are nominal,
time-critical tasks that the crew will need to perform without the real-time support of the MCC
on the ground (e.g., piloting, EVA operations, certain robotics operations, vehicle system
commanding that requires real-time responses). Most critical is the real-time, onboard expertise
needed to respond to unforeseen failures with potential loss of crew/loss of mission
consequences and short time-to-effect.
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Current Status
State of Knowledge (New Evidence)

Total High Priority IFls
10 64

Vehicle IFls, Incidents requiring
urgent diagnosis*
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* Those with potentially high consequence outcomes (e.q, high priority IFI) and significant
uncertainty surrounding their origins. These issues are not known emergencies but have
significant time pressure to identify causality, e.g., so that cascading or common cause
failure modes can be avoided.

Figure 141. High Priority ISS Items for Investigation
[ref. 38]

An analysis of ISS unforeseen failures, classified as items for investigation (IFIs), conducted by
NASA’s HSIA Risk team showed that IFIs requiring urgent diagnosis have occurred on average
1.74 times per year with 95% upper bound 2.32 times per year on ISS, where such IFIs are
“those with potentially high consequence outcomes and significant uncertainty surrounding their
origins. These issues are not known emergencies [i.e., for which pre-planned responses exist] but
have significant time pressure to identify causality (e.g., so that cascading or common cause
failure modes can be avoided” [ref. 38] (Figure 141)). [Note, this analysis did not include IFIs
associated with EVAs.] Because these failures are of unknown origin, there is not a published
procedure for MCC or the crew to execute. A HSIA Risk Custodian provided this analysis as
evidence that there may be a similar rate of unforeseen failures requiring urgent diagnosis
outside the scope of procedures on future mission to Mars given the complexity and uniqueness
of spaceflight vehicles [ref. 38].

The assessment team conducted further analysis in considering the risk of unforeseen failures
with loss of crew/loss of mission consequence and short time-to-effect. Using the ISS incident
rate above of 2.32 IFIs/yr. and using Mars reference mission durations with crew in
interplanetary space for 730, 900, or 1094 days (Table 78), the team calculated the occurrence
rate of such events for the three reference missions (Table 79) [ref. 36].
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Table 78. Crewed Mars Mission Phase Durations Right [ref. 36]

Mars Crewed Phase Duration Time (Earth days) I Total
nter-
Crewed Cis Mars Orbit (for all
Out- Mars . planetary
Ref. Lunar bound | Surface | Loiter +Earth Time and (I;Vrlg:\;)
Mission Stagl_ngl Transit Stay Return Transit Total Crew
Phasing Earth Time Away Surface
Microgravity | Micro- | 0.376¢g Microgravity from Earth EVA
gravity Hours
50-day Mars
90-day initial orbit loiter (2 of 7?“‘:?_3’5 Up to
Point of Earth launch | 305 days | 30 days 4 crew on T 320
window + 40 (all 4 (only 2 | surface for 30 of P - crew-
Departure Total at least 2
days after crew) of 4 50 days) then hours
(PoD 2020) 771 but no
return crew) 375 days return (among 2
" more than
(4 crew) transit (all 4 crew)
860 Days
crew)
Up to 500-day
90-day initial Mars orbit loiter Up to 900 Up to
Allernative Earth launch Up to 30days | (2 of 4 crewon days inter- 320
Short Sta window + 40 | 200 days | (only 2 | surface for 30 of planetary. crew-
(2020) y days after (all 4 of 4 500 days) then Total no hours
return crew) crew) Up to 200 days more than (among 2
(4 crew) return transit 1030 Days crew)
(all 4 crew)
o 31094 days No more
S0 day ninal Up to inter- than
Basis of Earth launch 300 planctary. | 3000
c . window + 40 | 429 days 365 days )
omparison days after (4 crew) days (4 crew) Total no crew-
(BoC 2019) (all 4 more than hours*
return
crew) 1,224 Days (among 4
(4 crew)
crew)
Table 79. Occurrence Rate for Unforeseen Failures
Ref. Mission Mission Duration Expected Number Unforeseen Failures with
(days in interplanetary Potential Loss of Crew/Loss of Mission
time) Consequences and Short Time-to-Effect
Point of =2.32/365x 730
Departure 730 =4.64
(POD 2020)
Alternative =2.32/365 x 900
Short Stay 900 =5.72
(2020)
Basis of =2.32/365 x 1094
Comparison 1094 =6.95
(BoC 2019)

With the total count of IFIs during 19 years (2001 to 2019) that needed urgent diagnosis and
annual count of such IFI data from Figure 141, several statistical analyses were performed
including Poisson Distribution fitting, Reliability Growth Modeling and Normal distribution
approximation for assessing upper bound of the annual rate of IFIs. The team determined the
Poisson distribution method, which is considered to be relatively simple and straightforward and
provides a reasonable upper bound, to be an appropriate method for this assessment.
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The assessment team used a Poisson distribution to estimate the probability of the number of
events given an upper bound expected number of events (event rate, 1) with 95% confidence
during a fixed time duration (one year).

k,—-21
Prob(X = k) = *= 1)

In Eq. (1), k is the number of occurrences (k=0,1,2,...), 4 is the expected number of occurrences
during a fixed time duration (one year for this application). From Figure 141, the best estimate
(1) and 95% upper bound of A (145, are given by the equation (2) and (3) respectively. A =
Average Number of IfIs peryear = 33 IFIs/19 years = 1.74 (2)

Aoso, = Xzar(0.95,2(F + 1))/ (2N) = 2.32 (3)
In Eq.(3), F is the number of failures, N = number of the years that the data were collected
(=19, Year 2001 to Year 2009), df is the degrees of freedom which =2 (F+1) = 2 (33+1) =68,
Xgéf(0.95, 2(F + 1)) is the Chi-square percentile with 95% probability and degrees of freedom
= 68.
Based on the Poisson distribution formula with o5, the probability of at least one occurrence of
an unforeseen failure with potential loss of crew/loss of mission consequences and short time-to-
effect during the time the crew is in interplanetary space for each of the three reference missions
in Table 80 is as follows:

e For Point of Departure Mission,

P(at least one event) = 1-P(zero event) = 1- w =99.03%
e For Alternative Short Stay Mission,

P(at least one event) = 1-P(zero event) = 1- 57200;'_572 =99.67%
e For Basis of Comparison Mission,

P(at least one event) = 1-P(zero event) = 1- 695%e70% 99.90%

0!
It is understood that not all unforeseen failures with potential loss of crew/loss of mission
consequences and short time-to-effect result in loss of crew/loss of mission. Given the
occurrence of a such an event, the probability of loss of crew/loss of mission due to that event
depends on many factors including the nature of the event, the vehicle design, the infrastructure
for supporting the crew response (e.g., information and intelligent decision-support systems) and,
critically, the capability within the crew necessary to respond to the event. While the team cannot
currently know many of these factors with certainty, the team can calculate the probability of a
loss of crew/loss of mission outcome based on the crew’s response to the failure. To do this, the
assessment team conducted a sensitivity analysis of the relationship between a successful crew
response and loss of crew/loss of mission outcome. Table 80 gives the results for cases in which
the crew gave a successful response 90%, 95%, 98%, and 99.985% of the time. The likelihood of
a loss of crew/loss of mission consequence for all but the most conservative of the cases is
greater than 1%, which is very high (red) per the HSRB risk matrix (Figure 142). The likelihood
of loss of crew/loss of mission consequences only drops below 0.1% (yellow) for a successful
response rate of 99.985% (which equates to about 6,666 successes among 6,667 required crew
responses).
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Table 80. Likelihood of Loss of Crew/Loss of Mission Outcomes

Ref. Mission | Mission
Duration
(days)

Likelihood of Loss of Crew/Loss of Mission Outcomes for Unforeseen
Failures with Potential Loss of Crew/Loss of Mission Consequences and
Short Time-to-Effect Based on Successful Crew Response Rate

Point of
Departure 730
(POD 2020)
Alternative
Short Stay 900
(2020)
Basis of
Comparison 1094
(BoC 2019)

90% 95% 98% 99.985%
(9/10) (19/20) (49/50) (6666/6667)
0.07%
(=1-exp(-4.64x(1-
99.985%)))
0.09%
(=1-exp(-5.72x(1-
99.985%)))
0.1%
(=1-exp(-6.95x(1-
99.985%)))
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Figure 142. HSRB Risk Matrix

To date, NASA’s human spaceflight programs have always been able to rely on the real-time

expertise provided by the fl

ight control personnel in MCC in responding to unforeseen failures

[ref. 37]. During nominal ISS operations, there are approximately 80 personnel supporting real-
time ISS operations (between the MCC FCR and MPSR, the, and the POIC) [refs. 33, 34]. In the
event of an unforeseen failure, these teams can begin working the problem immediately.
Additionally, the flight director can call in a separate team dedicated to working the problem,
designated Team 4. A return to Earth within hours, or at most days, is always an option. Given
the communication delay/blackout with Mars, NASA will no longer be able to rely on the
immediate, real-time expertise provided by the MCC.

In their assessment of Safe Expeditions Beyond Low Earth Orbit, the NESC identified the same
risk and identified an approach to improve the risk posture:
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“The HSIA key findings for long-duration missions beyond LEO are: 1) the likelihood of
high consequence problems of uncertain origin occurring during spaceflight is high
(conservatively, exceeding 50% during Mars transit) based on historical trends; 2) it is
possible to reduce anomaly rates through improved reliability analysis and testing and
anomaly impacts through added robustness, but such mitigations address only known
failure modes and known uncertainties; 3) attempting to use the LEO operational
paradigm (i.e., the current HSIA) with communication and resupply delays is high risk;
and 4) a radical shift in operational paradigm, systems design, and human/system
integration approaches is the only viable approach to improve the risk posture.” [ref. 37]

Summary

Based on ISS experience, there is a very high likelihood of an unforeseen failures with loss of
crew/loss of mission potential and short time-to-effect that could lead to actual loss of crew/loss
of mission outcomes, even with a very small percentage of such events leading to loss of
crew/loss of mission. Risk mitigations are necessary to ensure the success of missions to Mars.
Candidate risk mitigation actions may include changes in the operational paradigm, changes in
systems design, and changes in approaches to HSI. One critical component of HSI is the
capability within the crew (achieved through training) needed to interact with the onboard
information and intelligent decision-support systems to successfully respond to unforeseen
failures.

Specifically, if unforeseen failures were to occur on a mission to Mars, it will be critical that the
crew have the necessary level of expertise to accurately diagnose lost functionality, to safe
vehicle systems and payloads and/or to reconfigure systems if necessary to prevent cascading
failures, and to restore critical functionality without real-time support from the ground. This will
require crewmembers to have “an understanding of how systems work, an understanding of the
rationale behind flight rules, and critical thinking skills to make informed decisions when
responding to urgent, unanticipated anomalies” [ref. 37]. Additionally, crewmembers will require
expertise to support root cause diagnostic troubleshooting and formulating a repair plan in
conjunction with the ground [ref. 46]. The Personnel, Expertise, and Training model is designed
to provide the Agency with the capability to consider the trade space of crew size and level of
expertise in the real-time environment, where the in-mission expertise is a necessary component
for mitigating the HSIA risk.

F-16. There is a very high likelihood of unforeseen failures with potential loss of crew/loss
of mission consequences and short time-to-effect on missions to Mars, based on
historical trends.

7.2.5.2 Methods and Procedures

The assessment team created the Personnel, Expertise, and Training model to provide decision-
makers with the information necessary to evaluate the capability of a Mars crew to meet primary
mission objectives, perform time-critical tasks without real-time ground support, and respond to
unforeseen failures with potential loss of crew/loss of mission consequences and short time-to-
effect. While unforeseen failures may occur at any time during a Mars mission, this model
assumes continual time-delayed MCC support is (i.e., enabled by the upgrades described in
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Section 6.3.1). The two analyses of the model described below are not meant to indicate a
minimum crew size or a recommended crew size, rather the methodology should be considered
as an effective process for evaluating the capability in the crew.

The Personnel, Expertise, and Training model optimizes the balance of the training workload
across a crew of a given size and outputs a flight-assigned Mars CQRM, a listing of crew
capabilities/qualifications across the systems, operations, and payloads for each vehicle in the
Mars mission architectures. SMEs can compare flight-assigned Mars CQRM s for different crew
sizes across the dimensions of the trade space evaluation framework to determine
recommendations to make to decision-makers. The details of how the assessment team built the
model are described below.

Mars Crew Qualifications and Responsibility Matrix

The International Partners in the ISS Program maintain a Generic CQRM to identify the
minimum crew qualifications for each area of responsibility necessary for an ISS mission

[ref. 29]. The Generic CQRM is an excel table that lists responsibilities across all vehicle
systems, operations, and payloads assigned to the crew and lists the multilaterally-agreed-to
required numbers of qualifications for each responsibility, where a higher qualification indicates
a higher level of responsibility (and thus a higher level of expertise)**. The Generic CQRM is
used to “determine the amount and scope of training required for a crewmember” [ref. 46] to
reach their designated qualifications. Each International Partner in the ISS Program maintains a
listing of duties and tasks associated with each area of responsibility for their ISS modules or
elements.

When a crew is assigned to an ISS mission, a flight-assigned CQRM is created from the Generic
CQRM that identifies the qualification level for each responsibility for each crewmember for that
mission. The flight-assigned CQRM is intended to be used by mission designers to ensure that
crew responsibilities are “distributed as evenly as possible in terms of crewmember workload in
training and on-orbit” [ref. 46]. The flight-assigned ISS CQRM is a table documented in an
Excel® spreadsheet; however, there is not quantitative data embedded into it. Instead, mission
designers work with their International Partners and training personnel to ensure crew
assignments are evenly distributed.

The assessment team built a model that embeds quantitative data into a Mars CQRM and
optimizes the balance of training hours across a crew of a given size given training constraints
described below. To create a Generic Mars CQRM for the Personnel, Expertise, and Training
model, the assessment team identified areas of responsibility for each vehicle in the FY22
strategic analysis cycle (SAC22) Mars mission architecture: the MPCV spacecraft, the Transit
Habitat, the MDV, the Mars Rover, and the MAV. The assessment team assigned crew
responsibilities applicable to each vehicle that include piloting, emergency response,
activation/deactivation, inventory and stowage, vehicle system operations (C&DH including
network administration, communication and tracking, environmental control and life support,
electrical power, propulsion, and thermal control), structures and mechanisms, IV maintenance
and repair, habitability (housekeeping, toilet, food and trash management), photo/TV, EVA

14 Early in the 1SS Program, NASA ISS Station Training Leads developed the CQRM, with flight director and
Operation Planners buy in, to track training requirements and qualifications for each crewmember (personal
communication, M. Reagan, 2024).
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operations (extravehicular tasks and EVA coordination and suit walk back capability), crew
medical response, medical operations (exercise equipment, environmental monitoring), robotics
operations including EVA robotics and track and capture, and all transit and planetary surface
research payloads. As the Mars surface architecture grows (i.e., planetary surface In Situ
Resource Utilization (ISRU) propellant manufacturing, surface habitats), crew responsibilities
will also grow and will need to be added to the Generic Mars CQRM. The assessment team built
a candidate list of crew duties and tasks associated with each area of responsibility in the Generic
Mars CQRM (published separately).

The assessment team created a list of Mars-mission qualifications to assign qualification levels
required for each responsibility (Table 81). Many of these qualifications are similar but not
identical to qualifications used for current Earth-to-orbit vehicle and ISS [ref. 46]. The
assessment team created a new, Mars-unique qualification, “lead”, based on the need for a Mars
crew to be able to perform nominal and time-critical tasks and more critically to have the real-
time, onboard expertise to respond to unforeseen failures with potential loss of crew/loss of
mission consequences and short time-to-effect without real-time ground support. (It should be
noted that ISS uses the lead qualification for EV crewmembers but not for vehicle systems, other
operations, or payloads. The Mars EVA lead qualification expands the responsibilities to include
the EVA coordination crew responsibilities for missions to Mars currently performed for ISS
EVAs by the MCC flight control team.)

Table 81. Crew Qualifications for Missions to Mars

Qualification Designation | Description

MPCV, Mars Descent Vehicle (MDV), and Mars Ascent Vehicle (MAV)

Commander CDR The commander title does not infer specific qualifications or
responsibilities with respect to vehicle systems, but rather represents
a chain of command with respect to the vehicle. All other
crewmembers onboard work under the command of the vehicle

commander.
Mission MS A mission specialist has the capability to support mission operations
Specialist and live safely on-board the vehicle. This includes but is not limited to
emergency response for each vehicle and all habitability duties for
each vehicle.
Pilot PLT A pilot has the capability to live safely on-board the vehicle and to

perform mission critical tasks including ascent/entry and docking
piloting tasks and respond to off-nominal events and unforeseen
failures. MDV and MAV pilots have the additional capability to
perform activation/deactivation of the vehicles.

Mars Transit Habitat and Mars Rover

Commander CDR The commander title does not infer specific qualifications or
responsibilities with respect to vehicle systems, but rather represents
a chain of command with respect to the vehicle. All other
crewmembers onboard work under the command of the vehicle
commander.
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Qualification

Designation

Description

Operator

o

An operator has the capability to live safely on-board the vehicle and
to respond to a warning event to safe a system, operation, or payload
using published procedures. ** This includes but is not limited to
emergency response for each vehicle and all habitability duties for
each vehicle.

Specialist

A specialist has the capability to perform all operator duties and has
sufficient knowledge to be capable of responding to a caution event
for a system, operations, or payload using published procedures.

Lead®

A lead has the capability to perform all specialist duties and has
sufficient knowledge to be capable of working outside the scope of
procedures to meet primary mission objectives and to respond to off-
nominal events and unforeseen failures for a system, operations, or
payload.

EV

An EV specialist crewmember has the capability to perform IV
activities related to EVA hardware and EVA preparation both micro-
gravity and surface EVAs.

An EV specialist crewmember has the capability to perform all EVA
tasks and has sufficient knowledge to respond to off-nominal events
during an EVA using published procedures, including performing an
incapacitated crew rescue.

Additionally, an EV crewmember has the capability to support an EVA
lead with real-time coordination of EV crewmembers during an EVA.

EVA

An EVA lead has the capability to perform all specialist duties.
Additionally, a lead EVA crewmember has the capability to perform
real-time coordination of EV crewmembers during an EVA and has
sufficient knowledge of EVA operations to work outside the scope of
procedures to meet primary mission objectives as well as to respond
to off-nominal events and unforeseen failures during an EVA.

Crew Medical
Officer

A crew medical officer is designated as a specialist and has the
capability of responding to medical emergencies using onboard
equipment and procedures.

15 Warning events are more critical than caution events, therefore it might seem counterintuitive that operators are
trained to respond to warning events and specialists to warnings and cautions. However, warnings are usually more
straightforward to respond to. Responding to caution events require a more nuanced understanding of vehicle
systems, and specialists are provided the additional training necessary to respond to these events.

16 The assessment team used the 1SS model that commanding to a system (for nominal or off-nominal operations) is
assigned to the crewmember responsible for a specific system. However, maintenance and repair for all systems is a
separate assigned responsibility. For example, an ECLSS Lead would be responsible for responding to off-nominal
events and unforeseen failures by sending commands to the system via a crew interface (such as a laptop or tablet)
but the Maintenance Lead would be responsible for performing maintenance and repair of the system.
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Qualification Designation | Description

Medical MD A medical doctor has the capability to perform all crew medical officer
Doctor duties and is a fully licensed physician.?”
Robotics S A robotics specialist has the capability of maneuvering surface robotic

devices, maneuvering spacecraft elements and payloads,
maneuvering EVA crewmembers, and performing unplanned tasks
and has sufficient knowledge of robotics operations to respond off-
nominal events to safe the system.

The assessment team conducted SME interviews with personnel in the Flight Operations
Directorate (FOD) at JSC and from MSFC to determine the minimum crew qualifications for
each area of responsibility necessary for a mission to Mars'8, Based on these interviews, the
assessment team created general guidelines for designating qualifications:

e Designate two crewmembers to the highest qualification for systems, operations, or
payloads that may have unforeseen failures with loss of crew/loss of mission
consequences with short time-to-effect to ensure the in-mission capability needed to meet
primary mission objectives and respond to unforeseen failures across vehicle systems,
operations, and payloads.

The detailed rationale for the number of qualifications at each level across the crew for each area
of responsibility are:

e For each ascent/entry vehicle, MPCV, the MDV, and the MAV, two crewmembers are
assigned as pilot (PLT) and are responsible for all systems and operations to the same
level. All crewmembers require training on habitability duties and for emergency
response for safe living on-board, so any crewmember not assigned as pilot (PLT) is
assigned as mission specialist (MS).1°

= Rationale: Assigning two crewmembers to the highest qualification (PLT)
provides redundancy in capability within the crew for time-critical mission
operations including piloting the vehicle and responding to off-nominal events
and unforeseen failures that may result in LOC or LOM. MDV and MAYV pilots
have capability to perform activation/deactivation of the vehicles without the real-
time support of MCC.

e For the Transit Habitat, lead responsibilities are distributed across crewmembers to the
qualification levels shown below. All crewmembers require training on habitability duties
and for emergency response for safe living on-board, and up to four crewmembers are
assigned as leads or operators for vehicle core systems, docking systems, and
maintenance and repair to ensure leads for those systems have crewmembers with system
knowledge to support if needed. The rationale for leads includes the understanding that

17 As of this writing, NASA does not require a physician for a mission to Mars (NASA-STD-3001, Vol. 1, Rev. B).
The previous revision of this standard used Levels of Care to structure how medical care would be provided and did
require a physician for a mission to Mars. This designation is kept if the requirement is revised again in the future.

18 The SMEs interviewed for this model included a crewmember, flight director, payload operations director,
SPARTAN flight controller, EVA flight controller, and a Gemini flight controller.
19 Transit Habitat piloting duties are included within the responsibilities for the propulsion system.
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the crew must be able to meet primary mission objectives without real-time support from
MCC and the crew must be able to independently recover the Transit Habitat in the event
of an unforeseen failure.

Emergency Operations — Two crewmembers are assigned as lead (L).

= Rationale — Assigning two crewmembers to the highest qualification (L)
provides redundancy in capability within the crew to orchestrate system
leads and all other crewmembers to safe the vehicle in the event of a
system emergency (fire, rapid depressurization, toxic atmosphere). Each
additional crewmember is assigned as an operator (O).

Activation/Deactivation — Two crewmembers are assigned as specialist (S).

= Rationale — Assigning two crewmembers as specialist (S) provides
redundancy in the capability within the crew to perform activation and
deactivation of vehicle systems and payloads. This assumes Transit
Habitat activation/deactivation will occur in near-Earth-orbit and MCC is
available for real-time support at the start of the mission, negating the
need for a lead. No additional crewmembers are assigned responsibilities.

Logistics — Each crewmember is assigned as specialist (S).

= Rationale — Assigning all crewmembers as specialist (S) provides the
capability within the crew to conduct logistical operations and
troubleshooting independently from the ground, a task necessary for daily
operations. For any unforeseen logistics issues crewmembers can wait on
support from the ground, negating the need for a lead. One specialist is
assigned as loadmaster, trained for any specialist logistics tasks, and
assumes MCC is available for real-time support at the start of the mission.

Vehicle Core System — Two crewmembers are assigned as lead (L) for each
system (CDH with LAN, communication and tracking (C&T), ECLSS, EPS,
MCS, propulsion (Prop), TCS).

= Rationale — Assigning two crewmembers to the highest qualification (L)
provides redundancy in capability within the crew in maintaining or
reestablishing access to critical system information needed to respond
unforeseen failures and capability in critical mission operations, including
responding to unforeseen failures that may lead to loss of crew/loss of
mission scenarios with short time-to-effect. Two additional crewmembers
are assigned as operators (O) to achieve mission objectives.

Structures and Mechanisms - Two crewmembers are assigned as lead (L) for
docking systems.

= Rationale — Assigning two crewmembers to the highest qualification (L)
provides redundancy in capability within the crew for critical mission
operations, including responding to unforeseen failures that may lead to
loss of crew/loss of mission scenarios with short time-to-effect. Two
additional crewmembers are assigned as operators (O) to achieve mission
objectives.

Page #: 245 of 292



= Maintenance and Repair - Two crewmembers are assigned as lead (L) for IV
maintenance and repair.

= Rationale — Assigning two crewmembers to the highest qualification (L)
provides redundancy in capability within the crew for critical mission
operations, including responding to unforeseen failures that may lead to
loss of crew/loss of mission scenarios with short time-to-effect. Two
additional crewmembers are assigned as operators (O) to achieve mission
objectives.

= Habitability and Photo/TV — Each crewmember is assigned as specialist (S).

= Rationale — Assigning each crewmember as specialist (S) ensures
crewmembers can live safely on-board the vehicle and perform standard
daily crew operations (housekeeping, toilet, food, and trash management)
and photo/TV duties and respond to off-nominal events using procedures.
For any unforeseen failures of habitability systems or photo/TV,
crewmembers can wait on support from the ground, negating the need for
leads.

= EVA - For acrew of up to and including four, each crewmember is assigned lead
(L) for EVA.

= Rationale — Assigning four crewmembers as EVA leads (L) provides
redundancy in EVA pairs for critical mission EVA operations, including
the capability within the crew in providing real-time flight director EVA
coordination with the capability to respond to unforeseen failures with
short time-to-effect that may lead to loss of crew/loss of mission
scenarios.?

= Crew Medical Officer — At least two crewmembers are assigned crew medical
officer specialist (S).

= Rationale — NASA-STD-3001 requires at least two crew trained as crew
medical officers per vehicle [ref. 47]. With the potential for a split crew
with two to the surface, a total of four crew are required.

= Medical Operations (including exercise countermeasures and environmental
monitoring) — Each crewmember is assigned as operator (O).

= Rationale — Assigning each crewmember as operator (O) on medical
operations ensures crewmembers can safely live on-board and maintain
crew health and welfare and respond to off-nominal events using
procedures. Any unforeseen failures of medical operations equipment can
wait on support from the ground.

= Robotics Operations — Two crewmembers are assigned as specialist (S).

20 The assessment team assumed the microgravity and surface suits will be the same so that crew assigned EVA for
the Rover would also be EVA qualified for the Transit Habitat.
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= Rationale — Assigning two crewmembers as specialist (S) provides
redundancy in robotics operations.?* Two crewmembers are assigned as
track and capture specialist (S) providing redundancy in monitoring
rendezvous at Mars. Crewmembers are trained to safe the robotic arm for
any unforeseen failures and can wait on support from the ground, negating
the need for a lead (L).

= Payloads — One crewmember is assigned as specialist (S) for each of four
scientific payload disciplines (material and physical science, biological science,
botanical science, human physiology).

= Rationale — Assigning one crewmember as specialist (S) for each scientific
discipline provides capability in executing scientific research operations
per procedures to meet primary mission objectives [ref. 6]. For any
unforeseen payload failures crewmembers can wait on support from the
ground, negating the need for a lead.

e For the Rover, lead responsibilities are distributed across crewmembers to the levels
shown below. All crewmembers require training on habitability duties and for emergency
response for safe living on-board, and crewmembers are assigned as leads or operators
for vehicle core systems, docking systems, and maintenance and repair to ensure leads for
those systems have crewmembers with system knowledge to support if needed. The
rationale for leads includes the understanding that the crew must be able to meet primary
mission objectives without real-time support from MCC, and the crew must be able to
independently recover the Rover in the event of an unforeseen failure or transfer to the
MAYV or MDV.

= Driving and Navigating — Two crewmembers are assigned as lead (L).

= Rationale — Assigning two crewmembers to the highest qualification (L)
provides redundancy in critical mission operations including driving and
navigating the Rover.

= Emergency Operations — Two crewmembers are assigned as lead (L).

= Rationale — Assigning two crewmembers to the highest qualification (L)
provides redundancy in capability in the system knowledge to orchestrate
system leads and all other crewmembers to safe the vehicle in the event of
a system emergency (fire, rapid depressurization, toxic atmosphere). Each
additional crewmember is assigned as an operator (O).

= Activation/Deactivation — Two crewmembers are assigned as lead (L).

= Rationale — Assigning two crewmembers to the highest qualification (L)
provides redundancy in capability for critical mission operations including
activation and deactivation of vehicle systems and payloads without the
real-time support of MCC. No additional crewmembers are assigned
responsibilities.

21 Based on SME recommendation that additional crewmembers could be trained in-mission if needed (personal
communication with robotics SME, 2023).
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= Logistics — Each crewmember is assigned as specialist (S).

= Rationale — Assigning all crewmembers as specialist (S) provides the
capability for the crew to conduct logistical operations and
troubleshooting independently from the ground, a task necessary for daily
operations. One specialist is assigned as loadmaster, trained for any
specialist logistics tasks. For any unforeseen logistics issues crewmembers
can wait on support from the ground, negating the need for a lead.??

= Vehicle Core System — Two crewmembers are assigned as lead (L) for each
system (CDH w/LAN, C&T, ECLSS, EPS, MCS, Prop, TCS).

= Rationale — Assigning two crewmembers to the highest qualification (L)
provides redundancy in capability within the crew in maintaining or
reestablishing access to critical system information needed to respond
unforeseen failures and capability within the crew in critical mission
operations, including responding to unforeseen failures that may lead to
loss of crew/loss of mission scenarios with short time-to-effect. Two
additional crewmembers are assigned as operators (O) to achieve mission
objectives.

= Structures and Mechanisms - Two crewmembers are assigned as lead (L) for
docking systems.

= Rationale — Assigning two crewmembers to the highest qualification (L)
provides redundancy in capability within the crew for critical mission
operations, including responding to unforeseen failures that may lead to
loss of crew/loss of mission scenarios with short time-to-effect. Two
additional crewmembers are assigned as operators (O) to achieve mission
objectives.

= Maintenance and Repair - Two crewmembers are assigned as lead (L) for
maintenance and repair.

= Rationale — Assigning two crewmembers to the highest qualification (L)
provides redundancy in capability within the crew for critical mission
operations, including responding to unforeseen failures that may lead to
loss of crew/loss of mission scenarios with short time-to-effect. Two
additional crewmembers are assigned as operators (O) to achieve mission
objectives.

= Habitability and Photo/TV — Each crewmember is assigned as specialist (S).

= Rationale — Assigning each crewmember as specialist (S) ensures they can
live safely on-board and perform standard daily crew operations
(housekeeping, toilet, food and trash management) and photo/TV duties
and respond to off-nominal events using procedures. For any unforeseen

22 At the time of this report, the Artemis Program is considering trades in logistics capabilities. The trades include
large logistic carriers that require cranes to maneuver cargo and/or EVAs to transfer cargo. Final decision on Mars
logistics capabilities and their impact on primary mission objectives may drive the need for a Mars logistics lead.
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failures of habitability systems or photo/TV crewmembers can wait on
support from the ground, negating the need for leads.

= EVA - For acrew of up to and including four on the surface, each crewmember is
assigned lead (L) for EVA. All additional crewmembers are assigned as suit only
specialist (S).

= Rationale — Assigning four crewmembers as EVA leads (L) provides
redundancy in EVA pairs to meet primary mission objectives and for
critical mission EVA operations, including the capability within the crew
in providing real-time EVA coordination with the capability to respond to
unforeseen failures with short time-to-effect that may lead to loss of
crew/loss of mission scenarios. Assigning all additional crewmember as an
EVA specialist (S) ensures all crewmembers can support an EVA rescue
or perform an unpressurized transfer (walk back) to the MAV if required
for Mars departure in response to an off-nominal event or unforeseen
failure.

= Crew Medical Officer — At least two crewmembers are assigned crew medical
officer lead (L).

= Rationale — NASA-STD-3001 requires at least two crew trained as crew
medical officers per vehicle [ref. 47]. Assigning two crewmembers as
leads (L) ensures the capability within the crew necessary to respond to
EVA medical emergencies on the surface. CB recommends all surface
crew be trained as crew medical officer specialist (S).

= Medical Operations (including countermeasures and environmental monitoring) —
Each crewmember is assigned as operator (O).

= Rationale — Assigning each crewmember as operator (O) on medical
operations ensures crewmembers can safely live on-board and maintain
crew health and welfare and respond to off-nominal events using
procedures. Any unforeseen failures of medical operations equipment can
wait on support from the ground.

= Robotics Operations — Two crewmembers are assigned as specialist (S).

= Rationale — Assigning two crewmembers as specialist (S) provides
redundancy in robotics operations.?® Crewmembers are trained to safe the
robotic arm for any unforeseen failures and can wait on support from the
ground, negating the need for a lead (L).

= Payloads — All EVA crewmembers are assigned as lead (L) for surface geological
science.

= Rationale — Assigning all EV crewmembers to the highest qualification
(L) provides the capability in executing and troubleshooting scientific
research operations to meet primary mission objectives [ref. 6].

23 Based on SME recommendation that additional crewmembers could be trained in-mission if needed (personal
communication with robotics SME, 2023).
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With the information above on qualifications and responsibilities, the assessment team
created a Generic Mars CQRM for the five vehicles in the SAC22 Mars mission architecture
(Tables 82 through 86). The Generic Mars CQRM lists the minimum crew qualifications for
each area of responsibility necessary to meet primary mission objectives, to perform time-
critical operations, and respond to unforeseen failures across each vehicle.

The Generic Mars CQRM is designed to be read across each row. For example, Table 83
shows that for the C&DH system on the Transit Habitat, up to four crewmembers are
required to be assigned responsibilities for the system. For a crew of four, there are two leads
(L) and two operators (O) responsible for the system. If constraints, described in detail
below, prevent the ability to assign two leads, then one or both leads are assigned as
specialist, as indicated by the L(S). For a crew size greater than four, the dash “-” indicates
that no additional crewmembers are assigned responsibilities on the system.

Although the SAC22 architecture considered for analysis in this report is a mission with a
crew of four with two to the surface, the assessment team built the Generic Mars CQRM for
any size crew. The first size columns of the Generic Mars CQRM show the recommended
number of crewmembers and qualifications for each responsibility out of a crew up to six;
the last column indicates the number of qualifications for additional crew sizes. For example,
Table 85 shows that for the ECLSS system on the Mars Rover, up to four crewmembers are
required to be assigned responsibilities for the system. For a crew of four, there are two leads
(L) and two operators (O) responsible for the system. If constraints prevent the ability to
assign two leads, then one or both leads are assigned as specialist, as indicated by the L(S).
For a crew size of two (as in the SAC22 mission), there would not be any assigned operators.
For a crew size greater than four, the dash “-” indicates that no additional crewmembers are
assigned responsibilities on the system.
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Table 82. The Generic Mars CQRM — MPCV

Generic Mars Crew Qualification &
Responsibilities Matrix (CQRM) Version 1.0

Orion Crew Qualification & Responsibilities

The first six columns indicate the recommended number of crewmembers and

ROLES Vehicle qualifications for each responsibility out of a crew up to six. The last column
(Full Crew) indicates the number of qualifications for additional crew sizes.

Mission Commander / Flight Engineer MPCV CDR PLT FE FE FE FE FE

SYSTEM QUALIFICATION & RESPONSIBILITES
Piloting Operations

PLT PLT
Piloting (Ascent/Rndz/Entry) MPCV (Remain on{(Remain on MS MS MS MS MS
orbit) orbt)

Complex Operations
Emergency Operations MPCV PLT PLT MS MS MS MS MS
Activation/Deactivation MPCV PLT PLT MS MS MS MS MS
Logistics (Transfer, Inventory & Stowage)
Logistics (Transfer, Inventory & Stowage) | One Specialist
. MPCV - - - - - - -
is Loadmaster
Vehicle Core Systems (CDH, C&T, ECLSS, EPS, MCS,
Propulsion, TCS)
¥Ergle Core Systems (CDH, C&T, ECLSS, EPS, MCS, MPCV LT LT s S s S MS
Structure & Mechanisms, Maintenance & Repair
Slruc_tures & Mechanisms, Intravehicular Maintenance & MPCV LT LT S | s | S | S | | S
Repair
Habitability Group
Habitability (Housekeeping, WHC, Food & Trash MPCV LT LT s s s s S
Management)
Photo/TV
[Pholo/TV MPCY - - P S N N [ -
Extravehicular Activity (EVA)
EVA (EVA Operations, EVA Hardware (internal tasks), and MPCY ) ) ) ) ) ) )
EVA Coordination) | micro-G and Surface
EV Suit Only | micro-G and Surface MPCV - - - - - - -
Integrated Medical Operations
Crew Medical Officer | Medical Treatment MPCV PLT PLT MS MS MS MS MS
Medical Operations | Exercise Countermeasures,
Environmental Sampling (e.g., radiation monitoring, acoustic MPCV PLT PLT MS MS MS MS MS
monitoring)
Robotics Operations
Robotics Operations (incl. EVA Robotics (EVR)) MPCV - - - -1 -1 -] | -
Track & Capture MPCV - - - | - | - | - | | -
Payloads Group (PLG)
Payloads Group MPCV = = = | - | - | - | | -
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Table 83. The Generic Mars CQRM — Transit Habitat

Transit Habitat Crew Qualification & Respensibilities

The first six columns indicate the recommended number of crewmembers

ROLES Vehicle and qualifications for each responsibility out of a crew up to six. The last
(Full Crew) column indicates the number of qualifications for additional crew sizes.
Transit Habitat COR_| FE FE | fe | FE | FE FE
| | | | |
Tt || - ] - B I P —| The Generic Mars CQRM is
TR designed to be read across each
Transit Habitat ~ |[(Rer Rer o o o 5} o
i i row. For example, for the
L - - - - — C&DH system on the Transit
t?;:;ilgramfsr‘ Inventory & Stowage) | Cne Specialst is T 3 g 5 | 3 | 3 | g | 3 Habltat, up to four
Venicle Core Systems (CDH, CAT, ECLSS, EPS, MCS, crewmembers would be
Propulsion, TCS) . RTI
TRET assigned responsibilities for the
(Command & Data Handing (CDH) w/LAN Transit Habitat ~ |[(Rer Remai o o] - - -
imene & BataHanding (€O v s i [ | system. For a crew of four,
L(8) L(s)
Communication and Tracking (C&T) Transit Habitat (Remain on{(Remain onq o o - - - there WOUId be tWO Ieads (L)
o) | ookl and two operators (O). If
Environmental Control & Life Support System (ECLSS) e . P . ( )
(ACS)(AR), (FDS), (WRM), (THC) Trensit Hebtzt [R"::;‘[)' b [R":r’:i:’; ol © 0 - - - training constraints prevent the
L(s) Ls) ili i
Electrical Power System (EPS) Transit Habitat (Remain ony(Remain on o o] - - - abl I Ity to aSSIgn tWO Ieads' then
oot) | oti) one or both of the leads is
L(8) Ls) . .-
Mation Control System (MCS) Transit Habitat ~ ||(Remain on{(Remainon{ O 0 - - - aSSlgned as Sp6C|aI|St, as
orbit) ordit) .-
L) | us indicated by the L(S) For a
Transit Propuision System (Prop) Transtt Habtat  |[(Remain or{(Remainon{ O o] - - = .
o) | oo crew size greater than four, the
L(8) L(s) T :
Thermal Contral System (TGS) Transtt Habitat ~ |[(Remain on(Remainon{ O 0 8 - 8 dash “-“ indicates that no
orbit) orbit) He
e additional crewmembers would
L(s) Ls)
Structures & Mechanisms | Incl. Docking System Transit Habitat (MDVIMA | (MDV/MA o o] - - - be tral ned for responSI bll Itles
iy || ety on this system.
Maintenance & Repair
L(8) L(s)
Intravehicular Maintenance & Repair Transit Habitat (Remain ory (Remain o o o - - -
orbit) orbit)
Habitabllity Group
Habitability (Housekeeping, WHC, Food & Trash Management) Transit Habitat s S S | s | s | S | s
Photo/TV.
Phola/ TV Transit Habitat s S s | s | s | s | s
Extravehicular Activity (EVA)
L=EVA | L=EvA
g: a;ﬁ;:;?ﬁ;ﬂig :;rﬂ;;aﬁr:ﬂ[;rﬁema\ ERpe Transit Habitat [Rema_\n o [Rema_in o
orbit) orbit)
EV Suit Only | micro-G and Surface Transit Habitat - - - - - - -
Integrated Medical Operations
Reqm't for
Crew Medical Officer | Medical Treatment Transt Habitat ~ ||° (Reman | S (Remain 2 per
on-orbt) | on-orbit) Vel
Medical Operations | Exercise Countermeasures, Environmental
Sampling (e.g., radiation monitoring, acoustic monitoring) Vi RELE e © © o e © 9
Robotics Operations
n See Rover
Robotics Cperations (ncl. EVA Robatics (EVR)) Transt Hapitat || (Reman | S (Remain o o o for Sur
on-orbit) | on-orbit) ROBO
s (same | S (Same
Track & Capture | Monitor Mars Rndz Transit Habitat a as - - - - -
Robotics) | Robatics)
Payloads Group (PLG) | NEW DESIGNATIONS FOR MARS
Material & Physical Science Transit Habitat s - - - - - -
Blological Sclence Transit Habitat s - - - - - -
Botanical Science Transit Habitat S - - - - - =
Human Physio Transit Habitat s - - - - - -
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Table 84. The Generic Mars CQRM — Mars Descent Vehicle (MDYV)

Mars Descent Vehicle (MDV) Crew Qualification & Responsibilities

The first six columns indicate the recommended number of crewmembers and

ROLES Vehicle qualifications for each responsibility out of a crew up to six. The last column
(Full Crew) L o L. N
of qualifi for additional crew sizes.
Mars Commander / Flight Engineer MDV CDR PLT FE FE FE FE FE
SYSTEM QUALIFICATION & RESPONSIBILITES

Piloting Operations
Piloting (Ascent/Rndz/Entry) MDV PLT PLT MS MS MS MS MS
Complex Operations
Emergency Operations MDV PLT PLT MS MS MS MS MS
Activation/Deactivation MDV PLT PLT MS MS M3 MS MS
Logistics (Transfer, Inventory & Stowage)
Logistics (Transfer, Inventory & Stowage) | One Specialist is
Loadmaster Lzl ) ) ) ) ) ) )
Vehicle Core Systems (CDH, C&T, ECLSS, EPS, MCS,
Propulsion, TCS)
Vehicle Core Systems (CDH, C&T, ECLSS, EPS, MCS, TCS) MDV PLT PLT MS MS MS MS MS
Structure & M & Repair
Structures & Mechanisms, Intravehicular Maintenance & Repair MDV PLT PLT MS MS MS MS MS
Habitability Group
Habitability (Housekeeping, WHC, Food & Trash Management) MDV PLT PLT MS MS M8 MS MS
Photo/TV
Photo/TV MDV = o = = o = |
Exiravehicular Activity (EVA)
EVA (EVA Operations, EVA Hardware (intemal tasks), and EVA MDYV R . R R . R R
Coordination) | micro-G and Surface
EV Suit Only | micro-G and Surface MDV - - - - - - -
Integrated Medical Operations
Crew Medical Officer | Medical Treatment MDV PLT PLT MS MS M8 MS MS
Medical Operations | Exercise Countermeasures,
Environmental Sampling (g.g., radiation monitoring, acoustic MDV PLT PLT MS MS Ms MS MS
monitoring)
Robotics Operations
Robotics Operations (incl. EVA Robotics (EVR)) MDV - - - - - - -
Track & Capture MDV -
Payloads Group (PLG)

Payloads Grou|
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Table 85. The Generic Mars CQRM — Mars Rover

Mars Rover Crew Qualification & Responsibilities

The first six columns indicate the recommended number of crewmembers and
Vehicle qualifications for each responsibility out of a crew up to six. The last column
indicates the number of qualifications for additional crew sizes.

ROLES
(Full Crew)

Mars Commander / Flight Engineer Rover FE FE FE FE
SYSTEM QUALIFICATION & RESPONSIBILITES

Driving & Navigating Operations

Driving & Navigating

Complex Operations

Emergency Operations

Activation/Deactivation (Rover and External Equipment)

Logistics (Transfer, Inventory & Stowage)

Logistics (Transfer, Inventory & Stowage) | One Specialist is

Loadmaster

Vehicle Core Systems (CDH, C&T, ECLSS, EPS, MCS,

ITCS, ETCS)

Vehicle Core Systems (CDH w/LAN, C&T, EPS, Prop, TCS) -
ECLSS

Vehicle Core Systems (ECLSS)

Structure & Mechanisms

Structures & Mechanisms | Incl. Docking System

Maintenance & Repair

Intravehicular Maintenance & Repair

Habitability Group

Habitabiity (Housekeeping, WHC, Food & Trash
Management)

Photo/TV

Photo/TV

Extravehicular Activity (EVA)

EVA (EVA Operations, EVA Hardware (interal tasks), and
EVA Coordination) | micro-G and Surface

EV Suit Only | micro-G and Surface

Integrated Medical Operations
Crew Medical Officer | Medical Treatment for Surface EVA
Medical Emergencies

Medical Operations | Exercise Countermeasures,
Environmental Sampling (e.qg., radiation monitoring, acoustic
monitoring)

Robotics Operations

Robotics Operations (Planetary Surface)

Track & Capture
Payloads Group (PLG) | NEW DESIGNATIONS FOR MARS

L L L L
Surface Geological Science (Same as | (Sameas | (Sameas | (Sameas
EVA lead) | EVA lead) | EVA lead) | EVA lead)
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Table 86. The Generic Mars — Mars Ascent Vehicle (MAYV)

Mars Ascent Vehicle (MAV) Crew Qualification & Responsibilities
The first six columns indicate the recommended number of crewmembers and
ROLES Vehicle qualifications for each responsibility out of a crew up to six. The last column
(Full Crew) indicates the number of qualifications for additional crew sizes.
Mars Cc der / Flight Engineer MAV COR PLT FE EE FE FE FE
SYSTEM QUALIFICATION & RESPONSIBILITES

Piloting Operations

Piloting (Ascent/Rndz/Entry) MAV PLT PLT ms | wms [ ws [ wms ] [ ms
Complex Operations

Emergency Operations MAV PLT PLT MS MS MS MS MS
Activation/Deactivation MAV PLT PLT MS MS MS MS MS
Logistics (Transfer, Inventory & Stowage)

Logistics (Transfer, Inventory & Stowage) | One Specialist is

Loadmaster LIy

Vehicle Core Systems (CDH, C&T, ECLSS, EPS, MCS,

Propulsion, ITCS, ETCS)

Vehicle Core Systems (CDH, C&T, ECLSS, EPS, MCS, TCS) MAV PLT PLT Ms | ms | ms | wms | | wms
Structure & Mechani Maints & Repair

Structures & Mechani Intravehicular Mai ce & Repair MAV PLT PLT MS MS MS MS MS
Habitability Group

Habitability (Housekeeping, WHC, Food & Trash Management) MAV PLT PLT MS MS MS MS MS
Photo/TV

Phola/TV MAV - - S N [
|Extravehicular Activity (EVA)

EVA (EVA Operations, EVA Hardware (intemal tasks), and MAV

EVA Coordination) | micro-G and Surface

EV Suit Only | micro-G and Surface MAV

Integrated Medical O ons

Crew Medical Officer | Medical Treatment MAV PLT PLT MS MS MS MS MS
Medical Of ions | Countermeasures, Environmental Sampli

(e.g., radi::jf!m'ri;1 monitlcring, acoustic monitoring) i LYY A A L — £ A o
Robotics Operations

Robatics Operations (incl. EVA Robotics (EVR)) MDV

Track & Capture Rover

Payloads Group (PLG)

Payloads Grouj MDV

Training Flow Hours

The Generic Mars CQRM “reflects the qualification levels achieved in training” [ref. 46]. To
model a flight-assigned Mars CQRM that balances the training workload across a crew, the
assessment team determined training hours for each responsibility and level of qualification in
the Generic Mars CQRM using quantitative data from the ISS and SpaceX Dragon training
flows, as applicable.

For operator (O) and specialist (S) responsibilities, the assessment team used the training flow
hours documented for formal training in the Fox learning management system maintained by
FOD. For example, the assessment team use ISS Operator training flow hours for Transit Habitat
Operator training flow hours. The assessment team assigned Pilot (PLT) and Mission Specialist
(MS) training hours using MPCYV training flow hours.

The lead (L) qualifications for vehicle systems are new, Mars-unique qualifications. The
assessment team conducted SME interviews to determine equivalent training flows for these
qualifications. An ISS SPARTAN flight controller/instructor recommended using MPSR flight
controller training flow hours for lead vehicle core systems. The SPARTAN noted that while
MPSR training flow content would not be identical to the content in a crew lead training flow for
a system or operation (e.g., for core systems the crew would be provided more practical, hands-
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on system training and would not be required to complete essay-type knowledge requirements or
oral-board evaluations required of MPSR flight controllers) the total Fox training hours would be
very similar and “a good ceiling for a crew system lead training flow”?*. A former 1SS Gemini
Titan? flight controller recommended 3 to 4 months of training per vehicle core system based on
her experience learning a new system. This is a different approach to considering crew training
hours than considered by the SPARTAN flight controller/instructor, but it aligns with the number
of hours from the SPARTAN recommendation of using MPSR hours. Based on these interviews,
the assessment team used the MPSR training flow hours documented for formal training in the
Fox learning management system maintained by FOD. The assessment team used MPSR training
hours rather than the Gemini experience since the MPSR training hours provide more recent and
better documented data. System lead qualifications for Mars require significantly more flight-
assigned training hours training than training for current ISS qualifications (e.g., 370 hours of
training for a Mars Transit Habitat ECLSS lead, compared to 24 hours of training for an ISS
ECLSS specialist).

The EVA lead qualification is a new, Mars-unique qualification. As was noted, ISS uses the lead
qualification for EV crewmembers, but the Mars EVA lead qualification described here expands
the responsibilities to include the EVA coordination responsibilities for crewmembers on
missions to Mars currently performed for ISS EVAs by the MCC flight control team. The
assessment team conducted a SME interview to determine an equivalent training flow for this
qualification. An ISS EVA flight controller/instructor recommended using EVA MPSR flight
controller training flow hours for EVA lead training hours. The assessment team used the MPSR
training flow hours documented for formal training in the Fox learning management system
maintained by FOD. For the EVA lead, the assessment team used the total sum of training hours
for two MPSR positions, EVA Task and EVA systems. A flight controller hired into the EVA
discipline normally takes ~3 years to certify in their first of two MPSR positions. A new-hire
first becomes an instructor for a position and then works towards their MPSR certification. The
flight controller in training may take weeks of self-study time to learn lessons for their
instructional requirements or to prepare for knowledge requirements, and these hours are not
included in the Fox training flow (and are not required for an EVA lead crewmember). For a
crewmember to complete the formal training in Fox included in these flows would take months
rather than years (on the order of a lead flow for a vehicle core system). The total hours for the
EVA lead include the ISS hours for EV qualifications which train the crew for IV tasks (e.g., suit
maintenance) and extravehicular operations. EVA lead qualifications for Mars require
significantly more flight-assigned training hours than training for current ISS qualifications (e.qg.,
572 hours of training for a Mars EVA lead, compared to 128 hours of training for ISS EVA
operations).

24 personal communication SPARTAN flight controller/instructor, 2023.

% Early in the life of the 1SS Program, FOD implemented a concept of Gemini flight controllers, where two flight
controllers, Atlas and Titan, replaced the team of core system flight controllers for overnight and weekend shifts.
Atlas and Titan flight controllers were certified in one of the three systems assigned to them and received training as
a Gemini flight controller for their responsibilities for two additional systems. An Atlas had responsibility for the
ECLSS, EPS, and TCS systems, and a Titan had responsibility for the C&T, CDH, and MCS systems. Atlas and
Titan had sufficient knowledge of their respective set of systems to be capable of safing vehicle systems in response
to off-nominal events.
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The assessment team used a SME interview to determine training flow hours for the robotics
specialist qualification. An ISS robotics flight controller/instructor recommended doubling the
ISS flight-assigned robotics flow to add failure identification and recovery to the crew training
flow. The ISS robotics flight controller/instructor noted that this content was trained to early 1SS
expedition crew; however, over the years of the ISS Program these tasks were transitioned to the
ground and removed from crew training. The SME noted that this training would only apply to
Transit Habitat robotics and, based on Artemis experience, planetary surface robotics capabilities
(e.g., drone, robotic arm, etc.) would likely be provided by a different contractor, so the crew
would require a separate training flow for planetary surface robotics. The assessment team used
the Transit Habitat hours as estimates for a separate surface robotics training flow.

The full Excel® spreadsheet for the Generic Mars CQRM stored on the assessment SharePoint
site lists the specific ISS or SpaceX Dragon training flows and hours used to estimate Mars
mission training hours for each qualification level for each responsibility, including the hours for
the new lead qualifications. The spreadsheet notes any deviations from the descriptions above.

Human Performance Limitations

The Generic Mars CQRM is built to identify the minimum crew qualifications for each area of
responsibility necessary for a Mars mission. However, human limitations on skill acquisition and
retention need to be considered in modeling a flight-assigned Mars CQRM. To determine these
limits for missions to Mars, the assessment team interviewed FOD SMEs and reviewed FOD
literature on training retention issues. The team identified constraints on the overall duration of
flight-assigned training (number of years) and constraints on the allocation of lead qualifications
(including piloting, EVA, and system leads) to which a crewmember can be trained to retention.

Training Constraints: Duration of Flight-Assigned Training Flow

When astronaut candidates (ASCANS) are hired into the Agency, they are provided 2 years of
ASCAN training, during which they are evaluated on multiple vehicle systems, operations, and
payloads. After successfully completing ASCAN training, flight-assigned training begins when a
crewmember is assigned to an ISS increment or Artemis mission. In the early years of ISS,
flight-assigned training frequently ran longer than 30 months. Although the ISS crew training
program produces highly skilled and effective crewmembers, training retention issues seen in the
ISS crew were a known concern for FOD [refs. 48, 49]. Over the course of the ISS Program,
FOD conducted several dedicated efforts to refine ISS training. In 2016, the Training Reduction
Action resulted in a redesign of the ISS pre-mission, flight-assigned flow that reduced the
duration of pre-mission training to less than a 24-month flow, in part due to “knowledge
retention issues” (Figure 143) [ref. 50]. Additional efforts have reduced the duration of the flow
even further, so that flight-assigned crew are now in training between 17 months (for a
crewmember travelling to ISS on SpaceX Dragon as mission specialist) to 20.5 months (for a
crewmember travelling to ISS as a Soyuz right-seater) [ref. 51]. NASA’s HRP Evidence Report
for the Risk of Inadequate Human-System Integration Architecture states that, “there is a
possibility of adverse outcomes in the performance of critical mission tasks” if training retention
issues are not addressed [ref. 40]. Therefore, it is critical that pre-flight training for Mars remains
within limits that can be effectively trained.
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ISS Knowledge Retention Issues

Launch

Figure 143. Knowledge Retention Issues in ISS Crew Pre-mission Training

[ref. 50]

To determine a valid duration for modeling Mars flight-assigned training, the assessment team
used the information above and interviewed experienced ISS instructors, flight controllers, and
crew. SMEs expressed concerns about extending a Mars pre-mission, flight-assigned flow
beyond 24 months, with one SME (a flight controller/instructor) noting that longer flows would
require proficiency training for content trained earlier in the flow creating even more of a
challenge. Another SME (a crewmember) clearly stated that 2 years is the maximum duration
that should be considered for a Mars pre-mission, flight-assigned training flow.

Based on ISS operational training limits and SME inputs, the assessment team set a maximum
duration of 2 years in the model for a Mars pre-mission, flight-assigned training flow.

Training Constraints: Allocation of Areas of Expertise

The second training constraint that the assessment team considered was the constraint on the
allocation of lead qualifications (including piloting, EVA, and system leads) to which a
crewmember can be trained to retention. Table 87 shows the full listing of piloting, EVA, and
system leads across the five vehicles in the Generic Mars CQRM. While a crewmember can be
assigned more than one of the responsibilities listed in the table, human limitations on skill
acquisition and retention need to be considered in modeling a flight-assigned Mars CQRM.
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Table 87. Piloting, EVA, and System Leads

Generic Mars Crew Qualification & Responsibilities Matrix (CQRM)
Piloting, EVA, and Lead Responsibilities

Piloting and Lead Assignments
Piloting (Ascent/Rndz/Entry) QOrion
Emergency Operations (Emer) Transit Habitat
Command & Data Handling (CDH) w/LAN Transit Habitat
Communication & Tracking (C&T) Transit Habitat
Environmental Control & Life Support System (ECLSS) Transit Habitat
Electrical Power System (EPS) Transit Habitat
Motion Control System (MCS) Transit Habitat
Transit Propulsion System (Prop) Transit Habitat
Thermal Control System (TCS) Transit Habitat
Structures & Mechanisms (Incl. Docking Systems) Transit Habitat
Maintenance & Repair (IVA Tools & Generic Tasks) Transit Habitat
EVA (EVA Operations, EVA Hardware (internal tasks), and Transit Habitat & EVA
EVA Coord.) | micro-G and Surface Rover (multiple crewmembers)
Piloting (Ascent/Rndz/Entry) MDV PLT PLT
Activation/Deactivation (MDV) MDV PLT
Driving & Navigating Rover
Emergency Operations Rover
Activation/Deactivation (Rover and External Equipment) Rover
Vehicle Core Systems (CDH w/LAN, C&T, EPS, Prop, TCS) Rover
Vehicle Core Systems (ECLSS) Rover
Structures & Mechanisms (Incl. Docking Systems) Rover
Maintenance & Repair (IVA Tools & Generic Tasks) Rover
Surface Geological Science Rover
Piloting (Ascent/Rndz/Entry) MAV
Activation/Deactivation (MAV) MAV

=

(ol ol Il (ol ol ol Wl Wl ol Kl

o
=
—

ol Wl Kl el el Wl Kl

Developing true expertise requires years of training and practice [ref. 52]. NASA selects experts
for some crewmember responsibilities (pilots, medical doctors) and provides spaceflight training
that leverages that expertise. For other responsibilities, ISS crewmembers have always been able
to rely on the expertise in MCC — in the flight controllers

who have spent years in training to be certified on their In support of the Personnel,
assigned system, operation, or payloads.?® For missions to Expertise, and Training model,
Mars in which crewmembers will be required to perform the SMEs and assessment team
Earth-independent operations, crewmembers will require provide more than 150 years of
some level of expertise to mitigate the risk of unforeseen spaceflight training and

failures with potential loss of crew/loss of mission operational experience.
consequences and short time-to-effect. The challenge for the

spaceflight training instructors is that crewmembers must acquire this expertise in a relatively
short period of time (see discussion above on the limits on the duration of training). Furthermore,
to mitigate risks across all the vehicles in the architecture, unless the Agency chooses to send
dozens of crewmembers on missions that Mars, then crewmembers must be trained to expertise
on multiple systems, operations, or payloads. Understanding that there are limitations on skill
acquisition and retention, the assessment team conducted interviews and working group meetings

2 Training durations for ISS FCR positions vary depending on the discipline and design of the training flow which
may include classroom lessons, self-study, training simulations, and evaluations. Additionally, flight controllers are
given office duties as they work towards certification. Core system FCR flight controllers are typically certified in 2
to 3 years (which includes a backroom certification). EVA FCR flight controllers can take up to about 8 years to be
certified (which includes two backroom certifications).
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with FOD and POIC personnel?’ to determine the constraints on the allocation of piloting, EVA,
and system lead qualifications to which a single crewmember can be trained for a mission to
Mars.

The SMEs included FOD personnel working Artemis, so the SMEs did not simply consider ISS
systems but took into account SME knowledge of Artemis vehicles, including Gateway and the
lunar rover. The SMEs considered that future Mars vehicles would be smaller and simpler than
the ISS, would be more similar to Artemis vehicles than to the ISS, and would have better
redundancy management software and automated failure response than seen initially on the ISS
based on anticipated Gateway system design.

In interviews with an ISS SPARTAN instructor/flight controller and a former ISS Gemini Titan
flight controller, their expert opinion is that future crewmembers could be trained to respond to
an unforeseen failure with potential loss of crew/loss of mission consequences and short time-to-
effect for a subset of vehicle systems. The Gemini flight controller was confident that a
crewmember could be trained to “safe” three vehicle systems (i.e., respond to an unforeseen
failure and place a system into a safe configuration). However, the SPARTAN instructor/flight
controller noted that their training program includes a case study in which a Gemini flight
controller did not maintain expertise across their three systems and did not correctly respond to
an 1SS system failure — noted to the assessment team as a bounding case for constraints on lead
allocations.

The SPARTAN instructor/flight controller noted that some systems are easier to learn and
operate (e.g., TCS) while other systems are more challenging to learn and operate (e.g., ECLSS),
stating that it is not simply a matter of assigning a number of systems to a crewmember but
instead the complexity of each system needs to be considered when grouping systems.
Additionally, certain systems combine better than others from a training and operational
perspective. For example, EPS and MCS group well because both systems require similar
knowledge of the constraints on moving the solar arrays.

Based on interviews and working group meetings with the SMEs, the assessment team set the
following as the constraints on the piloting, EVA, and system lead responsibilities to which a
single crewmember can be trained:

e MPCV Pilot + EVA

e Transit Habitat Emergency Lead + ECLSS Lead + TCS Lead
e Transit Habitat CDH w/LAN Lead + C&T Lead

e Transit Habitat EPS Lead + MCG Lead + Prop Lead

e Transit Habitat Maintenance and Repair Lead

e MDV/MAV Pilot + Transit Habitat Structures and Mechanisms (Docking) + EVA +
Geology

2 The SMEs interviewed for this model included a crewmember, flight director, payload operations director,
SPARTAN flight controller, and EVA flight controller. The crewmember is a pilot and brought that expertise to the
discussion.
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e MDV/MAV Pilot + Transit Habitat Structures and Mechanisms (Docking) + Driving &
Navigation

e Rover Emer Lead + ECLSS Lead + (additional CMO training including EVA medical
emergency) + EVA + Geology

e Rover Vehicle Core Systems Lead - ECLSS Lead + EVA + Geology

e Rover Structures and Mechanisms Lead + Maintenance and Repair Lead + EVA +
Geology

A crewmember assigned to any one of these sets of responsibilities would also be required to be
trained live safely onboard each of the vehicles (e.g., trained as operator or specialist on
emergency response, habitability, medical operations (e.g., exercise)) and would be assigned
additional operator or specialist responsibilities as needed to meet mission objectives. However,
these constraints mean that once a crewmember is assigned to one set of piloting, EVA, or
system lead responsibilities listed above, he or she would not be assigned additional piloting,
EVA, or system lead responsibilities. Therefore, some crew sizes may be too small to have all
responsibilities filled at a lead level. As noted, any lead positions that cannot be filled are
assigned at the specialist or operator level. (The reader should note that this list of sets of
responsibilities was worked iteratively with the development of the models as described below.)

In summary, the assessment team created a Generic Mars CQRM that lists the minimum crew
qualifications for each area of responsibility necessary to meet primary mission objectives, to
perform time-critical operations, and respond to unforeseen failures across each vehicle. Using
quantitative data from NASA’s ISS and SpaceX Dragon training flows, the assessment team
documented the pre-mission, flight-assigned training hours necessary to achieve a specified
qualification for each area of responsibility assigned to the crew. The team conducted SME
interviews and reviewed operational data to document constraints on the duration of a Mars
flight-assigned training flow. The team conducted SME interviews and working group meetings
to document constraints on the piloting, EVA, and system lead responsibilities to which a single
crewmember can be trained.

Model Design

The Personnel, Expertise, and Training model is an optimization model with the objective of
balancing the training hours across a crew, given an allocation of lead, piloting, and EVA
responsibilities and given a 2-year limitation on flight-assigned training. Specifically, the model
allocates qualifications to the crew across the entire CQRM, following rules on assignments
including:
e Each crewmember is deterministically assigned a fixed allocation of piloting, EVA, and
system lead responsibilities.

e Any lead qualifications in the Generic Mars CQRM not assigned to a crewmember are
changed to specialist or operator (e.g., if a second lead is not assigned to the Transit
Habitat CDH system that qualification is change to specialist).

e All crewmembers are assigned operator or specialist duties for responsibilities levied on
all crew as specified in the Generic Mars CQRM (e.g., all crewmembers are assigned as
specialists for logistics and habitability for the Transit Habitat).
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e The remaining operator and specialist responsibilities are randomly assigned to optimize
the balance of training hours across the crew (e.g., any crewmember could be assigned as
the Transit Habitat CDH specialist).

e Additional modeling rules are shown in the model spreadsheet on the NESC SharePoint
(e.g., assigning certain crewmembers to remain on-orbit).

These rules were built into an optimization model within the Mars CQRM data sheet that
minimizes the difference between the most training hours and the least training hours among all
crewmembers. The model outputs a flight-assigned Mars CQRM showing the CDR, operator,
specialist, lead, piloting, and EVA responsibilities assigned to each crewmember and calculates
the number of training hours for each crewmember.

A MCS scheme was established within the Excel® add-on simulation tool Crystal Ball that takes
random samples from all possible permutations and combinations specialist and operator
assignments. The MCS runs generate 500,000 specialist and operator assignments, and the flight-
assigned Mars CQRM with the least difference among training hours across the crew is taken as
the optimized crew assignment. This optimized crew assignment very well approximates the best
balance of training hours.
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Figure 144. Optimization of Assignments

Figure 144 illustrates the MCS approach for the Personnel, Training, and Expertise model with a
total of 12 crew (A to L) and 6 of the 12 (G to L) going to the Mars surface. Column AF of the
spreadsheet shows the random assignment rule for assigning two crewmembers as robotics
specialists on the surface (Randomly selected S: 2 out of 6 from the crew to surface). Column
AH is the uniform random variable generated from the Crystal Ball tool. Column Al has a value
15 indicating there are 15 total permutations of 2 out of 6. Column Z and AE indicates Crew G
and Crew L takes the specialist role from this random assignment with 74 training hours for each
person. Total pre-mission, flight-assigned training hours for each crew are summarized at the
bottom of the spreadsheet as shown on Row 171.

7.2.5.3 Assumptions and Model Limitations
The model assumptions and limitations include:

Assumptions:
e Assume SAC22 architecture (MPCV, Transit Habitat, MDV, Rover, MAV) with a
30-day short stay on the Martian surface and significant delays in communication.
e Assume deep space network communication infrastructure that provides for continual but
communication delay support from MCC (including Earth-based antennas and in-space
relay between Earth and Mars).
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e Assume communication that provides for continual communication between Mars
surface crew and Mars crew in orbit.

e Assume ASCAN training completed prior to Mars flight-assigned training.

e Assume the ISS and SpaceX Dragon programs of training are valid analogs for Mars
flight-assigned training.

e Assume vehicles in the Mars architecture have the information infrastructure and
decision-support necessary for the crew to respond to unforeseen failures.

Limitations:

e There are not objective measures of spaceflight training limitations, either in years of
training or in the number or groupings of systems, operations, or payloads to which a
crewmember can be trained to retention.

e There may be important differences between the analog vehicles used in this report and
the vehicles in the final Mars mission architecture. Differences in vehicles may translate
to differences in training hours, in training constraints, and in the expertise necessary to
respond to unforeseen failures.

e There may be a need for higher levels of expertise on the planetary surface for long-stay
missions, including for additional surface infrastructure.

e The model balances the training load across the crew but does not balance the in-mission
workload.

7.2.5.4 Results and Discussion

The assessment team led working group meetings with SMEs to determine models to build.
Based on these meetings, the assessment team built two flight-assigned Mars CQRM models, a
flight-assigned Mars CQRM for a four-person crew with two to the surface and a flight-assigned
Mars CQRM with a twelve-person crew with six to the surface. The assessment team led the
SMEs through evaluations of these flight-assigned Mars CQRM using the trade space framework
to guide the evaluation discussion. 2 These two models provide two examples of a systematic,
repeatable process that can be used for evaluating as many other crew sizes (number of crew and
expertise) as desired, they are not recommendations on crew size. As stated below, in discussing
the results of the twelve-person model, the SMEs agreed that they could not go further in their
considerations of the need for vehicle system leads (to drive down crew size to build a third
model for analysis) without a better understanding of future vehicles.

Analysis 1 - 2021 Reference Missions with Four-Person Crew with Two to Surface

While any size crew can be modeled using this methodology, the first model the assessment team
built for analysis was based on the 2021 Agency guidance of a four-person crew with two
crewmembers descending to the surface. To build this model, the assessment team conducted
SME working group meetings to determine the piloting, EVA, and lead qualifications to assign
to the four crewmembers. NASA assigns two pilots to each ascent/entry vehicle to ensure
redundancy in critical piloting operations. The working group determined there were two
primary options for assigning ascent/entry vehicle pilots: either two crewmembers would pilot all
ascent/entry vehicles or two would pilot the MPCV crew module during operations around Earth

28 The assessment team lead the SMEs through evaluations of the flight-assigned CQRM as decisions were being
made as well as after all model results were completed, involving a more iterative process than that used by the
robotic arm assisted EVA operator modeling team who conducted a formal evaluation session at the conclusion of
their modeling.

Page #: 263 of 292



or cislunar space and the other two would pilot the MDV and MAYV to and from the Martian
surface. As an aside, the assessment team included piloting duties for the Transit Habitat within
propulsion system responsibilities. Based on the recommendation of the crewmember on the
working group (who is also a pilot), the assessment team built the model using the 2 x 2
approach: two crewmembers would pilot the MPCV and the other two would pilot the MDV and
MAV. The working group recommended all four crewmembers be EVA qualified to ensure
redundancy in pairs of EVA crew for the transit to and from Mars while also ensuring both
crewmembers to the surface would be EVA qualified. The working group determined that an

MPCYV pilot with an EVA lead qualification would be a full allocation of set of responsibilities
for a single crewmember.
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Table 88. Mars CQRM Overview for Four Crew

Crewmember A | Crewmember B |Crewmember C | Crewmember D
(Orion PLT + | (Orion PLT + (MDV PLT + (MDV PLT +
EVA Lead) EVA Lead) MAV PLT + MAV PLT +
Mars CQRM for Four crew Docking Lead +| Docking Lead +
At Vehicle EVA + Geolo EVA + Geolo
Pllotlng, EVA’ ar?d Lead Lead + Drivi:; Lead + Drivi:;
Responsibilites in Blue & Nav. Lead + | & Nav. Lead +
Rover Rover
Act/Deact. Act/Deact.
Lead) Lead)
CDR MPCV CDR - - -
Piloting MPCV PLT PLT MS MS
Vehicle Core Systems MPCV PLT PLT - -
Emer Response + Habitability + All Other Operations MPCV PLT PLT MS MS
CDR Transit Habitat - CDR - -
Emer Lead + ECLSS Lead + TCS Lead Transit Habitat S S 0 0
CDH w/LAN Lead + C&T Lead Transit Habitat S S 0 0
EPS Lead + MCG Lead + Prop Lead Transit Habitat S S 0 0
Maintenance & Repair (IVA Tools & Generic Tasks) Lead Transit Habitat S S 0 0
Struc & Mech (Docking) Lead Transit Habitat 0 0 L L
Logistics Transit Habitat S S S S
Habitability Transit Habitat S S S S
Photo/TV Transit Habitat S S S S
CMO Transit Habitat S S 0 0
Robotics Ops Transit Habitat S S - -
Med. Ops (incl. Exercise Countermeasures) Transit Habitat 0 0 0 0
EVA Lead | micro-g and Surface Transit Habitat EVA EVA e o (e Houm S
eads) Leads)
Payloads Transit Habitat - -
CDR MDV CDR -
Piloting MDV PLT PLT
Vehicle Core Systems MDV PLT PLT
Emer Response + Habitability + All Other Operations MDV PLT PLT
CDR Rover - CDR
Driving & Navigation Lead + Rover Act./Deact. Lead Rover L L
Emer Lead + ECLSS Lead + (additional CMO training incl. Rover 0+5+ 0+S+
EVA medical emergency) L (CMO) L (CMO)
Vehicle Core Systems Lead - ECLSS Lead Rover S S
Struc & Mech Lead + Maint. & Repair Lead Rover S S
Logistics Rover S S
Habitability Rover S S
CMO Rover (see above) (see above)
Med. Ops (incl. Exercise Countermeasures) Rover 0 0
Robotics Ops Rover S S
EVA Lead | micro-g and Surface Rover EVA EVA
Geology Lead (adds to all surface EVA leads) Rover L L
CDR MAV CDR -
Piloting MAV PLT PLT
Vehicle Core Systems MAV PLT PLT
Emer Response + Habitability + All Other Operations MAV PLT PLT

The working group then discussed the additional responsibilities necessary to assign to the
MDV/MAYV pilots to meet primary mission objectives. In addition to piloting and EVA
responsibilities, these two crewmembers would also need to be assigned as leads for the Transit
Habitat docking systems (for docking and undocking the MDV and MAYV from the Transit
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Habitat), as leads for Rover navigation and activation/deactivation, as leads for additional crew
medical officer (CMO) training including EVA medical emergency response, and as leads for
geology. After creating this list, the working group determined that this would be too many
piloting, EVA, and lead qualifications for one crewmember to be assigned. Nonetheless, the
assessment team built a model for this crew. Figure 145 shows an overview of the flight-assigned
Mars CQRM modeled for a crew of four based on the working group discussions.

_ Total Training Hours and Individual
Crewmember Training Hour Distributions

Crewmember A Crewmember B Crewmember C Crewmember D
Training Hrs 2,050 (=1.55 yrs)* Training Hrs 1,044 (=1.55 yrs)

MDV,Rover,MAV=0 MDV,Rover, MAV=0
MA Orion MA Orion
rion . rion

Transit Transi Transit .

Hab Hab Hab ansi
Hab

1395.50

51950 560.25 MDV 544.25 MDV

Rover Rover

* For a 4-crew Mars Mission, total training hours = 10,455 hrs

* An optimized training hour distribution shows some crew members have to take
(=44 wks x 40 hrs x 75%) to fulfill all Leads roles and responsibilities

* 1 yrtraining = 1,320 hrs

Figure 145. Training Hours for a Four-Person Crew

The model output shows that the two MPCV pilots could be trained within the 2-year limitation
on pre-mission, flight-assigned training (Figure 145), and the SMEs determined that the
allocation of piloting and lead for the MPCV pilots was reasonable. However, the two
MDV/MAV pilots would require more than 2 years of pre-mission, flight assigned training.

In evaluating this flight-assigned Mars CQRM using guidance from the evaluation framework,
the SMEs identified the following risks:

e For this modeled four-person crew Mars CQRM, the MDV/MAV pilots exceed the
allocation of piloting, lead, EVA assignments for one crewmember, per SME evaluation,
and will not likely be able to perform all responsibilities to the level necessary to meet
primary mission objectives nor be likely to successfully respond to unforeseen failures
with potential loss of crew/loss of mission consequences and short time-to-effect for all
assigned responsibilities.

e For this modeled four-person crew Mars CQRM, there are no leads assigned to Transit
Habitat systems, meaning the crew will likely not have the capability to respond
successfully to unforeseen failures with potential loss of crew/loss of mission
consequences and short time-to-effect for Transit Habitat systems.

e For this modeled four-person crew Mars CQRM, there are no leads assigned to the Rover
systems, meaning the crew will likely not have the capability to respond successfully to
unforeseen failures with potential loss of crew/loss of mission consequences and short
time-to-effect for Rover systems.
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e Additionally, for this modeled four-person crew Mars CQRM, there are only two IV
crewmembers to support EVA operations. Per the findings of the IV Operations for
Planetary Surface EVA model, two crewmembers would not be able to adequately
manage the workload necessary to provide real-time support to crewmembers performing
an EVA on the surface of Mars for technical EVAs operated at the pace of an ISS EVA.

F-19. A Mars CQRM indicates that a split crew of four (with two to the surface) would not
have the necessary expertise to meet primary mission objectives or respond
successfully to unforeseen/short time-to-effect failures in the Transit Habitat with
potential loss of crew/loss of mission consequences.

F-20. A Mars CQRM indicates that a crew of two to the surface would not have the
necessary expertise to meet primary mission objectives or respond successfully to
unforeseen/short time-to-effect failures in the Rover with potential loss of crew/loss of
mission consequences.

Analysis 2 — Mission with Twelve-Person Crew with Six to Surface

The second model the assessment team built for analysis came about as a result of the
discussions in evaluating the first model. In addition to the concerns expressed by SMEs about
the training load on the two crew to the surface in the four-person crew model, they also
expressed concerns about capability within the four-person crew to respond successfully to
unforeseen failures with loss of crew/loss of mission consequences in transit and on the Martian
surface. The SMEs did not suggest a specific crew size to model but instead chose to exercise
this methodology to address risk mitigation.

With this in mind, the SMEs began discussions on a second model by considering a crew size
that allowed for more than two crewmembers to the surface. This model was also built using the
2 x 2 approach for assigning ascent/entry vehicle pilots: two crewmembers would pilot the
MPCV (during operations around Earth or cislunar space) and the other two would pilot the
MDYV and MAYV (to and from the Martian surface). The SMEs initially discussed assigning all
crewmembers to the surface as EVA leads, although they decided that the MDV/MAV pilots
would not need to be geology leads.

In considering the risks to the mission, the SMEs decided on assigning two crewmembers as
leads for Rover emergency response (Emer), ECLSS, and for additional CMO training including
EVA medical emergency response. Assigning at least four crew to EVA on the surface ensures
pairs of EVA crew, and assigning two of these crewmembers as Emer Lead + ECLSS Lead +
additional CMO training ensures that one of these crewmembers could always remain inside the
vehicle in the event of an emergency on the Rover or a medical emergency during an EVA. The
group decided on one lead each for the two additional Rover lead allocations to provide the crew
with the capability to respond to unforeseen failures in Rover systems. The assessment team
placed these decisions into the CQRM and found this drove the surface crew size to seven.
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In an effort to reduce this number, the SMEs decided to remove the EVA lead assignment from
the MDV/MAV pilots and reassign them to Rover Driving and Navigation Lead + Rover
Act./Deact. Lead. The SMEs suggested that a new surface responsibility of EVA specialist be
created for suit walk-back on the surface in the event of an off-nominal condition, and the
MDV/MAV pilots were assigned to this responsibility. This decision reduced the surface crew to
SiX.

The SMEs then discussed the Transit Habitat assignments. Recognizing that lead assignments
provide capability in the crew to respond to unforeseen failures, the SMEs spent time discussing
whether all Transit Habitat vehicle systems would require leads. Points in their discussion
included:

e Whether the crew may be able to rely on redundancy in future vehicles to safe vehicle
systems rather than needing leads for all systems.

e Whether systems on future vehicles would need to be managed in the way ISS systems
need to be managed — driving the need for leads to respond to unforeseen failures for
those systems (e.g., EPS) that do need to be managed.

e Whether different combinations of lead allocations might drive the need for fewer leads.

e How much control the crew will have over future communication networks, or whether
the ground would be responsible for these networks.

While the SMEs have knowledge of new Artemis systems under design, there remains
significant uncertainty about future systems. Therefore, the SMEs decided on assigning one lead
for each of the four sets of allocations for the Transit Habitat core vehicle systems to ensure the
capability within the crew to respond to unforeseen failures with potential loss of crew/loss of
mission consequences and short time-to-effect.

Table 89 shows an overview of the flight-assigned Mars CQRM modeled for a crew of 12 based
on the working group discussions.
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Table 89. CQRM Overview for Twelve Crew

(Crewmember A |Crewmember B |Crewmember C | Crewmember D | Crewmember E | Crewmember F | Crewmember G |Crewmember H| Crewmember | | Crewmember J (Crewmember K | Crewmember L
(Orion PLT + | (Orion PLT+ ( (Emer Lead + | (CDH wiLAN (EPS Lead + (Maint. & (MDV PLT + (MDV PLT + (Emer Lead + | (Emer Lead + | (Vehicle Core | (Struc & Mech
EVA Lead) EVA Lead) ECLSS Lead + Lead + C&T MCG Lead + Repair Lead) MAV PLT + MAV PLT + ECLSS Lead + | ECLSS Lead + | Systems Lead - | Lead + Maint. &
Mars CQRM for Twelve crew Vehici TGS Lead) Lead) Prop Lead) Docking Lead +|Docking Lead +| CMO Lead + CMO Lead + | ECLSS Lead + | Repair Lead +
ilati ‘ehicle Driving & Nav. | Driving & Nav. | EVA Lead + EVA Lead + EVA Lead + EVA Lead +
PIIOtlng, EVA’ and Lead LeadE Rover | Lead E Rover | Geology Lead) | Geology Lead) | Geology Lead) | Geology Lead)
Responsibilites in Blue ActDeact. | ActiDeact.
Lead) Lead)
CDR MPCY CDR - - - = - - - - - - -
Piloting MPCY PLT PLT M5 M3 MS M5 M3 MS M5 MS M5 M3
Wehicle Core Systems MPCY PLT PLT - - - - - - - - - -
[Emer Response + Habitability + All Other Oy i MPCV PLT PLT M3 M3 MS MS M3 MS M3 MS M5 M3
COR Transit Habitat - - CDR - - - - - - - - -
Emergency Operations (Emergency Response) Transit Habitat 0 o] Saa Laad) 0 (] L] 0 0 0 ] 0 0
[Emer Lead + ECLSS Lead + TCS Lead Transit Habitat L
CDH w/LAN Lead + C&T Lead Transit Habitat L One specialist from among the six remaining on orbit
EPS Lead + MCG Lead + Prop Lead Transit Habitat L = | and two operators are assigned for each of these
Maintenance & Repair (IVA Tools & Genenic Tasks) Lead Transit Habitat L
Struc & Mech (Docking) Lead Transit Habitat - - B - B - L L - - - -
Logistics Transit Habitat El El 8 El 8 3 El 8 El g 5 El
Habitahility Transit Habitat 8 8 8 8 s 5 8 s 8 8 5 8
Photo/ TV Transit Habitat 5 5 ] 5 5 5 5 ] 5 5 5 5
CMO Transit Habitat Two specialists from among the six remaining on orbit, all others are operators (see also Rover additional CMO training for EVA medical emegnercies).
Med. Ops (incl. Exercise Countermeasures) Transit Habitat 0 [ o [ 0 [ 0 [ 0 [ 0 0 0 0 0 0 0
ics Ops Transit Habitat Two robotics specialist from among the six remaining on orbit. - - - - - -
EWA Lead | micro-g and Surface Transit Habitat EVA ‘ EVA - - - ‘ - - -
Payloads Transit Habitat One payload specialist is assigned for each discipline from among the crew.
CDR MDV CDR - - - - -
Filoting MDV PLT PLT MS Ms M3 MS
Vehicle Core Systems MDV PLT PLT M M3 M3 Ms
Emer Response + Habitability + All Other Operations MDY PLT PLT M3 M3 M3 M3
CDR Rover FE FE CDR FE FE FE
Driving & Navigation Lead + Rover Act./Deact. Lead Rowver L L - - - -
Emergency Operations (Emergency R Rover 0 0 Saa Emer Laa Saa Emar Laa 0 4]
Emer Lead + ECLSS Lead + (additional CMO training incl. - B ~ L L B
EVA medical emengency) |
Vahicle Core Systems Lead - ECLSS Lead Rover One specialist and two op_e_rgtors are assigned to E_CLSS and these _J L
Struc & Mech Lead + Maint. & Repar Lead Rover two responsibilities from among the six on the surface. L.__ L
Logistics Rover 5 ] 5 5 5 5
Habitability Rover 3 3 3 3 3 3
CMO Rover 3 S 3 8 5 3
Med. Ops (incl. Exercise Countermeasures) Rover 5 3 Saa Emer Lead) | {See EmerLsad) 5 5
Robotics Ops Rover Two robotics specialist from among the st on the surface.
EVA Lead or EVA Suit Only | micro-g and Surface Rover 5 ] EVA EVA EVA EVA
Geology Lead {adds to all surface EVA leads) Rover . B L L L L
CDR MV CDR - - - - -
Piloting MAV FLT PLT M3 M3 M3 M3
Vehicle Core Systems MAV PLT PLT - - - -
Emer Response + Habitabiity + All Other Operations MAY PLT PLT M3 M35 M35 M3
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The assessment team built the model for twelve crew adding the SME-discussed assumptions
that the MPCYV pilots and Transit Habitat system leads remained on-orbit. The model output
shows that these twelve crewmembers could be trained within the 2-year limitation on pre-
mission, flight-assigned training (Figure 146), and the SMEs determined that the allocation of
piloting, EVA, and lead allocations for all twelve crewmembers was reasonable.

_ Total Training Hours and Individual
Crewmember Training Hour Distributions

Crewmember A Crewmember B Crewmember C Crewmember D
Training Hrs 1,685 (=1.28 yrs)* Training Hrs 1,639 (=1.24 yrs) Training Hrs 1,516 (=1.15 yrs) Training Hrs 1,378 (=1.04 yrs)
MDV,Rover,MAV=0 MDV,Rover, MAV=0 MDV,Rover, MAV=0 MDV,Rover,MAV=0

jon ori Orion
Transi Transi Hon Transi
Hal Hab Transi Hal
Hab
Crewmember E Crewmember F Crewmember G Crewmember H
Training Hrs 1,650 (=1.25 yrs)* Training Hrs 1,399 (=1.06 yrs) Training Hrs 2,199 (=1.67 yrs) Training Hrs 2,093 (=1.59 yrs)
MDV,Rover,MAV=0 MDV,Rover,MAV=0

Orion

MA
. Transit
455.17 | Hab 381.17
DV

M Orion
Transi

Hal

Transi
Ha

ransit
DV Hab
Crewmember | CrewmemberJ Crewmember K Crewmember L
Training Hrs 2,220 (=1.68 yrs)* Training Hrs 2,281 (=1.73 yrs) Training Hrs 2,454 (=1.86 yrs) Training Hrs 2,230 (=1.69 yrs)
MAV _ Orion MAV__ Orion MAV  QOrion MAV  Orion
& 1 1
Roveft .
Transit ansit
ransit ab b ransit
Hab Hab
1106.90 1170.40 1342.67 1117.25
DV
226.72 DV

* For a 12-crew Mars Mission, total training hours = 22,744 hrs
1 yr training = 1,320 hrs * An optimized training hour distribution shows some crew members can take <
(=44 wks x 40 hrs x 75%) to fulfill all Leads roles and responsibilities

Figure 146. Training Hours for a Twelve-Person Crew

In evaluating the flight-assigned Mars CQRM for twelve crew using guidance from the
evaluation framework, the SMEs identified the following:

e The crew size is significantly larger than the current Agency guidance.
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e This is not a recommended crew size and is not a minimum crew size.

e With leads assigned to Transit Habitat systems, the crew will likely have the capability to
respond successfully to unforeseen failures with potential loss of crew/loss of mission
consequences and short time-to-effect for these systems.

e With leads assigned to the Rover systems, the crew will likely have the capability to
respond successfully to unforeseen failures with potential loss of crew/loss of mission
consequences and short time-to-effect for these systems.

e There is only one lead for most Transit Habitat and Rover vehicle systems, so there is not
redundancy in these responsibilities.

e Most importantly, the SMEs stated that this was a valid and necessary process for
determining the capabilities that can be built into a crew of a given size — the capabilities
to meet primary mission objectives and to respond to unforeseen failures with potential
loss of crew/loss of mission consequences and short time-to-effect.

o “The logic is good.”

o The Agency will likely “balk at 12. But to mitigate the risk, this is a good way of
thinking through it.”

o The temptation will be to “rely on the [vehicle] design [for risk mitigation], but
the design will not give them what they want.”

F-21. A Mars CQRM indicates a split crew of twelve (with six to the surface) could
successfully meet mission objectives and respond to unforeseen/short time-to-effect
failures with loss of crew/loss of mission consequences in the Transit Habitat and
Rover.

7.2.5.5 Conclusions

The Personnel, Expertise, and Training model is designed to quantify to some measure the trade
space between the number of crew and the capability within the crew across systems, operations,
and payloads in the real-time environment necessary to successfully meet primary mission
objectives and to respond to unforeseen failures with loss of crew/loss of mission consequences
and short time-to-effect. A flight-assigned Mars CQRM provides a simple layout that shows the
capabilities within a given crew that can be used to evaluate the important considerations in the
trade space (e.g., operational impact, training workload, and crew resiliency).

Future Models: Trades in Mission Design Parameters

The two models built by the assessment team demonstrate a methodology for a systematic,
repeatable process for evaluating crew size. In discussing the results of the twelve-person model,
the SMEs agreed that they could not go further in their considerations of the need for vehicle
system leads (to drive down crew size to build a third model for analysis) without a better
understanding of future vehicles and future programs of training. The initial crews to Mars may
be deeply involved with the design and development of the vehicles and software they will use
on the mission, learning the systems as they are built rather than learning in traditional training
flows, giving them a greater understanding of the vehicle, systems, and software to the lead

level. Learning the systems as they are built would give them a better understanding of integrated

Page #: 271 of 292



vehicle systems versus a specialized system or subsystem training flow, which will lead to a
better understanding of the impacts and consequences of decisions made outside of the known
operations and procedures.?® The need for leads may also be driven by operational considerations
including whether the capability of the MAV to provide an escape-to-orbit in the event of an
unforeseen failure on the Rover is provided on a mission to Mars.

As the Agency makes decisions on mission design parameters including vehicle design, training
design, and operational concepts, additional models can be built to support trades in those
decisions.

7.3 Team and Behavioral Health Considerations

While human performance modeling provides quantitative data on workload and expertise when
evaluating trades against dimensions of the trade space, performance impacts at the team and
individual level stemming from team and individual behavioral health considerations should also
be evaluated. The assessment team provides guidance in this report concerning these
considerations.

When considering the number of crewmembers for future Mars missions, there is no “right”
number. The discussion presented in this subsection is limited to small teams, that is, three to
eight members, given likely engineering, consumables, and cost constraints of sending humans
to Mars. Larger teams (six to eight members) seem to offer more benefits to a Mars mission than
smaller teams (three to five members), but there are risk tradeoffs that have not been fully
quantified in the evidence base. Behavioral health and human factors experts can address
potential risks that may stem from different crew sizes.

The Team Risk and related Behavioral Medicine (BMed) Risk areas are focused on
understanding the behavioral health and performance impacts at a team and individual level.
Areas of concern for the Team Risk include poor cooperation, coordination, communication, and
psychosocial adaptation; in other words, how well a team works together and interacts
interpersonally [ref. 53]. Areas of concern for the BMed Risk include a decline in psychological
well-being, cognitive functioning, or adverse psychological conditions and psychiatric disorders
[ref. 54]. Teams and individuals are vulnerable to longer durations, high workloads, fatigue,
medical conditions affecting the brain and body, poor training (for technical and soft skills),
interpersonal tensions and conflict, and communication delay/blackout. This last factor interferes
with space-to-ground operations and create a disconnect from family and friends. Selecting
psychological resilient individuals who are also team-oriented and skilled at living together in
confined environments is key [ref. 55]. Composing a cohesive crew with a good mix of
personalities and the appropriate technical skills is also important. It is critical that exploration
crews do not form dysfunctional subgroups or isolate one individual as this causes distress,
reduces cohesion, and reduces performance [refs. 54, 56, 57]. Data-driven team composition to
find the necessary mix of personalities and avoiding less functional team structures can work as a
countermeasure. For example, it is likely advantageous to have an even number of
crewmembers, that is, 4 or 6 crewmembers. Even numbers avoid a structural “odd person out”
scenario or natural isolation with respect to social and task demands. Even numbers are also able
to utilize a “buddy system” for safety and create natural redundancy to leverage for backup.
Team process and structure is important for cohesion and performance, with Apollo astronauts

29 M. Sonoda. NASA Flight Operations Directorate, Houston, TX. Personal communication (2023).
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identifying these factors as more important than any particular size [refs. 58, 59]. Team
coordination, communication, and cooperation processes can be improved through training
[ref. 59].

The HSIA Risk area is focused on poor performance and other health outcomes related to poor
human factors design and HSI. HSIA is concerned with the technical skills and knowledge
needed to complete mission objectives and creating a habitat, equipment, and systems that enable
the applicable of those skills and knowledge. Researchers have identified likely tasks, skills, and
roles needed for future Mars missions. In one analysis, Stuster and colleagues (2018) created a
list of 1125 tasks, with corresponding expertise needs and role distributions for different crew
sizes (this assessment expands the work of Stuster and his team) [ref.61]. Burke and colleagues
(2020) identified task roles (e.g., leader, coordinator) and social roles (e.g., team builder,
entertainer) that should be considered for long-duration missions [ref. 62]. These works, and
other past efforts such as the Design Reference Mission plans, are good starting points for
determining mission tasks and related skills and knowledge needed on a crew [refs. 63, 64, 65].

The communication delay/blackout from Earth to Mars will force more capabilities (both human
and systems) to be flown to Mars. MCC currently flies the vehicles, performs real-time problem
identification and troubleshooting, and provides direct support of the crew in space during work
and other living tasks [refs. 66, 67]. The real-time multi-team system of current operations will
need to shift in the next era of exploration. The previously mentioned Stuster and Burke efforts
examining crew roles accounts for this change to flying more capabilities. Each report mapped
various roles that are likely candidates for doubling up on one crewmember’s responsibilities
(e.g., pilot may take on responsibilities for maneuvering rovers, robotics, drones and act as a
geologist; social roles may be distributed informally and agnostic of technical roles). Smaller
teams would require each crewmember to have even more skills and roles than larger teams in
which the skills and roles could be distributed across more crewmembers. The mission
commander was identified to also hold multiple responsibilities, one of which was acting as
commander and the other would be another technical specialty such as engineer or mechanic.
While a shared leadership approach is recommended such that each technical specialist leads
tasks in which they are most trained and skilled (e.g., physician leads medical tasks), command
of an autonomous mission will necessitate leadership behaviors distinct from task management.
In other words, commanding a mission requires specialized knowledge, skills, and abilities

[ref. 68]. In larger teams, a commander might be afforded more time to command and lead and
reduce other duties to less critical or time burdensome roles. In smaller teams, the commander
would need to contribute more to other duties, reducing the available time for commanding. It
may be even more important in the latter case to protect time on the commander’s timeline for
leadership duties, which may not be easy during a high tempo, high workload Mars mission.

When considering behavioral health demands and task demands of a particular mission, mission
tasks and objectives should drive the crew size. Once the knowledge, skills, and roles have been
mapped to a particular mission’s objectives, and a crew size determined, psychological resilience
and team composition concerns become the secondary consideration when assigning individuals
to that crew. Research can inform the pros and cons of different crew sizes when considering
behavioral and task demands and implementing monitoring and countermeasures. Larger teams
are generally more flexible and resilient because they have more individuals with a greater
diversity of knowledge, skills, and abilities; more individuals available for backup and cross-
training of skill redundancies; and more CM-h to get tasks done. Increased CM-h may allow for
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more tasks, or for more rest and recovery time. The loss of a crewmember is less devastating to
task demands with more individuals. Larger teams have a greater efficacy or belief that they are
able to successfully problem-solve and make decisions, which is psychologically supportive
[ref. 56]. More individuals translate to more people with which to form social bonds, reducing
the risk of isolates and reducing social monotony. This may also help to reduce conflict and
lends itself to a less disorganized team structure as people are able to focus on fewer roles and
duties [ref. 69]. Conversely, smaller teams (3 to 5) have benefits over larger teams. Smaller
crews would have a decreased social density and afford more privacy, which supports
psychological well-being [ref. 54]. Designers might reduce the vehicle size and mass for
consumables and equipment, reducing costs. In the case of shared equipment, such as hygiene
and exercise equipment, fewer crewmembers result in less wear and less maintenance. Reduced
resource competition may result in reduced conflict. Smaller teams also have fewer members to
communicate across and maintain a shared mental model, enabling coordination. Recent research
of teams in Antarctic found that members of smaller teams had less social loafing, and each
member contributed more to team performance [ref. 69]. They had high team viability scores,
meaning that the teams indicated they would like to stay together over time.

Finally, good HSIA may enable fewer crewmembers. A well-designed environment may reduce
the needed skills, training hours, and workload and equipment needed for maintenance.
Conversely, inadequate HSIA may necessitate more crewmembers, more highly skilled
crewmembers, and more tools, training, and support to accomplish mission tasks and objectives
or manage workloads. Behavioral and team demands should be considered in conjunction with
tasks demands throughout mission planning.

7.4  Summary of Trade Space Analysis and Methodology

The NESC has developed a systematic and quantitative methodology to aid determination of
crew sizes for human Mars missions. This capability was developed out of a recognition that a
Mars crew will be denied real-time MCC support, owing to the distance-induced communication
delay/blackout with Earth. This fundamental constraint, which is unprecedented in the history of
human spaceflight, brings a new appreciation for what the term “crew” encompasses: In every
previous program, the flight crew has relied on the combined intellects and energies of experts in
the MCC FCR and its back rooms comprising, in essence, additional crewmembers to help them
meet primary mission objectives and respond to unforeseen anomalies. On a Mars mission,
astronauts making real-time decisions about how to accomplish objectives (i.e., during EVAS) or
respond to unforeseen, time-critical failures will have to rely on their collective knowledge when
using decision-support systems, whose information would be limited to scenarios that were
anticipated before the mission or updated during the mission. The NESC methodology provides a
repeatable, systematic, and data-driven means of assessing, based on limited understanding of
Mars vehicle systems, whether the capabilities that would exist within a given crew size would
be adequate to accomplish primary mission objectives and successfully respond to unforeseen
failures with potential loss of crew/loss of mission consequences and short time-to-effect.

The NESC’s quantitative methodology fills a longstanding gap in the tools for designing Mars
missions. In the past, crew size determinations have been based on a limited, mostly non-
quantitative understanding of the impact of crew workload on mission success and crew survival.
Now, in weighing the question of whether a given crew size is adequate to ensure crew survival
and mission success, decision-makers can be guided by a systematic, quantitative analysis.
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The steps in the methodology are:
e Gather Mars Mission Information
e Determine Use Cases to Model
e Create a Trade Space Evaluation Framework
e Conduct Human Performance Modeling
e Perform Trade Space Analyses

Section 6 of this report provides details on each step of the methodology. Section 7 of this report
provides details and results of human performance modeling.

The three IMPRINT models were built based on Mars mission use cases:

e 1V Operations for Planetary Surface EVA Model: Modeling the mental workload of
the IV Mars crewmembers supporting a planetary surface technical EVA.

e Robotic Arm Assisted EVA Operator Model: Modeling the mental workload of a Mars
crewmember controlling a robotic arm manually or in an automated control mode.

e Mars Transit Crew Model: Modeling the level of engagement (i.e., daily workload) of
the Mars crew on the transit to Mars.

The fourth custom-built model was based on a Mars mission use case:

e Personnel, Expertise, and Training Model: Modeling crew expertise necessary to meet
primary mission objectives and respond to unforeseen failures.

Section 7 describes using modeling results to conduct evaluations of crew size against
dimensions of the trade space, including: Operational Impact, System Resilience, Human
Performance, Team Coordination, Cognitive Support, Organizational Constraints, Costs,
Technology Capabilities, and Human Health and Performance.

Future modelers should consider nominal operations and “corner cases”, looking for those
challenging scenarios that a crew would need to be able to respond to successfully complete their
mission. Modelers should include use cases that require high manpower, high mental workload,
or high expertise.

Future modelers should consider build models with different assumptions on mission design
parameters including advanced critical technologies, mission objectives and goals, the
communication infrastructure, or organizational constraints. Specifically:

Considerations for Models Built in this Assessment by a future modeling group:

e Determine the number of crew necessary for supporting an EVA by examining the tasks
and workload of all ground personnel who have a real-time involvement in supporting
EVAS, requesting combined voice recordings containing all voice inputs and outputs for
each MCC controller position and crewmember for modeling future EVAs.

e Assess the effects of task demands, workload management strategies, human/automation
roles, personnel fatigue, and automated technology design features and trustworthiness on
crewmembers’ workload experiences to inform determination of appropriate crew size.
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e Determine the impact on transit crew size from shifting MCC tasks to the crew due to
planned windows of communication rather than continual time-delayed communication
and due to a communication blackout.

e Ensure the in-mission workload is distributed across the crew as evenly as practical.
Considerations for Additional Models to Build by a future modeling group:

e Model additional Mars mission use cases, in support of crew size trade space analysis,
that require high manpower, high mental workload, or a high level of expertise.

e Evaluate different crew sizes against mission design parameters including
communication infrastructure, technology capabilities (e.g., new technologies and levels
of automation), crew resilience, and organizational constraints.

e Incorporate assessment team lessons learned in human performance modeling.
e |Initiate data collection to improve modeling efforts.

The analysis results can be used to make recommendations to decision-makers as they consider
the potentially competing factors in deciding on Mars mission crew size.

Once a final decision on crew size is made, mission architects should continue to use human
performance modeling to prioritize research and engineering projects that will ensure acceptable
workload and the necessary expertise in the crew needed to successfully complete the mission.
The final step in determining crew size for a mission to Mars is validation that this crew can
successfully complete the mission.

8.0 Findings and NESC Recommendations
8.1 Findings
The following findings were identified during this assessment:

F-1. Deterministically mandating a Mars mission crew size without consideration of crew
workload and expertise increases risk to loss of crew/loss of mission and mission success.

F-2.  While DoD and NASA have established qualitative and validated workload and human
performance models, neither organization has utilized their models in trade space
decision-making for determining crew sizes for mission operations.

F-3. The DoD IMPRINT tool augmented with the NASA tailored S-PRINT plug-in provides
NASA with quantitative analysis capability for crew size decision-making using human
performance modeling.

F-4. Research literature and prior mental workload studies performed with human
performance modeling tools (e.g., IMPRINT/S-PRINT) and utilizing MRT indicate that
there are consequences of high or unacceptably high mental workload, including:

1. Task performance errors.

2 Increased likelihood of task shedding.

3. Degraded detection of and response to off-nominal events.
4 Failure to detect and manage unexpected extra tasks.
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IV Operations for Planetary Surface EVA Model operated at the Pace of an ISS EVA

F-5.

F-6.

IMPRINT modeling results predict that workload for a crewmember performing a
combined set of flight director/IV duties will be acceptable in the absence of complex-
off-nominal events but will be high during complex off-nominal events.

IMPRINT modeling results predict that workload for a crewmember performing a
combined set of EVA, EVA Task, and EMU flight controller duties will be unacceptably
high level.

Based on analysis of IMPRINT modeling results and MCC EVA flight controllers SME
evaluations, two astronauts orbiting Mars would not be able to adequately manage the
workload necessary to provide real-time support to astronauts performing a technical
EVA on the surface of Mars.

Robotic Arm Assisted EVA Operator Model using an ISS Operational Environment

F-8.

F-9.

F-10.

F-11.

IMPRINT/S-PRINT modeling results predict that two crew (i.e., an M1 and an M2) will
be necessary to mitigate unacceptably high workload of an M1 operating the robotic arm
manually (GCA).

IMPRINT/S-PRINT modeling results predict that an M1 using automated (JOCAS)
operations without M2 assistance to control the arm will experience high workload given
the task complexity and technology characteristics.

IMPRINT/S-PRINT modeling results predict that increasing the salience of failure alerts
and ensuring operators have appropriately calibrated trust in automation reduces
workload when automated robotic arm control automation fails.

IMPRINT/S-PRINT modeling results predict that sleep debt increases the M1’s workload
measures and lengthens performance times.

Mars Transit Crew Model using 1SS-equivalent Task Assumptions and assuming Continual
Time-delayed Communication Throughout the Mission

F-12.

F-13.

F-14.

F-15.

IMPRINT modeling predicts that average rates for unplanned events will reduce the
available time for a four-person Mars crew to perform work by 41% compared with a
four-person ISS crew.

IMPRINT modeling predicts that 75% confidence level rates for all unplanned events
will reduce the available time for a four-person Mars crew to perform work by 50%
compared with a four-person ISS crew.

IMPRINT modeling predicts that more than six crewmembers will be needed to achieve
the same number of work hours on a Mars transit as on a four-person ISS mission given
average rates for all unplanned events.

IMPRINT modeling predicts that more than seven crewmembers will be needed to
achieve the same number of work hours on a Mars transit as on a four-person 1SS mission
given 75% confidence level rates for all unplanned events.
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Personnel, Expertise, and Training Model based on Modeled Crew Training Limits and
ISS-equivalent Vehicle System Assumptions and assuming Continual Time-delayed
Communication Throughout the Mission

F-16. There is a very high likelihood of unforeseen failures with potential loss of crew/loss of
mission consequences and short time-to-effect on crewed Mars missions based on
historical trends.

F-17. A Mars CQRM can be used to identify the minimum crew qualifications for each area of
responsibility necessary for a Mars mission.

F-18. To mitigate the risk of unforeseen failures, Mars crew will need to be capable of working
outside the scope of procedures, interacting with onboard information and intelligent
decision-support systems, and trained to a higher autonomy level than for LEO and lunar
missions.

F-19. A Mars CQRM indicates that a split crew of four (with two to the surface) would not
have the necessary expertise to meet primary mission objectives or respond successfully
to unforeseen/short time-to-effect failures in the Transit Habitat with potential loss of
crew/loss of mission consequences.

F-20. A Mars CQRM indicates that a crew of two to the surface would not have the necessary
expertise to meet primary mission objectives or respond successfully to unforeseen/short
time-to-effect failures in the Rover with potential loss of crew/loss of mission
consequences.

F-21. A Mars CQRM indicates a split crew of twelve (with six to the surface) could
successfully meet mission objectives and respond to unforeseen/short time-to-effect
failures in the Transit Habitat and Rover with loss of crew/loss of mission consequences.

8.2 NESC Recommendations
The following NESC recommendations are directed to ESDMD, SOMD, STMD, and FOD.

R-1. Agency decision-makers should consider the crew workload and expertise within the
crew necessary to accomplish primary mission objectives and respond to unforeseen
failures when considering trades for crew size for Mars missions. (F-1, F-2,

F-3, F-4)

R-2. ESDMD, SOMD, and STMD should coordinate to resource a group to conduct human
performance modeling of crew workload and expertise in support of trade space analysis
for decision-making on crew size for Mars missions. (F-1, F-2, F-3, F-4)

R-3.  The future modeling group should model and evaluate critical technologies, training
capabilities, and operational considerations for Mars missions to inform updates to
IMPRINT, S-PRINT, and CQRM models and re-run the analyses. (F-5, F-6, F-7, F-8,
F-9, F-10, F-11, F-12, F-13, F-14, F-15, F-16, F-17, F-18, F-19)

R-4. ESDMD, SOMD, and STMD should prioritize research and engineering projects that will
ensure acceptable crew workload and expertise within the crew necessary successfully
accomplish the mission. (F-5, F-6, F-7, F-8, F-9, F-10, F-11, F-12, F-13, F-14, F-15,
F-16, F-17, F-18, F-19)
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R-5. FOD should design and validate the effectiveness of a program of crew training per a
Mars CQRM to meet primary mission objectives and to respond successfully to
unforeseen failures. (F-15, F-16, F-17, F-18, F-19)

R-6.  After the Agency makes a final decision on crew size for Mars missions, ESDMD,
SOMD, and STMD should continue to update human performance modeling to ensure
acceptable workload and the necessary expertise as mission architectures evolve. (F-3)

9.0 Alternate Technical Opinion(s)

No alternate technical opinions were identified during the course of this assessment by the NESC
assessment team or the NESC Review Board (NRB).

10.0 Other Deliverables
NASA-STD-7009 Modeling Standards

IMPRINT is comprised of four different modeling frameworks, namely 1) Forces, 2) Operations,
3) Equipment and 4) Maintenance. Each of these frameworks address different questions and
requires different classes of domain information. To date, no certification has been done for any
of the assessment models. However, the framework for certification has been defined in
anticipation for its applicability as the models mature and their conclusions are referenced
externally.

IMPRINT model certification must address the simulator and the models used by the simulator.
The simulator, by definition of being a software application, is certified using NPR 7150 002D
[ref. 70]. The models, input to the simulator, are certified according to NASA-STD-7009A
[ref. 71] and NASA-HDBK-7009A [ref. 72].

Simulator certification is dependent on the intended use of the simulator as classified by its
software classification. Though the IMPRINT platform is a validated DoD software platform, it
is still important to classify the simulator with results to the NASA classification standards due
to the fact that NASA has different criteria based on the use of the simulation results.

The higher the classification the more stringent the number of requirements must be met. In
Table 90, all six software NPR 7150 2D classifications (A to F) are defined. The progress of
classification is from Class A (human-rated space systems) to Class F (General Purpose
Computing).

A preliminary analysis of each software classification to IMPRINT was performed. In principle
software classifications C, D, and E may apply. Class C could apply if IMPRINT is used to
“verify system-level requirements” such as crew size. Though, at present, crew size is not a
system level requirement. Class D could apply if IMPRINT is used to “design reference missions
to support mission planning “or “design advanced human-automation systems”. Class E could
apply if IMPRINT is used in preliminary phases for mission design.

Appendix C “Requirements Software Mapping” [ref. 70], defines the requirements for each
software classification. The link between the certification of the simulator and the models is
formalized in requirement [SWE-070]: “... the use validated and accredited software models,
simulations, and analysis tools ...can be found in NASA-STD-7009A, Standard for Models and
Simulations, NASA-HDBK-7009A, Handbook for Models and Simulations”.
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Table 90. Simulator Software Classification Applicability to IMPRINT Simulations

[ref. 70]

Software
Classification

Description of Classification

IMPRINT/S-PRINT Relevancy

A Human-Rated Space Software
Systems
B Non-Human Space-Rated
Software Systems or Large-
Scale Aeronautics Vehicles
C Mission Support Software or “..software used to verify system-level requirements
Aeronautic Vehicles, or Major | associated with Class A, B, or C software by analysis”
Engineering/Research Facility | —though current crew size is NOT a requirement
Software
D Basic Science/Engineering “..ground software tools that support mission
Design and Research and planning for formulation”; “tools used to develop
Technology Software design reference missions to support early mission
planning”; “software tools for designing advanced
human-automation systems”
E Design Concept, Research, “software developed to explore a design concept or
Technology and General hypothesis but not used to make decisions for a Class
Purpose Software A, B or C systems”
F General Purpose Computing,

Business and IT Software

NASA-STD-7009A identifies a large number of requirements which should be assessed with
respect to the IMPRINT models. A summary of these requirements is provided in Appendix E
“M&S Credibility Assessment” as shown in Table 91. The “credibility structure” for assessing
the M&S credibility is a sequential process of 1) development, 2) operations and 3) supporting
evidence. The M&S Credibility Assessment is still to be determined for the Operations and
Forces models in IMPRINT.
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Table 91. Models and Simulation (M&S) Credibility Assessment

[ref. 71]

Model
Development
Phase

7009 Requirement

Test

Impact on
IMPRINT Models

Development

[M&S 10] Data Pedigree

“Shall document the relevant
characteristics, including data, about
the RWS used to develop the model,
including its pedigree.”

TBD

Development

[M&S 15] Verification

“Shall verify all models”...to "determine
the extent to which an M&S is
compliant with its requirements and
specifications as detailed in its
conceptual models, mathematical
models, or other constructs”

TBD

Development

[M&S 17] Validation

“Shall validate all models”... to
“determine the degree to which a
model or a simulation is an accurate
representation of the real world from
the perspective of the intended uses of
the M&S”

TBD

Operations

[M&S 24] Input Pedigree

“Shall document data used as input to
the M&S, including its pedigree”

TBD

Operations

[M&S 19] Uncertainty
Characterization

“Shall document any processes and
rationale for characterizing uncertainty
in reference data”

TBD

Operations

Robustness

“The characteristic whereby the
behavior of (result from) an M&S does
not change in a meaningful way relative
to slight variations in parameters”

TBD

Supporting
Evidence

M&S History

“How similar is the current version of
the M&S to previous versions, and how
similar is the current use of the M&S to
previous successful uses?”

TBD

Supporting
Evidence

M&S Process/Product
Mgt

“How well managed are the M&S
processes and products?”

TBD
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Model and Report Deliverables

All models and associated date files were electronically transferred to the NESC Technical
Fellow for Human Factors in support of future trade space analysis for missions to Mars.

The HAI Operation Model was documented in the HRP Computational Model Repository
(CMR). HRP provided support for the precursor S-PRINT plug-in to be incorporated into the
IMPRINT platform, and GRC is responsible for maintaining a repository of computational
models funded by HRP.

11.0 Recommendations for the NASA Lessons Learned Database

No lessons learned for input to the NASA lessons learned database were identified from this
assessment.

12.0 Recommendations for NASA Standards, Specifications, Handbooks,
and Procedures

No recommendations for NASA standards, specifications, handbooks, or procedures were
identified from this assessment.

13.0 Definition of Terms

Finding A relevant factual conclusion and/or issue that is within the assessment
scope and that the team has rigorously based on data from their
independent analyses, tests, inspections, and/or reviews of technical
documentation.

Lessons Learned Knowledge, understanding, or conclusive insight gained by experience
that may benefit other current or future NASA programs and projects. The
experience may be positive, as in a successful test or mission, or negative,
as in a mishap or failure.

Mental Workload Mental workload in IMPRINT represents the operator mental capacity
utilized, associated with different resource channels, when an operator
performs tasks. Every task performed by an operator is assigned workload
values in applicable resources including visual, cognitive, fine motor,
gross motor, auditory, speech, and tactile. Tasks can require several
different resources to perform. For example, steering a car requires visual
resources (watch where you are going), cognitive resources (decide if you
are turning enough), and fine motor resources (moving the steering
wheel). When an IMPRINT model is executed, IMPRINT generates a
timeline of workload for each operator.

Observation A noteworthy fact, issue, and/or risk, which may not be directly within the
assessment scope, but could generate a separate issue or concern if not
addressed. Alternatively, an observation can be a positive
acknowledgement of a Center/Program/Project/Organization’s operational
structure, tools, and/or support provided.

Problem The subject of the independent technical assessment.
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Recommendation

A proposed measurable stakeholder action directly supported by specific

Finding(s) and/or Observation(s) that will correct or mitigate an identified

issue or risk.

14.0 Acronyms and Nomenclature List
ARL HRED U.S. Army Research Laboratory, Human Research and Engineering Directorate

ASCAN
AUX
AVU
AVU CCD
BME
BMed
BoC
BORIS
C&DH
C&T
CB
CCD
CCDB
CDF
CDS
CHC
CM-h
CM
CMO
CMR
CNO
CNT
CODA
CQRM
CRONUS
CSA
CSM
DA
DAC
DEVCOM
DoD
DPC
DRA
DRM
DSN
DST
ECL
ECLSS
ECTM
ECW

Astronaut Candidate

Auxiliary

Artificial Vision Unit

Artificial Vision Unit Cursor Control Device
Biomedical Engineer

Behavioral Medicine

Basis of Comparison

Basic Operational Robotic Instructional System
Command & Data Handling System
Communication and Tracking

Crew Office

Cursor Control Device

Crew Comments Database

Capability Driven Framework

Command and Data Handling System

Crew Health Care

Crewmember Hour

Command Module

Crew Medical Officer

Computational Model Repository

Chief of Naval Operations

Communication and Tracking System
Collaborative Operations Data Activation
Crew Qualifications and Responsibility Matrix
Communications Rf Onboard Network Utilization Specialist
Canadian Space Agency

Command/Service Module

Department of the Army

DEVCOM Analysis Center

US Army Combat Capabilities Development Command
Department of Defense

Daily Planning Conference

Design Reference Architecture

Design Reference Mission

Deep Space Network

Deep Space Transport

Environmental Control and Life Support
Environmental Control and Life Support System
Exploration Crew Time Model

Emergency, Caution, and Warning
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ECWA
eDPC
EECOM
EHP
EMC
Emer
EMU
EPS
ESAS
ESDMD
EV
EVA
FCR
FOD
FOIG
GCA
HAI
HAP
HARI
HBS
HCAAM
HEO
HEOMD
HEOT
HH&PD
HMTA
HRP
HSI
HSIA
HSM
HSRB
1A

IFI

IMM
IMPRINT
IROSA
ISE

ISO
ISRU
ISS

IT

AV
JOCAS
KPP

L

LAN

Emergencies, Cautions, Warnings, and Advisories
Evening Daily Planning Conference
Electrical, Environmental, and Consumables Manager

Extravehicular Activity (EVA) and Human Surface Mobility (HSM) Program

Evolvable Mars Campaign

Emergency Response

Extravehicular Mobility Unit

Electrical Power System

Exploration Systems Architecture Study
Exploration Systems Development Mission Directorate
Extravehicular

Extravehicular Activity

Flight Control Room

Flight Operations Directorate

Flight Operations Integration Group
Ground Control Assist

Human-Automation Interaction

Helmet Absorption Pad
Human-Automation/Robotic Interaction
Human and Biological Science

Human Capabilities Assessment for Autonomous Missions
Human Exploration Operations

Human Exploration and Operations Mission
Human Exploration Operations Team
Human Health and Performance Directorate
Health and Medical Technical Authority
Human Research Program

Human System Integration

Human-System Integration Architecture
Human Surface Mobility

Human System Risk Board

In Alarm

Items for Investigation

Integrated Medical Model

Improved Performance Research Integration Tool
ISS Roll Out Solar Array

Integration and Systems Engineer

Inventory Stowage Officer

In Situ Resource Utilization

International Space Station

Information Technology

Intravehicular

Joint Operator Command Auto Sequence
Key Performance Parameter

Lead

Local Area Network
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LCS
LEO
LM
LPS
M&S
MAT
MAV
MC
MCC
MCO
MCS
MCS
MDS
MDV
MER
MI
MIT
MOD
MPCV
MPSR
MRD
MRT
MS
MUIL
NASA-TLX
NPS
NSN

@)
ODRC
OGA
OP

Ops PLAN
ORU
OSO MAINT
OSO MECH
PAF
PCS
PFW
PLUTO
POD
POE
POIC
R&R
ROBO
ROC
RT

Littoral Combat Ship

Low Earth Orbit

Lunar Module

Lunar/Planetary Science

Models and Simulation

Mars Architecture Team

Mars Ascent Vehicle

Monte Carlo

Mission Control Center

Mars Campaign Office

Motion Control System

Monte Carlo Simulation

Mars Descent System

Mars Descent Vehicle

Mission Evaluation Room

Mars Infrastructure

Massachusetts Institute of Technology
Mission Operations Directorate
Multi-Purpose Crew Vehicle
Multi-Purpose Support Room
Manpower Requirements Determination
Multiple Resource Theory

Mission Specialist

Manpower Uncertainties Issues List
NASA Task Load Index

Naval Postgraduate School repeated
Near Space Network

Operator

Operational Data Reduction Complex
Oxygen Generation Assembly
Operations

Operations Planner

Orbital Replacement Unit

Operations Support Officer for Maintenance
Operations Support Officer for Mechanisms
Productive Availability Factor
Portable Computer System

Prepare for Work

Plug-in-plan Utilization Officer

Point of Departure

Projected Operational Environment
Payload Operations Integration Center
Remove and Replace

Robotics Officer

Required Operation Capabilities
Recurring Tenets

Page #: 285 of 292



RWS Robotic Workstation System

S Specialist

SA Situation Awareness

SAO Strategy and Architecture Office

SAFTE Sleep, Activity, Fatigue, and Task Effectiveness
SCaN Space Communications and Navigation

SCE Signal Conditioning Electronics

SD Standard Deviation

SE Science Enabling

SE&I Systems Engineering and Integration

SEI Space Exploration Initiative

SM Service Module

SME Subject Matter Expert

SNM Structures and Mechanisms

SOMD Space Operations Mission Directorate
SPARTAN  Station Power Articulation Thermal Analysis
SPDM Special Purpose Dexterous Manipulator
S-PRINT Space Performance Research and Integration Tool
SRK Skill-Rule-Knowledge

SSRMS Space Station Remote Manipulator System
STMD Space Technology Mission Directorate

TCS Thermal Control System

TH Transportation and Habitation

TXTL Total Time Loss

UHF Ultra-high Frequency

VSE Vision for Space Exploration

VVO Visiting Vehicle Officer

WPC Weekly Planning Conference
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