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FOREWORD

Cystems Integration (SI) at NASA is a key engineering function for every pByjaging thicollection of
complex subsystems or disparate paxgether to form a single entity that functions and performs to
missionneedsis paramount to the success and value of that missfecounting for the human interface as
another piece of Sl is necessary to achieve every aspect of mission success, andrjtisal as the hardware

we assemblel-rom an engineering perspective, Human Systems Integrationr{ld&isnot only making certain
that the systems we design are friendly to the end usafg and resilientput alsoensuringthat all phases of
life-cycle developmenthat involve humansre integratedin a cohesive manner that results in the highest
probability for mission succedsarly in my space industry career, manufacturing engineers were not consulted
until the integration phase of thdevelopment flow, when it was often too late to gain efficienciBise need to
bring those engineers into the flight hardware design phase at inception was obvious and resulted in a superior
flight design that was more efficient from a cost and integrasochedule perspectivé.see a similar corollary

with HSI.This unique expertise needs to become a part of systems integration during development,
implementation, and execution of missions if we are to achieve success with the challenges ahead.

Mr. Joe Péicciotti
NASA Deputy Chief Engineer

he proper integration of the human into the development, deployment, and operation of our systems is
recognized as a significant factor in the safety and success of our missions. For instance, NASA defines a
humanrated system its designation for systems used to conduct crewed spaceflight migsemsne that
accommodates human needs, effectively utilizes human capabilities, controls hazards with sufficient certainty to
be considered safe for human operatioasd provides, to the maximum extent practical, the capability to
safely recover the crew from hazardous situations. This definition covers many of the HSI domains defined in
this handbook. A structured understanding of these domains, underlying objectimdselevant standards and
processes to meet those objectives is important for all our missidnisnan exploration, science, and
aeronautics. This handbook brings together insights and practices contributed by HSI practitioners from across
the Agency. | bpeit will be a great resource to the NASA community and positively affect HSI practices across
our missions. | thank everybody who contributed.

Dr. Frank Groen
NASADeputy Chiedf Office ofSafetyand
Mission Assurance



Throughout the history ofransportation, mismatches between human and machine have resulted in
decreasd human performance at a minimum and, sadly, in some ¢datd mishapsThe Office of the

/| KAST 1 SIfdK YR aSRAOIfT hFTFFAOSNE I kKaNRudedifg ishiGa NRf S
concerned with optimizing human performance and ensuring any humans involved have a healthy woAgplace
NASA pushes the boundaries of space and atmospheric exploration, we challeingentelimitations and

place humans in extreme eimgnments Human Systems Integration is essential to ensuring the capabilities and
limitations of the human are considered early in system and mission désigmans are involved in all projects

and programs, from spaceships to aircraft to satellites anmbtic rovers Humans are involved in every aspect,
from human interface in manufacturing, maintaining, or guiding a satellite; controlling robaiaatherplanet

on a different day/night cycle; building and operating new electric airplanes; operatintaabase of

operations; or performing human research in Antarctidamans are the common denominatdntegrating the
hardware and software with the human in mind is critical to the overall mission success and protects the health
andwell-being of our greatest NASA resourceur people This guide is an essential tool for anyone involved in,
planning for, or ensuring Human Systems Integration.

Dr.Vince Michaud
NASADeputyChief Health and Medical Officer
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Preface Background on NASA Human Systems Integration

The field of Himan Systems Integration (HSI) Environments. The new standard became the basis for
evolved from the disciplines of industrial NASASTDB3000, which was created in the 1980s,
engineering and experimental psychology and lessonausing Agencyvide subjectmatter expertise to inform
learned during World War |l when discipline the development of the space station program that
practitioners witnessed poor system designs that were eventually became the International Space Station.
often unsafe and difficult to perate. Following Vérld NASASTB3000 similarly became the basis for NASA
Warll,the U.S. armed services recognized the need forSTB3001, which provides an update to the content for
greater attention to humarcentereddesign and the  Beyond Earth Orbit exploration.

field of HSIbegan to emergeThe focus of the new
methodology was to address a rapid increase in
mishapsstaffingdemandsandpersonnel and training
costs, andhlsoto reduce total lifecycle systems costs.

Its |E[)ra|ct|ce? Werggpldly adopFed. by th:" mlllgrj@o Department of DefenseDpD was facing rapidand
control costs and Improve mission outcomesnce ubiquitous escalation in lifeycle systers costs. It

the early 1960s, NASA has had its own ”C_h herltqge 0{)ecame clear that better design practices for inclusion
employing human factors for the protection of its

spaceflight crews, with a focus on human health and
performance in spacecraft and mission design.

These standardscremenglly advancetiumanrated
missions and simulators. In the 1970s &ds, NASA
improved aviation safety and matured concepts in
crew resource managemenin the late Q0s, he

of the human elements required to develop, deploy,

and operate a system needed to become standard in
life-cycle systems engineeringSg and program and

Marshall Space Flight Cent@SFCrote the initial project management.Army General Max Thurman
standards that formed the foundation of whate,as | 8 aSNISRX a2 S Ydzad ljdzAd Yl y
an Agency,now call sl In 1965 MSFESTDB39], start equipping the mad [ref. 1] Synergistic

Human Factors Engineering Programas createdto interaction between a systemnd its human elements
establish minimum human factors requirements to is key to attaining expected total system performance
promote the maximum effectiveness and reliability of outcomes and minimizing total ownership costs.
humans as a systemcomponent. Thisstandard  Therefore, to realize the full and intended potential
described adsystent as an optimal combination of that complex systems offer, the Dofas the first U.S.

mission and suppompersonnel, equipment, facilities, government agency to ahtify the need for better

and proceduresThen in 1966, MSFC publishd&FE  design processes for early and thorough consideration
STB267A Human Engineering Design Criteria of the human element in systems design, when it
presentinghuman engineering design principles and mandatedin 20034 K & F ad2a4lrt &aead
practices to be used by engineers in designingmust applyHSio all developments

equipment for the satisfactory performance of In 2008, NPR 8705.2B, HumdRating Requinments
op(;arat%r, krT:Iamtena-nce, and C(;)mmI' -persolnnel for Space Systenmwas updatedo include additional
reduced skill requirements and training time emphasis on the process of achieving human rating

mcreba_tsei. re“ag'“% _Off é)er.sonel-eq(;upg.wen'F emphasis on application dependen@and emphasis
combinations and a basis for design standardization with respect to Systems Engineering context and

of largeEarth-launch booster systemg:ollowing the analysis Thehumanrating requirementsdefine and

Apgllo Appllcatlons_ Program, this  standard Wasimplement processes, procedures, and requirements
revised for spaceflight design, based on Skylab

_ oo necessary to produce humaated space systems and
experience and neutral buoyancy experintegion. It

) } define a humarrating certification path fomprogram
was assigned the number MSBTB512 and titled

Man-Svst Requ ‘ : Weidhtl managers (PMs) and their teams to follow in
aroystem equirements or elghtiess conjunction with tradtional program management



milestones. In 2010, NASA published thduman In 2015,NASASTB3001, NASA Space Flight Human
Integration DesigiHandbookfor Human Space Flight System Standard, Volume 2Human Factors,
further enhancingb ! { !foQ®& onhumancentered Habitability, and Environmental Healtiwvasupdated
design(HCD)HCD is a performandeased approach with a new requirement forHCD Inclusion of this
that focuses on making a desigisable by humans requirement for all human spaceflight programs was a
0§KNRdzAK2dzi | a e[@fi glYmas fsignfiint se@f@wal in capturing and documenting
characterized by early and frequent user involvement, NASAR @pproach to HSAt this time,the requirement
performance assessment, and an iterative degegt- appliesto human spaceflight programs, but not to
redesign processHCD is an outcome achieved other NASA programsuch as aviation angncrewed
through proper implementation of HSAIso diring space exploration. Nonetheless) &ICD approach to
this period,NASA HSlioneersbegan towork toward  system acquisition and development is a critical
a NASAspecificHSlimplementation initiating efforts human factorsonceptcontributing to HSI

to update b ! { !SBdocumentation to be more  \yuiionally in 2015, the NASAI { Lt NI OG A i A

g‘gl“gs"’NeFf’;{Hi'lggd thm‘g:anse'emm'aEreS_“'t’”_ Guide(HSPG)was publishedref. 3]. This initial HSI
' B ystems Engineering guide provided muchneeded guidance on HSI team

Processes and Requirementeludedthe first formal responsibilities, activities, and products, along with

definition of HSIn NASA documentation guidance on writingan HSI PlarfHSIP)The HSIPGet

In 2014 NASA releasedNASA/TR2014218556, the bar as a gding document primarily for human
Human Integration Design Processes (HIDW)ich  spaceflight missionsThis handbook andassociated
captures NASA human engineering and HSI lessongolicy changes demonstratea commitment to
learnedto supplementstandards andrequirements  advancing HSI efforts across all mission types within
aloner i.e., complex, iterative processes such asthe Agency and its contractor activitiééhe handbook
determining the appropriate net habitable volume of alsocaptures manyof the advancements and lessons
a spacecraft for a given crew size, mission scope, andbtained through the application of HSI since 2015.
mission duration.
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1.0 Introduction
1.1 Purposeand Applicability

This handbook is intended to provide general guidanceplan the scope of HSkhetheron a redwced scale for
and information on Human Systems Integration (HSI)a small project oasa comprehensivémplementation
and its applicability to NASA programs and projects for a major programidentify the steps and metrics
andthe wider NASA communityts primarypurposes dzd SR KNR dzZa3 K 2 dzii  { ideBtify til2 2 S O (
areto increase awareness and consistency across théHSI domains engaged in the effaaihd document HSI
Agency enable theadvancenent of the practice and  methodologies and approaches to ensure effective
implementation of HSI principlesnd processesand implementation HSIPsre required for the following
provide invaluable informationand guidanceo HSI  Agency effortsas defined by 7120.5: projects, single
practitioners in the performance of their duties project programs, and tightlgoupled programsThis
Implementation of an HSI approachwill enhance  handbook will provide guidar® on planning and
b! {! Qa O2NB Sy 3wy&impdvigod iOdlemibning tHSI (aktiGites for thesefforts and
safety, mission success, and affordability. provide a comprehensive, yet tailde, HSIP

The specific aims of this handbook are to defing; HSItempIate.

illustrate its value in programmatic decisigns HSI processes should be tailored to the size, scope, and
demonstrate howit fits into the NASA project life goals of individualprograms and projects The
cycle procesgdescribe how it applies across all NASAinstructions and processeslentified here are best
missions describe how it integrates knowledge and used as a starting point for implementing human
methods from multiple disciplinesdescribe the centered system concepts and designs across
checks and &lances providedby the three Technical programs andprojects of varying types, including
Authorities provide guidance on HSI processes crewed and uncrewedhuman spaceflight, aviation,
procedures, and productsand provide helpful robotics, and environmental science sgions. For
information on HSI resources within the NASA programs andprojectsthat adhere toNPR 8705.2C,
community. HumanRating Requirements for Space Systeting
Irequirement is for the Program ManAager 8istem
Requirements RevieSRRG 2 aSadGFof-AaK |
éystems Integration (HSI) team comprising
representation from the systems user community
(e.g., astronauts, mission operations personnel,
training personnel, ground processing personnel,
human factors and humasystemsntegration SMES),
with  defined authority, responsibility, and
As of 2021poth NPR 7123.1 antlPR 7120.5NASA  accountability in support of the progra@HSI Plan for
Space Flight Program and Project Managementthe crewed space systegit should be noted that this
Requirementsrequire HSI to be implemented within - handbook is not fully aligned with the required NPR
NASAtechnical efforts These efforts are to be 8705.2C establishment of an H&8&m in compsition
documented in a Human Systems Integration Planogr timeline; howeverit is expected that NPR 8705.2C

(HSIP)and the intent is toupdate the NASA 7100 il undergo revision later in 2021 to align with the
series of procedural requiremert as they are  guidancein this document.

renewed.The purpose of the HSIP is to document and

This handbook should be used as a companion fo
implementing NASAProcedural Requirement®NPR
7123.1, Systems Engineering Processes an
Requirements the NASA stems Engineering
Handbook NASAdirectives,and any Centeispecific
handbooks and directives developed for implementing
programs and projects



1.2 Motivation for this Handbook

Systems have becamincreasingly complex, often due carefully considered and planned from the outset of
to the enormous capabilities and advances of micro any NASAprogram or projectTo aid the reader, this
circuitry and digital firmware/software. Now the handbook provides references throughout doset of
intention to mimic human behavior and decision case studiegseeAppendix that showcase redife
making in automated, senautonomous, and HSI examples of the topics presented in paar
autonomous systems adds further oroplexity,  sections.

includingnovel opportunities forsystemerrors. Early
and careful consideration of the human performance processes, and implementation is provided in the

characteristicsand behavior when interacting with Preface describingefforts that sparseveral decades

such complexity has become essential to planning andHowever NASA subject matter experts (SMEs)
designing for total systeiperformance and outcomes continue to discuss HSI best practices andoless

Harfdware dand so;twaye .sys'E[emks enacljale bhun;ans t_olearnedasapplicableto NASA missions and projects.
perform advanced mission tasks and ODJECUVES N, - yqcap years, NASA has begun to realize HSI

i?(ktreme t?nd pOtentlle”yh Igthal en(;nror;tr:vents.t principles were not being applied acroak missions
IKewise, humans enable hardware and sottware 1o, projects.Recent and impendingpolicy changes

perform advanced m|SS'O_n tasl§ i the same demonstratea commitment to advancing HSI effert
gnwronments.Humans provide reS|I|eqce to systems _ .. s all mission types within the Agency and
in the event of upexpected ef.i.ommal eyer\ts. contractor and partner activities. This NASAHSI
Systems can be designed to requiighly specialized Handbookcaptures many of the advancements and

and trgmed personnel or accgmmodate a broad lessons obtained through the application of HSI since
population of human capabilities. Theange of

intended roles fo humars requires varied design
strategiesAll ofthe above illuminatethe need for HSI
application across all mission and project types within
NASAThe goal otthis documentis to ensureHSlis

as NASA/SR0153709 and this document
supersedeshat publication.

2.0 Human Systems Integration Fundamentals

2.1 WhatareHS)HSI PractitioneandHSI Le&d

2.1.1 Definition of HSI processesconsidering theenvironment in whicht is
situated The human in HSI refers to all personnel
involved with a given system, including owners, users,
customers, designers, operators, maintainers,
assemblers, support personnel, logistics suppliers
training personnel, test personnel, and others.

Within the engineering community,systemis largely
thought of as the integration or assemblance of
hardware and software that together perform a
function. HSI considerssystemto be the integration
of hardware, software, humans, dataroceduresand

POl 3ANRdzyR 2y bl {!Qa 1{L
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ﬂnvironment

Hardware

Figure 1. HSI Systermintegrated Hardware, Software, and Humaglemens
within an Environment

NASA systems are designed to futfiissiongoals and  the DoD has notethat HSlhasalsobeendefined as a
scientificobjectives by addressing various stakeholder philosophy, an approach ®Hor even éSEiscipline)
needs and constraintsin 2020, the newly formed g set of processeanda goallref. 4].

NASA HSI Community of Practicenoticing _ o _
inconsistencies in NASA documentation with respect 1 A philosophy: By definition, HSI is a human
to the definition of HSIreassessd the ! 3 Sy O& Q& centered mindset; a way of thinkirigstilledin

definition and domairs for the purpose of NASA those who desig, build and managea system
Programs and Projects. These are furttescribed in throughout its life cycle. By definition, a system
Section 2.2. consists of hardwaresoftware andthe humans
who operate, maintain, and suppdtiat system
What isHuman Systems Integratich within a given environment.
As defined by the NASASICommunity of Practice, 1 An approach toSE Those responsible for
HSlis a required interdisciplinary integration of the designing, esting, fielding and managing
human as an element afsystem to ensure that the systems must ensure humarmperformance
human and software/hardware components characteristicprovide the foundation foSE
cooperate, coordinateand communicate effectively . .
to sSccessfully)erform a specific function or mission. T Asetofprocesses: The tenets of HSI are realized

through the tools, techniques, approaches,
It is important to note that the definition of HSI varies methods, and standards that enhance tis&
across government agencies, industry, and academia process.

and not just within NASAHSI is, however, built on A goal: The goal of HSI is to optimize total system

scientific research into human needs, capabilities, and performance  through effective  human
limitations, as well as knowledge of how humavark integration with system hardware and software
in socictechnical systems to create successful while minimizing program costs and risks.

missions and respond to noweehd unexpecte@vents. NASA is, and has been, working jointly with DoD to
While NASA has defined HSI as part of the SE proces&éfine, learn, evolveand leverage lessons learned



with respect to HShndregularly engages in forunts individual domain activities, responsibilities, or
exchange thoughts and perspectiveBIASA is a reporting channels.

partner member Or_] the DoD Joint HS_I Working Group It is imperative to take a system of systems approach
has a representative on the Operating Board of the
DoD HFE Technical Aaris Groupandparticipated in
the developmentand reviewof SAEG906(adoptedby
DoD as a standard practice for invoking HSIin
contracts for system acquisitipnMembers of the

broader HSI community also engag®utinely to
exchange information. The INCOSE SE Handbobkf 6] states that the

| g RSTA VS5 | L p_rirvnar.y. .o_bjectiv(e) of. HSI is toéensure gat human
{!9mecdnc _ ysSa {_ éa[g‘abllmés and Iﬁ"nl\{ahglr\{? zﬁe ¥e%téd a% critical
management and technlcgl apprgach applied  to system elements, regardless of whether humanthe
systems development gnd integration as part of asystem operate as individuals, crews, teams, units, or
wider systems. englr?egrlngroce'ss to ensure human organizationsThehumanin HSI refers to all personnel
performance is opt.mjlz.ed to mcregse total system involved with a given system, including owners, users
performance and minimize ownership costs. customers, designers, operators, maintainers,
Similarly, DoD defines HSI aa comprehensive, assemblers, support personnel, lagis suppliers,
interdisciplinary management and technical approach training personnel test personne] and others A
applied to system development and integration as system is more than hardware and software; it is
part of a widersystems engineeringrocess to ensure composed ofhardware, software, data, procedures,
that humanperformance is optimized to increase total and humans Many engineers consider data and
system performance and minimize total system procedurespart ofl & & dhar@nVér@ and software
ownership costgref. 5]. HSI enables th&Eprocess  components However, it is important taconsiderall
and prgram management effort that provides five components individuallys well as the integration
integrated and comprehensive analysis, design, andand interfaces among thm. HSI domains collectively
assessment of requirements, concepts, and resourceslefine (a) how humarperformance characteristics
for seven domains: human factors engineering (HFE)affect systemdeveloprent in terms of itsoverall
manpower, personnel, training, safety and design, effectiveness, operation, suppodnd the
occupational health (@H), force protection and associated cost and affordability of these components,
survivability, and habitability. These HSI domains areand (b) how the system hardware, software, and
interrelated and interdependent and must be among environmentaffecthuman performance. Total system
the primary drivers of effective, efficient, affordable, performance is a measupée outcome of the
and safe system designs. HSI integrates and facilitatesffectiveness of the integrated interaction of
trade-offs anong these domains and other systems hardware, software, and human elements.
engineering and design domains but does not replace

that beginswith concept development andontinues
throughout the projectlife cycle While the NASA
definition of HSI and the DoD HSI definition read
differently, the underlying philosophy and
foundational principles are the same



HSIBrings UniqueValueto NASA Programs and Projects

w Maximizes total system performance, safety, and operation®Byy & A RS NR& y 3
design, engineering, and operational environments.

w ldentifies humarperformance characteristiosithin system design.

w ldentifies and mitigates, where possible, risks to programs and projects of record and perfores trad
across cost, schedule, and technical performance.

w Reducedife-cyclecost(LCC)hrough early identification and mitigation of risks, avoiding latevarks and
increased operating costs

z

iKS KdzYI y

If HSI is not properly applieth the earliest stages of a project and appropriately funded within
NASA, the impactsaninclude:

w Increased risk to human life and hardware/software.
Increased risk of rework.

Increased.CC

Increased risk to schedules.

Increased risk to missi®uccess

SEENSNE

2.1.2 Definition of an HSI Practitioreard HSI| Lead

There has been considerable discussion over the yeardocument, the term HSLead is used unless the
as to the definition of an H®Iractitioner within the  statements pertain solely toan HSI practitioner
NASA community, DoD, and industry since HSI is not function.

single discipline taught in formal educational
programs Rather it is the integration and
identification of interrelationships across six domains
spanning multiple technicaliscipline areaswithin a
complex system throughout tharojectlife cycle SAE
6906 [ref. 7] describes an HSI practitioner HSISME
astsomeone trained and/or experienced in HSI or the
HSI domains who participatén the execution of the
HSI prograng While there is no single answer for
everyproject, an HBLeadmust have experience with
humancentered design, just asnaSE must have
experience with systems design to accomplish the role
of system integratorAn H$Lead will always be an HSI
practitioner by definition of thdead role;however,an
HSpractitioner will not always be an H®lad and may
be providing HSI support to someone in {ead role
This willdepend onthe size, complexity, and risk
classifiation of the project whichwill dictate the size
of the HSI efforts and teankor the purposes of this

The HSLead is the persoassigned b¥ngineering, in
coordination withproject managementwho leadshe

HSI effort. The lead reports to program management,
SE process managers, a&mdother key stakeholders

as defined by the PMI'hegy assist project management

in assessing HSI eennel needs and critical eatly
LKFasS I {L SFF2Nlaz olaSR
mission, budget, schedule, and scopadthey work

as a part of the design and development team to
ensure that humasrelated design considerations are
placed on equal par Wi hardware and software
considerations during the design and development
process ldeally, the individuabestsuitedto sere as

an HSILeadis someone who is trained in the HSI
processes, understands how HSI works as a
component of the overall NASgystems engineering
processandhas expertise in more than one of the HSI
technical domains



HSI requireghe participation of highly qualifieéind shouldreach out toa CenterTechrical Authority(TA)
experienced personnel who understand how to Office Engineeriny Health and Medical, or Safety and
integrate human performance andapabilitiesinto Mission Assurance), or contact the Center
research, design, development, and system representativés)to the Agenc 8SI Community of
implementation. Practice (CoP) Core Team. The CoP core
representativescan provide valuable information and
recommendations to support programs amojects
through the application of HSI ar@hn help identify
appropriately qualified personnel givgmojectscope,
requirements, and staffing constraints.

The demand for HSI practitioners will naturally grow as
a result of improved HSI implementation aodrrent
and expectedAgency policy and procedural changes
Along with the growing need for trained HSI
praditioners, there is an accompanying neddr
Agency trainingwhich isin development by the HSI Suggested core compeateies for an HSLead or
community. practitioner, provided inTable2.1-1, are based otthe

If there are questions regardindentificationof an HSI Handbook of Human Systems Integrat{cef. 8].

leador an HSpractitioner, programor line personnel

Table2.1-1. Core HSlead orPractitioner Competencie€ompared with SE& Competencies

HSI Competencies Systems Engineering and Integration
Statistics Acquisition processiodels
Sensory and PerceptuBfocesses Requirements determination
Cognitionand DecisiorMaking Systems design andanagemernt
Physical Abilitieand Limits - Humancentereddesign
AnthropometryandWork Physiology - Proposal development, anévaluation
SimulationMethodology - HSlassessments
Human Systemilodeling - ProgramProject Management
Human PerformancMeasurement Testing anevaluation
Design of Displays, Contré@sNorkstations - Measures of effectiveness and performance

SkillAcquisition

Personnel Selection

TeamPerformance

Environmenal Health Hazards

System Safety

HumanSurvivability inExtremeEnvironments
OrganizatiorDesign

AnalyticalTechniques

Risk Management

- HSI in test desigplans

- HSI in testeports
HSI technology researemddevelopment
Operationsresearchand experience
Integrated logistics suppoprocesses
Safety engineering antlanagement
Training approaches amdethodologies
Economic and costnalyses

Additional significant responsibilities @ih HSILead § Assisting domain personnel in planning domain

include:[ref. 9] activities.

1 Advocating for each of the HSI domains { Facilitating execution of domain tasks and
(SeeSection 2.2 for domain information) collaboration between domains.

f  Applying HSI methodologies toNASA and T Making trade-offs between domains to optimize
contracted efforts in support oprograms. the attainment of HSI goals



1 Includng all required and appropriate HSI 2.2 HSI| Domains
requirements andtrade-off analyses associated

with Analysis of Alternatives and source selection, S! incorporateand integrateskey human elements,

{1 Optimizing the impact of domains on theaject referred to as domains. Successful and effective
from the perspectives of performance implementation of HSI depends on the integration and
sustainability, and cost. " collaboration of all NASA HSI Domains, presented and

1 Integrating the results of domain activities and d€fined in Table2.21. Whether a domain is
analysegepresenting them to theSE, in support considered an independent discipline.g., Human
of programmatic design and cost decisions. FactorsEngineeing) or a combination of discipline

1 Tracking, assessing, and providing statusHel activities (e.g., Maintainability and Supportability,
risks,metrics,issues, and opportunities. Safety), successful HSI depends on the integration and

1 Conducing technical and programmatic tasks cgllqbgration.a.c.ross.aII. HSI domains and related
necessary to resolve HSI issues and concerndliscipline activitieslt is important to note thatthese
before each milestone decision review domains have been defined for the purpose of HSI

1 Developing funding and resourcing requirements implementation in NASA projects and are intended to

for effective HSI Program implementation, testing, P& integrated functions versus representidgency
and maintenance. functions ororganizatiors.

It is the responsibility othe HSILeadto facilitate =~ Each domain has the potential to affect and intetra
interactions internally between domairend related  Wwith the other domains, making it critical to execute
discigine functions and externally betweemSI and an integrated discipline approach. Additionally,
the restof the prgect. TheLeadshould plan NASAS|  decisions, changes, environmental disturbances, or
activities, requirements, and team structure, as well asnew system constraints introduced into one domain
understand the role that any prime contractoor Wil disturb the balance of interdependencies ieten
partner, engaged on the project will perform, the domains and potentially impact one or more of the
particularly in terms ofimplementing HSI and HSI other domains.

deliverables (See Section5.2, Appendix A, and

: _ . HSI integrates the domains to leverage and apply their
Appendix For more information)

: _ interdependencies to attain an optimgystem By this
Accordingly, prime contractarsor partners,should process, domain interests can be integrated to

also designate one of their personnel to function @Sperform effective HSI tiough tradeoffs and
their lead HSI Point of Contact (POC) who is able to 'eagollaboration. An understanding of how tradéfs
their internal HSI interactions and planning, and among the domains occur and propagate through a
coordinate with the HSI Lead of the program or project.System enables a clear understanding of the
A clear vision of HSI efforts needed to support the jjications of the integration of the domains which
particulars of theproject is critical to developing a subsequently can be used as a basis fizaking
comprehensive, integrated Happroach delivering a  \hqyyledgeable decisiongSee Section 3.5.1 for
return on HSI investmenand producing a systemthat  ,gitional information) For HSI to optimize total
will meet user needs froma humansystems and system performance (i.e., human + hardware +

operations standpoint. software+ environmeny, the appropriate HSI domains
should be engaged throughout the system life cycle.

Implementtion of HSI processes and practices
requires regular and frequent communication,
coordination, and integration across the HSI domains
providing humarsystems expertise

10



Domain

Human

Factors

Engineering
Operations SR n . Safety
Maintainability

and Training

Supportability

Habitability

and

Environment

Figure2.2-1. Sample 2way InteractionsAmongNASA HSI Domains

Table2.2-1. NASA HSI DomainBefinitions, and Examples of Expertise

Definition

Examples oKnowledge, Skills,

Human
Factors
Engineering
(HFE)

Designing and evaluating system
interfaces and operations for huma
well-being and optimized safety,
performance and operability, while
considering humamperformance
characteristicsas they affect and are
affected by environments and
operating in expectednd
unpredicted conditions

and Abilities

9 Human performance measurement

9 Anthropometry and biomechanics

1 Perceptual, sensorimotor, and cognitive processes

9 Task analysi

1 Human/Machine Function Allocation

1 Workspace, vehicle, equipment, and workstation des

9 Display andontrol design

1 Information structure, presentation, and
communication

1 Workflow management

9 Procedure development

9 Decision support

9 System error prevention and recovery

9 Team dynamics

9 Organizational behavior

9 Humanin-the-loop (HITL) evaluations

1 Performance modling

1 Impacts of stressors on performance (e.g.,
environmental, organizational, temporal)

11



Domain

Definition

Examples oKnowledge, Skills,

and Abilities

Operations

Fulllife-cycleengagement of
operational considerations into the
design, development, maintenance
and evolution of systems and
organizational capability to enable
robust, costeffective mission
operations for human effectiveness
and mission success

9 Operations Engineering

9 Operations process and tool design for personnel
(ground and flight crew, operators and maintainers)

9 Control Rom Operations

9 Communications and Data Interfaces and Constraint

1 Human/machine resource allocation

1 System Availability

1 Mission Operations

1 Resource modeling and complexity analysis

9 Procedure and timeline development

1 Humanautomation teaming

1 Staffing/qualifications analysis

1 Integrated Operations Scenarios development

Maintainability
and
Supportability

Designing for full life cycle and
simplified maintenance and
accessibility, reliability, optimized
resources, spares, consumables ar
logisticsgiven mission constraints

1 Aerospace SystenMaintenance and Housekeeping
9 Ground Maintenance and Assembly

9 Sustainability and Logistics

1 ReliabilityCentered Maintenance

1 Maintenance task analysis (tools, training, manpower
1 Maintenance Manua/Documentation
1 System Availability

Habitability
and
Environment

Ensuringsystem integration with
the humanthrough desigrand
continual evaluation of
internal/externalliving and working
environments necessary to sustain
safety, humarand mission
performance, and human health.

9 Environmental Health

1 Radiation Health

9 Toxicology

9 Nutrition

9 Acoustics

1 Lighting

9 Architecture

1 Ingress/Egress and translation paths
9 Restraints

9 Crew Health and Countermeasures
1 EVA

9 Behavioral Health

9 Life Support Systems

9 Physiolog and Anatomy

9 Medicaloperations

9 Occupational safety and health

Safety

Implementation of safety
considerations across the full life
cycle to reduce hazards and risks tc
personnel, system, facilities and
mission.

1 System Safety

1 Safety Analysis

1 Quality Assurance

1 Quality Engineering

1 Software Assurance

9 Survivability

9 Human rating

1 Risk Management (identification, analysis, and

mitigation)

12



Domain

Definition

Examples oKnowledge, Skills,

and Abilities
1 Safety Culture
1 Institutional Safety
1 Occupationakafety andhealth
1 Aviation Safety
1 Fire Protection
1 Nuclear Flight Safety
1 Payload Safety
9 Pressure Systems
1 Planetary Protection
1 EEE Parts
1 GovernmentIndustry Data ExchangeProgram
9 Micrometeoroids and Orbital Debris

Training

Desigrnand implemenéation of
effectivetrainingmethods and
resourcego maximize human
retention, retrieval and transfer
proficiency and effectiveness to
successfully accompligixpected
an unexpectednission tasks
properlyoperate, maintain, and

support thesystem and mission.

1 Training Needs Analysis

9 Taskskill knowledge assessment

1 Instructional DesigiMethods

1 Training Facility Development

9 Training manuals/documentation

9 Training Fidelity

9 On-board Training (OBT)

1 Simulations

9 Training for mminaland unexpectedevents

Asstated aboveanddepictedin Figure2.2-2, each HSI

way interactionsnot to mentionthe addition of three

domain has the potential to affect and interact with way, fourway, etc.that would be impossible to
the others, making an integrated discipline approach graphically illustratetherefore, hteractions depicted

critical. With six domains, there arg5 pairs oftwo-

Habitability

and Environment

|« Living/Working Conditions, Avail. Volume
* Environmental Requirements

* Habitability Tasks

* Task Analysis
*User Design Requirements

Human Factors

(temperzture, humidity, shock, vibrations)

Engineering (HFE) :

* Maintainability

hereare examplesndnot allencompassing.

|

* Skill & Aptitude

= Job, Duty & Task Descriptions
*Operator Scenarios/Modeling

* Task Analysis
*User Design & Workload Analysis
* HFE of Training Systems

Safety & @ R S Requirements
& i g
Foer vy % oo
< o £ rsonnel
Analyses & & Requirements %0, peonne
N 3 ; 7e 00,5 *Resource
S '»vo Design Tl %, 5o Assessment &
S8 & Compatibility 5 NN e, }
& %\3’ o & © 3 %, %, 4?11/ KR Modeling
v ¥ &P & Y equirements o T GRS k
S oW & & 2 A, Thy ‘%9 6, Feedback
EENNS) PO . : S RN ., (Training
SR N e Task Analysis %y, %, Vg %'b‘,( ea
o . o are e
6”2@“‘ ,b\-\‘*‘ *v“v\\c\ ‘obv 6@‘\ i for Maintainability IR °e>¢ %, @,% icacy)
NP & Supportability % BTNN %,
& \y:eﬂi\.:\“o‘ "'\\;\«,\ User Interface Design & HFE Dy
N g N . 2
< @ Analysis G,
& @be \b?
S .
X Q@" 2 = e Operational Task Feedback \
ot % Maintainability Oieration
£y COREERS g : and Supportability ——— = . e [
| * Maintainability & Supportability Analysis ) * Maintainability & Supportability Analysis )

" «Safety Assessment

* Survivability Modeling & Analysis

* Maintenance/Task Analysis & Demonstration

Figure2.2-2. HSI Domains and Sample Interactions

In the 2019/2020 timeframe, DoDeassessed its identified areas to seven. DoD Instruction 5000.02,
defined HSI domains and revised the set from nineEnclosure 7jdentifies the followingsevendomains:

13



Human Factors Engineerin§afety and Occupational have a strong influence on mission success and
Health Manpower, Personnel Training Force  operations costs, working collaboratively with the
Protection and Survivabilinand Habitability[ref. 10]. principles, goals, and metrics of the other domains
The NASAnd DoD missions differ in many wagad interactingwith system designers and developers
SFOK 2NHIFYyATFGA2yQa | {L LIIINBRI O KIla 0SSy GFAf2NBR
meet its mission needd ! { 'HQI &omains are less éé![ H%manKFactors Engineering

focused on the large workforce and diverse skill setsHFE enhances the comprehensive design and
required for DoD missioabjectives but HFEemains  evaluaton of system interfaces and operations for
a significant domain for DoD and NASA HSI processefiuman wellbeing and optimized safety, performance
and operability while considering human performance
characteristics (sensory, perceptual, cognitive,
physical, and team dynamica} they affect and are
affected by enironmentswhile operating in expected

Of approximately 100 positions within the U.S. Army
that align to HSImissions, the types of personnel
performing these duties break down as follows:
Engineer (Human Factors)(10); Engineering ) =
Psychologist (24); Engineering Research PsychologigjtncI qnpredlcted COﬂdItIOﬂSHFE produces .s.,afe. and
(4); Psychologist (11); and Research Psychologist (5§z)ﬁect|ve hu-mansystem. mterface,s facilitating
[ref. 11]. So, while HSs not synonymous with HFE, the performanc'e inthe operation, maintenance, support,
skill sets within the HFE discipline are significantand_ sustainment of.a systemHuman Factors
contributors to the accomplishment of HSI within Englneers gre respor?snbfor representing the hqman
programs and projects. in the design team in the same way thelectrical
engineers (EE) represent the electrical aspects of the
design. They accomplish this in a similar manner; just
as an EE is understood to have knowledge of
electronics that otherengineers lack, the HFE has

engineering teams, ensuring that requiremerftlsw  knowledge of human behavior, capabilities, and
down, interfaces are agreed upon, tradffs are made  constraints that other engineers do nofThis is

analytically, and the various components come gccomplished through:
together to form an integrated system.eBign and

development of specific system components are
conducted bythe relevant engineering disciplines
(e.g.,mechanical, electrical, materials, software). The
systems engineer is not required to know how to b. Achieving required effectiveness of human

HFE is to H&luchasa specifieengineeringdiscipline
is to SE Systems engineers have the atbsystem
perspective andat a high levelcoordinate the other

a. Developing or improving all human interfaces of
the system so the design is consistent with
relevant human agineering standards

design anysystemcomponent butdoes needo know
how the efforts interrelateand form a complete

system solution In the same way, the HSI Lead
coordinates the HSI domains, ensuring system

requirementsare identified andlowed down from all

performance during systemominal, offnominal
and unexpected operatiors, maintenance,
control, and support (human effectiveness
requirements are often implicit in reliability and
maintainabilty requirements)

applicable sourceSMEs are appropriately involved in c. Conducting analyses (primarilgsk analyses, but
design decisions, tradeffs are made analytically, and also function allocation, human error analysisd
the integrated system fully considers the human others) and coordinating resultsvith overall
components. systems engineering arnte rest of the HSI Team

The HSI Lead formulates a team with SMEs from eacH- Evaluating system design alternatives and issues,
domain discipline.Recommendations fronall HSI including cosbenefit implications addressed in
domains are integrated into reports and trade-off studies and white papers tioelp ensure
recommendations from theHSILead to SE and will human factors are appropriately prioritized and
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addressed and recommended alternatives achievef Avoidng designinduced human performance
human factos requirements issues, which may lead to user errors, mission
critical errors, safety/health hazards, and
reliability issuesby eliminatingerror traps

Desigiing error mitigations that do not interfere

with recovery techniques, sincgystens rely on
T Emphasing matching human capabilities to humanresilience to handle unexpected events
reduce or eliminatesystems thatstrain cognitive, o _

workloadintensive tasks that exceeduser case studies for thisection that can be foundh
capabilities Appendix D Theseboxes appear throughout the
Creatng effective interfaces or systemto offset documentto aid in understanding the materiadnd

unnecessary complexity andwoid extensive provide the reader with greater insight into the
trainingrequirements importance of HSI

Additionally, undesirable characteristics can be
reduced or eliminatedvhen HFE principles are applied
to the design and development of systemssch as:

=

CASE STUDIEfiman Factors Engineering

D.3 Expert Knowledge of Human PerformanE&ectiveCountermeasure fotaunchVehicleDisplay
Vibration
D.5 Training, Simulation, Design and Human Error: The \@giactic Spaceship Two Mishap

2.2.2 Operations 2.2.3 Maintainability and Supportability

The operations domain involves thailllf life-cycle

engagement of operational considerations into th
design, development, maintenancand evolution of
systems and organizational capabilitygnable robust,
costeffective mission operations for human
effectiveness and mission succe@perationgncludes

operabilityconsiderationand human effectiveness for
flight crews,groundand maintenancerews and test

personnelto drive system desigmnd development

trades for function allocation, automation, and
autonomy.

Maintainability andsupportability requires designing
Sor the full life cycle including assured maintenance
and support, within mission constraints. Accessibility,
reliability, optimized resources, spares, consumaples
and logistics are all terms in the analysis performed by
the M&S domain for the HSI Leddincludes a strong
relationship to reliability and maintainability (R&M)
and the safety domain, and addresses design,
development, and execution of simplified maintenance
given corresponding mission constraints and
objectives.These includeaerospace systas inflight
Automation refers to a system with programmed maintenance and housekeeping, ground maintenance
characteristics that offload human tasksvhereas and assemblyas well as maintenance task analysis, or
autonomy refers to a system that performs tasksdesigning for efficiency in the tools, training, and
independent of human interactionThis includes the manpower necessary to maintain and sustain the
design of communications and data interfaces andystem. It also encompasses mainterantanuals and
constraints. Operations process design for ground documentation and system availability.

and flight crevs, human/machine resource allocation, . - )
missio%operations,resource modeling and complexity2'2'4 Habltablhty ancdnvironment

analysis, flight operations, procedure development, The habitability and environment domain ensures
crew time,andstaffing/qualifications analysis. system integration with the human through design and
continual evaluation ofhe internal/external living and
working ervironments necessary to sustain safety,
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human/mission performance, and healthlabitability affect system safety to a gresx or lesser degree and
factors contribute directly to personnel effectiveness mayposerisks to humans from damage, malfunctgn
and mission accomplishmerabitability factors apply or failure to recover from unexpected event3he

to all work environmentsincluding ground and testing safety domairlead creates analyses that identify these
facilities and control rooms, as well as Hitight and risks and works with the HSI Lead to develop
surface vehicles and habitatsExamples include mitigations. Whenever posdiy these mitigations will
lighting, space, ventilation and sanitation; noise andhclude design modifications that improve system
temperature control in spaceand aircraft, vehicles, safety.

arc'h'lt'ectura.l arrangement and C(.)nflguratlf).ran'd Safetyfocuses on system design characteristics that
facilities (i.e., heating and air conditioning);

) . 'minimize the potential for mishapthat could cause
ingress/egress and  translation paths;

) o i .. death or injury to humansthreaten systemsurvival
environmental health. Habitability factors include “V'ngand/or operatbn, or cause cascading failures in other

and working conditions that result in levels Ofsystems It alsostrives to create systems that are
personngl moralg, safety, health and com.fort adequ"’r[%afetyresilient Prevalent issues include factors that
to sustalr? maxmum personnel effectiveness, anﬂweaten safesystem operation; pressure extremes;
support mission performance. and control of hazardous energy releasesich as
The HSI Lead should wonkith habitability and mechanical, electrical, fluids under pressure, ionizing or

environment SMEs to establish requirements for thenon-ionizing radiation, fire, and explosions.

phy§|cal environment as well as_ “_V"amd working Occupational health factors should also be considered.
enV|r.onments to gngure sus.talnlng performancel.hSe system design features minimize the risk of
requirements and mission effectiveness. injury, acute or chronic illness oisdbility, andreduced
While a system, facility and/or service shdulot be job performance of personnel who operate, maintain
designed solely around optimum habitability factorspr supporta system. Prevalent issues include noise,
these factors cannot be systematically tradetf in chemical safety, atmospheric hazards (including those
support of other systm elements without eventually associated with confined space entry and oxygen
degrading mission performance. deficiency), vibration, ioging and norionizing
2.2.5 Safety 1t;;:tciiiation, and .hum_an factors is§ues that can create
gue, chronic diseaseand discomfort (such as
The safety domain involves the application ofepetitive motioninjuries. Many occupational health
engineering and management principles, criteria, angroblems,  particularly noise and  chemical
techniques to optimize all aspects of safety within thenanagement, overlap with environmgal impacts.

constraints of operational effectiveness, time, and cosé afety analyses and lessons learnedn aid in

th:cougzout ‘_"‘” phases of the _sySti:;_“fe_ gycler.] Thgevelop'ngdesign features that prevent safety hazards
safety domain concerns operating antaintaining the to the greatest extent possible and managjeose

ggwpment/systemm a manner that mlnlmlzggsk of safety hazards that cannot be avoided
injury or death to personnel. Adverse conditions may
occur when the system is functioning in either a normal
or an abnormal manner. Every design decision may
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CASE STUDLIE&fety

D.2 ST3 LaunchDamagdncurred andUndetectedDuring RepeatedRefurbishment and
MaintenanceContributed to In-Hight Anomaly

D.3 Expert Knowledge of HumdterformanceEffectiveCountermeasure fotaunchVehicleDisplay
Vibration

D.4 Cumulative Effects of Decision Making, Management Processes and Organizational Culture;
Genesis ProbMlishap

D.5 Training, Simulation, Design and Human Error: Virgin Galactic Spaceshfishap

2.2.6 Training as an HSI domain because as system complexity
increases, design decisions can have direct impacts on
the amount of training needed by operatorés
human explorationmissiondgncrease in duration or go
beyond lowEarth orbit, onboard training must be
designedn; attempts to add it later will inevably lead

to failures in effectiveness, with direct negative
impacts to safe operations. Thrining domain lead
provides analyses to the HSI Lead that are in turn used
in system trades by the HSI Lead and SE.

Training the human component of the system
providesthe opportunity to acquire, gain, or enhance
knowledge and skills, and concurrently develop
cognitive, physical, sensory, team dynamics, and
adaptive abilities to conduct joint operations and
achieve maximizedsustainable system life cycles.
Training is accomplished through any activity that
enables people (e.goperators and maintainers) to
acquire or enhance their knowledge, skills, and
attitudes (KSAs)The training domain involves design Training planning should be initiated eariy the
and implementation of effective training methods and Project life cycle andshould also be considered in
resources to maximize human retention, proficiency, collaboration with the other HSI domains to capture
and effectivenesso successfully accomplish mission the full range of human integration issuefr
tasks, properly operate, maintain, and support the considerationwithin the HSI and Shrocesgs Early
system and missiorEffective training solutions equip considerationsshould characterize specific system
personnel with the KSAs required for effective, training requirements and identify any key
efficient, and safesystemsoperation at a fiscally ~ Performance parameter¢gKPPs)See Section 3.2.8
sustainable cds Training systems implement a broad for additional information on KPPs.

range of concepts, strategies, and towsaccomplish  as the systendesignmatures, training requirements
this purpose such as computebased and interactive  ghoyldbe developedo enhanceoperabr capabilities.
courseware, simulators, and embedded training These may include requirements for expert systems,
functions. intelligent tutors, embedded diagnostics, virtual

The goal of training for new systems is to developl an environments and embedded training capabilities.
sustain wekltrained operators, maintainers, and

others that have knowledge and skills to eiiintly

and safelyperform their rolesin system context to

enable mission safety and succeSsaining is needed
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CASE STUDIHSaining
Damagdncurred andUndetectedDuring RepeatedRefurbishment andviaintenanceContributed

to In-flight AnomalyDuring STS3 Launch
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Qumulative Effects oDecision Making, Management Processesl Organizational Culture:

Training, Simulation, Design and Human Error: The Virgin Galactic Spaceship Two Mishap

Inadequate Training, Procedures, Interface Design and Fatigue: The Collision between Navy
Destroyer John S. McCain and Tanker Alnic MC

TheCost of Untested AssumptionsAbout HumanPerformance The Case of the B737MAX

2.3 Key Concepts of HSI

planning and system design, greatly enhance the

chance of mission succesSuccess in system design

As describedin the Expanded Guidance for NASA
Systems Engineerinef. 12], the goal ofthe HSI
product life cyclas to balance total system safety and
effectiveness and ensure mission success througr]
iterative attention to efficient interaction of hardware
FYR az2Fd¢lNB RSaAdy
critical, versati, and variable element: the human.
HSI is a set of process activities that ensurettig)

KAy3aSa

g A0 gesig% Fé

dzLl2y GKS

systems design supports and includes personnel in an, system performance

integrated perspective on total system performance,
reliability, and safety(2)the physiological, cognitive,

HSI relies on four key concepts to ensure successful

and social characteristics of personnel are addressedMPleémentation throughout the project life cyclighe

in systems developmentand (3) system designs are

importance of these concepts is exemplified in thsl

standardized and consistent across all products HsFase studies ilppendixD, which describe successes

supports, in areas such as user interfaces, proc:edures‘?t
1. HSI must be considered and established in

and training. For additional information onthe
products that HSI supports and develops, see
Table5.3-1.

HSI activities include management and technical
processes that work within systems engineering and
complementarySafety andMissionAssurance (SMA)
and Heath and Medical processes and methodologies
to ensure successfolutcomes Humans bring unique
capabiities to any project e.g., reattime decision
making,creative thinking, an ability to understand the
big picture, and complex communication ability.
Humans are the most resilient part of any system and
can adapt the system if even remotely possjble
howewer, human error can occurAcknowledgment of
these limitations and capabilities, in the form of early

nd failures in instantiating these concepts

program and project planning early and applied
iteratively throughout the development life
cycle from pre-Phase A through to Phase(Bee
Figure 2.31, NASAProject Life Cyclg. Early
application of HSI provides the best opportunity to
maximize LCC efficiency and total system
performance (see Section3 for additional LCC
detailg. HSI requirements and goals must be
developed in phase with system capabilitsgssed
requirements. HSI requirements will drive HSI
metrics and embed HSI goals within the system
design. After a system is designed,
implementationof HSI oversight or workarounds
that result fromthe lack of HSI during design can
becomecostly.
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account for human performanceNeither resilience
nor errors ardmmutable human propertist both are
nfluenced by systemdesign and the operational
. context. By understanding human_capabiliti@gstem _
n%/sys!tjel% 6'p|ér£1tionsa Iss?iﬁ*p%er\rqé%t%tion\(z ad
can help to avoid error traps, enhancehuman
reliability, and support positive human contributions



2. HSI includes all personnel that interface with a

system in the expected environment at any and
£ f f AFSmOBmd fuers, deignersS a
assemblers, maintainers, ground controllers,
logistics personnel, sustaining engineers, trainers
etc.are all part of the systentnlike the other two
components of a system, humans are not subject
to engineering processes. Moreover and
importantlyt the interactions @rive from their
capabilities and limitations during system
operations. These interactions are only minimally
understood and predicted by design engineers.
For this reason, the H&ad and the associated
domain leadsare responsible for knowledge of
human characteristics and analyses that
characterize the interactions in the expected
environments and assuring that those
characteristics are accommodated by the
designed portions of the systenitach class of
personnel requires resourceghat must be
accouned for in design, cost planning, and
operations

Successful HSI depends upon integration and
collaboration of multiple domains.Prior to the
concept of HSI, separate humaaentered
domains had to interact with projechanagement
structures as independerdisciplines due to the
lack of a coordinated approach to including the
human element in system design apngeration
Design decisions have integrated effects and
therefore require integrated analyses. For
example, solutions that may be recognized by
designengineers as requiring HFE analyses usually
also have consequences feafety, M&S,training,
and other domains. It is the responsibility of the
HSILead to recognize these and integrate the
inputs from all affected domains.Proper
implementation of HShelps all humarcentered

domains have a more assured, coordinated voice
in system design and engineering. It is expected
that the HSI Lead will resolve or mitigate
conflicting inputsrelated to requirements tied to
the human systembefore project managemen
needs to engage. Via internal integration, HSI
domain interests can better participate project
trade studies and design collaboration. Effective
HSIimplementationshouldintegrate the domains
leveraging andapplyingtheir interdependencies

to attain optimal system design.

The system comprises hardware, software, and
human elements as well as the dataand
proceduresneeded to operate and maintairit
within an environment. The roles and
responsibilities of each operationsomponent
must be allocated early ithe designto ensurethe
operational system does not place undue demand
on the human As demonstrated in several case
studiesin this handbook the human element is
critical to the overall performance, effectiveness,
andefficiency of the total system.

The initial paragraph of NPR 7123.ktates
ONASA SE is a logical systems approach performed
by multidisciplinary teams to engineer and

AYyGSaNFrdS b!{! Qa

LINE RdzO G & YSSi i KS
Implemengtion of this systems approach will
SYKFyOoS b!{! Qa O2NB

while improving safety, mission success, and
affordability. This systems approach is applied to
all elements of a system (i.e., hardware, software,
and human) and all hieraratal levels of a system
over the completeprojectf A TS TO&NASAS d§
Project life cycleas defined by NPR 7120.5
shownin Figure 2.3.1 Additional information on
HSlacross the NASA Projetife Cyclecan be
found in Section 8.and Appendix B.
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NASA Life-Cycle Approval for Approval for

g Formutation FORMULATION implementation IMPLEMENTATION
Project Life-Cycle Pre-Phase A: Phase A: Phase B: Phase C: Phase D: Phase E: Phase F:
Phases Concept Studies Concept and Preliminary Design Final Design and System Assembly, Operations and Closeout
Technology and Technology Fabrication Integration & Test, Sustainment
Development Completion Launch & Checkout
Project Life- KDP A KDP B KDP C KDP D KDPE\/ KDP F
Cycle Gates, FAD {5 { EsFA
Documents, and | prgjiminary Project/\|  Preliminary Baseline Launch\ End of Mission/\  Final Archival
Major Events Requirements b Project Plan Project Plan N of Data
Agency Reviews
Hg ys ASM?
uman Space
Flight Pr:ject A; AA A A * AA__ A A,’x A
Life-Cycle MCH SRR SDR PDR CDR; Sl ORR FRR PLAR CERR* DR DRR
Reviews*? A A A _PBR Inspections and | End of Fliaht
Re-enters appropriate life-cycle Refurbishment of Fligh
Re-flights phase if modifications are A
- ASs needed between flights = T PFAR
Robotic Mission
Project Life Cycle AN AA A A A AN\ ;
Reviews'? MCH SRRMDR® PDR CDR/ Sl ORRMRRPLAR CERR* DR DRR
. PRR?
Other Reviews
SARS SMSR,LRR (LV), FRR (LV)
Supporting
Reviews |A Peer Reviews, Subsystem PDFs, Subsystem CDBs, and System Rev!ews A |

Hgure 2.3-1. NASAProjectLife CyclédNPR 720.5)

3.0 Impacts of Human Systems Integration

Shaver and Braurref. 13] identified a range of ¢ Rskto human life which could terminate the
benefits resulting from increasing and decreasing-cost current mission andhreaten future missionsas
related aspects of the development, manufacturing, well asthe Agency i@putation.

distribution, sales, and support activities biman  § Risk ofmajoraccidentshat threatenmissiorsand

factors and ergonomidbat is foundational tdHSIThe significantly increase cast
list below iscomposedof HSI impets, some of which  §  Mishaps injuries, and illnesseshat reduce
are based onthe Shaver and Braumeturn on mission effectiveness and threatencess
investmentassessment T Higher error rates
EffectiveHSI application results:in § Greatertraining burdert time andpersonnel
f Improved safety and health, includj fewer q Increasedlevelopment costs
accidents and less lost time { Costlyredesigns andperational workarounds
1 User satisfaction, trust, and loyalty, which increase g Higher maintenance support and servimssts

the probability of mission success, particularly in ) o _

studies proviled in Appendix D. These show both
positive and negative impacts of Hgiplication and
implementation (or lack thereof) in mission programs
and projectsTable3.0-1 correlateseach case study to
HSI impacts

1 Ease of usagesulting inreduced incidence of user
errorsand higher resiliece (error recovery)

1 Ease of learning, together with reduced training
time, to give higher training retentian

1 Higher productivity and workffectiveness
Failure to apply HSI results in greater potential for
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Table 3.01 HSIimpacts Mapped taCase Studies

Successful HSI application results in:

x

Ease of use

Ease of learning &
reduced training time
Higher productivity
& effectiveness

Mishaps, injuries,

. X
illnesses

Higher error rates

Highertraining burden
Higherdevelopment

costs X
Need for redesigns X
& workarounds

Highermaintenance
support& service costs
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Failure to apply HSI results in greater potential for: ‘

X
X
X

X

X

X X X X
X X X
X X

X
X X

3.1 Life-Cycle Cost Effect of HSI

Onegoal of HSI is to reduce overptoject cost. HSI
Leads andpractitioners will use the tools and
techniques described in thisandbooknot only for
effective humansystem designbut also for cost
efficiencyin HShreas. Altlbugh overall system safety,

and total system autonomy from logistics and
resupply Human element life-cycle operations

generally manifest themselves numbers of people,
specialized skillsets, and thecessaryesources for

training.

effectiveness, and efficiency are goals of the HSk: is not within this h Y R0 2s2cpedta provide a

process, the potential for LCC savings led to HS

becoming mandatory in the DoD and other federal
agencies ands an important benefit totNASAas well.

The NASA H&eadshouldhelp thePMsand Systems
Engineerskeep the costschedule, and performance
of HSI in viewTheleadisthe ultimate human element
discipline integrator who must translate design
decisions intoproject common currenciessuch as
LCC, downtime required fonaintenance procedures,

bk2gs G2¢ T2 NgedblojecOstthe éffecy’ 3 O 2
of HSI on costs of established processes jainmgect
decisionmaking is important to consider. NASA/SP
20143705[ref. 13] is an excellent resource fproject

cost management guidanc&he NASA Space Flight
Program and Project Managememiandbook also

refers to the NASA Cost Estimating Handbjoek 15).

Seed/ 240 9aidA¥I| WANEBHrdsgedific | { L
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guidanceincludingapplyingthe Constructive Systems required more people and more advanced skills than
Engineering Model (COSYSMO) fooHSI expected Faced with the awareness of cost growth in

From an HSI investment standpoint, the users of NASAhe human elements needed to make and keep

hardware and software expect products that can be fyftevm'{s So p\)(ervatgneg% HSA_/(?S 1t05|htov focu§ on
used safely and effectively to accomplish a givena cadu a Q@ cofialgition thfolgh aperatiors

mission with minimal errors and maxim efficiency starting at the outset of new programs amuojects.

They also expethe development communityo have Figure 3.11, adaged from the INCOSE Systems

addressed user needs and capacities as intrinsic tOEnglneerlng HandbooKref. 17] and the HSIPG

system effectivenesshese expectations may not be [ref. 18], shows thatthe LCC of arojectisa t 2 O] SR A)
met without a unified and integrated HSI investment. earlyon.

Although early pradetermination of LCC may apply to

any system desigmlement neglected early in the

project, it is particularly noteworthy for HSI, since
hardware and software system designers often focus

on technologydevelopmentwithout consideringthe
KdzYl'y NBftS Ay (KS aeadsSvyQa

As noted earlier, the DoD made H8andatory when
faced with alarming, unanticipated cost escalation in
deploying new weapon systemasidfindingexpensive
systems unusable by warfighters Much of the
unplannedcost growth was due to personnel costs in
the systems operations phasd.e., operating,
maintainng, and logistically suppdrg systems

] ]
€ oo 95%
g 100%
E 90% 850/0
©
=]
©  80% 0,

70%
S Ao 500-1000X
S 60% X(
2} 0@*
@ o | 0,
E 50% 006\\. 20-100X 100%
g 40%
=
8 0% 3-6X
8 50%
o 20%
2
E 10% 0 20%
: 2% 15%
3 0% Pre-A& A Phase B Phase C Phase D Phase E

Concept Prelim Design  Final Design & Assy, Operations &
Tech Dev Tech Defn Fabrication Integration, Sustainment
Test, Launch
Time >

EXPENDED COSTS
Figure 3.11. LCCQwith Overlay Showing Lockenh Costs

As a projecprogresses through its life cycle, the cost early. System designers must not assume that any
of making design changes increases dramaticallydesign solution can be made usable by adding
Future costs are locketh early in the course of personnel, skills and training because these
decisionmaking; therefore, alternative design resources are neither infinite nor freeRather,
concepts should be iteratively evaluated for their LCCdesigners must assume human resources are as
impact or filure to find more effective alternatives limited as any otherproject asset Costs can also
Growth of personnel costsduring the operations increaseas a result ofassumptions about human
phase is possible and even probable if not evaluatedperformance that are not achievébin the intended
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operationalenvironment,or by failing to includeHSI  adding HSbriented alternatives to the SE
domain considerations in design trade analyses tohardware/software trade space can provide another
appropriately bound ouyear cost escalation in means to positively impact and evaluate LCC through
operations, maintenance, and logistics expenditures the SE trade study process. Tisi€overed in detail in
Properly gplying HSI processebould reduce LCI&y Section 3.5.lldentifying HumarCentered Tradeoffs.
emphasizing efficient human performance goats
systemoperations during system desigmand through
development test, and evaluation

Particularly in the earliest stages of a new project, the
HSILeadmay find it necessary to justify the value of
providing targets and tracking costs for the human
Few case studies fully evaluate th€dmpact of HSI  elementsthat makea system functional throughout its

for past programs or the return on investmegiROl)of life cycle. Standing on requirements documents alone
effectively applying HSThe true cost of a path not may not carry as much leverage as being able to cite
taken is difficult, if not impossible, to obtaih.is rare ~ examples and case studies where HSI makes (or could
that the outcome of a prograrim whichHSIprocesses have made) a difference in the success or failure of
were appliedcan becompared to the outcome of an misgons and projectsHSI case studies are provided in
identical programwhere they werenot. However,  AppendixD.

CASE STUDIESSIlImpact onLCCs
Inadequate Consideration of OperatioBaring Design: Shuttl€ound Processing
Effective Culture, Requiremen®@nd Trade Studies: Thliable andMaintainable FL19Engine

Inadequate Training, Procedures, Interface Desagid Fatigue: ThébllisionBetween Navy
Destroyer John S. McCain and Tanker Alnic MC

TheCost of Untested AssumptionsAbout HumanPerformance The Case of the B737MAX
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3.2 Return on Investment

¢t2RIé8Qa &deaidsSya | NB oS 02 niiedand nidgkked KB2 effardf TRigrequigédan
increasingly more difficult to design, develop, test, investment of time, resources, and personnel.
integrate, and operate using traditional techniques Amanagettrying to improve system performance

and methods Users of modern systems expect, even ay adopt a shorterm focus on the need to stay on
assume, that products can be used and maintained  gchedule and within budget. The result may be an on
safely and effectively without extensive training or budget but suboptimal system that cannot be

extraordinary measures. They also expect the deployed safely and effectively without costly
development communityo addresshuman needs correctionsand rework.

and capacitiesss intrinsic to system effectiveness.

These expectations may not be realized without a The following examplé&om Curiosity Mars Rover

operationsillustrates the concept
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Example: Implications of Instrument Design Choice

The Curiosity Rover executes a command sequence covering one Martian day of activities, withiaereal
monitoring or operator intervention. These daily activities are supported by three-masnted

instruments: a ChemCam spectrometer, MastCam steremen and NavCam stereo imager. These
instruments can be destroyed by sufficient dwell tim¢he sun,sothe initial design of the ChemCam
instrument included an actuated opaque cover. However, the cover was removed from the desmhn
concern for poential actuator failure during the mission, which would render the instrument unusable.

As a conseqguence of this design change, operations teams for athmoasited instruments must now
FyFtel S Ittt 20asS KD kpiadesandtherfdenihddes digadyitimE&dhsirained process.
Sunsafety is dependent on Mars tined day, rover attitude, mast pointing, and the timing of successive
observations. Susafety determination was initially a manual process during Mars surfiassionsNew
software tooldater simplified the assessment, and new éwoard software for ChemCam was developed as
redundant protection againggun damageThis design choice resulted in increaspérating costsincreased
risk of damage to the ChemCam instrument, aedl constraints orMastCam and NavCaobservation
designs.

Applying a robust HSI program early in systemwill tend to optimize system performance, reduce
development and acquisitiorallows the program  LCCs, provide more usable systems, and minimize
managerto maximize overdlROlin several important  occupational health hazardand opportunities for
ways. Implementation of effective HSI practices andmishaps.

concentration on reducing overalife-cycle budget

CASE STUDIERturn on Investment
Inadequate Consideration of OperatioBaring Design: Shuttle Ground Processing

STS3 LaunchDamagdncurred andUndetectedDuring RepeatedRefurbishment and
MaintenanceContributed to In-Hight Anomaly

Expert Knowledge of Human PerformanEé&fecive Countermeasure fotaunchVehicleDisplay
Vibration

Training, Simulation, Design and Human Error: Virgin Galactic Spaceshfishap
TheCost of Untested AssumptionsAbout HumanPerformance The Case of the B737MAX
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Given that human performance exerts such a more) is already locked in e Preliminary Design
significant effect on system effectiveness, the only Review(PDR) By Critical DesigrReview(CDR) the
guestion is whether HSI will be paid for most opportunity to have a meangful effect on LCC is
affordably in advance or at muchregater expense nearly gone The Air Forcehas reported thatHSI
after a newly developedsystem reveals significant investmenttypically costs 2¢4.2% of total acquisition
problems. The earlier an HSI investment can be madecost and leads to &ROIl of 40to 60 times the
the greater its return. The longethe wait to investment(ref. 1].

implement HSI, the more negatitiee impact on total
LCC. However, thewe benefitsto incorporating HSI

at any point in design maturity, as long as it precedes
the final design. Generallyg0% of LCC(sometimes

Some keyROlopportunities are:

1  Analysis of Alternatives (AoAfgade-off studies,
HSI tool use design optimization
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Design for reliability, availability, maintainability,
and total systemgerformance
1 Designtrade-offs to reduce hardware/software

changes duringesearch and development, test
and evaluation

1 Task analysis, functional analysesand
allocationg workload reduction

9 Design simulatiorand emulatiort reduction of
cost toprepare for test and evaluation

9 Full mission simulatianoptimization ofsystem
to facilitate successful test

I Elimination of most requiredhardware and
software design changes prior toll operational
capability.

3.3 Investmentin HSI

Cost benefits of utilizing HSI during acquisition
planning include improved manpower utilization,
reduced training cds, reduced maintenance time,
and improved user acceptance and performance.
Improved operational performance can result in fewer
delays and improved design tradeff decisions can
reduceLCCsind decrease the neefdr redesigns and
retrofits. Program mangersCtecisionsanaffect LCCs
and mission capabilitiethat may not be realized until
decades laterHSI domains are not always obvious to
a project manager as research and development
funding is being established. However, they can
quickly become a lam part of what needs to be
addressed as projestmove through the systemife
cycle Payingoroper attention to these discipline areas
up front can save upward of 4@65% of project

HSI is quickly gaining respect as an affordable andunding further down the pipeline. Some ways to

viablecapabilitywithin NASA. The Army, Navy, Federal
Aviation Administration (FAA), and private industry

(for example, Apple and their investment in user

| mitigate risk in this areaare to consider theHSI

investment general guidelinelselow and follow the
practices laid out in this handbook.

experience[ref. 19]) have also gained considerable
experience in making the investment required t
perform quality HSI from start to finish as part o
development and acquisition programs.

According toMIL-HDBK 46855kef. 20], the values of

HSI are best demonstrated by the positive an
negative results of HSI activitiddoney and time are

required to recoup overall savings and increased tot
system performance, safety, and user satisfactidmne

lack of HSI within a system usually results fro
shortcomings that require costly redesign, produc
substandard system performance, or trigger syst
failures that can endanger life and equipment. Son
problems can beesolvedbut may bemore costly after

General Guideline$or HSI Investment

V Identify targets for LCC optimization and
focus

V Work closely with teams and program
managementto identify HSI high value
areas that may impact critica

programmatics, especialperformance

Begin planning for tradeff assessments
between and within H8lomains

Plan HSI investmenand work closely with
teams and SMEs to identify besvestment
options

the fact An abundance atsearch on the benefits and

costs of investing in HSI attests to the necessity of earlyAs @ NASA capability, HSI should strategically strive to

implementation before a destruste situationoccurs

As stated previously, niegration is the key to
meaningful savings through HSland @timal

integration requires higievel coordination among
domain owners, facilitated by an H8am working to
obtain optimal solutions.

identify consistent KPPs that may become common
HSI currency across programand projecs. Consistent
KPPswill not only help clarify basic duties required of
the HSILeadand ofa successful Hehgagementut
also help build a databasewith incorporation of
lessons learned that couttemonstratethe ROlof HSI
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Large and successful programs and/or projectsrefurbishment ofterre-start the SE process at an early
typically become longjved with extended operations life-cycle phase, usually PRhase A. The HiS#adcan
phase(s), often with modifications to extend original use the HSIP discussed inSection 5.2.5 to
objectives and systems life, add new capabilities ordocument specific HSI goals based on lessons learned
mission objectives, and accommodate unexpectedto enaure those goalsontinueto influence design.
behaviors.  Extensive systems upgrades or

CASE STUDInvestment in HSand Affordability
D.8 TheCGost of Untested AssumptionsAbout HumanPerformance The Case of the B737MAX

3.4 Affordability analysis and ensures that the final system can be

| g desi hods for affordability is critical owned, operated, developed, and produced at a cost
mproving design methods for affordability is critica that meets previously estabhed funding (or best

for all projects and should be considered early in the value) constraints while still meeting all approved

life cycle. The INCOSE Affordability Working Groulorequirements. Affordability is a continuous
defined affordability as: ’

overarching process applied throughout the project
G¢KS oFflyOS 2F aeadSsSy lifaIsNFE RaldnsuseOSpFogradpiojed is doing the

risk, and schedule constraints over the following:
system life while satisfying mission needs 1 Optimizing system péormance for the total LCC
in concert with strategic investment and while satisfying scheduling requirements and

2NEBFYyATFGA2YLFE ySSRa®E managing risks

By anticipating operational difficulties and desigried  { Acquiring and operating affordable systems by

ways to avert them, the HSlead together with setting aggressive yet achievable cost objectives
project management, can make a system more and managing those objectives throughout the full
affordable to own and operate. Even before program/project life gcle

development begins, affordability plays a key role in q
identifying capability needs. When anticipating a new needs with projected ouyear resourcestaking

system, HSI should be considered as soon as it ny, account anticipated, Eroduct and process
becomes apparent thi U KS aeausSyYQa i&ﬂﬁ)%gng‘y 'y OS

affordability, and mission success will dependtbae
human component of the systeand how efficiently,
effectively, and safely thewill perform. For this
reason, HSIshould be consideed for every system
since much of the t@l cost will go to training,
accommodating, sustaining, and supporting the T Emphasizing cost as more of a constrzamd less

people who will operate and maintain iffordability of a variable, in the process of developing and
should be incorporated into all programmatic supporting  affordable systems once system
decisions, as sound affordability practices have proven  Performance and cost targets are determined.

to be highly beneficial when developed and puch ofii K & [/ /7 +aa20Ard8R sAGK
implemented as part of complex programs and systems can occur during program/projegierations
projects. and support For robotic NASA missions, most of the

Per theNASA Cost Estimating Handbdoi. 21], an ~ Mission cost is typically incurred during Phases C and

affordability analysis is often part of the trade study D- Therefore, careful attention to affordability,
particularly by establishing an affordability process

Balancing between cost objectives and mission

1 Maintaining cost as a principal input variable in the
program/project structure and in the design
development, production, operation, and support
of a system
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and methodology in early program/project phases, domains, between HSI domains, and/or between HSI
will help NASA maximize cost savingsfine best  and other project elements (e.g., costs, schedule, risk)
value solutions to topgevel requirementsand reduce  and the best alternative isometimesunclear. An
future program/project operations and sustainment alternative that is optimal in one or more ways may
costs. Affordability is achieved by establishing top also have one or more drawbacksade-offs mug be
level affordability goals that then flow down to made to select the option that will best meet project
projects and challenging unaffordable requirements needs. For example, the HSI domains HiFEand
through lifecycle, cosdriven trade studies training could suggest different approaches if
. . designing a more intuitive user interface will be more
3.5 HSlin Trade Studies costly tobuild butresult in reduced trainingitne and
An importantHSIgoal is ensuringthat requirements  reduced training costs.
relative to the HSI QOmalns .for a system (or system OfHSIcam‘aciIitate identification of riskand tradeoffs,
systems) are satisfied within the constraints of

; LC 4 evel vdeli articulate their impacts if left unaddressed, and
periormance ¢ an velopmentidelivery suggest alternative  approaches to remedy

schedule. NASA system of systems (e.g., aircraft, Spac&aps/shortfalls and optimize total systems
vehicle, cqmpressor station fagy) arg mherently. performance Sound applicatiorof HSI principles will
complex with subsystems such as flight decks, life minimize added costs that result when systemast
support systemsand machinery spaces, and may be modified after implementation to correct

require a yane’g gfsclontext Spe:f'CHIS_IFr?dG-OﬁS' A performance and safety issuestradeoff study is not
processoriente approach explicitly recognizes donejustonce at the beginning of a projedirade-offs

the need to balance requirements and matade- are made continually throughout a £Ct when

= . N . oA ) . ro P
ofis § SOAaA2ymY | SNE da S 0 GLRG" A Ghihiacol hote Setetif
the project life cycle to select the most acceptable components, choosing implementation techniques,

solution from a set of prgposed .solutlon'Ehe primary designing test programand maintaining schedute
purpose of darade study is to achiev&y/stemgoals and

objectives within theprojectconstraints. Analysis has shown that tradeoffs of usability

requirements can be made during the systems
engineering process. For example, poor attention to
good HFE, perhaps motivated by acquisition
budget/schedule constraints, can lead to systems with
poor usability.In this casehigher levels ofpersonnel

resources would then be needed to achieve

The focus is to perform objective comparisons of all
reasonable alternatives and select the alternative that
best balances criteria such as system performance
cost, scledule, reliability, safety, and risk. Because the
human is a criticabystemcomponent, some project

desf|gn deCI.SIOI’]S mustl consider fthe huma(rj] operational effectiveness thereby increasing
performance impact on total system performance an downstreamoperations andmaintenance costs.

LCC Thus, these decisions must be made within HSI

CASE STUDImportance of HSI in Trade Studies
D.6 Effective Culture, Requirements and Trade Studies: The Reliable and MaintaiidlSle&Rgine

Starting early in the acquisition process, continuousissues against equipment issues can be triEkpject
cost, schedule, and performance tradff andyses  Managers andHSILead should considethe following
can help to achieve cost and schedule reductions.guidelines:

Tradeoffs are not unique tdHSIbut trading human
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General Guidelinefor Trade Studies

\% Do not let technology needs overshadow human aspects.

\% Be explicit regarding the consequentasonetary and life cycle of planned tradeoffs so
good decisions can be made.

\% Work with the user on all tradeff decisions.

\% Ersure tradeoff decisions do not compromise mission success.

3.5.1 Identifying Humai€Centered Tradeffs

HSlusesa variety of analysis methods to evaluate
systems with respect tthe sixkey domains. A critical
part of the d¢ in HSI is the analysis which system
features and attributes aredraded offé¢ to satisfy
constraints on systemLCC performance, and
development/delivery schedule.

The primary goal wherooducting proactive tradeff
analysesamongHSI domains and across the system is
to ensure the system meets or exceeds the
performance requiremets. HSI emphasizes the
importance of considering interactions at@de-offs
across the HSI domains during the requirements
identification and technology development process.
Similarly, automation level and technology complexity
may impose additional reqguements on human
performance characteristice.g., level of education
required) and training needs for operating,
maintaining, and/or supporting systems. Thésle-
offs need to be explicitly considered early in the
technology procurement and developmepitocess to
ensure effective performance and minimize total
systemLCC

Identifying tradeoffs represents a unique challenge to
articulate and assess humaentered perspectives.
Gaining a deeper understanding and more insights
into humancentered design Wit require designers of
socictechnical environmentsto explore additional

objectives and take the findings of different research
disciplines into account

Instituting HSI requirements in system development
and acquisition programs &es to the inclusionof
humancentered considerations in trade studies and
trade-off evaluations.A variety of measures can be
employed to set up an effective tradbat directly or
indirectly affects cost. But other equally valuable
criteria can be establishealccording toproject goals
that are not costbased, but valuebased.

The perceived benefif HSIto a projectdependson
the priorities of its stakeholderslf the stakeholders
place a high value on a design that reduces operational
costs and optimizes humarefficiency, then the
engineering team can establish criteria to drive the
trade space.Reducing cost, in and of itself, is not
always the top priority, but must be considered along
with other selected criteria.The criteria will be
tailored to the needs othe individualproject trade-
off, which can be performed at a system, element,
unit, or component level as needed.

The primary purpose of this section is to encourage a
wider range of criteria when setting up the trade study
or trade-off matrix. A few exaples are provided in
Tables3.5-1 and 3.52.
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Table 3.51. Example HSI Trade StuByaluationCriteria

Trade Study

ExampleEvaluationCriteria

Crewoperated Instrument
or Medical Device
(multiple sources)

Portability:attach points, handles, size, cabling

Power: battery management logistics, cabling, heat, noise (fans),
interface availability and type

Calibration: crew time, periodicity, complexity, accuracy
Complexity to operate (subjective assessment)

Display readalitly

Net Habitable Volume
(multiple designs)

Proposedcrew size > consumables, life support, etc.
Proposediesign reference missigidbRM) timeline
Vehicle size constraints

Displayinterface Design

To o Do| Io Do o[ Do o Do I Do

P

To 3>

Display hardware: quality, size, resolutioaljability, maintainability,
placement affordances and constraints

Cost

Usability quality components: intuitiveness, learnability,
effectiveness, task efficiency, memorability, error tolerance (user
errors, eror recoverability); user engagemeand satisfaction
Readability: adverse conditions (vibration, turbulence); lighting
conditions; visual angles, viewing distances

Anthropometrics: reach and accessibility

Controls:input sensitivity and accuracy (e.g., thscreen, rotary
controls, push buttons); ease of operation, feedback

Increased agine reliability

F119 Engine Personnel and time reduction for maintainability

(Pratt & Whitney) Increasedsafety, supportability, operability, and stability
Reducedtrainingtime and/or increased training effectiveness
Costand availability of hardware/software

ShipCommandCenter Shedule (ship construction)

Smulation forShip Layout

Accuracy of analysis
Safetyand human performance

VehicleQollisionAvoidance
Automated System(CAAS)

Too Too To Too| T To T To| T I Do I

™

Increased safety

Maintain driverin-the-loop (normal attentive vehicle control)
Intuitive user interface

Accuracy of automated system (e.g., driving state sensiong, to
trajectary/lanecrossing estimates, false alagnobability, CAAS
actions)

System ost andreliability
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Table 3.52. HSI TradeOff Examples

Example Topic

TradeOff

Considerations (HSI)

Handheld Device

Portability: attached
power cable vs.
replaceable batteries

Battery Logistics cost
Timeimpact for replacing batteries
Battery run time

Line/Orbital
Replacement Unit
(LRU/ORU)

Testability: builin
diagnostic selest vs.
operational test
redundancy vseady
spare onrorbit

Mass, power, complexity, commmicationsfor added
capability

MTBF; R&R periodicity

MTTR; R&R earbit time

Criticality of function

Emergency Egress
and Post-landing
Qurvival inSea
Sates

Cabin temperature

VS. acoustic noise

vs. suit and vehicle
design vs. crew health
andperformance

Vehicle constraints: battery life, communications, lif
support

Landing ConOps

Humanhealth constraints

Water Sampling
Device Complexity

Crew time vs. cost of
automated or
autonomous system

Designcost
Crew time impact forepetitious operation
Design for backip manual mode

Two-story
Ship Command
Center

Structural integrityand
constructability vs.
human performance

Decreased structural integrity

Cost, schedulegnd constructionfeasibility
Increasedsituational awareness
Increased communicatioand execution
Task execution response time

PersonneResource
Requirements
(e.g., flightand
space vehicle crew
control room
operators,
maintainers)

Reduction in number of
required personnel vs.
humanperformance

To  To  Bo  Do| Do Do 3o Do Io| Do o Io|  Io Do Ie| Do Io Do I| Do Do D>

Workload:fixedamount of work (maintenanctasks;
reduced crew = increased workload

Habitability: reduced crew = longer work hours
resulting in cumulative fatigue

Safety: fatigue = increased mistakes, errors of
omission, equipment damage

Sunivability: reduced crew fewer peopleavailable to
respond during emergency or afibominal situations
resulting in a threat to personnel and systems

For decisiormaking, establishing an exact cost is lessthe other project stakehloer values, goals, and

importantthan a measurable nidc that translates to
costconsequenceln this approach, the true costisnot A y Of dzR S
actually calculated, but a metric is deriviedtead The q
costequivalent metric is used in evaluations or even

requirements to produce desired outcomes in q

decisionmaking anddesign options.

Another prime consideration for decisignaking is
larger architecturdevel tradeoffs, which can have a ¢
significant impact on LCC. These decisions must be

objectives. The range of choices is extensive, but can

GY2@Ay3 GKS aft ARSNH
Function allocation to hardware, software, and
humans
Autonomy

9 Automation
Redundancy, fault management architecture

Engineering development tool choice (model
based, etc.)

made early in the project life cycle and validated with
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