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YOl)'RE TRYiNG TO PREolch BEHAVIOR,
OF <COMPLICATED SYSTEMD>? JUST MODEL
H'ASA\ m._,f,- CL” 5> AND THEN ADD
SOFESECOND‘\RYTERNSTOACCO(NTFDR
<COMPLICATIONS T JUST THOUGHT OF >, 2 ;
\ Imagine how hard physics
EASY RGHT? ;
T would be if electrons could
50, WHY DOES <Y0uR FIELD > NEED :
A WHOLE. ToURNAL, ANYNAY? think.

( — Murray Gell-Mann

LIBERAL-ARTS MATORS MAY BE ANNOYING SOMETIMES,
BUT THERES NOTHING MORE OBNOXIOUS THAN
A PHYSICIST FIRST ENCOUNTERING A NEW SUBJECT.
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* Mercury, Gemini: confined, little movement,
few problems reported

-ApoIIo more. spamous SMS more prevalent

* Head movements, disorienting visual cues are
contributors
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Central Neurovestibular Role

e Altered mood in patients with vestibular disorders
— Bigelow et al. (2015) J Neurol Neurosurg Psych, jnnp-2015.

. Contrlbutlons to spatlall‘,orlentatlon memory, motor reflexes

— Vignaux et al. (2013) J Bone Mineral Res 28: 2136-2144.

* Mental number-pair bisection task
— Arshad et al. (2016) EurJ Neurosci 44:2369-74.




SANS

Spaceflight-Associated Neuro-Ocular Syndrome

Increased Optic
Nerve Sheath

Altered

Blood Flow iR
X Globe Flattenlng Optic Disc Edema

. \-/

Courtesy Dr. Christian Otto
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Roberts et al. (2019) Prolonged Microgravity Affects Human Brain Structure and Function
American Journal of Neuroradiology 40:1878-1885

% Change in Ventricular Volume vs. Mission Length

Post-flight ventricular enlargement.
Not correlated with SANS.

Total Ventricular Volume Change, %

100 150
Duration, Days

that significantly predicted performance on
Seated Egress and Walk Test (P < .05): local
structural change of the right lower extremity
primary motor area/midcingulate.
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Deep Vein Thrombosis

Found on ultrasound during
research study

Treat aggressively or sparingly?:

Dural | ) Superior

Risks of clot blocking a vessel B sinuses , A B\ cphthaimicv.

Superficial
I temporal v.

- | Occipital v.

y Facial v.
Vertebral v.

External - | Superior thyroid v.
jugular v. '

Internal
jugular v.

Subclavian v.

Axillary v, - Brachiocephalic v.

Veins of the head and neck

https://healthjade.net/jugular-vein/
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Courtesy J] Mindock, NASA Human Research Program
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Stress rating
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VAS Stress Rating

Cubic polynomial ¢
projected to 360 days f,,/’
R2=0.9139 {

Even if stress is compensated
and does not affect
performance, it may produce
adverse physiological changes
(immune function).

120 150 180 210 240 270 300 330 360

Days in mission

Courtesy David Dinges, Univ of PA.
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“All the necessary conditions to perpetrate a murder are met by locking two men
in a cabin of 18 by 20 feet . . . for two months.”

- Valery Ryumin, 1;9?30 |
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“Funny thing__happened onrthe way to the




JHU
HUMWMAN SPACEFLIGHT LAB

\'- \‘ HUMAN RESEARCH ROADMAP HRP DATA
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Home | HRP Goals and Objectives | HRP Architecture | HRP Organizational Structure | Acronyms | Reviews | Help

» . an

B v
EVIDENCE MDRP RISKS GAPS TASKS REPORTS

i+ ¥ Meaningful Work for Long Duration Exploration Missions (RR) (Completed)

Last Published: 04/20/22 11:43:24 AM (Central)
Task Book: Entry Unavailable

Principal Investigator: Britt, Thomas

Funding Status: Completed - Ta
Procurement Mechanism(s):
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Just a Few of the Issues

* Food & Nutrition — for 3 years
o Eharmaceuticallota el

SCHOOL of MEIMICINI

Mk’ y
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HRP Integrated Path to Risk Reduction
Paget ot (PPBE23 baseline 6/22/2021) FY21.Q3
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Premise

SUHOOL of MEIICINE

* Discipline-specific silos are not sufficient.

"] Provide the tools tor resilience
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Need an Integrated Approach

OTOLITHS IN INNER EAR

b = RESPOND DIFFERENTLY
CAUSES HEAD CONGESTION O MOTION CHANGED SENSORY

Meeting the health-related i AR
challenges of human space = >
exploration requires that one
abandon any model of the human
body that has the muscles, bones,
heart and brain acting |
independently. Body parts will not R\
travel on exploratlon m ns.

FLUID REDISTRIBUTION

\'\ KIDNEY FILTRATION RATE
™ INCREASES; BONE LOSS MAY
CAUSE KIDNEY STONES

\ FLUID REDISTRIBUTION
SHRINKS LEGS

TOUCH AND PRESSURE

__— SENSORS REGISTER
NO DOWNWARD FORCE

Health is a state of complete physical, mental and social well-being and
not merely the absence of disease or infirmity. — WHO Constitution
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spacecraft
atmosphere

headache
cognitive slowing
vision changes bone loss
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Network Approach to Resilience

. Epr|C|t recognltlon of mterconnectedness

—Hopele | OT UTTUEC detlalls
— Common features regardless of details
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LETTER

doi: 10.1038/ nature 16048

Universal resilience patterns in complex networks

B Jianxi Gao'*, Baruch Barzel®* & Albert- Liszl6 Barabdsil-®4.5




Consider a system consisting of N components (nodes) whose activ-

ities x= (xy,...,xx) follow the coupled nonlinear equations'>"

(4)

In a network environment, the state of each node is aftected by the
state of its immediate neighbours. Therefore, we characterize the
effective state of the system using the average nearest-neighbour
activity.

Dynamics Xt Resilienca funcrtinn______

ﬁF{x“J‘ Gl x;) \ : ‘-f;?ta.te of system
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a Dansity {5) b Haterogeneity H = Symmetry &
Densa - - Homogenaous - Symmetric .. P
Large {s) ' . Small H L | e | ” :+
L 3 i ‘ -
- = H

* Sparse o Heterogenaous g o Asymmetric @ s
Small {s} ] Large & 8 oy 1
il - & * 8 L 'K i

Connectivity (topology) determines resilience
Density

Heterogeneity
Symmetry




Early-warning signals for critical transitions

Marten Scheffer', Jordi Bascompte®, William A. Brock®, Victor Brovkin®, Stephen R. Carpenter”, Vasilis Dakos',
Hermann Held®, Egbert H. van Nes', Max Rietkerk” & George Sugihara®

Complex dynamical systems, ranging from ecosystems to financial markets and the climate, can have tipping points at which
a sudden shift to a contrasting dynamical regime may occur. Although predicting such critical points before they are reached
is extremely difficult, work in different scientific fields is now suggesting the existence of generic early-warning signals that
may indicate for a wide class of systems if a critical threshold is approaching.

Observation Indicative of Prediction Options for Action

oArchitecture behind critical transitions

- Redesign system for more
Possibility of gradual adaptive response

Low diversity g O Structure for

resistance 1—)-» critical

High connectivity —~7 | to change ‘ transition Further strengthen the
. preferred state

@) Empirical indicators for upcoming transitions

e Close to equilibrium sltuations

\ o Elevated Prepare for anticipated
ritica change
High correlation ——  slowing CREMS &

—»| Cha
down Cﬂtlcalv
transition
' Reduce risk of
@ Highly stochastic situations unwanted transition

Identity and

Multimodality — - = Flickering || Probability Use opportunity to

of allernative promote desired transition
states

Slow recovery

High variance

Fig. 4. Different classes of generic observations that can be used to indicate the potential for critical transitions in
a complex system.
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Early Warning Indicators

SUHOOL of MEDICIENI

* Dynamics and imminent breakdown
ending failure

5 3s
2
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ST e A I RO N R A

sampling

sampling

2 biosensor

respiration

" biosensor

stress

; cortisol

stress

. GSR

movement

" gyro, accel

sleep

teamwork

perrormanc

actiwatch

sociometric
errors
arar=2ia

)

JOHNS HOPKINS
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Status
&

Interventions
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Problem Areas

SCHOOL of MEMCINI

* Stress as a central hub in the network
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* Stressors:
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What Tools can We Provide

for the crew to maintain resilience

The Extended Mind
°Clark A Chalmers D (1998) The extended mmd

Thinking' @utside

<

the Brain

ANNIE MURPHY PAUL




ontributing Factor

danda periormance In space

ine

Task Planning and Scheduling

operational task
allocation

lengt

task defi
list nitio

ap — 1actors In uencmg uman ea
ghift Scheduling 3

mission
duration

Organizational Support

U
availability &

safety warning
culture capabilities

operationai
Inr:éhr‘a

idonomy

ve
efficac

teh r‘r_‘|
coheS|on

Srew Collaboration Quality

communication
within the
team

psychosocial
adaptation

habi Habitability sen

confine
ment

oniro
panels /
Input

standardiz
ation

[ bility

I

availabilit

¥

as expected

context or setting

procedural
inputs / Info

comprehensib

S ETEE

y

Task Performance
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Above factors can infl

nce task performance:

OBSERVATION
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N

PLANNING

EXECUTION

Above factors and task performancg can influence mission performance:

SUCCESS

DEGRADED
PERFORMANCE

LOSS OF
MISSION

LOSS OF CREW

Adapted from: J Mindock, Development and Application of Spaceflight Performance Shaping Factors for Human Reliability Analysis. University of Colorado, Boulder, 2012.
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NASA/CR-2018-220445

Generalizable Skills and Knowledge
for Exploration Missions

Jdack Nhustar, PhD, PR
T TR : Anacapa Sciences, Inc.

Santa Barbara, Calijforma

Juriviee Acdeol” Phry
iy Byme, My
Maya Greene. PhD
KBRwyle

Johnson Space Center
Honston, Teoas

National Aeronautics and Space Administration
Johnson Space Centor Houston, Toxas 77058




JHU g

HUMWMAN SPACEFLIGHT LAB JOHNS HOPKINS

Most Critical Mars Tasks
* Science-related EVA |

« Perform medical diagnoses
« Perform robotic operations
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* |t's not just science

* Expands the human experience
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* Ultimately — we explore to better understand our place in the
universe




We came all this way to explore the
moon, and the most important
thing is that we discovered the
Earth. — Bill Anders

We shall not cease from
exploration, and the end of all our
exploring will be to arrive where
we started and know the place
for the first time. — TS Eliot




Table 2, Number of occurrences of medical conditions that have allecled NASA

astronants during previons space missions (NASA 2017h). Data are obtained from
1SAT records for medieal conditions that acenrred amang US astronauts during the
Space Shullle Program, Mir, aud 1S5 ((rough Expedition 12 in 2006) missions, EVA:
extravelicular actiaty

Medical Condition Events | Medical Condition Events
Allergic reaction (mild to - Mouth ulcer .
maoderate)
Ankle sprain/straimn 1 Nasal congestion (space adaptation) 38Y
Back injury 31 Neck injury 9
Back pain (space adaplalion) 382 Nose bleed (space adaplalion) 6
Barotrauma (ear/sinus block) 31 Otitis externa 3
Choking/obstructed airway 3 Otitis media 3
Constipation (space - Paresthesias 58
adaptation)
Diarrhea 33 Pharyngitis 11
Flbow sprain/strain 12 Respiratary infection 33
Eye abrasion (foreign body) 70 Shoulder sprain/stiain 22
Eye chemical burn 6 Sinusitis 6
Cye infection 9 Skin abrasion 94
Finger dislocation 1 Skin infection 13
Fingernail delamination (EVA) 16 Skin laccration 1
Gastroenteritis 4 Skin rash 94
Headache (C0O2 induced) 20 Smake inhalation 3
Headache (late) 49 Space motion sickness (space adaptation) 325
Headache (space adaptation) 233 Urinary incontinence (space adaptation) 5
Hernomhoids 2 Urinary relention (space adaplalion) — &
female
Herpes Zoster reactivation Urinary rctention (spacc adaptation) male
(shingles) 1 1
Indigestion 6 Urinary tract infection — female
Influenza 1 Urinary tract infection — male 4
Insomnia (space adaptation 200 Visual impairment/increased intracranial 15
pressure (space adaptation)
Insomnia (late) 133 Wrist sprain/strain &)
Knee sprain/strain 7
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Abdominal Injury Dental — Filling Indigestion Seizure . o
Replacement
Abdominal Wall Hernia Dental - Crown Insomnia (Early/Late) Sepsis
Replacement
Acute Arthritis Dental - Exposed Intra- Abdominal Infection Shoulder Dislocation
Pulp/Pulpitis (Diverticulitis, Appendicitis,
Other)
Allergic Reaction (Mild to Dental - Abscess Lumbar Spine Fracture Sinusitis
Moderate) - ;
~ Altitude Sickness Malignancy Skin Abrasion

ellulitis S

C -

» urgice
(Foreign Body)

Chest Injury/Pneumothorax Finger Dislocation Otitis Externa Toxic Exposure
Chest Pain/Angina Fingernail Delamination Otitis Media Upper Extremity Fracture
(EVA)
Choking/Obstructed Airway Glaucoma — Acute Palliative Treatment Urinary Incontinence

(Space Adaptation)
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Functlon depends on dynamlcs_ not topology

« But how to define desired and urne 2a ettective
states?
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OAr‘chitecture behind critical transitions

Redesign system for more
Low diversity —_ | Structure for Possibility of / gradual adaptive response

resistance \—»| critical
High connectivity —~7 | tochange transition \ Further strengthen the
- ~ preferred state

@) Empirical indicators for upcoming transitions

0 Close to equilibrium situations

\ Critical Elevated P rl"tazpar:e for anticipated
change
High correlation —>  slowing |-»-| chances of

A criticg(
transition
Reduce risk of

© Highly stochastic situations R

Slow recovery

High variance

Identity and

Multimodality — 3 | Flickering || Probability Use opportunity to

of alternative promote desired transition
states

|
- i

Fig. 4. Different classes of generic observations that can be used to indicate the potential for critical transitions in
a complex system.
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* Dynamics and imminent breakdown

probes
— monitor recovery time
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ToOF 32 SUMMARY TASK STATEMENTS RANKED BY CRITICALITY

Summary Task Statement Frequency | Difloulty 'lmpmamdm Fanctien

Perform science-related EVA functions during Mars Surface Operations , e

1 W - e 3679 | 4.036 | 4285 |12.000Sdence Eva
{MSO).

2| Manitar systems/perform plloting functions during Mars Surface Ascent. 2912 | 4.158 | 4.807 |[11.877] Piloting

3| Perform plloting functions during Mars Surface Descent. 2589 [ 4375 | 4821 [11.786] Piloting

4 | Interact/communicate with crew members directly during MSO. 4.638 | 2.298 | 4672 |11.609] Comms

S | Perform piloting functions during Earth Descent. 2545 | 4.268 | 4750 [11563] Piloting

8| Perform piloting functions during Mars Orbit Injection. 2386 | 4.246 | 43860 [11.491] Piloting

7| Perfarm plloting functions during Mars Orbit operations 2556 | 4.241 | 4691 |11.487| Piloting
c:".v [ 1 anual l".'l - { ! " A j (l E‘_ | L

q| Enter colmtrf:n! 'rputs_, rrlmn.;a by fwisually with gloved halr'fd. to pilot Earth 2772 | 2000 | 2702 11478 silating
Ascent Vehicle (EAV) during lzunch and cruise to LEQFCLO.

9 | Monitar systems/perform plloting functions during Trans Earth Injection. 2800 | 3.893 | 4.732 [11.425] Piloting

10| Perform pllating functions during Earth Appraach. 2518 | 4.107 | 4786 [11.411] Piloting
Ascecs displayed information, cognitively, to determine readiness to launch : ; J AL 53 o

1 Ry 3123 | 3632 | 4579 [11.333] Piloting
to LEQYICLO.

i Conduct Extra ae.hncl..lar Activity (EVA) to perfarﬁ mail tena\nce ar retrieve 2346 | 4.491 4596 |11333 VA
items from outside the interplanatary space wehicle during Cruise to Mars.

13| Monitor displays/verify configurations before/during launch to LEQ/CLO 3554 | 3.333 | 4439 |11.32&]| Monitoring

14| Monitor systems during Earth Descent. 3481 | 3.382 | 4436 |11.300] Monitoring
Perform monitaring functions in surface habitat or modules 10 ensure crew & |2 . o

i3 . . : ; : 3897 | 3.000 | 4386 |11.283| Monitoring
and system health during Mars Surface Operations.
Envterfexit surface hal i Iy while wearing pr re suit and hel X R .

- E‘ te;extsuﬁa e habitat, manually while wearing pressure suit and helmeat 3548 | 3.246 a4a7a | 11263 VA
during Mars Surface Operations.




i7| Perform medical diagnoses and evaluations, cognitively, during M50 2.690 | 4.053 | 4517 [11.260[ Medcal

| Perform robot operations-related functions during MS0. 3.527 | 3.950 | 3982 [11.259| Rebotics
Perform geology-related science functions in surface habitat or madules : ‘

3l g § E‘r. 3491 | 3.754 | 4.000 | 11.245| Scence
during Mars Surface Operations.

0] pssess displayed information, cognitively, to detarmine readiness for TMI. 3018 | 3.571 | 4.643 | 11.232| Piloting

Monitor crew behavioral health/respond to behavioral health issues during
Mars Surface Operations.

22| Monitor systems to ensure proper functioning during Cruise to Mars. 3.897 | 2983 | 4328 |11.207| Maonitoring |
2| Perform medical diagnoses/evaluations, cognitively, during Cruise to Mars. | 2.649 | 4.055 | 4.491 |[11.195]| Medical
- Respond to medical emergencies, following procedures and with 1948 | 4509 | 8728 |11.181] Medical
equipment provided, during Cruise to Mars.
15| Perform surface rover piloting/driving functions during MSO. 3464 | 3.411 [ 4304 | 11.179] Piloting
Respond to medical emengencies, following procedures and with eguipment
provided, during Mars Surface Operations.

Perform surface EVA physical functions on foot during M3S0. 3.298 | 3.482 | 4.368 |11.149 EVA
P et Adjust system controls, manually during buffeted descent, in response to i . | s
B (28] _ 2673 | 3.870 ( 4585 |11.128| Piloting o
(5298 displayed infarmation. &
Respond to technical emergencies, following procedures and with ;

3.133 | 3.559 | 4517 | 11209 Medical

2069 | 4.263 | 4.825 |[11.157| Medical

L=
m;

-4

29 2.140 | 4.053 | 4930 |11.123| Technical
equipment provided, during Cruise to Mars.

30| Monitor systems during Mars Surface Descent. 3.148 | 3.444 | 4509 [11.102| Piloting
Perform tests and examinations, physically, to support medical diagnoses s 7z : : :

3 2741 | 3860 | 4483 [11.084| Medical

during Mars Surface Operations.

Perfor logy-rel | SCieno ne rface hal r modul g .
i 'e orm bia :_ng elated science functions In surface habitat or modules 3474 | 3579 | 4018 | 11070 scence
during Mars Surface Operations.
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SCHOOL of MEDICINI

* Any problem can be solved using the materials in the
room Edwin Land (if you don’t die first). There will be
things we can’t think of, at least don’t rule out
possible solutions. Keep things viable until crew finds

solution. Doctr’s job is to comfort patient until body
heals itself.
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How to capture |t?
Martin Short?
Couplings — implicit and explicit
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Resilience Engineering

* Promote positive outcomes, don’t just mitigate
negative outcomes

* Health is more than just the absence of disease

Era of resilience

The issue is
Era of vulnerability
socio-technical against

interactions unanticipated
Era of human errors situations.
s ) The issue is
e issue is Improper
Era of technology individual socio-technical
human interactions.

The issue is
: erformance.
hardware failures. P

System complexity

Chemobyl

de Havilland Gomet T™MI-2 Challenger WTC Tohoku earthquake

1960 1980 2000

Reflections on
the Fukushima

K Furuta (2014) Resilience Engineering. Reflections on the Fukushima the P
Accident

Daiichi Nuclear Accident, 435-454.
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Progressive Earth Independence

Courtesy of Erik Antonsen, NASA
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Case Study

* David J. Shayler . R

s i A(o my dSp( S<

* Disasters and accidentsin = N pis ASTEF
eJl ’\Pﬂ‘“ r "'
. ““ACCIDENTS |
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~ MIR/Progress Collision ~
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MIR/Progress Collision - Contributing Factors |

Precipitating events

 Previous onboard fire |
— flight engineer blamed, initially

» Toilet failure and repair
« Passageways cluttered with equipment
« Earlier failed re-docking of Progress M-33
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MIR/Progress Collision - Contributing Factors
|

Hardware/software issues

— Russians shared little with American astronauts
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MIR/Progress Collision - Contributing Factors
11

Implementatlon |ssues
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MIR/Progress Collision - Contributing Factors
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Above factors can infl*nce task performance:

|OBSERVATION| ||NTERPRETATION| | PLANNING | | EXECUTION |

Above factors and task performancejcan influence mission performance:

LOSS OF

DEGRADED
MISSION

PERFORMANCE | | LOSS OF CREW |

| SUCCESS | l

of S

Adapted from Mindock, J., D

0 and Applic

ceflight Performance Shaping Faciors for Human Reliability Analysis. University of Colorado, Boulder, CO, 2012
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Interpersonal Conflicts

1SS Journal entrles eldis ] |SS Group Interactlon

Conflict

Entries Group
g Interaction

Positivity

Stuster (2014) Behavioral Issues Associated With Long Duration Space Expeditions: Review and Analysis of Astronaut Journals
Experiment 01-E104 (Journals). Phase 2 Final Report. NASA/TM-2016-218603.
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% Change in DXA BMD after Long-Duration Mir and ISS Missions
Mirn=35; ISS IRED n=24; ISS ARED n=11; Bisphos + ARED n=7
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