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The Human Role in Space (THURIS) study was o 12-month effort to (1) investigate
the role and the degree of direet mvolvement of bumans that will be required 1n
future space mussions, (2) establish valid criteria for allocating functional activities
between humans and machines: and (3) provide inaght into the technological re-
quirements, ccononues, and benedits of the human presence in space

The study started m October of 1983 and was completed in September of 1984

The final report has been prepared in three separate volumes:

Volumao 1

Executlve Summary
Volumeo tl__.._ __ Rescarch Anglysis end Tochknology Ruport

Volume IHH_______ Generalizations on Humen Relas in Spaco
This document s Volume Lin the senies

The study results are intended to provide information and guidelines m o form that
will enable NASA program managers and deasion-makers to establish, carly n the
design process, the most cost-effectne design approach for future space programs,
through the optimal applicatron of unique human shills and capabihities in space.

Questions and comments regarding this study or the matenal contained in this doc-
ument should be directed to

Stephen B. Hall FHURIS Studv Manager
Code PD 24 National Acronautics and Space Adnunistration
George € Marshall Space Theht Conter (205) 453-3146

(vr)

Harry L. Wolbers
McDonncdl Douglas Avtronautics Comp i
Hurtington Beach Cabiformg

THURIES Study Manager

{713) 896 4754
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[‘tl" THE HULIAMN ROLE IN SPACE i

Space project managers and engimeers within
NASA today are faced with a significant challenge
On the one hand, with the Shuttle’s attanment of
operationdl status, the Nattonal Space Transpor-
tation System has suceessfully completed one more
step toward establishing the permanent presence
of man i space On the other hand, the competing
demands on this Nation’s hinuted economic re-
sources are forcing an mcreasing awareness of the
need to mantnuze ccononuc efficiency m achieving
the goals and objectives of future space missions
To meet this challenge, a ratonal methodotopy
and set of performance and cost cnteria are cnt-
ically needed by space project managers and de-
ciston-makers if they are to design the most cost-
cffective man-machine systems to accomplish spe-
cific mussions

To be of value, these assessment procedures
must clearly mdicate to the deasien-maker the op-
timal location of cach activity and functional op-
eratton along the continuum from direct human
mtervention and control 1o tndependent system
operaiions

To this end. the Human Role in Space study (1)
imvestigated the role and the degree of direct in-
volvement of humans that will be required in fu-
ture space mussions, (2} established crtena for
allocating functional activities between humans
and machines, and (3) investigated the technology
requirements, cconomies, and benefits of the hu-
man presence 'nspace The objectine of the study
wds to provide a methodological framework by
which system engineers and decision-makers could
evajuate early i the conceptual design process the
relative advantages and disadvantages of alteina-
tive modes of man-machine interaction

As a pomnt of reference, too often in system
design an arttieral dichotomy s created that at-
tempts to classifv systems as manned or unmunned
There - no such thing as an unmanned system
cverything that 18 created by the system dessgner
mvolves man n one context or another; everythung
in our human existence 1s done by, for, or aganst
man  The point at 1ssue s 1o establish i everny
system context the optimal role of cach man-ma-
chme component

MCOCOONNELE, oouaﬁ:n:?i_

Six basic categones of man-mu.chine interaction
were constdereda in the study MANUAL, SUP-
PORTED; ®0SWENRFED, TELLOPLRATED, SU-
PLRVISED, and INDEPENDENT These
categories are defined i Table |

Tabte t Categories of Man-Macauine Interaction

Unaided IVA EVA, with simple (unpowered)

Manual hand tools

Requires use of supporting machinery or fa
cilties to accomphsh assigned tasks (eg

manned maneuvenng units and foot restraint
devices)

Supported

Amplification of human sensory or motor ca
pabiites {powered (0015 exo ske'etons mi-
crosceopes eic)

Augmented

Use of romotely cont-o'led sensors and actua

tors allowing the human presence lo be re
Teleoperated moved {‘om the work site (remote manipulator
systems teleoperators tetatactors)

Replacement of direct manual controt of sys-
tem operation wath computer drected func-

Supervised tions aithough maintaining humans in
supervisory control
Basicaly self actuating self healing inde
Independcnt pendent cperations minimizing requitement for

direct human intgrvention (dependent on auto-
mation and arthcal intewgence)

P

The critenia of performance, cost, and techno-
logical readiness (program confidence) are the
princpal factors that program or project managers
and system engineers use in selecting the most cost-
effective approach to meeting mission objectives
The deciston-muher must base his judgment on
knowledge that a particular implementation option
can or cannot mect the pertormance reguirements
in terms of such fuctors as force, senvory discrim-
maton, speed. and accuracy 1t can meet the
performance requirements, can 1t do so within the
system’s environmental constramts of. ¢ ¢, tem-
perature  pressure, radiation, atmosphernic con-
stitucnts, mass hmitations, acceleration
disturbance imits? In many cases, more than one
implementation option can mecet the performance
requirements, and 1t is then necessary to exanune
the relative costs and the technological readiness
or program conflidence associated with cach ap-
proach While the final <election i the tradeoff
between an deceptable prohabidiny of succeess and
the resultant cost must rest with the decision-
maher, the mtent of this study was to proside a
frame of reference in which the iterrelationshups
of these pertnent parameters can be made visible.
and from which rational or informed deastons can
be derpved

AT NP - he T
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; PERFORIIANCE FACTORS !
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The mitral step i defimng the man-machine role
s to dentify the performance factors that are hey
1o mecting the speatic nussion abjectives This
step ivohves detimng the basie activities required
to meet the mission objectives and exanuning hu-
man capabihities and inutations i conducting
these basic activities

1.1 DEFIKITION OF ACTIVITICS

In order to derve o genernie bist of activities that
could be used to desenbe any tuture space mission,
varous past and proposed space projects were an-
alyzed These projects induded manned faahities,
such as Shylab, as well as unmanned support con-
cepts. such as the Space Platform (power svatem)
and the Advanced X-Ray Astrophyvsies Facility
(see Figure 1)

The first step was to dentify the missions as-
soctated with cach ot these anticipated space proj-

ects The mussions resulting from these projects
appear to cover the gamut of activities envistoned
for space operations. “These missions range from
the imtial deployment and free-flyer operations
assoctated with unmanned svstems to the manned
operations imolved with vartous subsvstems pay-
loads, and eapermments  In additton to these, we
also examizted intravelucular and extrayvchicutar
dctivities resulting from mamienance and service-
mg, construction, and growth operations We also
used the results of the ARAMIS studv (M1,
Phase I Final Report, August 1982 and the Phase
H Final Report, June 1983) which developed a
Iisting of sonie 33 genernic functional elements that
alsowere denved from the analvsis of several space
projects

The project analysis entated detimng the var-
10us fevels of events used to desceribe cach of the
wdentified nusstons Each musson was brohen
down to the sequence level to describe the detated
operations for the given misston The sequences
were then turther defined through the wentifica-
tion of the activities that made up each of the

Lite Sciences

Labaratory
Figure 1. Space Projects Analyzed
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operattonal sequences. Once the activity level
events were defined, a great deal of commonahty
was found to exist among the activities comprising
various operational sequiences and the missions of
cach space system exammed In other words, the
same basic activities were found to be required in
different operations and in ditferent missions The
objective was to develop a final hist of basic or
generic activities, cach with umque characternistics
that, when combined, could be used to desenibe
future space mussions (Figure 2)

The Space Plattorm project wall serve as an ex-
ample for defimng the project analysis Space Plat-
form was a conceptually designed free-flving
platform that could provide services, such as clec-
trical power, thermal control, and communications
and data handling to a wide range of attached pay-
loads With scheduled revisits by the Space Shut-
tle. the Space Platform missions provide the
opportumties for using the human presence n
maimntenance and servicing, as well as in the mitial
deployment and/or assembly of payloads

Analysis of the Space Platform resulted in the
wdentification of five misston categories (Figure 2)
Each of the respective misstons was defined by the
sequence-level events required to perform those
missions At the sequence level, several events
may occur in more than one pussion For eaample,
the berthing operation between the Space Plat-
form and Space Shuttle not only appears in the
payload reconfiguration nussion, as shown, but
also in the mmtal deployment and mamtenance
missions, as well as in evolutionary growth mus-
sions The reason s that in order for those missions
to be performed, the Space Plattorn and Space
Shuttle must be berthed together The sequence-
level operations were then further detined by iden-
tfying the activitics necessary to accomplish that
operation  As stated previously, these identificd
activities were examied and combined. where
appropriate. )

The analysis of the Space Platform’s five 1den-
tified misstons yielded 35 operational sequences,
which were further detined by 260 activities Be-
causc there appeared 1o be a great deal of redun-
dancy at the activity level, we evaluated cach
activity agamnst the remander, elimmated redun-
dancies, and combined sinular activities This anal-
ysis thoa resulted i the identification of 27 generie
activities that could be used in combination to de-
scribe all the Space Plattorm missions

Surnularly, the analysis of the Life Saences Lab-
oratory project centered around three dentified
nussions, as shown These misstons were analy zed
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at the sequence fevel, and each sequence in turn
wdas redetined into s basic activitics An mter-
esting note about this analysts 1s that even though
the sequence-level events were notably different
for each life suences mission, there was, once
again, considerable commonahty among the activ-
tties required n the difterent mission elements
The e saiences activittes were reduced to a listing
of 29 genernic activities, of which two were unique
and the remaming 27 were sinuilar to the genenie
actinaties derived from the analysis of the other
space projects

As each new source of mission data or mission
activities was examuned, the previously defined
histing of genernic activities was matched agaimst the
new ainformation. If a specific actisity could not
casily be described by one of the previously de-
fined gencric activities, a new activity category was
wdentificd for incorporation mto the generic activ-
ity list

The analyses of these space projects down to
the activity level has resulted in the identilication
of 37 umque gencerie space activitics These activ-
ies are defined in Table 2 Table 3 summarizes
the space project sources from which they evolved
Itis our behef that this hist of genenc activities can
be used to describe the operational sequences re-
qurred mm the broad spectrum of potential space
missions anticipated in the conung decades

1.2 HUMAH CAFARILITIES AND LISSITATIONS

In order to define the potental rofe of the hu-
man m accomphshing cach of these activities, a
detailed hist of human capabilitics apphicable to
space mussion activities was compiled from pre-
vious studies, technical journals, NASA nussion
reports, human factors texts, and biomedical ref-
erences These capabilities were grouped mto the
three categonies of sensory/perceptual, mteliee-
tual, and psychomotor/motor ‘The following ca-
pabilities were exanuned under cach of these three
categonies:
A. Sensory/Perceptual Capabllities
Visual acuity
Brightness detection and discrinmmation
Color discrimination
Depth perception and discrimination
Penipheral visual detection and discoimuination
Visual accommodation
Detection and discrimunation of tone
Discrinunation of sound miensity
Sound localization
Detection of hght touch
Tactife 1ccogmtion of shape and texture

MCDONNERLL I)OUGL(A/;}/_
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8 Discrimination of force against himb
Discnimination of himib movement and location
B8 Detection and discrimination of angular
aczcleration

8 Equilibrium

& Detection and disennunation of vibration

8 Detection of heat and cold

Detcction and discrinnination of odors

B Intellectual Capabiiities
a Cognition
8 Mcmory
B Divergent and convergent production
Evaluation

[+]

C. Psychomotor/Moter Capabilities
& Production and apphcation of foree
& Contro! of speed of motion
Control of voluntary responses
8 Continuous adjustment control (tracking)
B Arm/hand/finger mampulation
@ Body positioning

B

For each capability, a defimtion was provided,
its characternsties were identified, factors that tend
to change or imut the capability were histed, and
conunents were made regarding the relevance and
application of the capability to man's role n space.
Table 4 summarizes hey human capbilitics for
performung cach of the 37 activities The activities
highlighted 1n Table 4 are those where direct hu-
mdan participation 1s consdered to be most bene-
ficial or essential.

The himts of human capabilities may be altered
by both environmental and tash-related factors,
Environmental stresses. such as vibration, none.,
acceleration, hght, and radwation, can affect hu-
man capabiliies, however, they are gencrally
evoided by specific approaches to spacecraft de-
sign characteristics or mussion operations (see
Table 5) Another stress factor affecting human
capabilitics 15 the space adaptation syndrome or
spdee motion sichness (see ‘Table 6) The symp-
toms are generally the same as those assouated
with conventional motion sichness: howeser. they
oceur carly in the flight peak at about 24 10 36
hours, but may last as fong as 4 davs

Some system operattonal requirements spectty
performance beyond human sensory or psychom-
otor capabilitics (e g . sensimg outside the visible
band of the clectromagnetic spectrum. foree ac-
tuation beyond normal human capability, or ex-
posure to extreme pressure, temperatuie, or tovie
cnvironments
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Tahle 2 The 37 Generic Activitles

1 Activate Inthate System Opegration Those events and or command sequences involved in the activation or inthalization of a space-
based system or subsystem

2 Adust Algn Elements Those adjustment activities involved in such operations as alignment ol optical elements, fine turing of
precision electronic equpment antenna pomnting and remote camera {ocusing operations

3 Allocate Assign Distripute Those activites involving the reallocation or redistribution of resources ¢ g, the redistribution of power,
coolant flow etc to sensitive subsystem equipment 1o reflect operational needs Or contingency operations

4 Apply Remove Bomedical Sensor Thoso unique activities associated with the instaitation removal and cleaning of sensors used to
obtain biomedical data from a tsst subject

5 Communicate Information Those actnities involving the establishment of the communications kink and the transmsion of information
from one source to another [tinciudes the verbal or visual mnterchange between two crewmen as well as the electronic transference of
scientitic information from a space probe 1o a terrestrial based user

6 Compensatory Tracking Those activiies involving continuous control adjusiments to null an error signal against a fixed reference

7 Compule Dala Those actvilies recuinng a mechanized form of data processing such as in structural analyses computation of
positions of celestial bodies or other forms of numerical computations

8 Confirm Venfy Procedures Schedules Operations Those activities involving the assessment ol whether or not a previous event has
in fact been accomplished (such as a system venhication or checkout} or a procedure satisted or a schedule met

9 Connsct Discornect Llectrical Interface Those actvities requiing the complebion or lermination of an electrnical interface They may
involve use of blind mated self aigning connectors mu'titurn screw drive interface plates or similar devices

10 Connect Disconnect Fiuid Interface Those actvities requinng the comgpletion or termination of a ftud interface  They may involve
use of a sumple piug in sleeve lock connection mulbiturn screw dnive interface plates or simitar devices

11 Correiats Data Thosa actrvities involving the identification of positive or negative relationships or cemmonalites among data sets,
such as organizational structures, charactenstics, of processes

12 Deactivate Terminate Systemn Operation Thuse events and or command sequences involved i the tsrmination or deactivation of
8 space based system or subsystem

13 Decods Encode Dala Those activities involving the conversion of data into etther ils oniginal form or into a form compatible for
transmussion @ g converting kiansmitted digitized data into 1ts onginal ana'oq lorm or digiizing analeg data for transnussion to the ground
station

14 Detine Procedures Schedules Operations Those activities involving logical deductions or convergent production leading to devel-
opment of procedures, schedules or oparations with pred.ctable outcomes

15 Daploy Retract Appendaga Those activibies associated with the extension of a hardware element to a position where its assigned
function can be reaized or conversely the stowing of that hardware element based on task completion or salety considerations

16 Detect Change in State or Condition Those aclivities wherein the departure ot a parameter trom its onginal or reference state or
condition 1s required to be sensed or observed

17 ODisplay Data Those activities mvo'ving the presentat on of nformation data by visual audtory or tactual means

18 Gather Repiace Tools Equipment Those activities 1Inyu ‘ed in the obtaiming or returmng of tools or equipment used to perform a
spacilic task, such as calecting or reglacing maintenance too s or donning doffing the Manned Maneuvenng Unit

19 Handle Inspect Examme Living Orgamisms Those act vibes involving the umique operations asscciated with working with fiving
organisms Theso actinities mnvolve the manipulation and gercral handhing of arumals, ranging trom strok:ng to inspecting or examining
anatomicel charactens'ics

20 Implemant Procedures Sched.i2s Those activities nvolving the istituting and carrying out of procedures or schedules (such as
updaling a mission modal schedule) ¢ < d'stnguiched from activating or inialing system operatiors

21 information Processing Those acuviles mvo'ving tne calegonzing extracting interpolating stermizing tabuiatng or translating of
informat.on

22 Irspect Obseve Trose activiies invo'ving the critical appraisal of events or obiects They may include the venfication or idertficaton
of a particular elements, such as damage inspecton of a returring ortital test vehicla, observation and dentfication of a celestial ob;ect,
or behawvior of a wing orgamism

23 Measure (Scale) Physcal Dimensions Those activities involving the estimation or appraisal of a dimension aganst a graduated
standard or catenon

24 Piot Dat2 Those activities invo'ving the mapp ng displaying or locating of data by means of a specttied ccordinate system

25 Pos! on Module Those activilies involving the positioning o a component into a desired onentation e g, instalung a new component,
or t'ting a payload into i3 taunch orentation

26 Precision KManwpulaton of Objects Those achwiies involving tasks tnat require a high degree cf menual dextenty, such as the
assembly disassembly of small intncalo mechanisms or the instalation ¢f measurement sensors 1@, stran gages, thermocouples, el

27 Problem Solving Decision Making Data Analysis Those judgmental and somettmes creative activites involving the drawing of
inferences or conclustons through the use of cogn ton cenvergent or civergent production memaory, and comparative evaluation Functions
10 be perdormed may include analyzing, calculating chogsing companng estimaling or plarning

28 Pursuit Tracking Those activities involving continuous controf adjustment to match actual and desired signals when the desired or
reference signal 1s continually changmg

23 Releasa Secure Mecnar ical Intzriace Those activit es involving the maniputation of a mechanical interface ranging from a sirple
one-handed, over-center fatch ~zpucation 10 a high torque, mulhiturn tnreaded fastener May involve manipulation of multiple fasteners
arranged n vanous patterns or configurations

30 Remove Module Those activitios involving the phyeical extraction or removal cf a component after the mechanical, electrical or
thermal interfaces have been releasea or disconnected

31 Remove Replace Covering Those activites involving the removal or reinstal'ation of an access covernng or a protective covenng
as required 12 gain access to system elements or to cover them up upon comptetion of the work

32 Replace Clean Surlaca Coatings Those unique aclivities involving the restoration of a degraded contamunated surface coatirg, such
as replac'ng a radiator s thermal coaling or cleamng an optical system s viewing surface

33 Replerush Matenals Those activities involving the resupplying of consumables, such as refuching a spacecratt, recharging an optics
cryo-based cooling system or providing lood supphes to an ammal holding faeil ty

34 Stora Ascord Element Those activiies involving the recording or storaga ot items for both short term and tong-term penods e g,
recording’storage of expenimenial data or the temporary storage of a bicmedical sainple

35 Surgrecal Manpulawons Those aclivities such as a surgical procedure or a dissecton, including tissue sample acquisitions, that
roqure a high dagree of skill and know'edge as well as manual dextenty

35 Transpert Loaded Those activities involving the conveying of a physical object by some transportation device trom one location to
another e g, the t*ansporting of a compenent via a crewman of a remotg manipulator system

37 Transport Unloaded Those activities involving the movements of an un oaded ndividual or device from one location to another
e g . the movement of a crewman to a worksite without carrying too's or equipment or the movemen! of a remote manipulator system with
nothing attached

RS
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Table 3. Sources of Generic Activities

Source

Generic S Activities ) (3)
ener pace v ) Space Spece ARAMIS

AXAF | Skylab | Platform | Station Study (MIT)

Life
Sclences
Laboratory

1 Activate.lniiate Systemn Operation ] . . .

2 Adjust Aign Elements

3 Aliocate Assign Distnbute

4 Apply:Remove Biomedical Sensor

5§ Communicate Information [

6 Compensitory Tracking

7 Compute Data (4

8 Confirm Venly Procedures Schedules Opsrations

9 Connect D.sconnect Electrical Interface

10 Connect Disconnect Flud Interface

11 Correlate Data

12 Deactivate Terminale System Operation °

13 Decooe Encode Da'a

14 Define Procedures Schedules Operations

15 Deploy Retract Appendage [

16 Detect Change in State or Condition

17 Display Data

([ AE AR AR BE BN RN BN BN BN BN BN BN RN SR SN BN J
[ BERE BN BE BN BN BN BN BE BE NN NE MK BN BN BN J

18 Gather.Replace Tools Equipment °

19 Handle Inspect Exam ne Living Organisms

20 Implemenrt Procedures Schedules

21 informaton Processing

22 Inspact Observe

23 Measure (Scale) Physical Dimensions

24 Plot Data

25 Positicn Modute °

26. Precision Manputation of Objects

27 Prob'sm Solving Deaision Makmng Data Analysis

28 Pursuit Trachirg

23 Re'easesSecure Mechanteal Interface

[ EE BN NN BN SN BN ]

3% Remove Modu's
Sy

31 Remove'Replace Covering

32 Replace Clean Surface Coatings

33 Replenish Matenals

34 Store Record Ele nents [ .

35 Surgical Manpu'ations

36 Transport Loadad ° [ °

37 Transport Unioaded e ° *

{1) Includes EREP and ATM Activities
(2) Includes Activties Derived from the Anzlysis of Space Platform Ground System Data Management Study

perator Maneuvering System and Space Platform

(3) Includes 330 Genernc Functonal Elements Derived from the Geosynchronous Platform, Advanced X Ray Astrophysics Facilty Teleo-
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Table 4 Benehit of Man's Participation In Space Actlvities

“
ooty 4

Key Benefit of man’s onboard particlpation .
capablilties Probabllity Overall ¢
utitized Equipment | Performsnce { of mission benelit from
Generic space inmren’s can be of ectivity success is | men's onboard .
Ho activity participation eliminated is Improved Increaszed participation Rationale
e, Evaluanan o .
"N i e v Hunal hsomacaes |Negigble  [Not sgriicent ;ﬁ;}fﬂ actvalad ystems wil
RAGUEGEE Mengaton -
Vigion
- . Most chgnmenl oosrabons within
2 jAdustaign elemenis 9@:5.?« Yeg b some casey (o Benehioal mans casebites .
Evatua gn
Alocele eedgnf Cogrient n N " fican . o
3 disrbuts Canwergent Prod No ) £OTa €588 rwrred Mot signdicant Primarfy suitmzted opersbons
Apply'remove Cogrition - Operations cannot ezst'y be .
4 dhomedical sensors Waniputation Not applcable | Yes Yes Lssential automated
Communicale Cogniion . Commsycation ok eslabhghad :
8 ot on on Na fnsomecasos [No ot srgruficand aulomancatly
oL
c nse. ‘E:f'i ‘),:?:;a Hichly dapendont o1 natwre of
g |Comeenisicy -8 Bneral Na teimal  [Notsgufeant  [trackng task Mutlying eroe signal .-
Fucking Vison coud be autamzic
Manpulatin i
. Copnibon 8 . Llan wit play neghgdla rofe i most
7 {Compuindsia Evitishon to No kot Mot sian hrang nts pomputation )
Corbmrvorlyr . .
fsrecodires: Ecsgu’g;ﬂ No No Mmel  [Noastnfoat (R w:r;:;doigafh funckorm a
schediies'opprations 4 4 .
Vision
9 Connectdisconnect  |Gress Motor Act Yes Yes Yes Beneficial 1o Typical utiization of man s basic
electnesimnterfaces  [Man.pulation essential capabilitees .
Evaluation
Vision
19 Connect d sconnect  |Gross Motor Act Yes Yes Yes Beneficial to Typr al ulzation of man's basic
ftusd interfaces Manpulatron essantial capauviities
Evaluation
; Cogrulgn P ‘ Bar would usuady unstion m a
11 Gt taeaty Efx’:h-::‘ﬁ:'? Na froeme bees  {Bewmal Mot gond’ ot L2thu0 5003 orly
Larixntaon N B
sontrvptatermnatg L) " N 3 A Automatcaily desstvalad syslems wid
12 Jgoom o (Y o Freemad hegetaees [Nepabls  {holyeicant bor 79 fiorm - ?
’ Evelugtust
) ey {HORRON . : o -
13 {Desedtiewons iy ch&gm Prog D0 it Mo ot $*rsalieant Comparer funchan only
Defing procecdures’  |Cogrution e Activty1s wholly depc centon mans
1" schedu'es ope.atons {Dwergent Frod Yes Yes Yes Essental mteliectual capaBiilies
Danloy rofract Visen ) R |11 4 P Sakdem tepesied atlilios ere poor
15 boreea Gross Motor At {780 it PO fenalid cand ¢atas tor aulometion
Cogrition
Detect changa in o, | in some Beneteialor Strongly eependent on charactenstics
18 sta's of cond hon \E/’a’“""cn No N SOMme CasES | cases essent.al of activity
ison
N Cognition Benelicial to Man impotant n selection of data to
17 {Display da'a Evaluaticn No Yes Yes essenhal be displayed
Gather raplace tonts! . Beneticial ta Man can vary tool selection wth
18 equipment Cognition Yes Yes Minimal essental respact 1o task
Handie mspect, Cogniton
19 lexamwno Lving Vision Not applicable {Yes Yes Essential é:;:'s'y cannot be automated in most
organ sms Manipulation
ton
tmplemont Sognr Actwity dependent on mans
01 Evaluation Not apphcable |Yes Yes Essental
procccures schedules Comérgent Prod involvement by defintion )
Information Cognition . < Eeneficial to Essential interacton between man
n processing Evaluaton Minimal Yes Yes essertal and computer e
a2
8 .y
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Table 4, Benefit of tian’s Participation in Space Activities (Cortinued)

3enefit of man s onbr +rd participation J

Key ]
capabilities Probablhity Overall
utifized Equipment | Perormance | of missior benetit from
Generic space inman's can be of actinily success is | man s onboard
No ectivity partictpation elimmnated is improved | increased participation Rationale
vison
. Cogntion " Man s selective observations supenor
22 [Inspect observe Evaluation Yes Yes ves Highly benetical 1, atomated mondoring
Divergent Prod
theasine {teale) Vigon In some Beneleis! (in 2ome [Man 5 bast alemnatve in some
@ ohysical Smonzsons  {Eva'uaton i cases {ha ¢8809 3565 sitLalens
24 {Pintdata Copniion No Meymat No Not sgmbcant Primanty a computet functon
Vison eial c )
2% {Poston module Evsluaton {n some cases (i some ¢ases &%ﬁe SCCTI’VBK;:? for soms :"qgg ;’b:&cjgyh;\_,my dependant on
Gross Motor Adt, ! o
Precision Vision
Man o manipulative skills cannot be
26 |manipulation of Manipulation Yes Yes Yes Most often essential] *'
objects Cognition dupf cated by automatic devices
Problem solv ng gg’%?g:r; Prod
27 decrlsxon making da'a Convergant Prod Yes Yes Yes Essential Man essential by definition
analysis Evaluatcn
Cogrton R o :
23 |Pursud tracking Manipuaton Mirwraad Yo3 Minimal Gould ba signdcent {Dependant on spetilic trackmg task
Vision
29 Release sceure Gross Motor Act Yes Yes Yes Benelicial to Exemplary utiization of mans
mechanical interface {Wanpulation essential capabiiies in space activity
Evaluation
Viscn
in some Benehaat lor some {Man s hene™ hohly dependart on
23 {Rumove moduly Evataation In some cases {11 some £ogos . ) » !
Gross Metor AL Fase msson actedes  {iype of actwiy
V.00 Benafcal for some
Removareplane p . . o |nsome cover removay $2an's beneft hghly dependent on
3t ng Eveluzion I gome cages | seme casgs casas sepacoment Lask chasaclenshes
Grose Metor Act
cvips
57 |Replace clean Zﬁf’;mn Yes Yas Yes Benetictal 17 Infrequency of acti/ty negates
sx‘mace €0atings Gross Motor Act essent al automration
Wisien Beneficial to Degree of bene't 15 dependent on
23 {Replerush matenals {Eva'uahen Yes In some cases  (Yes essentual nature of task
Gross Motor Act u
Ren s partepaton of benelt ety in
g b bl +
34 {Storefecord efzment {Cogretion No , N»o N3 Net sapsdcant sntatad cases
Surgical Vison
35 Manpulaton Not apphicable |Yes Yes Essential Activity not appropriate for 2utomation
manpulations C
ogn lon
" Vg Tependant on
& {Tramspon foazed of ta tome - Chaactenistes of lasks can vaty
Cognition b soma caseg |la some cases charactonshcs ol
s, 3 ¥ 0 a I
37 junkoadad Grots Mctor Act £3565 yask ex‘ensvely 10t s actvty

Highlighted actvifies are those where direct human participation 15 constdered most benefic.al or essential

To provide a frame of reference for comparng
the levels of performance possible with cach man-
machine mode, summary umeline protides, as -
lustrated in Figure 3. were prepated for cach of
the 37 activities The ranges of tmes for accom-
phshing cach actinity were based upon specettic
tashs idenihied durng the analyss of the repre-
sentative sample of space projects The tumes are
based erther on actual space performance, simu-
lation of space activities i newtial buovancy -

MCDONNKLL DOUG L(Aﬁ%

ulators, or engmcenng estimates derned from
conceptual designs or from similar operational
crperiences

In addition to the timeline data, potential re-
quirements for hunn involvement and the pos-
sible inuting factors i direct human mvolvement
were alvo tlagged on these summarny sheets

As a general statument. response time was
found to be the most generally applicable diserimi-
mator between the manually controlled modes and
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Table 5 Limiting Factors - Effects of Gther Cnvironmental
Stresses on Human Performance

Table 6 Limiting Factors ~ Space Adaptation Syndrume
(Exposure to Weightlesanass)

Intensity of stress
Performance injurious or
Type of stress degrading life threatening
Vibration 008gs at 2gsat
~41t08Hz ~3t08Hz
Noise 80 to 85 dB 100 1o 120 dB
G; acceleration 2t034gs 5to6gs
G, acceleration 51064gs 12t015gs
Light Complex 23 x 10® lumens/it?
lonizing radiation —_ -~ 5 rads'day
CHP3TAS

the supervised and independent modes of opera-
tion I responses in time peniods of seconds or less
are required, then the activity 1s generally best
performed n the supervised or independent

modes

In the “Connect/Disconnect Electrical

Interface™ or “Release/Secure Mechameal Inter-
tace™ classitications, for example, apphications
where speed of response would dictate that the

Discrimination

Discrimination of
angular accelera-
tion

Cognition
Memagy
Evaluation

Visual-motor
tracking

Mampulative skills
Body positioning

Human Duration of exposure (hours)
capabillities
impacted < 3312 112-14124-48148-72|72-96 96
Vision None| Mod | Mod [ Neg | Neg |None | None

None | Mod | Mod | Neg | Neg |None!None
Neg | Mod | Sig | Sig

None| Mod | Sig | Sig
None| Mod | Sig | Sig
None| Mod | Sig | Mod { Neg |NoneNone
Mod| Sig | Sig | Mod | Neg | Neg INone

None} Mod | Sig | Sig
Mod | Sig | Sig | Mod | Mou | Neg | None

Sg | Sig | Sg

Mod | Neg |None
Mod | Neg |None

Mod | Neo |None

tmpact code
{Decrease n chserved capabilty)

None
Neghgble
Moderate

Signuificant

(None)
(Neg)
(Mod)
(S1g)

LS I Y )

CONNECT/DISCONNECT

ELECThICAL iNTERFACE

Man Machine Requirements for Limiting Facters in
Categortes Time Scale Human Involvement | Human Invoivement
Marwual l I
- o s | o
L
Supported ' . !
RELEASE/SECURE
Augmented L3 MECHANICAL INTERFACE
4 ] ot
lan Machine Requ rements for Limi ng Factors in
Teteoperated I Categories Time Scale Human Involvement | Human Involvement
v
l | |
Supervised: - ! —i 1 °
Ground Minutes i [} -} [
| ,
Supervised Supported : I l
On Orbrt uppor S | ° | o | o
{
] ¥
- Augmented '
Independent , F’TT“ 2o o . N e
IR i 1
O02ig 2 ? 10 Teleoperated — ° ° ' ° e ; ‘
Seconds * Superviced . H
i Ground i o e , o ! :
| ' |
. Supervised \ ‘ |
On Orbit e L4 i @ i i
i
independent o o ! l !
S S W Y i G U SIS L1 . .
"y - 1
oggyg? 102030405032468153.‘;‘ 5 g|sg;g
T2 2 Q g |88 =
3=z @ e I ES <
Seconds Minutes Hours | £§ ! 2 _§ @ §§ | <
Azl g |2 ¢
S S R ] & !
Figure 3 Performance Requirtements
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activsties be performed an the supersised or -
dependent modes might inddude launch abort pro-
cedures or emergency separation procedures {f
dllowable response tines become munutes or
hours, then all modes mught be apphicable, and
other crieria, such as cost elfectiveness, would
provide a more appropriate basis for the selection
of a partictlar mode of implementation

An important consideration when evaluating
munual tash performances is whether or not imes
difter tor accomphshing sioubar tashs i an eatra-
vehircular as compared 1o an mtravehiular mode
of operation In 1983, NMcDonoel! Douglas Astro-
nauties Company performed two seres ot nettral
buovancy tests i which the same mantenance and
serviamng tashs were performed The first test was
performed i SCUBA ondy whidh equates o the
simulated intravelscular environment The seeond
testserres imvobved pressure-suted subjects wilich
sinalated the eviravehicular environment  Spe-
cifte tashy 1n both the ine-motor and coarse-motor
movements were demonstrated  Hhe fine-motor
activities imvohved mamipulating eledncal connee-
tors (Higure 4) s well as removng and mstalling
4 quich-disconnect flind connection (Figure 5)
Average tash times and extra-to-mtras chrcular ac-
vty ratios are summarzed i Table 7 Based on
the test simulation it appears that i the case ol
Line-motor movements, extravehranlar accoms-
phshiment roguires about S0 more ume than does
mtravchicular This difference might be attnibuted
ta the sensitinity and devternity ditterences between
the gloved and the ungloved hand -

The iformatton presented tor the fime-moto
movements has alsn been developed tor the
codrse-motor movements As an example of
coarse-motor movements g handeranking opera-
tion, such as nueht be mvolved m deploving an
appendage wasselected (Frgitre 6) Observational
datawere avarlable for thiee arank radn (3 inches,
O mches and Y anches) Here agam average task
trmes and extra-toantraveleular adtiaty rattios e
rdentitsod ( Table X)

In the case of the coarse-motor tasks, the ratio
s ddose to 11 However, the coarse-niotor move-
ment data dlustrated m Bigure 7 soegests that the
greater the requued movement  the greater the
discrepancy between performance times 1This dit-
terence relledts the restriciions assocated with the
pressuresaunt articulations

7/
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Table 7 IVA and EVA Task Time Comparisons
(Fine-Motor Movements)

Average

times

('".)._.__4 Ratie
Task IVA | EVA {EVAIVA

Electiical connectors
Coax ~ 6 turns threaded 19 31 163
Bayonet ~ 120-dog lock and uniock 9 14 175

Flud intertace

. -

Remove 10 13 130
instalt 14 20 144
Average 11 153
e e e
;Wg ¢ “7 L R S N S
e P <. L Teen & N
Iy 3 A "gp’:»*‘ ) "'A;A .. - ‘ .
S | . -?,) ¥ z\\ y £- " —
rd L . - Fr .
h ok A R U
LR 5 .0, -4
A
'

Figure 6. Deploying an Appendage

30
26 EVA
24
IVvA
3 21 — p
9 20 -
g 20
T
3
-
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>
q
0
0 6 9 12

Hand Crank Handle Rad.us {inches)
Figure 7. Coarte-Motor Movements

Table 8 IVA and EVA Task Time Comperisons
(Coatse-Motor Movements)

Average timeas
: {sec) Ratto
Task VA EVA [EVAIVA
Manuat hand crank

3 inch radwus 20 21 105

6 inch radis 22 24 109

S nch rads 23 26 113
Average 109

s -

118 behesed that the tmehine data dernad trom
the neutral buovaney environment s a reasonable
approvimation o the actual tmes that will be ex-
perenced m zero granty To substantiate this hy-

MCcoONNELL muaLm

pothesis, an evdluation was pertormed to compare
the planned tmes based on neutral buovaney sim-
ulations and the actual imes observed i space for
ten composite extravehicular tasks on Skalabs 2,
Joand 4 Out ot atotab of 2642 nunutes of planned
operations, the actual EVA tmes totaled 2491
minutes or 69 fess (faster) than had been allocated
(see Table 9) On the bass of this previous en-
penicnce.at was concluded that the ume estimates
dernved from the recently conducted neutral buoy-
ancy sumulations provide reasonable estimates ot
on-orbit performance tiunes

Table 8 Skylab EVA Tasks

EVA Planned time Actuzt imr 3 tme
events {minutes) {minutes) {minutes)
1 45 35 -10
2 248 203 -4S
3 105 96 9
4 448 391 -57
5 275 270 -5
6 156 161 +5
7 388 394 16
8 442 413 -29
9 212 203 -3
10 323 319 4
Total 2642 2431 - 151

Overail - 6%, under estimate (151 2642 mirutes)
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Once the capabihitics and limitations of cach
man-machine mode have been established and
therr impact on the performance of cach actinaty
wentfied, the nextstep s to determine the relatinve
cost of cach of the applicable mades of imple-
mentatton Assunung dhat two or more alternative
mplementation concepts will be feasble for ac-
complishing & specific activity, the determuining
factor in the nund of the system engineer becomes
the question of cost Accordingly, the resources
and support equipment neceded to accomphsh cach
activity in each ot the feastble nuan-machine modes
was identified to a depth sufftaent to allow com-
parative cost data to be developed

The intial comptlation of the resources and the
support egquipment was derived 10 conjunction
with the tumehne analyses Inaddiion several past
and ongomg space projects, such as the Shylab
misstons and the Unmanned Space Plattorm mis-
stons, were reviewed to ensure that the final isting
of resource needs and support equipment repre-
sented all the most pertient items

The support equipment necessary for the var-
wus man-machme modes mceluded  facailities,
extraschicular activity support itemis, tool hits and
mechantcal support equipmient. command, con-
trol, commumcation, and data management equip-
ment: orbatal mobshty systems, and operating
systems software

“These ttems of support egquipment were used to
cstablish relative costs for performing an activity
by cach of the alternative man-machine categornes

No firm guidelines or charge policies for devel-
oping operational user costs in the space station
cra arc currently avatlable from government
sources Accordingly, the general approach tahen
in this study was to establish a mission-related -
cremental cost as the bass for charging space da¢-
tivitics requeang direct human mvolvement at the
space statton The incremental cost was defined as
the cost difference between full nussion-support
capabihty and * zero-misaon” manan-space-only
capability  The basic space statton sizing param-
eters (erew size, number of modules  clectrical
power, communicattons data rate, and thermal
control) were detined for both a full-capability -
tal-operating-capability station and a hypothet-
cal “*zero-mission’ station that supported no
payloads and was required only to mantam itself

rMCOONNELL uouag@_
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in orbit. The differences in design parameters be-
tween the “zero-mission® and the *full-capability™
contiguration are stlustrated i Figures 8 and 9.
The MDAC computerized space fachty cost
prediction model was then run with these two ety
of values to establish the cremental cost assou-
ated with the support of potential users or speatic
nissions, The cost ditference between the sero-
capability and the full-capability tackity was ad-
justed to exclude design and development cost,
assuming that nenrccurnng cost should not be -
cluded when developing a baschne for estumating
user charges A 10-year bie was assumed for the
hardware represented by the resaltng moremental
space statton factlity cost. A strasght-hine amorts-
zation resulls 1n an average cost per sear that,

Command A Pressorized

and Control ur
Habitability M':qulcl" Modutes
Module

Crew Size = 2

Logistics

<
z PN
Xy
/M‘ji‘.)’ Habitability
Mody'
Reboost ocu'e
Systemn P
A
13 kW Power Control TS,
Data Managzment \ Qt"‘:?;

25 Aibps Communication
32 kW Therma! Control

Figure 8. Space Stetion (ZeroVission Capsbility)
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when divided by available operating man-hours
per year, vields a cost of $10.427 per operating
hour lor manned vse of the space station pressur-
1zed valume and utility services  Hhis caleulation
15 tHustrated o Table 10

Tabie 10 Pressurized Volume and Utility Services Cost™®

Full Zeto
cepability mission |incremental
station station cost
($ mitliontg) | ($ mililons) | (S miitlons)
Simulalor develop- 1380 794 586
ment hardware
Fhight hardware 2244 1366 678
Total 3624 2160 1464
$1464M
Amortized incromental cost - ——‘—o—y-'— -$146 4Myr
1464M
Cost per operatng hour = s1act Y $10 427 man-hour

14044 manhryr?

(1) Production cost only, excludes design and development cost
(2) 6 mem x 9 hr day x 5 days week x 52 weeks year = 14 040 man
hours year

ey a e

A stmar incremental cost appraach to that used
in developmng the haste space statton facthity costs
was used to estimate the logistics operations costs
{replacement spares. consumables mamtenance,
and repars) s resulted v a cost ot $12 201 per
operating hour for space station logistics opera-
tons  Lhe values tor this calealation, which were
generated by the McDonnell Douglas Astronautics
Company cost model. are summarnized in Table T

Table 11 Logistics Oporations Cost

Fut! Zero
capabiiity misslon | Increments!
etation station cost

{$ mittlons) | {S mitilons) { (5 miilions)
Replacement spaces] 261 5yr 1297yt 131 8yr
and consumables
Maintenance and re 978yr 583 yr 395yr
pairs
Total 3593 yr 1880 yr 171 3yr

$171 34 yr

hour — e
Cost per operating houl 74 040 man hors g7

- $12 201 man hout

(MOt

The mcrementat cost for o ustics transportation
was deternuned by allocating the Space Shuttle
flight cost n proportion to the ratio ob meremental
cost for logistics operations to full capability cost,
with a further cost-sharmg adjustment fhis re-
sulted 1 a cost of $902 per hour calculated as
Hlustrated i Lable 12

AMCIIONMNELL DOUDL&C}_
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Teble 12 Logistics Transportation Cost

Tctal cost = $86M frght x B0%™ x 4 tights year = $275 2M year
Incremental cost = $275 2M year x 43%® ~ $132M year

$132M year

Cost ot operaing ROLt * 140 man-hours you

= $£9 402 hour

(1) Assurming 20 shanng with other payloads and 4 STS fhghts per year
1713
48‘1.

! ctor st W D
{2) Altocation factor (from logistics operatars) S350

T -

In addition to the three major clements de-
seribed above, estimates were added for use ol
arrfock and safe-haven resources o complete the
space station facthity usage charge Based on data
contamned in the McDonnell Douglas cost data
bank, these two ttems were estimated at $164 per
hour and $328 per hour, respectively The sum of
4l five clements amounts to $32,522 per hour (or
$542 per minute) for use of the space station {a-
cilities to directly support human activities i space
(see Table 13)

Table 13 Space Station Faclitty Cost per Operatirg Hour for
Actlvities Requiring Direct Human Involvement in Space
(1934 Dollars)

Pressurized volume and utilly services $10 427
Logistics operations 12 201
Log stics transpotation g 402
Aurlock 164
Sate haven 328

Total space station faciity $32 522

A number of different factors were ongnally
considered by the study team as hasmg the poten-
tal to sigmificantly smpact the cost ot space op-
erattons  As the analvsis proceeded  the mine
costing clements summuartzed v Fables 14 and 15
were found to be the most sipmhicant determiners
of spuice activity costs

The costing methodology ditfered for cach of
the nine elements, depending upon whether a spe-
cific cost element was driven by the tme-of-use or
the frequenayv-of-use ‘The tme-teluted group s
charactenized by the requirement for asupport ele-
ment to be used over an estimated activaty timeline
and includes use of the space station tactlity, the
ground control and data handhing fachties the
tracking and data relay satellite system. and the
extravehicular activity support stems  The fre-
quency-of-use-related group is charactenzed by the
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Table 14 Activity Costing Factors — Cost Elemonts That Are
Primarily a Function ot Time Use (Cast Per Minute)

Eltement Computationa! Base

Delta cost {fuil up)-(.2ro Missmn station)
Avaitable crew ima

= Space station fa
cihiies and logis-
tics operations

Production cost + Operations cost
Avatlability tma

& Ground control
and data han-
dling faciihes

= Tracking and
data relay sat
ellile system

U 'S use and reimbursement policy

®« EVA support Production cost  Operations cost
dems Avalabity time

Table 15 Activity Costing Factors — Cost Elements That Are
Primarity a Function of Humber (N) of Uses (Cost Per Use)

Element Computational base
® Toikits and me- Froduction cost (C) .
chamical suppont N - 02540 °
equ pment

8 Command con-
tro! communi Proguction cost (C)
caton and dala N~
management
equipment

< 025(Cy*

® Unmanred p'at Production cost + Operations cost
form resources N

s Orbital mobility Proguction cost - Operations cost
Sys'ems N ]

& Operating sys-| So'tware deveicpment cost (C} 0 55C
tems sotiware N ! N

requirement for a multiuse support stem needed
to perform an actnvity and ncludes tool hits and
micchancal support equipment. command  con-
trol. communmication and data management equip-
ment, unmanned platform basic resources, orbital
mobility systems, and operatig systems software

For those man-machine modes involving direct
human partiapation (te . Manual, Supported,
Augmented, and felcoperated). the most ity
cant cost drivers were the prorated taality costs,
transportation costs, ortbital support cgtpment
costs, fogistics costs and the crew tme or daty
cycles For those man-machime modes imvolung
inditeet human partiapation (e Supenvsed and
Independent), the most signithicant cost dnvers
were prorated faahty esources orbital support
cquipment. orbrtal mobtlity svatems soltware and
ground support operations costs

Application of the costing methodoelogy resulted

4
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n the desclopment of a fanuly of cumulatine cost
versus frequency-of-use curves for cach of the 37
activities As lustrated sn Figure 10, these curves
portray the relatne ccononucs assoutdted with the
performance of cach activaty by the seven alter-
native modes of man-mactne interaction

($ mution}

100
Supervisud~ Groun
o
10 Supervised--On Ortat "
Teteoperated _0_-_,0.-4" .
-——@
,..14"'"’ Supported ~w=Z
P
N ’/
'r Manuyat
Augmented
o1 1
1 10 100 1000

Number af times activity s performed

Figure 10 Activity 29 Release/Secure Mechanical

15

Interface {Cumulative Cost Versus
Number of Times Activity Is Performed)

Although the mimplementation costs for each -
divadual activaty ain cech man-madiune interaction
mode are somewhat ditferent, a rather signiticant
observation is that the cost level for dircet human
mvohement (manual, supported  augmented, or
teleoperated modes) generally remams consider-
ablv lower than the cost for remote human in-
volvement (supervised and mdependent-modes)
over o karge number of tunes that the activity might
be performed (1 to 10 000 umes) Frgure 10 ilus-
trates this general case As nuay be noted, the cost
ditferentials span two orders of magnmitude when
only a few actvations are required (1 to [0) but
narrow to one order of magmitude when the num-
ber of activations approaches HEH - For most ac-
tivities, the manudl mode can be performed in a
relatively short tune pertod (less than 1 hour) with
only nunimal mespensive support equipment
Even a $32S22-per-hour space statton facin
charge (although a sigmficant tactor 1 fengthy
tumes are imvobved) i sull a relatively small cost
factor unul the trequency of use approaches 1000
Pertormung activities in the independent,, super-
vised, or teleaperated modes requires i maost
cases, a relatnvelv expensive mutiad mvestment in
support cquipment and software, which does not
compare favorably with the manual mode unless
amortized over a large number of uses

t«
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Vartations from the general pattern observed in
the preceding case occurred for a few activaties
where unusual equipment or timehine require-
ments were spectfied for a particular mode of man-
machime mteraction For example. in Acnan 32
= Repluce/Clean Swrfuce Coatings (see Higure 1)
the manual and supported modes become rela-
tvely costhy when the number of times the activity
15 to be pertormed increases to one hundred o
more  This s due primanly to the average time
(150 nunutes) required tor this actiaty i the moan-
udl mode. o dernved from the umehne data It
would be more cost ettective to provide some de-
gree of augmentation or remotely (teleoperated)
actuasted mechanisms to wid in accomphishing thes
specitic activaty it at had to be pertormed datdy over
A pertod ol @ vear or more

The more activities that are required to accom-
plish a speahic misston objectine, the more time
requised and the higher the coste This s true of
the manual. supported augmented and teleoper-

Curve dentificat o legend for

man michine interaction modaes

e 3= Manuat

o Supported

Dol = Aeme Augmented

o= One Teleopereted

«Co oo aOve Supervised=Ground
Supervised- On Orpit

L BV e inde pengent

100

o1 1 |

1 10 100 1000

Number of times actwvaty s performed
Figure 11, Activity 32 Replace/Clean Surface
Coatings (Cumulative Cost Versus
Number of Times Activity s Performed)

sed modes of operation In the case of the op-
crational modes  where human invohvement s
more indirect (1 e, the supervised-ground. the su-
pensised-on-orbit, and the independent modes),
the princpal contributor to the cost of perfornung,
a set of activities s more direetly dependent on
the cost of the resources and the supportig equip-
ment items reguired to perform each actinaty m
orbit than on the time required to accomphsh the
activity This means that in the modes requining
mdireet human ivolvement  the cost reduction
due to the potential of sharing common equipment
items and common resaurces can be a sigmbicant
factor m the cost equation

In the example shown in Figure 12,01 only the
one activaty were required to be pertormed. it
would need to be repeated thousands of times be-
tore it would be cost eflectine 10 provide some
degree of automated support (1 ¢ the supervised
mode of operation) On the other hand. if o total
of 16 activities has to be performed to accomplinh
the mission objectne. and of Actnvity 29 has to be
pertormed only two hundred nmes designing the
nisson objectine to be accomphished 1 the se-
pervised mode becomes an attractive option

40
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Number of different activities

[34)
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Number of repetition of each activaty

Figure 12, Activity Number 29 Release/Secure
Mechanical Interface
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Section 3 '
TECHMOLOGICAL READINESS )

e = '}
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In developing the conceptual design for an ad-
vanced space system. o very important constder-
ation i the tevel of technological readiness of cach
ot the cnitical elements comprising the system The
closer the technological readiness tevel of cach of
the hey clements 1s to full operational capabibity,
the greater the probabihty of successfully imple-
menting the ssstem concept The level of tedh-
nological readiness 1s an espedtally mmportant
factor for the deaston-maher i selecting the op-
ttmal mode of man-machine interaction Fhe eight
levels of technological readiness considered in the
THURIS study are detined in Table 16

The ume seale required to achieve each leselof
technological readiness depends in large part upon
the degree of compleatty of the system 1o be de-
veloped. For relatively stmple systems, the umes
required to move trom level T tolevel 7 may tahe
from 1 1o 5 vears This ttme range otten reflects
the impact ot tactors other than technical progress
on the development process such as political or
budgeung constramts  or the avalability ot cor-

Table 16 Levels of Technological Readiness

Readiness
level Definition

1 Basic principles observed and reported

2 Concepiual design formulated

3 Conceptual design tesled anatytically or
expenmentally

4 Critical function characlenstic demonstration
Component breadboard tested in relevant
environment

6 Prototype engineenng model tested in relavant
environment

7 Engineerng mode! lested in space
Full operational capabihity (tasehned into
producton design)

ollary systems required to demonstrate or aid 1in
the development of the itemoan question An ex-
ample of the development path for a scumple svstem
s thhustrated in Frigure 13 The devices i ths case
are small electrical connector tools to be used in
chidnging out orbital replacement umits on a Space
Platform Duning neutial buovancy tests at the
Marshall Space Thight Centeria [981, the need for
such toals was dentified The steps from concep-
tual design (level 2) to testing an engimeerng
model (level 6) took about 1 vear To proceed to

Technology

Catendar Year

Reidlmess 1930 1981 1982 1983 1934 1985 1986
Leve l l l l l l
8 — lnitial and full

operational . - . .

capabiity 11“"‘“5"'""‘"3
7 — Engineening

madel test 30

n space
6 - Engineenng

maodel tested

5 — Component/
breadboard
tested

4 - Crtcal function poms,

characteristic
demonstration

3 -~ Conczeptual
design analyzed

2 —~ Conceptual
design 3
formulated

1 — Basic princi l
pics ohserved/
reported

Figure 13 Development Path for Electrical Connector Tools
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the next-deset-of testing an engincermg model in
space and then to obtamn full operational capabil-
iy, approxmately 30 months will be required be-
cause of scheduhing and National Space
Transportation System mamfest constraats

The unte requiremient to move from level | to
level 7 for a more compley system may tahe from
10 to 20 years An example of the development
path for a more complex system s tlustrated n
Figure 14 The system illustrated s an Electro-
phoretic Production Umit currently under devel-
opment at McDonnell Douglas  Aithough the
potential of clectrophoresis as g separation tech-
mgue has been known simce the turn of the cen-
tury. the speahic apphaation and value ot 4 space-
based system was imtially contenved i the perod
between 1972 and 1974 By 1975 a conceptual de-
sign (level 2) had been developed and engieering
models were developed and tested (level 0) in the
1979-81 time peniod  The first test of the engr-
neering model in space occurred on $T5-4 i June
of 1982 “Tests will continue through 1984 The
development of a full-scale production faality in
all probability will depend upon the avalabiisty of
& manned space statton with @ current estimate of

full operational capabibty m 1992 Similar exam-
ples of the time required for technological ad-
vancement can be drawn from the histonie data of
other complex space systems The coneept of
building and launching o diffracttion-limmted -
frared-visible-ultraviolet orbiting telescope was
advanced m the early 19605 Over 20 years will
have elapsed between the carly conceptual dewign
(fevel 2) and achievement of full operational ca-
pabthity of the space telescope i 1986

Frgure 13 summuarizes the eapected relationships
between tedhnological readimess levels and the
tme requured to achieve full operational capabihity
for single, moderatels compley and compley
syefems
Simple Systems muay be dehined as requiring

Implementation of a single action

&8 Operations gencralhy independent of other
functions

a U'mque applications, although basie prina-
ples well understood

An exampic anght be a ratchet wrendh that i
required to remove and mstall mechamicdl fas-
teners Most manual and supported maodes of man-
machine nteraction would fall into this category

Techno ogy
Readiness

Calendar Year
Producwon®
19}80 19[85 1990 \ 19]95

Lovel 1965 1970 1975
| i 1
4\

8 — tmualand full Chinical Triats '
oparational [ 20 2w 4 cnn Gimoi iy o 3 v 1 - 3
capabihity Shuttle Bay [ l

)|
= 7/

7= tEc';?ur:\e::;:‘imOdpl & Space Station

. M:d Deck

6 — Engineenng
model tested

30

5 — Component/
breadboard tested

@ Paratiel Activity

4 - Crntcal tunction/
characteristic
demonstration

3 — Conceptual

design analyzed

© Paraliel Activity

2 - Conceptugt 30

design formulated

1 — Basic principles @t 12 1/2 Years —-—-——e—{

observed/reported .

20 Years

i AN PRSIV NS -1

*One product -- 25% of Market

Figure 14 Development Path for Space Based Electrophorests Praduction Units
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Technology Readiness Levels

Level 1 Basic principles abscrved and reported
Level 2 Conceptual dusgn formuisted
Level 3 Conceptual design tested analynically or expromentally

Level 4 Criticat function/charactenstic demonstration el
Leved 5 Component/breadboard tested in televant environment
Level G Prototy pe/engineening model tested in relevant

Level 7 Engineering model tested 1 space
Level B Full operational capabitity

Technolojy Readiness Levels _-1

environment

10 15 20

Years 1o Full Operational Caopabiiity

Figure 15. Tecnnology Advancement Classifications

Bladerately Camplex Systems muay be defined as
requiring

Multiple interacting tunctions or actions

a8 Compley control logic or networks

B Basic mplementation techmques sinnlar to
previously developed systems

An caample nught be a computer work sation
that provides data computation correlation, and
plottng capabilities Most augmiented and teleo-
perated, and some supenvised modes of man-ma-
chime interaction would fall mto this categorn

Complox Systems muav be dehinad as requinng

& Multiple mteracung tunctions or actions

8 Comples control fouc or natworks

g7 Redection to practice of design concepts
{comparable system has not been davcloped )

An example nught be aremotely contiolled sat-
ellite serviang system capable of self-actuating ar
sefl-healing operations mreshonse (o aternal
stmul Most remotely supervsad and mdepend-
ent mar-mackiee interactions would tall mto this
category

/-\/
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One ot the objectives of the Human Role m
Space study was to dentty the requisements tor
technological developments needed to enable and
cnhance the human tole 1 future space actinaties
Arevaew of NASA plannig documents mdicated
that the required enabling technologies as cwm-
renthy defined do mcdude the major issues of con-
cern - As desenbed i NASA'S Space Svetems
Technology Model™ three ey human-factors re-
scatchand development areas mcdude crew station
design, exvravehwular wcnvany and weleoperations

As a general observation, those projedts asso-
aated with extravehicular activities and teleoper -
ations reach (ull operational capability i a tme
domam consistent wath the imtal operational ca-
pability of the space staton Hence activaties de-
pending upon the successtul completion of these

(1) NASA Sprce astams Fedhnobwey Moddd hidth fsaue
dated Jantany 19 NASA Odiied ot Acronauties and
Space Todmelory Code RS Washington D 20540
baucd unday the authotty of Stan R Sadm Deputy -
rector Program Davddopaent OART RS
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projects can be accomplished with a reasonable
and acceptable level of techneal risk Tor the -
travehiclar work-station-related projects, how-
ever. the risk assessment aceeptabihity s less clear
The current misston mode! developed by the
Misston Requirements Working Group of the
Space Statton Fash Foree suggests that as the so-
phistication ot tuture pasvloads increases, there will
be an accompanying shift i crew support shills
and requirements A transthion oceurs from the
more physical tasks to the more intellectuathy on-
ented work activitics with the progression of time
This pattern appears to be analogous to the -
dustral development dvnamic wherem the blue-
cotlar worker changes toa white-collar worker as
the transition from production of goods to prove-
ston of services tahes place
As the emphasis changes m the workplace, the
design of the crew work station must also change
to reflect the change from the physicat to the n-
telfectual To more ctfectively use human intelh-
gence, a better mateh s required with machine
intelligence and with “expert™ systems Work sta-
tions must (1) communicate tluently with humans
(speaking, writing, drawing, ete ). (2) assist i -
teractive problem solving and mference tunctions,
and (3) provide knowledge base tunctions (infor-
mation storage. retrieval and  expert™ systems)
for support
Some of the speatfic wsues related to work-sta-
tion design that fall i the domain of “enhanang™
technology and can be considered technology gaps
at the present time are
1. The Nature of Human intelligence. Continuing
¢ffort should be directed toward developmg a bet-
ter understanding ot the nature of human ntelli-
gence n order to develop work stations pernutung
more effectine use of human intellectual
capabilities
2 Measurement of Human Productivity Contin-
uing effort 15 reauired to develop vahd measures
of humun performance and productivity i order
to have meaningful critena tor evaluating perform-
ance and productivity adjustments caused by
changes in operatonal procedures and system de-
sign concepts
3 Crltical Incident Analysis of Human Perform-
ance Continumg cfiort s required to investigate
and understand the causes of “human error '

4
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space system operations, as well as madents of
exceptional performance, in order to identify and
classify the causal factors and establish guidelines
for the design of future space systems

4. Space Station Workshop Design. Continwing
effortis required to develop the technology needed
to provide an organized, integrated. on-orbit
mamtenance depot-workshop for the space sta-
tion Tools, techniques., and support facilities must
be detined

5. Visual Dispiay Development Continuing cf-
fortis required i the development of visual display
ternunals, masmuch as 1t s anticapated that, just
as today., 8¢ of the information required by fu-
ture space crews will be obtained through the sense
of sight

The estimated time-phased technology readi-

ness levels of these five arcas and the recom-
mended timetable for systematic studies of these
arcas are plotted m Figure 16 to show therr rela-
tronship to the space station reference schedule

Technology Needs
——— Y YRS
Nature cf human intelligence
Measurement of human productivity

Critical incident analysis ot human
performance

Space station workshop

OO OO

Visual display development

Space ©B ATP Growth
Station «C/D ATP 10C Station
Reference ~

Schedule

-V\oa RFP _'—g

Technologies key to
mitial space station

?

~ Technologies key to evolutionary growth

porreeer Ty
A e

FOC
Level 7
Levet 6
Level 5
Level 4
Level 3
Level 2
Level 1

Technology Readiness Levels

I I 1.2

PR 'S .}
1995 2000

Calendar Year

Y
19895

Figure 16 A Time Phased Techrology Plan for Critical
Areas of Enhaneing Technology
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! Section 4

‘ A DECIGSION GUIDE FGR ALLOCATIONM
! OF FURCTIONAL ACTIVITIES

‘t

tdentify activities required in system operation

Ident\fy mar machine maodes meeting performance
requirements of each activity

Based upon the critena ot performance, cost,
and technological readmess the study team has at-
tempted to formulate a deciston guide that can be
used to logically allocate space activities to alter-
native man-machine mplementation modes In
developmg this deasion guide, we recognieed that
such deasions are lughly dependent upon the time
pertod m which a given system will be imple-
mented That 1s to sav, the capabilities to support
man in <pace will continue to evolve as will the
other technologres. indduding the applications of
arttfictal intelbigence and the advanced develop-
ment of micro- and macro- manpulators Fui-
thermore, the indes numbers (performance times,
cost data, technological readiness, ete ) used m the
decision process at this time can be evpected to
change as better mtormation pecomes available
from future studies and from opertional exper-
ience Accordingly, the decision mndel should be
canstdered as sl m the evolving stage and viewed
in that contet Even o, the procedure as outhned
should be useful in the carly conceptual design
procuss to help deaston-makers formulate a strat-
egy for selecting an il reference dewign con-
figuration  As the design concept crystathzes,
design solutions will presumably be iterated to take
advantage ot the better data on performance. cost,
and success probability that become avadable with
a maturing design In some cases  the preferred
mode of mmplementation may be expected o
change i later stages of the prelummary design
process as better dessgn data s developed

With these caveats in mind, and recogmizing that
the giide mught take many torms g sampliied
schematic of the deasion process s presented in
Frgure 17 A wothsheet tormat has been prepared.
as tlustrated in Pigure 18, to deselop the stepsan
this decision process

For using this worksheet, seven modes of man-
machine interaction have been selecied 1o repre-
sent the steps along the continwum from direct
manual operation at one extreme to completely
independent self-healing—self-actuating systems at
the other These modes are designated as manual,
supported. augmented  teleoperated, supervised-
ground, supcrvised-orbit, and independent

XY g
MCDONNELL DOUOLAS X
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Determine most cost effective mode for each
activity

Estimate state of technalogical readiness for the
most cost-effective mode for each activity

Rank each man machine mode according to the

number of activitics for which st 15 the most cost
etfective appraach

Select mode with highest apphicability {rank)

Can this mode meet Select mode with next
the performar ce o) highest applicabnbity
(rank) as determined

requtrernents of all

activities? n Step §

{s technological
readiness level 1f No
acceptable?

Is time penalty
acceptable for achweving
deswed readiness level?

Use this man machine
mode as basehine for
conceptual design

Figure 17. Decision Process for Identifying the
Man-Machine [dcde to Use in the Imtral
Conceptual Desion Effort for an Advanced
Space System

21

The cost charges for the activities to be con-
ducted in the direct manual modes (manual, sup-
ported. augmented, and teleoperated) weie based
primartly on a cost-per-unit-time factor Assuming
that an 8-psi eatravehicular activity st will be
wvatlable i the tme pentod for misstons now in
the conceptual design stage. the delfta costs for
extra over mtravehucular activities were neghgible
compared to the overall cost of manned space op-
crattons  Thus, 1t was unnecessery for the mtial
approdach to sclecting the bascline operational
modes to detenmmne whether the activity would be
intra or extravelicular This issue can be resolved
later 10 the design process on the basis ‘of more
detatled pertormance and operationd!  requure-
nents, and not by cost per se

Fhe suggested procedure for determining the
man-machine category to consder m the mitwal
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Man-machine categones Techao- | Cost
Check | No of fogical | ratio
| times Super- | Super- Readi- | for | Years
sctiity { Per- Sup- | Aug- Tele- vised | vised | Inde | ness [TRof7] to
required|formed | Manual | ported | mented | operated | -ground-!-orbit-{pendent] (TR} 1atiQC{TRof?
Activity naine A B C 0 E F G H 1 J X L
Aclivate iratiate system operation
Adjust align elements
Allocate assign distribule
Apply remove bromedical sensor I RS R ES )
Communicate information
Compensatory tracking e o pi, ToXeyr Ty
Compute data )
Confirm venly procedure schedule
operations
Connect disconnect e'ectrical mterface
Connect disconnect fiuid interdace
Corelate data GAPIDR A

AV

OO @ | NI AlWIN|—-

-

-
-

-
n

Deactivate teiminate system operatton
Decode encode data T

-
w

-
-y

Detine procedures schedules operations ORI
Deploy retract appendage

Detect change in stale or condition

17 |Display data

18 |Gather replace tools equipment

19 'Handle inspect examine hiving organisms
20 |!mplement procedures schedules

21 {Information processing T8 TR

-
"

Py
[+2

NN )
AN ORI CAN |

FLd

PR

el S

22 ilnspect observe
23 jMeasure (scale) physical dimensinrs
24 |Plot dala

e
S-S

25 {Position module l

s

26 {Precision manipulation of objects PRI S A NI AN ‘

27 Problem solvirg dectsion making data
anatysis i

28 Pursuit traching
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Y s S o

29 {Reiease secure mechanical interface
30 [Remove module ]

31 {Remove rep'ace coverng
32 {Repiace clean surface coatings T R
33 {Replenush maternizls

T it e WY

34 |Store record element
35 |Surgicat manipulations A e o
36 {Transport loaded T:E:K::ﬁ:f:ﬁ

37 |Transport unloacded m’rﬂ"'v’*:,:j

fa3 T s,

Summary Data ! I

Total Number ¢f fimes selegled dian | Pro- | Maxe
B33 1en machine ca'egories not apprepriate to Re- Readr | gram o
activity implementation quired ness | Cost * No of
~ Level | In- (years

trease

Figure 18. Workshest for Defining the Human Role 1n Space
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conceptual design of a space system (sce Figure
19) 15 as follows:

Step 1: Which of the 37 unique activities are in-
volved in meeting the mission ebjectives?

1. Place a chech mark m column A of the
worksheet by cach of the 37 actiaties that are re-
quired for accomphshing the mussion objective

2. Por cach activity cheched m column A,
estimate the number of times that activity will be
performed during the nussion and enter the nu-
meric estinate m column B

3. Add the number of chechs in column A
and cnter total m box M

Step 2: Which modes of man.machine interaction
can meet the performance requirements of each
actwvity?

1. Place a chech m cach of the man-machine
categories, columns € through 1, that could be
used to satisfy the mission requirements, basing
your judgment on

8 [ine requirements tor performung achivity
a8 Limiting tactors that may restrict human
mvohement

Step 3: Which man-machine mode represents the
most cost.cffective approach to the perfermmance
of each activity?

1. For cach actinity . arde the check mark in
columns C through I that represents the most cost-

Vit s

+

LY

-

-

cftectine man-machine implementation mode, as
deternuned from cach set of cost versus number-
of-repetitions curves

Step 4: What is the state of technological readi-
ness for the most cost.effective man-machine
modes identified in Step 3?7

1. For the man-machine mode airced in ¢col-
umns C through [, estimate the technological read-
mess level and enter this value 1in column J of the
workshecet

2. Find the median level of all the techno-
logical readiness values entered m column J and
enter this median value m box U This meduan
value dehines the overall technological seadiness
of the aggregate of the proposed implementation
concepts for the mussion bemg analy zed

Step 5: Whatis the relative degree of applicability
(rank) of each man-machine mode in accomplish-
ing the mission objective?

1. Enter the total number ot arded check
marks in columns C through Iin boxes N through
T. respectively ‘These totals indicate the relative
degree of appheabihity of the aliernative man-ma-
chine modes

Muany considerations must be taken into account
i sclecting the man-niachine mode to use as the
bascline for mutrating the conceptual design ot an
advanced syvstem The prinapal tactors of interest
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Figure 19 Worksheet for Optimizing the Human Role in Space
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to system engincers will be performance, cost. and
technological readiness The relative importance
to place upon cach of these factors, however, will
rest on the judgment of the deaston-maker

The sixth step 1n the decision process willinvolve
an tterative process to deternune, 1 the judgment
of the deasion-maher. the man-machine mode
with the highest applicability tor the specific nus-
ston objectives

If no single mode 1s found to be aceeptable, 1t
may be necessary 1o select « combination of modes
that represents the mintmum number of modes
required to achieve the misston objectives within
the time constraints imposed

This procedural methodology has attempted to
provide a technique for logically determining carly
mn the conceptual design process for a new space
system which of the various modes of man-ma-
chine interaction can be used to most effectively
perform the activities required.

Our analyses to date have corfirmed once agamn
the conventional wisdom that the human role m
future space systems will draw heavily upon the
intellectual capabihities, the sensory and percep-
tual capalities, and the fine manpulative shills
of the human observer Ot all of man s sense mo-
dalities. vision 1s the most important for future
space applications Man’s capabtlities for recog-

24

nizing tormation i vanous forms and under-
standing 1t, his capabilities for creative
imagination, his ability to ngorously structure
problems and develop solutions, and his abnlity to
mahe decisions witl continue to be essential ingre-
dients i future systems Many examples from ex-
periences on previous space mussions lustrate
these capabilities

Performance, Cost, and Technological Readr-
ness remam the princpal criena m determuning
where along the contifuum trom direct manual
mtervention to -mdcpc.ndcm operations the mis-
ston requirements of future space programs can
best be met By defimng a generice set of activities
from which systems mecting future misston re-
quircnients can be synthesized, and by asagnig
performance, cost, and technological readiness
metrics to cach of these generic activities, a mech-
anism becomes available for developing a togical
rationale for selecting the opumal man-machine
interface

Using the methodology developed in this study,
it will become possble to establish early 1 the
design process the most cost-effectine design ap-
proach for future space programs through the op-
timal apphication of umique human shills and
capabilities

i
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