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PREFACE

The Human Role in Space (THURIS) study was a 12-month effort to
{1) investigate the role and the degree of direct involvement of humans
that will be required in future space missions; (2) establish vatlid
criteria for allocating functional activities between humans and
machines; and (3) provide insight into the technology requirements,
economics, and benefits of the human presence in space.

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

The final report has been prepared in three separate volumes:
Volume 1 - Executive Summary
Volume I1 -~ Research Analysis and Technology Report
Volume II1 - Generalizations on Human Roles in Space

This document is Volume II in the series. It is the technical
report of the work accomplished and contains the data and analyses from
which the study results were derived.

The study results are intended to provide information and
qguidelines in a form that will enable HASA proqram managers and
decision-makers establish, early in the design process, the most
cost-effective design approach for future space programs, through the
optimal application of unique human skills and capabilities in space.

Questions and comments regarding this study or the material
contained in this document should be directed to:

Stephen B. Hall

THURIS Study Manager

Code PD 24

National Aercnautics and Space Administration
George C. Marshall Space Flight Center

(205) 453-4196

(or)

Harry L. Wolbers

THURIS Study Hanager

HcOonnell Douglas Astronautics Cempany
Huntington Beach, California

(714) 896-4754
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Section 1
INTRODUCTION AND SUMMARY

The space project managers and engineers within NASA today are faced with
a significant challenge. On the one hand, with the Shuttle's attainment of
operational status, the nation's Space Transportation System (STS) has
successfully completed one more step toward establishing the permanent
presence of man in space. On the other hand, the competing demands on this
nation's limited economic resources are forcing an increasing awareness of the
need to maximize economic efficiency in achieving the goals and objectives of
future space missions. To meet this challenge, a rational methodology and set
of performance and cost criteria are critically needed by space project
managers and decision makers if they are to design the most cost-effective
man-machine systems to accomplish specific missions.

To be of value, these assessment procedures must clearly indicate to the
decision maker the optimal location of each activity and functional operation
along the continuum from direct human intervention and control to independent
system operations.

As a point of reference, too often in system design an artificial
dichotomy is created that attempts to classify systems as manned or unmanned.
There is no such thing as an unmanned system: everything that is created by
the system designer involves man in one context or another; everything in our
human existence is done by, for, or against man. The point at issue is to
establish in every system context the optimal role of each man-machine
component.

To this end, the Human Role in Space (THURIS) Study has /1) investigated
the role and the required degree of direct involvement of humans in future
space missions; (2) established criteria for the allocation of functional
activities between humans and machines; and (3) investigated the technology
requirenents, economics and benefits of the human presence in space. Six

1-1
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basic categories of man-machine interaction were considered in the study.
They were Manual, Supported, Augmented, Teleoperated, Supervised, and
Independent modes of operation. These categories are defined in Figure 1-1.

Manual Unaided IVA/EVA, with simple (unpowered) hand tools

Supported Requires use of supporting machinery or facilities to accomphish
assigned tasks (e g , manned maneuvening units and foot
restraint devices)

Augmented Amplification cf human sensory-maotor capabilities
{powered tools, exo-skeletons, etc }

Teleoperated Use of remotely controlied sensors and actuators allowing
the human presence to be removed from the work site
{remote manipulstor systems, teleoperators, telefactors)

Supervised Replacement of direct manua! control of system operation with
computer-directed furctions although maintaining humans
in supervisory control

Independent Basically indapendent self-actuating, self-healing operations
but requiring human intervention occasionaily {automation
and artificial intelligence)

Figure 1-1. Categories of Man-Machine Interaction

The study activity was organized into four task areas, as follows:

TASK 1 ~ HUMAH QUALIFICATIONS FOR SPACE ACTIVITIES

The objective of this task was to provide documented information on human
capabilities and limitations in order to establish guidelines for defining the
human role in manual, supportad, augmented, teleoperated, supervised, and
independent modes of system operation.

TASK 2 ~ SELECTED PROJECT ASSESSMENTS

The objectives of this task were (1) to analyze a representative set of
space missions in order to identify a generic set of mission activities that
may in turn be used as a catalog from which a selected number can be extracted
as applicable to describe any future space mission (Subtask 2.1); (2} to
develop typical timeline data and mission impact factors for each of the
generic activities in order to be able to synthesize and compare the viable
alternative options for accompiishing future mission objectives {Subtask 2.2);
(3) to define the hardware and software support requirements associated with
each activity implementation option to sufficient depth to allow cost data on
the alternative modes of impiementation to be developed (Subtask 2.3); (4) to

1-2
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prepare comparative cost data associated with the provision, support, and use
of various degrees of direct human involvement in future space missions
(Subtask 2.4); and (5) to develop a methodology for evaluating in qualitative
and quantitative terms the impact of varying degrees of human involvement on

the effectiveness and economy of satisfying the requirements of future space
projects (Subtask 2.5).

TASK 3 ~ TECHHOLOGY REQUIREMENTS

The objective of this task was to identify the requirements for the
technological developments that enable and enhance the human role in space and
to uncover gaps that will need to be considered in both ground-based research
and development programs and in flight experiments, as appropriate.

TASK 4 - GENERALIZATIONS ON THE HUMAN ROLES IN SPACE
The objective of this task was to summarize (in an easily accessible
procedural format) the methodology developed during the THURIS study for
selecting the optimal mode of man-machine interaction in any specific system
application. To accomplish this objective, the information gererated in Task
1 - Human Qualificaticns for Space Activities, Task 2 ~ Specific Project

Assessmants, and Task 3 - Technology Requirements was used to develop a

decision guide to assist space project managers in assessing the relative
value of the various categories of man-machine interaction in meeting the
activity requirements of future space systems.

‘The overall study flow is sumnarized in Figure 1-2,

In the following sections of tnis document, the analyses and data
generated and the results obtained in each of these task areas is presented.
Section 2 describes the Task 1 analyses, Section 3 describes the Task 2
analyses, Section 4 describes the Task 3 analyses and Section 5 describes the
Task 4 analyses. Many different criteria can be suggested as candidates for
inclusion in the decision process for allocating functional activities between
humans and machines, As will be described in the following pages, the study
team has concentrated on three principal indices: performance, cost, and

technological readiness as an indicator of success probability.

1-3
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Activit | l l”
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Risk As

Criteria — Performance Data

® Cost  Risk ,

Project Work

. Analysis Technoloay N
k J Forecast Data
Task 4 —
Fiole &r .
Allocations

Figure 1-2. Study Methodology

With regard to performance, 37 generic classes of activities were defined
{see Section 3) that, when combined in the required operational sequences,
could be used to describe a broad spectrum of potential space programs. For
each of these activities and for each category of man-machine interaction
(manned, supported, augmented, teleoperated, supervised, and independent
operations), the limiting factors in terms of sensing, information processing
and motor actions have been defined and the requirements for human involvement
have been described (see Section 2).

Some system operational requirements specify performance beyond human
sensory or psychomotor capabilities (e.g., sensing outside the visible band of
the electromagnetic spectrum, force actuation beyond normal human capability,
or exposure to extreme pressure, temperature, or toxic environments). As a
general rule, however, response time was found to be the most generally
applicable discriminator between the manually controlled modes and the
supervised and independent nodes of operation. If responses in time periods
of seconds or less are required, then the activity is generally best performed

1-4 -
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in the supervised or independent modes. Applications where speed of response
would dictate that the activities be performed in the supervised or
independent modes might include launch abort procedures and orbital trajectory
corrections. If allowable response times become minutes or hours, then all
modes might be applicable and the criteria of cost effectiveness or
technological readiness would provide the more appropriate basis for selection
of a particular mode of implementation. .

Hitn rejard to cost, costing.models were derived (see Section 3) that
pircvided comparative data on the relative costs for each man-machine mode in
performing each activity, from one to many hundreds of times. It was found
that some system operational requirements are of such a low demand that the
development of automated systems becomes prohibitively expensive in view of
the benefits achieved. These comparative costing data were further refined to
take into acount the commonality that can exist among the equipment items or
resources needed to support multiple activities.

Hith regard to technolonical readiness, it was found by the study team
that the level of readiness could provide anather useful metric in the role
allocation decision process. The higher the technological readiness level of
a given man-machine implementation concept, the more confidence the
decision-maker would have that the mission objectives could be met within time
and budget. In other words, the higher the readincss level, the higher will
be the.probability of mission success. ’

ror prograrmatic pleanning purposes, the schedule risk in meeting prograi
milestones is directly dependent upon the readiness level. It was found that
the time scale required to achieve a given level of technological readiness
depends in turn upon the degrece of comnlexity of th2 system to be developed.
For relatively simple systems, the times required to move from concept to
operational readiness may take from 1 to 5 years. This time range often
reflects the impact of factors other than technical progress on the
development process, such as political or budgeting constraints or the
availability of corollary systems required to demonstrate or aid 1n the
development of the item in question, The time requirenent for a more complex
system may take even longer.

1.5
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Based upon the analysis described in Sections 2, 3, and 4, a decision .
guide was formulated that can be used to Togically allecate space activities .
to alternative man-machine {mplementatiuvn modes based upon the criteria of :
performance, cost and technological readiness as developed in Tasks 1, 2, and
3 of the study. Such a guide might take many forms. One procedural approach

that appears promising, however, utilizes a worksheet format and is described
in Section 5. '
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Sectfion 2
HUMAN QUALIFICATIONS FOR SPACE ACTIVITIES ~ TASK 1

The objective of Task 1 was to provide information on human capabilities
and limitations and on their application to space mission tasks. This was
accomplished by compiling data on a large number of basic and unique human
capabilities, defining the limiting factors relevant to these capabilities,
and by documenting historical precedents and past experience from various U.S,
and Russian space mission reports.

2.1 HUMAN CAPABILITY DATA

A detailed 1ist of human capabilities applicable to space mission
activities was compiled from previous studies, human factors texts, and
bionedical references. For simplification purposes thuse capabilities were
grouped into three categories: Sensory/Perceptual; Intellectual; and
Psychomotor/Motor. A list of the capabilities exanined under each of these
three cateqories is presented in Table 2-1.

For each capability, a definition was providad, its characteristics were
identified, factors which tend to change or linit the capability were listed,
and corments were made regarding the relevance and application of the
capability to man's role in space. Ths data is summarized for each of the
basic human capabilities in Appendix A,

While considerabie quantitative data were found in the literature defining
sensory discrimination abilities and the fine and gross motor responses that
humans are capable of making, the higher level cognitive functions are not as
precisely defined in terms that can be used directly by system engineers. To
address this problem of defining the "intelligent" operations of the human
element in man-machine systems, we have borrowed the terminology proposed by
the eminent psychologist, J. P. Guilford, in his "Structure~of-Intellect”
model. In exanining the naturc of human intelliyence, Guilford defines the
dimensions of intelligence in terms of Cognition, Memory, Divergent
Production, Convergent Production and Evaluation,

m/
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Table 2-1
BASIC HUMAN CAPABILITIES

A. Sensory/Perceptual and Capabilities

S0 00 090G OO0 0000 OCO OO

Yisual Acuity

Brightness Detection and Discrimination

Color Discrimination

Depth Perception and Discrimination

Peripheral Visual Detection and Discrimination
Visual Accommodation -
Detection and Discrimination of Tone
Discrimination of Sound Intensity

Sound Localization

Detection of Light Touch

Tactile Recogniticn of Shape and Texture
Discrimination of Force Against Limb
Discrimination uf Limb Movement and Location
Detection and Discrimination of Angular Acceleration
Equilibrium

Detection and Discrimination of Vitration
Detection of Heat and Cold

Detection and Discrimination of Odors

B. Intellectual Capabilities

9
o
<]
-

Cognitien

Memory

Divergent and Convergent Production
Evaluation

C. Psychomotor/Motor Capabilities

00 00 QO

Production and Application of Force
Control of Speed of lotion

Control of Yoluntary Responses
Continuous~Adjustment Control (Tracking}
Arm/Hand/Finger flanipulation

Body Positioning

S

.
- —

S
on

g

Cognition is defined as awareness, immediate discovery or rediscovery, or
recognition of information in various forms: comprehension or understanding.
Information acted upon by the human element can be in the form of figures,
synbols, semantic units, behavioral units, classes, relations, systems and
transformations.

The terms cognition and perception overlap to some degree. Both
perception and cognition are concerned with input information from sensory

22
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sources. Perception, however, is concerned primarily with sensory properties
and with the cognition of figural units. The complete cognitive process
includes operation with symbolic, semantic, and behavioral concepts as well..
Perception is midway along a continuum extending from sensing at one end to
thinking at the other. It is the process of organizing and interpreting
sensory inputs based upon past experience. Cognition involves a broader range
of mental acivity including awareness of semantic meaning and abstract
concepts.

Memory is defined as information retention or storage, with some degree of
availability of information in the same form in which it was committed to
storage and in connection with the same cues with which it was learned.

Memory is distinguished from cognition per se by the ability to recall
information having once been exposed to the information. Memory storage,
however, is an essential condition or determiner of cognition,

Divergent Production can be defined as the generation of new information
from given information where the emphasis 1s on variety and quantity of output
from the same source. Divergent Production is related $p creative
imagination. In this process, items of information are retrieved from memory
storage and used to generate a number of varied responses.

Convergent Production is defined as the derivation of lcgical deductions
or at least compelling inferences leading to a unique answer or conclusion.
In convergent production the problem can be rigorously structured, and is so
structured, and an answer is forthcoming without much hesitation.

Evaluation is defined as a process of comparing a product of information
with known information according to logical criteria and making a decision
concerning criteria satisfaction.

Planning and scheduling activities, monitoring flow patterns, target
recognition, understanding speech patterns, etc., are examples of the
cognitive operations that will be required in future space systems. In the
understanding of speech, for example, peak clipping of the signal causes
considerably less intelligibility loss than center clipping. Understanding

23
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the relative level of cognitive capabilities of humans in recognizing
information in alternative forms permits the system designer to select the
most efficient design approach for meeting mission objectives. Memory for
procedures, target characteristics, etc., will be essential in long duration
space missions as will the Diverqent Production operations in problem solving,
development of alternative courses of action, and improvising in emergencies.
Convergent Production operations are required in trouble-shooting tasks and
Evaluation operations will be essential for assessing the level of normal or
abnormal performance of system elements and, through comparative judgments of
“greater than," “less then," or “"equal to,"” to direct system operations in the
most expeditious manner.

Historically there seems to have been a belief that these “mental®
operations are the same whether they are performed with verbal-meaningful
information or with visual-figural information. In fact this is not true.
Extensive factor-analytical results have proved wrong the belief that the same
ability is involved regardless of the kind of information with which we deal.
Using hundreds of tests of mental activity, Guilford has demonstrated over
forty intellectual factors. These factors are related to tasks involving the
processing of different types of infermation ranging from figures or pictures,
to symbols such as letters or numbers, to using words in speaking or reading,
to responding to the nonverbal intergctions in the behavior of other people.
Tasks may also require doiqg different things with the information such as
predicting or antihipating outcomes; transforming the information from one
form to another; organizing or structuring the information into a meaningful
aggregate, recognizing or establishing relationships between two or more jtens
by virtue of their common properties, or dealing with individual units or
items of information having unique characteristics. Accordingly, the
description of intelligent behavior must allow for the interrelationships of
information content and the products of the intellectual activity with the
basic operations themselves (i.e., Cognition, Memory, Divergent Production,
Convergent Production, and Evaluation!).

This multidimensional model of human intellectual activity can be

visualized as shown in Figure 2-1, where each cell in the multidimensional
matrix represents a potentially unique inteliectual activity. If intellectual

MCOONNELL BOUGLAD
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Behavioral

Adapted From Guiford, ) P The Nature of Human intettigence,
T McGraw-Hill, New Yerk, 1967

! Figure 2-1. The Scucture of Intelfect

abilities and activities can be described in terms of this “Structure of
Intellect® model, and if tasks to be performed in advanced space systems can
be analyzed in terms of these same categories, a powerful tool becomes
available for defining the intellectual role of the human in system operations—.

Mission activities will benefit to a greater or lesser extent by the
direct, onboard participation of man. Of the 1ist of basic human capabilities
summarized in Table 2-1, seven clusters of capabilities are considered key for
establishing the extent of man's direct participation in space activities (see
Figure 2-2). These key capability clusters are those that should serve as the
basis for the selection of the human to perform a function rather than
allocating the function to a machine; they are those on which the product of
the activity will be directly dependent. The following is a list of the key
capability clusters, with a discussion of their characteristics and importance.

Visual Capabilities. Although specific visual capabilities, such as
—~ visual acuity and depth perception, can be measured and assessed individually,
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Key Capabihities
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Basic Human Capsbilities N S S § 3 & ,5
A Sensory/Perceptual Capebilities
" Visusl Acuity / ’
% Brightness Detection and Discrimination /
8 Color Discrimination
8 Depth Perception and Discrimination /
O Peripheral Visual Detection end Discrimunation
8 Visusl Accommodation /_//
# Dgtection and Discriminztion of Tone
B Discrimination of Sound ntensity
B Sound Localization
H Detection of Light Touch 7
@ Tect:le Recogrution of Shape and Texture //:
8 Discrimunation of Force Agaimst Limb 7
8 Discrimingtion of Limb Movement and Location A
8 Detection and Discrimination of Angular Acceleration
8 Equihibrivm
B Detection and Discrimination of Vibration
8 Detection of Heat and Cold
B Detection and Discrimination of Cdors
B Intellectural Capabiliues
& Cognition ]
2 Memory L
8 Divergent and Convergent Production W
8 Evalustion S
C Psychocmotor/Moter Capab lities
Production and Application of Force 7
B Contro! of Speed of Motion
8 Control of Voluntary Responses
| B Continuous-Adjustment Control {Traching) é
lArm/Hand/Fm;er Mampulation //4//7//
& Gody Pesitioning //,4

Figure 2-2. Key Capabthtses

almost all are used ir concert in tasks requiring observation and inspection.
Visual capabilities vere, therefore, considered as a unit capability in this

evaluation.

Man would be selectively chosen for tasks requiring visual evaluations,

when visual capabilities were combined with intellectual capabilities,
particularly whan a subsequent action is dependent on the evaluation.

Examples of such tasks include earth observations and laboratory examinations
of specimen characteristics either unaided or with the use of a microscope.

/
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Gross Body/Limb Activities. Similar to visual capabilities, numerous
individual capabilities are used in concert, without distinction, in tasks
requiring the use of arms, legs, and body torso for their conduct. For this
reason a number of psychomotor/motor capabilities such as arm/hand/finger
control of force, arm/hand/finger control of speed of motion, and body
positioning were combined into the key capability of gross body/limb
activities,

Man would be selectively chosen on the basis of this key capability for
such applications as complex structural assembty involving infrequently
repeated functions, and subsystem maintenance particularly when
troubleshooting was involved requiring the use of convergent production or
other intellectual capabilities in concert with gross body/limb activities.

Fine Manipulative Activities. This key activity is supported by numerous
sensory modalities such as detection of 1ight touch and tactile recognition of
shape and texture; it is the fine manipulative activities, however, that
directly satisfy task objectives. Fine manipulative activities when applied
to such functions as animal surgery and dissection and coriplex assemdly and
repair at a workbench usually cannot be duplicated by autcmated devices. Man,
therefore, is usually essential in most tasks requiring this key capability.

Han's greatest assets with respect to his participation in space ativities
are his intellectual capabilities, most particularly cognition, divergent
producticn, convergent production, and evaluation. Man's memory, of all

intellectual capabilicies, is the one most easily duplicated and surpassed by
computer activities. Although man's memory dces have scme unique
characteristics which support and reinforce the other intellectual
capabilities, in space activity planning, man would seldom be selectively
chosen on the basis of his memory alone. The other intellectual capabilities
are, however, unique and are the primary reasons for the human role in space.

Cognition. Vital to all activities requiring information processing and
interpretation. -

Divergent Production., Essential to all tasks reaguiring a creative or
jnnovative approach; plays a unique role in the utilization of man in space
activities.

~
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Convergent Production. Of value to tasks, such as maintenance
troubleshooting, requiring logical deductions.

Evaluation. Essential to such tasks as laboratory analyses and the
engineering evaluation of extravehicular technology experiments.

The remainder of the capabilities listed in Table 2~1 are nomally
utilized in either an ancillary mode supporting the key capabilities, or they
are made use of by the task designer when designing the man-machine interface.
ITlustrative examples of the use of anciilary-capabilities include the support
that fine manipulative activities receive from tactile capabilities or the use
of auditory capabilities to receive sound signals or alarms in a particular
task design,

The limits of human capabilities may be altered by both environmental and
task-related factors. Among the most commonly examined factors are
atmospheric stresses--hostile changes in the individual's ambient, breathing
atmosphere. Six such stresses are 1dentified in Figure 2-3. The severity of
the effect of each stress is dependent upon both the intensity of the
variation and the duration of the exposure. Each of the stresses indicated is
capable of producing unconscicusness or death with the appropriate combination
of duration and intensity. The indicated values are those generally

Concentration/Inrensity of Stress

Performance injunious or
Type of Steess Degrading Life Threatenming

Decreesed Og P02 ~ 109 mm Hg P02 ~ 73 mm Hg
{hypox:a)

Increased Op P02 ~ 400 mm Hg P02 ~ 1500 mm Hg
(07 toxicity}

Increased COy | Pepogy ~20mmHg | Peg, ~ 46 mm Hg
{hypercaprial “

Increased ~ O50F ~ 120°F
tempersture

{(hyperthermia)

Decreased ~ 5QU7? ~ 39°F
temperature

(hypothermia)

Atmospheric ~ 25 ppm CO ~ 400 ppm CO
contamination

{eg, CO)

Figure 2-3 Limiting Factors — Effects of Atmospheric Stresses on Human Performance

. 28
f'\/'
mMCcpDoNnNERLE DDUGL:I)S‘{f__
,

e

-

foitaro SRR e ey e -4

ras




AR

considered to be the least intense that will produce either performance
&egradation or injury with unlimited exposure.

Atmospheric stresses are usually compensated for by ECLS systems, efther
in the spacecraft or associated with the EMU in EVA. Because of this,
atmospheric stresses do not commonly restrict activities, but they do add to
the cost of utilizing man.

The human is susceptible to environmental stresses other than atmospheric
and these other stress factors, Tike atmospheric stresses, may reach
intensities that can produce injury or death. Stresses of the type indicated
in Figure 2-4 are not as subject to being counteracted as are variations in
atmospheric characteristics and are usually avoided by specific approaches to
spacecraft design characteristics or mission operations.

The Space Adaptation Syndrome (SAS) or space motion sickness has occurred
to some degree on all U. S. space flights since Mercury and Gemini. In
addition, 49 percent of the Russian cosmonauts have reported the condition.
The symptoms are generally the same as those asociated with conventional
motion sickness. They cccur early in flight, peak at about 24 to 36 hours,
but may last as long as four days. '

The occurrence of SAS cannot be predicted in any given individual. Once
adaptation has occurred in flight, however, and it always does, the individual
is exceptionally resistant, even to challenging exposures, for the rest of the
flight and for a week or more postflight.

Intensity of Stress
Performance injurious or
Type of Stress Degrading Life Threateming

Vibration 003gsat 2¢'sat

~4 08 Hz ~3to8Hz
Naise 80 to 85d8 100 o 120 dB
Gz acceleration 2103¢gs 5to6gs
Gy acceleration 5t64's 1210 154¢'s
Light Complex 24 x 105 umens/t12
lonizing radia 10n - > 5 rads/day

Fiqure 2 4, Limiting Factors — Effects of Other Environmental Stresses on Human Performance

2-9
Ve

MCpDONNELL oouo&:@_




O R R ot satasiin * 20~ T

-

JE N e R L P R I L L]

P T

v e A . et M AW W - Y *
.

- ey A——— ¥ W w e

B -

et Nt e et = e = ferbn Sy e g
e s AR N e § i A .

The extent to which SAS degrades crew performance has not been measured
with any accuracy or precision. There is some evidence that dedicated,
well-trained crew members will perform successfully despite the effects of
SAS. On the other hand, some activities on previous missions have been
postponed or cancelled because of SAS. Figure 2-5 summarizes previous SAS
experience on U. S. spaceflights. More definitive information vn the effects
of SAS or prevention procedurcs are not likely to be released in the immediate
future since all such crew data are now considered NASA-proprietary.

Human Duration ot Expesure (hours)
Capabiities

Impacted <3 }312]1224]24 48{48-72]17296}> 86

Vision None ] Mod | Mod | Neq | Neg | None |None
Discrimination {None ] Mod | Mod | Neg | Neg | None jNone
~ Discrimination ] Neg [Mod | Sig | Sig | Sig | Sig | Sig

of angular
acceieration
Cognition None{ Mod | Sig | Sig { Mod | Neg [None
Memory None | Neg | Neg { None| None| None j None
Evaluation None} Mod | Sig | Mod | Neg | None | None
Visual motor {Med ] Sig | Sig | Mod ] Neg | Neg !None

tracking
Manipulative None) Mod | Sig | Sig | Mod ] Neg |None
st alls

Body Mod | Sig | Sig | Mod | Mod ] Neg {None
positioning

tmpact Code
(Decrease in obsen ed capability)

None {None)
Neghgible  (Neg)
Moderate (Mod)
Significant  (Sig)

Figure 2-5 Limiting Factors — Space Adaptaticn Syndrome (Exporure to Weightlessness)

2.2 HISTORICAL PRECEDENTS AND PAST EXPERIEMCE

It is one thing to arrive at a conclusion regarding the capabilities or
limitations of the human for participating in a mission activity on the basis
of empirical laboratory data and deductive reasoning; it is quite another to
be able to cite specific examples, taken from previous spaceflight experience,
of the astronaut accomplishing precisely what it was predicted that he or she
could do. To identify crew operations and activities from prior space
missions that could be used to illustrate the human capability to perform
effectively in an actual mission situation, we examined a large number of
documents from various sources. These included reports published in technical
journals, such as Aviation, Space, and Environmental HMedicine, Aviation Heek
and Space Technology, and Spaceflight; NASA Mission Reparts; STS Mission

2:10
m//
MCOONNELL DOUOL(:;?—_

-

1
W e




Debriefings; Experiment Operations Handbooks; and symposia reports. These
information sources were supplemented by information obtained from debriefing
interview tapes of the Spacelab One mission and a with personal interview of
an astronaut (Owen K. Garriott) who participated in both the Skylab and the
Spacelab missions (see Appendix B). Study team members were also present in
the Wission Operations Control Center to observe crew performance during the
STS Flight 41-C (Solar Max Repair Mission).

Examples of human activities in space operations were selected from
Skylab, STS, Spacelab, Salyut, and Soyuz missions and are summarized in Table
2-2, They consist of the specific wission activity, the general crew
activities involved, comments on important aspects of the operation, and the
name of the source document from which the information was derived. This
listing is not meant to be all-inclusive but rather it is intended to provide
examples of the range of crew activities that are possible in future space
missions.

Many other specific examples could have been cited. On Skylab, for
example, the crew performed servicing operations that were ne.er originally
planned or intended to be done in orbit. Leaks in the airlock module cooling
loops resulted in a condition where Coolanol fluid had to be added. If
service ports had been provided in the system, it would have been a simple
matter to replace the fluid. As it was, the crew had to install a saddle
clamp and puncture a line in order to add Coolanol to the system. This
potentially important role of the flight crew on a space vehicle is typified
by the comments, general impressions, attitude and behavior of the first
Skylab crew who are quoted as stating, "We can fix anything given the proper
tools in space that we can fix on the ground.” The experience by all three
crews demonstrated clearly that man is the key iink in enhancing mission
success by retaining, or restoring to service, critical functions. To do this
the man must have access in both EVA and IVA operations.

One of the biggest problems in the Skylab EVA repair operations was the
lack of EVA restraint devices. One of the very important lessons learned from
Skylab about EVA cperations was that the crew needed the ability to get to any
place on the outside of the vehicle for repair jobs. An important groundrile
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Table 2-2. Historical Precedents/Experiences as Observed in Previous Manned Mission Activities {Page 1 of 8)

CURENT, RISSION aCTIVITY INCLUDED GINERIC ACTIVITIES COMMENTS
Aerospace Kedical o Skylab’s Apollo Telescope o Position rmodule ® Skyled's Apollo Telescope canister
Assoc  Kay 1914 Mount (ATK) film canister s Rewove nadyle - required £YA to rewove, replacerent
Annuatl keeting fiim magazine retrieval and e Remnvefrenlace covering and retrieval of film cameras/
Report resupply o lransport Loaded magazines
o Relesse/secure mechanical
intertece ¢ Routfae EVA
Skylab Cxperience o Opening of ocbservation e Relcase/secure sechanical ® Crew encountered Agher than
Sulletin #1 windows {n Myitiple Dockirg Interface expected torque o window latch
June 1914 Adagter {MDA) ¢ Remove/replacs covering wechanisn
® Ko provided foot or body restratnt
to tounteract applied torgue
o Crewman wedged tody against wall
structure
Skylad Expertence e Corrective action during first|e Qefin I3¢hs e boor Yatching mechinism over-
Bulletin §3 €YA to repair cywera door gogrationy ridden
Septesder 1574 that dad failed to remain ¢ Jrplement uri hedyle.
open s nsnect/obierve ¢ Do pianed in open position
& Remove/rcplace covering
Skylad Experfence ¢ QCeploysent of sunthade on o Adiyst/alisy elewents o fReculred to erect & thermal shade
Bulletin #3 Skylad 3 OwS, EVA e Corfirm/verity crocedyres/ dowm the side of orbitsl workshop
Septeader 1974 scredyles/orerztions
o Cathersreplace tosls/equipment ® Required to sssemblie two 85 ft
o lsplement procedures/schedules poles (11 pleces per pole), endless
o Releases/secure wechanical clothesline stteched to each
interface assenbiled pole
o Remove/replace covering
o Transport losded ® Twa crevmen performed regalr
activity
#® One crewman snchored at ATH
structural strut
¢ Cve crewman positioned ot
EYA hatch
o VA hateh crewman assemdled
segrented poles and passed poles’
and line to second EVA crewsan
& Poles positioned and sttached to
OGS structure
® Thermal shade attaczhed to secured
pales
o EYA repafr sctivity was successful
and accomplished with miniral
tratning
Skylad Experience ¢ EVA deployment of Jamaged ¢ Deploy appendras ® Skylsd 1 sotar srray did not deploy
Bulletin #5 Skylab solar array wing o Detect change in state or
Septesber 1274 condition ® Skylab 2 went EVA to cul debris
& Adjust/atign elements strap and erect solar afray wing
o Gather/replace tesls/equipment
o Implement procedures/schedules o Task »-corplished despite lack of
s Prodlem solving/decision making/ spect fc contingency activity
dats analysis
® Release/secure mectanical
interfice
o Remove/replace covering
¢ Transport lcaged
Skylab Expertence o fRegquirement to cleen e Reglace/clesn surface costings & Cavwera lens found to have debris from
Bulletin £5 contzminated camara lens ¢ Gather/replace tosls/equipment Skylab taunch thrusters
September 1974 (LvA) o Inspectsobserve
e Cleaned during EVA
Skylad Expericace o Reguirement to repair tiilt o Activzte/inittate systenw ¢ Caar Jam of experiment 5019
Bulletin 25 and rotation gexr Jam ¢n eperatics
Septeaner 1974 corollary experiment 5019 e Deactivate/terntnate syjtenm o Required to open gear box to free
systew cperation qear
& Confim/verify procedures/
schedules/one~iticas
e Cither/replace tools/equirment
o Irplerant procedures/schedules
o Prodlem solving/decision making/
data analysis
o Rermovesreplace covering
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Table 2 2. Hustonical Precedents/Experiences as Observed in Previous Manned Mission Activities {Page 2 of 8)

Lorpment H1gsicy sLT1YVITY LeCLipL) eOeiriC ALTINLLILS [Caslit]
Stylad Cagertence ¢ Togelrewsnt te reptace tatled | @ fpplysreopve hiomedt 119, o Slscd pressers cvff oa MOR?
Selletin ¢35 bleos presivre tull on sedicali @ (oonect/atscneagl e ‘;)r|s|s experimeat folied
Septemder 1974 e1perinmnt FOY2 Interface
¢ Activete/Initists 3ysten o Culf pertion of arperiment viy
operatian resoved ded repleced with spare
@ Caactivete/terminate systss Cul! carried on board
operation
o felessesrecure mechenical
interface
Proceedings of the o Conduct of eaperioent M1, o (omwmnicate 1rformagion - o frpactmants conductod tn retoting
Skylsd Life Huaen vestibular function e (orraigle ¢4t Yittar chate
Sclences Sympottn (Siylas 11, 111, and LV) ® Sierelrecned elomgaty
%ASA-J3C Report o Activate/iaitiata yystem o Dxperiment Included 3 ¢1ffereal teats
50-09219 speration Oculegyrst 11luston Tast, Matica
Novemier 1974 & Adjustzatizn elemmnts Sensitivity Test, Special Locallration
o Apply/resove blowedical tensory Tost
s Desctivate/terminate system
operation o A1l Stylid crivmen served as Soth
® Detect change 1n state or tebjact and odserver for erperinents
condition
o Cather/replace tooly/ juipment
o Implesant precederer (Mdules
s Posttics codule
o PRewove mcdeie
Procesdings of the o Conduct of experiment RITI, s {lsplpy daty ¢ Czperiment vas performed on 2l
Stylsd Life metadalic activity (Saylad I1,[ @ Activatesinitiate system manned Siylad alsiions
Sctences Sveposium 111, and IV} operalion
NASA-JSC Repart & Adjust/atign elewonts o Esperinent designed to determine
3SC-09278, o Apply/removs blosedical semsor changas ia wetedalic activity, hesrt
Roveater 18374 8 Connect/2¥sconnect electrical rote, and blos? pressure durisy
taterfeace exercise fa weigdthersnesy
e Ceactivatestermirate tyitem
operztion o All creween o1 41t migsions Functicres
o Cather/replacs tools/equiteent as both corervers and subjecty
& leplement procedures/ichedyles
e lasp-ct/observe
® Record/store element
& Release/.ecure mechiaical
interface
?receedings of the & Concuct of esperizent NIT2, ¢ {ompyte <atg o Rass maasyred ta ctciilating chair
Siylad Life fody mdts medjurenent s Activate/inttiate systes called Cody Fass Movemenl Device {Emxd)
Sciences Syrocsium (Sxylad 10, 1L, ang tV) oreratiea
HaSA7ISE Report o Adjust/sltign elementy e Time, 01D temperatuyre, and
IsL-09218, o Covmnicate tnformation oscitletion paricd recorces tn Yoy for
Novewyer 184 & Ceactivate/termingte tysiten each experiment and communicates to
aperatien ground
o Dlspley Sats
o laplesent procedures/icheduien ¢ ALl Skylad crewaen performed
¢ Inspect/chserve experisent -
. o losttica sotdle
* Record elements .
s Remove oodule
Proceedings of the o Inflight blecd collection o Allecate/aagdqn/distrivity e Bles? 1smales were transferced to
Siylad tife (Suylad 11, 1L, ead IV) ¢ Surglcal masipulstiony Awtomsti. Sa=nle Processors (ASP's)
Sclences Symgosium o Activate/1aitiate sysles centrifuyed, znd stored 1n freeser
NASA-ISC Report oreration
I50-09218 s Jectivate/tersinste systes ¢ Blood samples vare rcquired oa 21t
Kevernder 1914 eperstion maneed Sayled 2tisions and supported
¢ Gsther/replace toaiv/equipment seversl axperisents
o Ieplemaat procedyres/schesvles
e Porition modules
¢ Feaove miyle
® Store/record elruents
Aviation West #ng & Rrquiresent te sprey a naw ¢ Activete/initiate systen © This coeration was apparently cone by
Space Technology reflective layer on the cperaticn rexte cortrol
26 February 197% recelvirg ang focusing o Confirm/verify procedures/
mirrory of the Satyut's schadyles/operatioas o Condensed vacor and tiry particslate
solar telescope e Desctivate/terninate systen matter tend to collect on the eotlcs
{Scyut V11/Salyut €} cperation thug sffectiing iInstrunent performance
o Irspect/odrerve
o Replace/clean surface ceating
Aviation Weex and ¢ PReguirement for tosmcadnty to (¢ Puryylt trechirg ¢ Ite crew Pad te position the station ar
seace Techaology manzally position the rolar & Adjust/align elements 4% to direct tre telescepe’s 2xis at
32 June 1318 teloscope due to a aalfuncticai ¢ Cowcute data the center of tre solar gk
of the tastruseity paintirg o Contirn/vertly procedurss/
systes, thur salvaging thatre 1chedulas/ozerations o The trev uied the stethoscope from the
solar re1earcy experizents o Insprct/obrerve mdita) 1udiles to more accurately
(Soy3r 11/3a)ywt &) o Prodlea solving decision making/ monitor the rotating mirrory sovements

data snalysts

In the surport structure
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Table 2-2. Hustorical Precedents/Expenences as Observed in Previous Manned Mission Activities {Page 3 of 8)

kil Ri32I0w sCTIvTY Lreiuafp GIrERIC ACTIVITIES [rcad i
Soacef1ignt o Requirvment ts repaie 1y o Activate/inttiste system o Soyul 19 expertences 1.V, comera
vel 19, ¥e 1 camsrs as Soyus 1t operetion mpifunction
Jarvary 1918 {Soyut 19/4peile ASTP ¢ Isprexent procedures/sehedutes
July 1978 latpect/obrerve o Repatr weriapitished and coamers Put Dack
o Prodlies voleting/dectision into cperstion
sk trng/dats snalysts
o Relesse/secure auchonteal
intertace
. s fesove/reolace tevering
Spaceflignt ¢ hugaeciation of sutomatic e Jeformiiea protesiieg ® Soyul 2} crew requested supplemrat
Yol 19, % 4 satelitte wsatrer taferwition | ¢ C(omamicates inferwition weslher chtarvations recelved frem
aspril 1912 by vizwa) edsarvatien from o Inspactsodserve uhmgnned weather setellite

Salyut 3 (orur 21/3elyst $ & Predlem tatvingrdacision mekiag/

July 1928} date snslritsy e Clservationy made accucately pre-
d1cted 1tearw/veather conditions aot
cbtatmadble by sutometic equipoent

Soacef lignt o Seyul 23 {3t 73} awtowmslic o Adjuit/atign elewments o 3oywz 26 doched manually with
vol 19, ke § caching falled wity o Cosfirw/verity procedures/ Salyut 8
May 1917 Soyul 28 (Fed 17) masusl sehes sty
doching athipved o Correlate dota o Soyuwt 23 was *frustrates® (fatle¢)
& Ceractivate/terningts system with $ts avtomatic docting 1ysten
edersticon in sariter attespt
e Detett change ia state or
coaditions
¢ latormstioa processing
o Persuit tracking
ceflitgnt s Rereeply of Saipwt & o Pepleaiyn materiply o FKemots coatrsl tramsport vehicle
i:.rn Hgl s Progreis | éoeks with ¢ Activata/inttitte system Progress 1 (developrd from Soyul
vol 20 Salywt 6 (232 73)  Unmataed cperation spacecraft) successtully docks wity
ko 4 sepnly craft docied o Confirasvarity protedures/ Salyut ¢

sutonatically schecules/operations

o CLeactivatestermninete tysten & Tre avtomatic spacecraft, Lised on

cperation the macned spscecraft Soyul,
e Relesse/secure oechanical accorgirg to Hovettt i3 tatended
faterface for traniport cperstiony to enture

o Feasve/reslace ceverieg tang-tuncticaing of orbital space

o Transport losded statfons  “Rfa of the launching
13 to csrry oat tests and cumpre-
Featlve catisization cf the Cesign
of .2 en-boprd systess §nd equlp-
sent, to exercisg doching with try
ornital sennxd codplen Satyutl &/ -
Soyul 27, to daltver for the com-
plsa ford for 1t power units ard
differeat corgoes, eguipment,
apparstus and materigls for 11fe-
suepert of crew ard for scleatific
exploration and eipericants *
(Ooeration {s reminiscert of the
$J-day Cocktng exercise carried
out Detween the unmanned Soyur
and Salyvt 4 betwera 17 Xov 1975 @nd
16 Fed 1978 )

8 Crew manvd)ly transferred supplies
from Prigress | to Salyut 6.

o Progress ] cdeltvered *fuel, equip-
went and tupplies®, vehicte than
filleg with waste, undoched, Ce-
orbited 2nd allcwed 10 burn up ia
the atmosehere

Specat light ® EYA 1nipecticn and repatr o Atjestzaliga eleaonls ¢ EVA objective to tnipect “outward
Junz 1978 (Salyut & [vA, Gee 1, o Activete/inittate systes elecents® cf Salyut, to check
vol 20 first Soviet EYA 3Vnce %43} operation faulty dockirg L11t, parform repalr
%o b s Loemuntcate infernation wort as nvcessary
o Gather/replace tosls/equipsant
o Inspoct/obrerve ¢ volce 1lrk 3nd hand held celor 1Y
o Removesrestace covering camers v2ilized en EYA
e Treasport loades

® Mand tools used to chech #nd sdjust
equipaent &3 necesary

0 “Semt-rigid” space sults utilizes

i
Spareflight o Ceneral work performince ia o Iaformation processing & Re Miptatice to lero-q
August 1378 wetgntlessress (Stylen 11) e Predlam solving/deciston Irterviow with Or Jotesh P, Kerwin
vol 20 raling/data avalysis Skylad II science ptlot
ho B
¢ Adepted to Itro-g in 7 to 10 days
o Al Skylab crev sewders middle ages
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Table 2-2. Historical Precedents/Experiences as Observed in Previous Manned Mission Activities (Page 4 of 8)

RECEN] H Al LS 1XCLVRL0 GENIRIC ACTIVITICS Jluaitid
Mysiology vas very stable-edapted
well to weightiesiness
*Rarvellcus feeling, soms uncomfort-
adle aspects, stuffy nose, sleepy
ot timey *
Xo lepact cn, or {mpatirment of,
oeatal functiony -
Spacefitent ¢ Genersl performance in o Informsticm procetsing Re  Adiptatica te I2ro-g
Mnarch 198 weightlesshess {Soyws 30/ o Predblem sotving/dectsion Jelat USSR & Polish 2ffort (crew)
vot 21 Salyut &) waking/€ata analysis
" 3 Adapatstion time confirmed,
*firt day® Cefined ot neqatlve
Swell Being *
Reperted 43 "Owr day M been
strenucks, because on the first day
of sdeptation to weightlessners car
sense of well-being bas to taprove,
But work ot nst tuffer Today we
were enganed on medical and diolog-
1cal revetrch and checied on the
€131ing with dlood of the vestels
of the brain and vartous parts of
the body Then we conducted techne~
Togical esperiments Apart froe
tThat 1t w3 rec2itery to transfer
811 the squipment wtich Soyut 223
Rag Drought to the Selyut & ertiting
statioa.®
Spacafitant & Requirvorat to purge defectivej 8 (croest/giscancect fluig Seyut 32/Salyut & recuired purge of
July 1973 fuel taak (Soyur 32/Salyut €/ Iryerfese Cafag.tve fuel tank
vl Progress April 1419) o Cozwialcats taformstion
e 7 o Coenfirm/verily procedures/ Caftned as perferate bistter
schodalas/eparaticns separating nitrogen ges froa feel
o Daattivets/terninate system
operetica Revolve entire spece staties comnles
& Oatect charae in ttate or sbout cwmmnn canter of ¢ravity to
codition aid In eaplytng fuel tarx
o Ispleoert procedures/schedolen
® Relessn/secere wsthenicel Transfer tual to other two tanks
taterfece
o Kemeve/replice coverimg Yent smsty tank to space eng purge
with attrogen
Spacefltent o Ceploywent of erectodle o Activete/irittate sy1tem Salyut & sntenna fatled to depley
Octodsr 1479 ‘usdrella® antenna cparstion autocatically
Yol 20 {Salyut §/FProgress §) o Adjust/e}ien alements
re 1 N . e C.oaalcate tnformation tround control utilized Preqress §
o Confira’verify procedurss/ (urenasd cargo craft) TV camerss
schedules/cperations ta éeterning prediles
@ Deploy/retrict apperisge
o [Cetsct change in state or fencte control of the radio tele-
condition 320p8 movemeat and the erection ef
¢ lepleceat procedures/sckadules 1ts antenns was echteved from
e Prodlem solvirg/eecislon grouad control
mek ing/data analysis
Spaceflight ¢ Planned repair, matprenance o (fecodefrncode ¢aty Soyut T-4 crew (2) programmed for
aordl 1881 and jclentific excerizents e Activatesintttate system repetr & meintenance of Satyut &
vol 23 (Soyuz T-47Salyut &/ operition as Salyst & ts *not quite the last
X 5 frogress 12) o Allocatasassign/sistrisate of the series®

Contirasvearity procesures/
schedulet/sparations
Ceactivite/terninate system
operation

Siiplay data

1oplement procedures/schedules

Spece factory expsricents also
planned

STS-1 Orditer
mission Feport
IsC 11318
Auguit 1981

® Manual control of flow valves
to obtatn cadip warm alr
{sts5-1)

Adjust/align elezents
Infcrmation processing
Inspect/ohserve

Prebles solving/decision
mahingsaata anglysts

Suring First sleep pertod cadin
wirm air systen failed to respond

Tesgerstue telector sat st
- 433 (311
~ 52% - 0

Systew €14 not respord ustil crew
*pinnee® the excPang.r bypass
valve 1n the full wa,w position
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Table 2-2. Histonical Precedents/Expertences as Obsorved in Previous Manned Mission Activities {Pags 5 of 8)
gocu(ng RISSIQE ACTIVITY INCLUSED GENCRIC ACTIVITIES SOWENTS
$15-) Orditer o Actuattos ¢f override contral e Confirm/verify procedures/ ® Star tracker thutters not cycling
Rission Keport 10 open 1duller o» star schedules/opersticns open and closed a3 szpected
35C 11318 tracker (S15-1) o Cefine procedures/schedules/
August 1931 operations & Crew analyzed prodliem, shutter
o lmplement procesures/schedules not responding to aute control
@ Prodlem solvingsdecision
saking/dats snalysis ¢ Manual everrids of shutter by Crew
solved predles
Spacefitgnt o Crev observittoas of cifmitic | o Communicste informition ¢ The flight Deqan at the time of
Octader 190) 20nes for the tenefit of o Information processirg sowing and ended Just after the
Yol agricuiture (Salywt 6} ® Inspect/observe harvest
No o Problea solving/deciston
making/dats enslysis o The ¢~ov moaitored the progress of
e Purgult tracking the growirg season and spore ta experty
in forestry, glactology, agricuiture
and cther disciplitnes
o The crew very sccurately predicted
harvest ylelds in various qrowing aresy
Spaceftight & Emergescy repale on the o Precigion manipylgtion of cbiscty] @ When the detector malfunctioned, the
Octodar 1982 Clens-F gama-rey €atector o laspect/odierve trew was able to disassenble the unit,
Yol (Sasyut §) ® Prodlea solving/decistion fashton & pin 1o replece the mal-
*o making/data enalysis functionsd part and reattesdlo it
o Release/secure cachanteal
interface
$TS 2 Orbiter o CRY coplacamert o Activate/tattiate systes e Display untt §1 CRT fafled during
Risston Report {$18-2) oparation en~ordit cperations
33C 17948 o Rajust/align elexents
Fedruary 1332 o Connect/disconnect slectrical ¢ Crew removed failed yailt
interface
& Csactivate/tersinats system o Crew resplaced fatled unit with
operaticn display ualt fros aft station
o Gither/regliace tools/eauipamnt
o lmpleaent proceduret/achedulss
o Fosition maguln
o Releass/secure machanical
taterface
e Remove moduls
o Srore/rscord slemsat
$15-1 Orditer o Reret of cpan 533 TV circuit o Activate/tattfate systea e furing day-2 RAS operatiors, the
#isston Repart brester cseration EPrS wrist/etbow TV camera circuit
I5C 11949 (57s8-1) ® Coanect/discosnsct electrical bresker opened
february 1382 interfsce
o Inspect/chserve o Crew reset breaker
® Prodles scliving/deciston
meking/dats eralysts ¢ Rasetting brester <14 not salve
prodlea N
& Troudls hooting {solated prodlem
- - _]..__to evcessive current drav by elbow |
$75-3 Crditer ® CRY teyisard switehy replage- o Activate/initiate systen ¢ CRY dt¢ mot respond to entry taput
Rission Report went (513-3) operation at keybosrd
ISC 18248 o Confirs/verify procedures/
June 1982 scheduies ¢ Crew perforoed salfunction procedures
o Cernect/disconrect eiectrical
interface e Prodlem tsolated to stuck heydoard
o Ceactivate/terminate systsa switch
cperetion
o Dafine procedures/schedules @ Switch replaced from 4ft keybosrd
¢ Position mxdule
o Prodlem solving/deciston o Substiteted switch cleared problen
oaking/data analysts
o PBelcase/sscure mechantcsl
interface
& Resove wodule
$15-3 Orditer & Actustion of payload 23y e Activate/inittate systs e Five of 11x paylosd bay 16 m movie
Misston Repart (16 o) cameras Crew opsration cameras fai'ed
J25C 18348 resets dreiker ond comands e Confirm/verify procedures/
June 1982 canery startl and 3top @ SUIxth camers popped a circuil
(518-)) e Detect changs in state or breaker
condition
& Inipect/otsarve o Breaker was reset
o Camera falled ta stop on comrand
from crevw '
s S0T of f1la run off tefore camera
stepped
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Table 2-2 Historical Precedents/Experiences as Observed in Previous Manned Mission Activities {Page 6 of 8)
pocumeny B153104 ALTIVIIY IrCLuoto eEwtalg ACTIVITIES 11
$13-3 Orbiter o Closting of paylosd port door o Rctivate/initiste system o Actustor falled after spproziaately
Risston Report Actuator stalled during lateh cperation 23 nrs of orbiter tn tatl-sun
J5C 18348 closure (S715-3) e Confires/verify procedures/ attitude
June 1902 schvdules
® Detect change 1n state or ¢ Crew reorients to top-sun sttitude
ctondition
¢ Inplemant procedurss/schedule o Crev recycles doer
o Inipect/observe
o Boor successfully clased and latched
3153 Orbiter e Tranwaission of votce on e Activate/initiste systen o STS-) COR's ualt falled to transelt
Misston Report wireless crew cosm unit | operaticn
35C 13348 (318-2} s Commnicets {rformation o Unit would recelve signal
June 1882 & Cennect/éisconsact electrical
interface e Reported malfunction to ground
o Deactivete/terminite Jystew control
condition
o Detect change tn state or o Satteries replated
® congition
& Gather/replace toolt/equipment o Unit (sfl1s to tramsait
Isplement procedures/ichedule
¢ Release/secure mechanical ® Spare WCCU was deployed ang
interface coraus teations were restced
SL-) Cperational ¢ General work performance tin & Information processing o S3T5-9/5L-)
Syitess weightlessness ¢ Prodiem solving/decisicn
- Debriefing {ST5-9/5L-1) making/data analyitls o AN crew activity during first *one or
Oecember 1933 twn dayt® was too heavy to ¢
acclimatization to zero g
' @ Oue to need to acclizatize to rero ¢
the first ¢ay or two should te
planned &3 Tow work activity periods
- o Tach crew rasber reported that 1t
tock betwaen two and three days to
. really acclimettla to 2ero g
' St=) Merational & Kkydrogen ia driaking water o Detect change in state or o STS-9/st-1
' Systems (S73-9/5L) condition Kear end of mizzicn crew found
N Cebriefing & Imlemcrt procedures/schedules hydrogen in drinking wmater
Peceader 1903 . e Informatios precessing
e Prodies solvingsdecision o Crew izprovised means of extracting
making/cata enelysis hydrogen froa water
SLe) Operational o Lout rolses froo structure o Dstect change tn stats or o 318-$/5L-)
Systens in Rall hour t  two hour conditinn Crew cdssrved loud notses
Cadriefing intervals (STS-2/5L-1) o Inforration processing
Dacenber 1983 @ Inipect/cbserve e Estimted at $0 ¢ level
e Prodblis salving/deciston
making/seta analysis o Thought to be cofnciding with hot/
cold cases
& Much energy tavelved
SL-1 Dperaticnal ¢ Kipor difficulty in cpening s Detect chante in state or e STE-9/5L-)
Systeas orbiter hatch {S15-9/5L-)) condition Hatch ¢ifficult to release
Oedriefing ¢ Release/securs sechanical
Deceder 198) interfsce o Nestdust spring tensioa ia hatch
® Remave/replece covering oechanism
s o Possible (unconfirued) delta P
across hatch
St-1 Operatioral o Fanusd performence cf ordital | o Activete/initiate system o STS-9/5L-)
Systems mineyverirg (375-9/5L-1) opsration Perforned 216 earzuvers on-orbit
Pebriefiry & Adjust/al gn eleaents
- Decemder 1982 ¢ Coewnicate information o 34 of 216 mansuvers were resl time
o Confirmsverify procedures/ changes/additions
schedules/cperations
® Deractivate/terninate system o Tiring to orditer crew
operation
¢ Information processing ¢ Reconesend automatic maneuvering in
! o Prcdlen solving/dectsion future
meking/data 4nalysis
SL-1 Operational ¢ Revisica {a procedures o Activatestnitiate system ® STs-8/5L-1
Jystens $15-9/50-1 operation
Cebrisfing o Comualcats {aformaticn o Kew gnd/or revised procedures not
, Cecemier 1853 s Conftrm/verify procesures/ good practice
e Deectivate/terminate systen
cperatien o Cause of concern to crew
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Table 2-2. Historical Precedents/Experiences as Observed in Previous Manned Mission Activities {Page 7 of 8)

DOCYNENT ATTLYIY IRCLULED GUHCAIE ACTIVITICS SOMNTY
¢ lepiesant procedures/schadules
o Informatics processing Tratn and use in site
# 1Inspect/odserve
SL-) Operstional o Rework of fluid physics o Activite/tnitiate systea 318-9/5L-)
Systems {coluan) experiment in real operstivn Fluid phytics experiment d14 not ¢o
Cedriefing time (STS-9/3L-1} e Ajust/align elesants well, took longer than expected
Dececbor 1983 8 Ceamynicate fnforestion
® Ceactivate/tarmirate system Fluid coluan portien of experiment
cperation had ditficulty
¢ Ceffns procedures/schedules/
eperaticas Crev interfaced with P via T ¢
® Crtect change fn state or to generate sisple modifications
condition
¢ levlemert procedures/schedules Cxperiment obdjective fulfitled
o Inforuatica processing
¢ (aspect/odserve
e Prodien salving/decision
xaking/dats analysis
SL-1 Operational s Maste Iunsgewent System (%33) j o Cenfirm/vertfy procecures/ $1$-9/5L-1
Systess fatlere ($15-9/5L-1) schedules/cperations waste Fanagement Systes (WNS) had
Oebrieftng ¢ Remavesreplace covering prodlems by day 4, by day 7 way
Decomder 1983 o Replace/clesa sucfsce coatings omitting Pumsn waste
Extimated that crew ste less to aveld
wsing WS
SL-1 Cperaticas) ¢ Grnsral scheduling of work o Allccate/srston/distridute $T3-9/5L-1
Systen STS-9/5L-1 o Define procedures/schedules/ York schedulies 12 hr on, 12 hr off
edriefisg opersticss
Oeccnber 1583 ¢ leolemeat procedures/schedules 3L-1 crew were Rappy with schedule and
® InLpwcisedserve recosrend 0o charge
STS-9 crew commander suggests 3
third crditer crewesa also tratned
23 a misston spectalist (relief s2n
for contingescy)
Aviation koek o Blood 1ecoies required for ¢ Gither/ecplace tooly/equisment LT3-¢/5L-1
& Space Technology $T5-8/5L-1 Hle sciecas ® Store/recerd slemsat N
Cecemder 19, 1823 tavestigaticns o Surglcal ssaiouleticny Blood dravm frem two payloed &
mission specialisty for 1ife
scionces tavestigations
. "
Zetation Waek o [Cxperizent sctud for msassring| s fat STS-9/5L-1
& Space Technology «f pulstrg of Bicod through e Activata/(nitizte systeas
Decesder 19, 1321 tedy (ST5-8/5L-1) oparaticn Interns) dlood flow tife sciences
o Apply/rewave blomedical seaser expirinent
o Eallfstocardlogrepny wtiltized | @ Confirzs/vartfy procedures/
sccolercanters stragoed schedules/operations
to body  Sented budy motiea o Deactivate/teratnate systen
resylting free Internal Blood operstion
fliow o Cecode/srcode data
e Otsplay cats
& Gather/replace tools/eqaipaent
® Store/recend slessat
Aviation Keek ¢ Fitlure of matric camery o Activate/initiate systen $TS-9/5L-1
& Space Technology (Geraan erperimant) o cpersticn
Cecezder 1%, 1281 {S15-4/3L-2) s Coemmunicate fnfermation Fetric canira (German) «nd fH1im
¢ Correlste data cassetle jesmed
o Secosd cassette Jamsed on ¢ Ceactivate/terminzte systen
25ty fraas of 409 operatioa 35C ground linked to 2ei-3 camers
o GCather/replace tools/equipmert 1n Gerwary and to $75-9/5L-1 crew
o leglemert procedsres/schedales
» Inspect/ehserve Repalr procedures worked cut in
o Precisten wmanlpulation of odjects real tise at JSC
o frodlem solving/sdeciston
making/data analysls JSC ground crew devised, fised
o Pelease/secure mechenical and wadked Flight crew through
interface procedures to repair to Jam
¢ Pemove/replace covering
Relayed to crew to affect repale
Camera put tack on Jine by fitght
crew
Aviatien Week & fRewcrel of mslfunctioning ® Connect/qisco~nect electrical STS-2/5L-1
& Space Technology tsotrerml furnace’s irterface N
Ceceaber 19, 1923 electrical systex frea o Cather/replace tosls/equipmant Batertals sclence rack problems
satertals sefence reck 8 Intpect/edserve « Stuck materta) tamle
ts restere experizeat to ® Problem sclving/deciston - Yacuum lesk
cparations? status on making/data anslysts ~ tlectrical short
$T1$-8/5L-1 & FRerove codule
¢ Remove/renlice covering
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Table 2.2 Histonical Precedents/Experiences as Observed in Previous Manned Mission Activities (Page 8 of 8)

ROCURNT

#1S310% ACTIVITY

L GIVIRIC A A4

QeREN”

O board diagnostic chechout and
electrical bypass (isolaticn) by
crow saved majority of experipant

Aviation week
& Space Technology
Becesber 19, 1083

o fepalr of high rate data
recordsr o 318-9/5L-1

Activate/initiste system
operation

Cennect/d1sconnect electrical
interface

Ceactivate/terninate system
operstics

Inspect/observe

Precision manipetation of ebject
Remove/replice covering

$TS-3/5L-%

High rate dats recorder failed ca
Sth day

Recorder opaned - 3 rollers found to
te stuck

Rollers freed

Systes restored

Aviation Week
& Space Technolegy
Becender 19, 1823

o Revision of Tluid physics
module experimnt on
STS-9/5L-1

LR N J

Activite/initiate system
operation
Allocate/assign/distridute
Comnicate Informetion
Connect/disconnect fluld
interfoce
Ceactivate/tarminate systen
epcrations

$T8-9/5L-1

Fluld phystcs modyle experineat Mad
overflow probless

tround pertonnel devised moditica-~
tions

Flight crew applited fix

SIS 41-C o fequirement for crew to moni- | ¢ Handle/inspect/erynine Iiving A sertes of photogrephs, T¥ recordings
Fitght Crew tor ard ghotograph the Roney- organises and two temperiture medjurenents were
Report comb structure created by e Pessure 1e} ohygicsd ®ade on three occasions
My 1384 1talian honeybees vAile In o 1aenyion
veightiess environment ¢ Activate/initiate system the crew found the experiment bath
operatton fateresting snd entertaining
o Detect change in 3tate or
condition
o Position mxdile
TS A1-C o Registreseat for ce-ordit o Jranyport ualaaded Positicening cf the MFR was erpediticus
Flight Crew regairs of the Selar o Confirmm/verify procedurss/ and enadled crevmesber placesent
feport Maximus spacecraft schedules/eperatians within fractions of an {ach of the
May 1904 o Connect/atsconnset electrical dasired workzite
{aterface
o Gather/replace tools/equipment The £FR aidad the replacensnt mission
¢ Posttica module snd it was feund that maneuvering the
o Release/secure pachanical 300 1d wadule was no prodles
interface
¢ Remove module The €VA power too] worked very well and
® Remove/replace covering should te considered a standard tool
o Transport loeded
S1S 1€ e Utiltization of KW thruster @ Lompensatery tracking MY was flown with attitude hold
Flight Crew cue 1ighis durirg the e Information processing -
Report docking and stadilization ” 8 Problem solving/cecision Thruster cue 1ights frdicate when
May 1984 sttenpts miking/data analysis thrusters are automatically firing to

maintain destred attituce
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for any future manned system would be that the crewmen have equipment and
suitable restraint and mobility afds to go anywhere on the interior or
exterior of the vehicle while in orbit.

The presence of crewmen and the availability of manpower to correct
problems and maintain equipment should result in a lower weight system
overall., As an example, Skylab estimates (made after the failure of the
orbital workshop solar wing to deploy automatically) indicated that a manual
deployment mode for the solar arrays would have produced a 15 percent weight
savings in that subsystem.

In both the Apollo Telescope Mount and the Earth Resources Experiment
Package Payload on Skylab, the crewmen proved invaluable in assisting and
directing the pointing capability of both these experiments. The crewmen
greatly enhanced the quality of the data retrieved by being able to -observe
the overall situation and direct or point the experiment at the areas of
interest. It is in this area of making selective executive decisions that
man's role is irreplaceable,

On Skylab it was found that the space limitations that a man experiences

here on Earth due to gravity did not necessarily apply in orbit. For example,

the large food lockers (in excess of 6 cu ft and cver 250 1b) were very
readily relocated in zero gravity by one crewman working alone as compared to
four men required on the ground. ’

In the debriefings, all crewmen agreed that zero gravity will 1n the
future allow the designer of an orbital system more freedom in selecting
volumes and weights for the crewmen to manipulate. One crewman made the

statement that it would have been feasible in space to rclocate an cbject the

size of the film vault. (The Skylab vault was in excess of 12 cu ft and
weighed approximatey 3,000 1b.)

Examples of these past expermences drawn from previous missions were
valuable not only in confirming man's capability to perform specific
activities in space but also in establishing a basis for developing a generic
set of activities in Task 2 that could be used to describe future missions.
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Section 3
SPECIFIC PROJECT ASSESSMENTS - TASK 2

The objective of Task 2 was to define and descridbe a structured approdcn
for optimizing the role of humans and humans supported by machines in carrying
out tne requireaents of selected space projects. To accomplisn tmis
opjective, a generic list of activities was derived (Section 3.1) that could
be used to Jdescrioe any future space mission. Tnis list of activities was
compared to the human performance capabilities and limitations summarized 1n
Task 1 to determine the degree of human involvement that can reasonably pe
expected to be associated with each of the individual activities. Past
experience suggests that the utilization of the capabilities of tne huaan
element in the implementation of any man-machine system is limited anly by the
creative imagination of tne system designer, witn only a few exceptions. The
principal limiting factor in the direct 1nvolvement of the numan 1n system
oparation 1s tne finite nuwaan response time associlated wita tne performance of
any activity or task. Accordingly, in Section 3.2 ranges of response times to
be expected in tne performance of eacn activity are presented for eacn of tne
man-macnine modes, from direct manual 1nvolvement to indirect or independent
systems operations. Tnese timeline data were derived from many sources
including prior-system operations, research data, simulations and engineeriny
analyses.,

In Section 3.3, tne supporting equipnent and resources needed to implement
each activity in each mode of man-machine interaction are identified. In
Section 3.4, the economic factors and cost of equipaent and other activities
associated witn providing, supporting, and utilizing human capabilities in
advarced space missions are identified and quantified.

In Section 3.5, a metnod 1s presented for evaluating in qualitative and
quantitative terus the cost effectiveness of varying degrees of human
1nvol veient in meetinyg the requirements of future space projects and missions.
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3.1 SELECTED PROJECT ANALYSES

In order to derive a generic list of activities that could pa used to
describe any future space mission, various space projects were analyzed. Tie
analyses entailed the definition of tne various levels of events used to
describe a given mission. It was recognized that each project could require
onZ Gr wore missions to be performed. In the cases examined each mission was
broken down to tne sequence level to describe the detailed operations for the
given nission. As illustrated in Figure 3-1, tne sequences were then furtner
defined through the i1dentification of the activities that made up eacn
operational sequence. Once the activity level events were defined 1t was
found that a great deal of comnonality existed among the various operational
sequences and the missions. In other words, the same basic activities were
found to be required in different operations and in different missions. The
activities were grouped togetner to eliminate redundancy. The opjective was
to develop a final list of b;;ic or generic activities, each witn unique
characteristics, tnat when comnined could be used to descrive any future space
missions.

Based on the level of Jetailed informavion currently availaole, tne Space
Platform missions were selected for the initial analysis of activities. The
Space Platform (Figure 3-2) project was a conceptually designed free-flying

Space Project I

| { i |
Mission 1 Mission 2 Klission 3 Missican
-{ Sequence 1 ~4 Sequence 1 Sequence 1 < Sequence 1
N /N AN AN
H Sequence 2 - Sequence 2 4 Sequenge 2 -1 Sequence 2
/N /N /N A\
- Sequence n - Sequence n - Sequence n -{ Sequencen
N N
1

[ Activity 1 1[ Activity 2 H Activity n I [ Activity 1 ” Activity 2 ] Activity n I '

Figure 3-1. Projcet Analysis {Levels of Dafimition)
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Figure 3-2. Space Platform System Design Concept

platform tnat could provide services such as electrical power, thermal
controi, and comaunications and data nandling to a wide range of cttacned
payloads. In scneduled revisits by the Space Shuttle, opportunities were
provided for utilization of the numan presence in maintenance, servicing, and
repair as well as in the initial deployment and/or assembly of payloads. Tne
source of 1nformation utilized in the analysis of the Space Platform missions
was the WUAC Phase B Space Platform study reports (Reference 70). Based upon
tnis information, the Space Platform missions were divided into their
respective sequences and then the sequences were further categorized into the
detailed operational activities. Tmis analysis may pe found 1n Appendix C-1.

Tne analysis of tne Space Platform {Figure 3-3) resulted n tue
1dentification of five mission categories. Each of the resgective missions
was defined by tne sequence level events required to perfora those nissions.
As can be seen at the sequence level, several events may occur 1n more than
one mission. For example, tne bertning operdation between the Space Platfura
and Space Snuttle not only appears in the payload reconfiguration mission as
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Derived From Space Platform Analysis

Figure 3-3, Space Platform Project Analysis

snown, but also in the initial deployment and maintenance missions, as well as
evolutionary growth missions. The reason is that in order to perforn tnose
missions, 1t 1s required tnat the Space Platfori and Space Shuttle be bertnhed
togetner. The sequence level operations are tnen furtier defined oy
1dentifying tne activities necessary to accomplish that operation. As staced
previously, these identified activities were exanined and comoined wnere
appropriate. On the pbasis of this analysis, 27 generic activities were
derived.,

Tne Generic Activity List continued to expand as other space projects were
analyzed. Tne additional space projects that were examnined included the
Advanced X-ray Astrophysics Facility {AXAF) study; Skylab missions from SL-2,
S.-3 and SL-4; Space Station mission models; and Life Sciences Laboratory
missions. Tne analysis of tne life sciences project (Figure 3-4) centered
around three 1dentified missions as snown in Figure 3-5. These missions were
anilyzed at tne sequence level and each seqence in turn was redefined inte 1ts
basic activities. An interesting note during this analysis was that even
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Figure 3-5. Life Sciences Laboratory (Project Analysis)
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thouygh the sequence level events were notably different for each life science
mission tnere was once again considerable commonality among the activities
required 1n tne different mission elements. The analysis of the life sciences'
project may be found in Appendix C-2. Another information source which was
utitized in these analyses was tne Il study of Automation, Ronotics, and
Macnine Intelligence Systems (ARAMIS) study (References 67, 68, 69). Tnis
study had defined some 330 "Generic Functional Elements" and these functional

elements were also watched against the listing of Generic Activities.

As each new source of mission data and/or mission activities was examined,
the previously defined generic activities were matched against the new
information, If a specific activity could not easily be described by one of
tne previously defined generic activities, a new activity category was
i1dentified for 1ncorporation into the generic activity list.

Tne analyses of these space projects down to tne activity level nas
resulted in the identification of the 37 unique activities. It 1s our pelief
tnat this set of generic activities will prove to pe a useful tool in
describing the operational sequences required in the broad spectrum of
potential space missions anticipated 1n tne coming decades.

Descriptions of eacn of the 37 teneric Activities follow:
1. Activate/Imitiate System Operation. Those events and/or coimiand
sequences involved in the activation or wnitialization of a space based systen

or subsystein.

2. Adjust/Align Elements. Thuse adjustment activities involved 1n sucn
operations as alignment of optical elements, fine tuning of precision
electronic equipment, antenna pointing, and remote camera focusing oparations.

3. Allocate/Assign/Distribute. Those activities involving the

reallocation, or redistribution of resources: e.g., the redistripbution of
pover, coolant flow, etc., to sensitive suosystem equipment to reflect
operational needs or contingency operations.

4, Apply/Remove Biomedical Sensor. Those unigue activities associated
with the i1nstallation/removal and cleaning of sensors used to obtain
biomedical data from a test subject.

5. Lomaunicate Information., Those activities involving the establishaent
of the comnunications 1ink and the transmision of informaticn from one source
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It includes the verpal or visual intercnange between two crewuen

to another.
as well as the electronic transference of scientific wnformation from a space

prope to a terrestrial-based user,
b. Compensatory Tracking. Those activities involving continuous control
adjustments to null an error signal against a fixed reference.

7. Compute Uatd. Tnose activities requiring a mecnanized form of Jata
processing such as in structural analyses, computation of positions of
celestial podies, or otner forms of numerical computations.

Confirm/Verify Procedures/Schedules/Oparations. Tnose activities

60
involving the assessment of whether or not a prior event has 1n fact been
acconplisned (sucn as a system verification o~ cneckout), or a procedure

Those activities requiring

satisfiea, or a schedule met.
Tney may involve

Connect/Visconnect Electrical Interface.

9.
the completion or termindtion of an electrical interface.
utilization of nlind-mated/self-aligning connectors, multiturn screw-drive

Tnose activities requiring the
They may involve utilization

interface plates, or similar devices,
Connect/Disconnect Fluid Interface.

10.
completion or termination of a fluid interface.
of & simple plug 1n, sleeve lock connection, multiturn scred drive interface

plates, or similar devices.
Those activities 1nvolving the identification of

Correlate Data.
positive or negative relationships or commonalities among data sets such as

11.
organizational structures, characteristics, or processes.
Tnose events and/or command

12, Deactivate/Terminate System Operation.
sequences involved in the tenmination or deactivation of a space-pased systea

Those activities involving the conversion of

or subsystem.
13. Decode/Encode Data.
data 1nto either 1ts original form or into a form compatible for
e.g., converting transmitted digitized data into its original

analoy form or digitizing analog data for transmission to tne ground station.
Tnose activities involving

transmission:

Define Procedures/Schedules/Uperations,
logical deductions or convergent production leading to developaent of

14,
procedures, schedules, or operations with predictable outcomes.
Those activities associated with tne

15,

Leploy/Retract Appendage.
extension of a nardware eleent to a pasition where 1ts assigned function can
be realized, or conversely, the stowing of that nardware element based on task

completicn or safety considerations.
37
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1o. Detect Change in State or Condition, [hose activities where tne
departure of a parameter from its original or reference state or condition 1s
required to be sensed or observed.

17. Display Data. Tnose activities involving the presentation of
information/datae by visual, auditory, or tactile means.

18. uwather/Replace Tools/Equipment. Those activities involved in the
votaining or in tne returning of tools or equipnent used to perform a specific

task such as collecting or replacing maintenance tools or donning/doffing the
vanned laneuvering Unmt (144U).

19. Handle/Inspect/Examine Living Organisws, Tnose activities involving
the unique operations associated with workinyg with living organisms. These
activities invelve the wmanipulation and general handling of animals ranging
from stroking to inspecting or examining anatomical characteristics.

20. Implement Procedures/Schedules. Those activities involving the
instituting and carrying out of procedures or schedules (such as updating a
nission model/schedule) as distinguished from activating or i1nitiating system

oparations.

21. Information Processing, Those activities involving the categorizing,
extracting, interpolating, itemizing, tabulating, or translating of
information,

22. Inspect/Upserve. Tnose activities 1nvolving the critical appraisal
of events or objects. They may include the verification or the identification
of a particular element sucn as damage inspaction of a returning 0TV, the
observation and i1dentification of a celestial object, or the behavior of a
Tiving organism.

23. Measure (Scale) Physical Dimensions. Tnose activities involving the
estimation or appraisal of a dwmension against a graduated standard or
criterion.

24, Plot Data. Tnose activities involving the mapping, displaying, or
locating of data by means of a specified coordinate systen.

25, Position Module. Those activities involving the positicning of a
component 1nto a desired orientation: e.g., installing a new component, or
tilting a payload 1nto 1ts launca orientdtion.

26. Precision tHlanipulation of Objects. Those activities involving tasks

witicn require a nign degree of manual dexterity 1in order to be accomplished
sucn as the assewbly/disassemoly of small intricate mechanisms or the
installation of measurement sensors, i.e., strain gauges, therwocouples, etc.
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27. Problem Solving/Uecision Making/Data Analysis. Those judgmental and
sometimes creative activities involving the drawing of inferences or
conclusions through the use of cocaition, convergent or divergent production,

memory, and comparative evaluation. Functions to be performed may include
analyzing, calculating, choosing, comparing, estimating, or planning.

28. Pursuit Tracking. Those activities involving continuous control
adjustment to match actual and desired signals when tne desired or reference
signal is continually changing.

29, Release/Secure vecnanical Interface. Those activities involving tne

manipulation of a mechanical interface ranging from a simple one-handed,
over-center latch application to a high torque, multiturn threaded fastener.
“lay involve manipulation of wultiple fasteners arranged in various patterns or
configurations.

30. Renove dodule. Those activities involving the physical extraction or
removal of a component after the mechanical, electrical, or thermal interfaces
have been released or disconnected.

31. Remove/Replace Lovering. Tnose activities involving the removal or

reinstallation of an access covering or a protective covering as required to

gain access to systen elements or to cover tnem up upon completion of the work.
32, Replace/Clean Surface Coatings. Those unique activities involving

tne restoration of a degraded/contaminated surface coating sucn as replacing a

radiator's tiennal coating or cleaning an optical systems viewing surface.
33. Replenish Haterials. Those activities involving the resupplying of
consumaoles such as refueling a spacecraft, recharging an optics cryo-based
cooling system, or providing food supplies to an animal holding facility.
34, Store/Record Element., Those act{VIties involving the recording or
storage of 1tems for both snort-tern and long-term periods: e.g.,
recording/storage of experimental data or temporary storage of a biomedical

sample,
do. Surgical Manipulations. Those activities, sucn as a surgical
procedure or a dissection including tissue sample acquisitions, that require a

n1gh degree of skill and Knowledge as well as manual dexterity 1n order to be
accomplished.

36. Transport Loaded. Tnose activities invelving the conveying of a
piiysical opject by some transportation device from one location to another:
e.g., the transporting of a coaponent via a crewman or a remote manipulator

systen,
39
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37. Transport Unloaded. Those activities involving the movements of an
unloaded individual or device from one location to another: e.g., the

movement of a crewman to a worksite witnout carrying tools or equipment, or
tne movement of a remote manipulator system witn nothing attacned.

Figure 3-6 identifies the sources from wnich eacn of the generic space
activities that compose the final 11sting was derived,

3.2 JISSION TIMELINES

Once a generic set of activities had been established that could be used
to describe any future space mission, the next step was to establish the
relative applicability and value of the alternative man-macnine modes in
accomplisning these activities, both individually and in composite as might be
dictated by a specific set of mission requirements. In order to estadlisih the
degree of human involvement that could reasonably be expected to be associated
with each of tne individual activities, tnree sets of performance criteria
were considered: the first set was the range of performance times required to
accomplish the task; tne second set was the requiresents for human involverent
in terms of sensory/perceptual, intellectual and psycnomotor functions; and
tne tmird set was the limiting factors in numan involvenent in terms of the
human response capabilities for sensing, information processing, and motor
actions,

In addressing the criterion of perfonsance time requirenments, mission
timeline data available from prior space missions, laboratory studies, systen
suaulations and engineering design studies were utilized to estadlisn a
reference set of timeline data for each activity and for each category of
man-maciine 1nteraction,

Tﬁe categories of man-machine interaction are nased upon the numan
operator's level of participation in the performance of the task and were
defined as follows:

Manual. Unaided IVA/EVA, witn simple (unpowered) nand tools
Supported. Use of supporting machinery or facilities required to
accomplish assigned tasks (e.g., manned maneuvering units, foot restraint

devices, etc.)
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Bomn s
-

Source
Generic Space Activities (1) 2) o (3) Life
AXAF | Skylab Space Space ARAMIS Sciences
Platform Stwaton | Study (MIT) Laboratory
1 Activate Initiate System Operation ° ] [ [ [ ®
2 Adjust/Angn Elements ] [ [ ] °
3 AllocatesAssign/Dietribute -] ° ) o )
4 Apply/Remove Biomedical Sensor -] L] [ -]
5 Communicate Information ° e [ ° ) [y
6 Compensatory Tracking ® o
7 Comopute Data (-] [ ] ] [ ° °
8 Confirm/Verify Procedures:Schedutes/Operations L] [ [ ] * L)
9 Connect: Disconnect Electrical Interface ] [ [ ] [ *
10 Connect/Disconnect Fiuid Interface ° [ ] [ ] *
11 Correlate Data [ [} [ ] ° -]
12 Deactivate’ Terminate System Operation [ ] [ ] e [ o
13 Decode/Encode Dats ] o o
14 Detine Procedures/Schedules/Operations ° [ ] [ ] [} ©
15 Deploy/Retract Appendage L] o o [ ] ®
16 Detect Change tn State or Condition [ ] [ o [ ]
17 ODisplay Data [ ] L] [} o [ ]
18 Gather/Replace Tools/Equipment ] [ ] © -] [ ] o
19 Handle/inspect/Examine Living Organisms [}
20 Implement Procedures. Schedules [ e ) o [
21 Information Processing (-] o o [
22 Inspect/Observe [-) ] ) ° )
23 Measure (Scate) Physical Dimensions M ]
24 Plot Data [ [] )
25 Position Module ] ° o [ [
26 Precision Manrpulation ot Objects © [
27 Problem SolvingsDecision Making/ Q [ [ ] [ ] ]
Data Analysis
28 Pursuit Tracking e [ ° ®
29, Release Secure Mechanical Interface e L] [ © [}
30 Remove Module (] © [ [-] o o
31 Remcve/Replace Covering 44 -] [ ] Q
32 Reptace Clean Surface Coatings ° ] [
33 Replenish Matenials (-] ° e (-] [
34 Srore/Record Elsments ° ] [ [} e
35 Surgical Maniputations o
36 Transport Loaced © ) o ° ')
37 Transport Unicaded (] ] ] [ ]
(1) Includes EREP and ATM Actwities
{2} lnctudes Activities Derved from the Analysis of Space Platform Ground System Data Management Study
{3} 1nctudes 330 Genernc Fuictional Clermnents Derived from the Geosynchronous Platform Advanced X Ray Astrephysics

Facility Teteoperator Maneuvering System and Space Platform

Figure 36 List of Generic Activities
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Augmented.

Anplification of human sensory or moter capabilities (powered

tools, exosxeletons, electron microscopes, etc.)

Televperated.

Use of remotely controlled sensors and actuators allowing

tne auman presence to be removed from tne vork site (remote manipulator
systems, teleoperators, telefactors)

Supervised.

Replacement of Jirect manual control of system operation wita

computer-directed functions although maintaining numans in supervisory control

from ground-pased or orbital-based work stations

Independent.

Basically independent self-actuating, self-healing

operations but requiring numan intervention occasionally (relies neavily on
dautomation and artificial intelligence)

Summary tuneline profiles, as shown in Figure 3-7, were prepared for eacn
of the 37 activities to depict tne range of times associated with each mode of

wlan-aachine interaction.

mdy be found 1n Appendix B.

Tne timeline profiles for each of the 37 activities
In eacn case, the timeline profiles wera

constructed 1n accordance #1tn the following groundrules:

Man Machine
Categories

Time Scale

tanual

Supported ¢

Augmented

Teleoperated

Supervised
Ground

Supervised
On Orbit

independent

(Eﬂ?1x<§
'%\8 )

Strmutar Task VY th Actual
On Orbit Performance
Similar Task Pertormed in a
Space Simulation
Enqineering Estimate Basea
O on Des:an or Operatronal
Experience
Numbers are refercnces to

sources (see Appendix D)

8 {1314

Ol |

Seconds

Munutes Hours

Figure 3-7. Typical Activity Timeline Profile  Activate/Imtiate System Operatien
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[ - o All of the generic space activities encompass events that will be
perforaed on-orbit.

i e Tne range of time for accomplishing a task is defined by a minunum task
time and a maximum task time based on specific tasks identified during the
analysis of previous space projects (references cited).

o The times are based either on actual space performance (), a space
.- simulation ([]), or on engineering estimates derived from conceptual designs
or from sumlar operational experiences ((:)). (The numbers within the symbols
designate the specific data sources. fnese sources are listed in Appendix D.)

Py
v

o Those activities that were determined to require direct hunan
1nvolvement for accomplisnment will not be considered for supervised or
independent applications.

e Operations in the manual category will pe limited to 5V minutes based
on evaluations associated with manual fatique levels and span-of-attention
limits.

e For activities tnat require support equipnent, i¢ is assumed that the
crewnien have a working/oparational knowledge of that equipment and special
training 1s not required.

- —
‘

An 1mportant consideration when evaluating manual task perforinances is
whether or not times differ for accomplishing similar tasks in the EVA as

conpared to the IVA mode of operation.

In order to provide a basis for estimating the times for accomplishing
activities 1n eacn of these modes, comparative data were needed on fine and
coarse notor activities to be performed in zero g both with and without a
pressurized suit. Since sucn data was not readily availanle from actual space
flights, we elected to develop these date by analyzing video tapes taken in
the MDAC and the WMSFC MNeutral Buoyancy Simulators during the past year. In
1983, HMDAC performied tuo series of MNeutral Buoyancy Tests in whicil the same
maintenance and servicing tasks were performed. Tne first test was performed
1n SCUBA only, wiich equates to the simulated IVA environment. The second
test series involved pressure-suited subjects, which simulated tne EVA
environment. By compdring task performance times for a representative

: selection of tasks requiring fine and coarse motor activities under simulated
zero g (neutral buoyancy) when using a pressure unit and when using scuba

3-13
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equipnent only, it was believed a reasonaole basis of relating IVA and EVA
task times could be obtained. It was hypothesized that tne scuba performance
would oe equivalent to an IVA perforiance in zero g.

As an example of coarse mo . movements, a handcranking operation such as
might be involved in deploying an appendage was selected. Observational data
were available from the video tapes for three crank radii (3 inches, 6 inches,
and 9 inches) for a series of scuba and pressure suit trials,

In similar fashion, observational data related to fine motor movements-
were available under eacn condition for two tasks: (1) mating and demating
electrical connectors, and (2) removing and installing fluid interfaces.

Figure 3-8 plots the average times cbserved (Table 3-1) under each
operational mode for the various crank radii. Table 3-2 summarizes the
average times observed for the tasks requiring fine motor movements.

30
26 Yoo EVA
24
Y VA
21 23
22
3 20 —<
S 20
o
&
8
E
-
[
g
4
< 10
0
0 3 6 9 12

Hand Crank Handle Radius (in )

Figure 3-8. Coarse Motor Movements
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! Tabte 3-1. IVA and EVA Task Time Comparisons
{Coarse-Motor Movements)
Average times
- (sec) Ratio
Task VA EVA |EVAIVA
Manual hand crank
/ 34nch radws 20 21 105
s/ 6-inch radius 22 24 109
" ,,’ 9-inch radius 23 26 113
/
7 Average 109
/ . (X I )
-~ /
/!
/ From this observational data, it was concluded that the times for
// performing coarse motor movements should be roughly comparable for most IVA
and EVA operations (Table 3-1), although as may be noted in Figure 3-8, the
greater the movement required (as in the case of turning a crank with a nine
o ' inch radius), the greater the discrepancy becomes between the IVA and EVA
‘ performance times. The differences observed are undoubtedly due to the
restrictions in pressure suit articulation. In the case of fine motor
T movements, (Table 3-2) the EVA operations seem to take about 1.5 times
/’r Tonger. This difference can be attributed to the sensitivity and dexterity
differences between the gloved versus the ungloved hand.
Table 32 IVA and EVA Task Time Comparisons
{Fine-Motor Movements)
Average
times
(sec) | Ratio
Task IVA | EVA |EVAIVA
Electrical connectors
Coax - 6 turns, threaded 19 31 163
Bayonet -~ 120-deg lock and unlock 9 14 175
/ Fiud interlace
- Remove 10 13 130
install 14 20 114
. Average 153
It is believed that the timoline data derived from the neutral buoyancy
chambers is a very reasonabie approximation of the actual times that will be
experienced in zero g. To substantiate this hypothesis, the Skylab EVA tasks
were reviewed by the study team. Table 3-3 compares the planned times based
on neutral buoyuancy simulations on the ground and the actual times opnserved
in space for ten composite EVA tasks on Skylab 2, 3, and 4 for which data were
T »
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Table 3-3. Skylab EVA Tasks .
EVA Planned time Actuzl timr A time
events (minutes) {minutes) (minutes)
1 45 s -10
2 248 203 -45
3 105 96 -9
4 448 391 -57
5 275 270 ~5
G 156 161 +5
7 388 394 +6
8 442 413 -29
9 212 209 -3
10 323 319 -4
Total 2642 2491 -151
Overall ~ 6% under estimate (151/2642 minutes)
available. Out of a total of 2642 minutes of plenned operations, the actual
EVA times totaled 2491 minutes or 6% less (faster) than had been allocated.
Based on this prior experience, it was concluded that the time estimates
derived from the recently conducted neutral buoyancy simulations provide
reasonable estimates of on-orbit performance times, at least to the level of
precision required for the THURIS study.
In view of the data suggesting: (1) the general compatibility of IVA and
EVA performance times; (2) the validity of neutral buoyancy data as a basis
for estimating performance times in zero gravity; and (3) the high probability
that an 8-psi EVA suit requiring no prebreathing time will be available in
time for missions now in the conceptual design stage; it was concluded that no
differentiation would be required between IVA and EVA for the purposes of a
first approximation of performance times. The design decision as to whether
EVA or IVA would be required in future systems will be established by
prograrmatic criteria otaer than performance times. Accordingly, the timeline
profiles appearing in Appendix D do not differentiate between the IVA and the
EVA modes for the manual, supported, and augmented categories.
In addition to performance times, the other criteria considered in
defining the applicability of the various modes of man-machine interaction
were (1) the requirements for human involvement in terms of
sensory/perceptual, intellectual, and psychomotor functions, and (2) the ..
limiting factors in human involvement in terms of the human response .
) 3-16 a»
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capabilities for sensing, information processing, and motor actions. The
human capability data developed in Task 1, and described in Appendix A,
provided the information used in this definition process. Figure 3-9
summarizes in matrix form the human capabilities defined in Section 2 that are
required to perform each of the generic space activities,

An attempt was also made to identify the role that each of these
capabilities played in each of the generic space activities; and, by assessing
the importance of this role, to gain some understanding of the benefit of
man's onboard participation in each activity. In some instances, the generic
space activity could be applied to a broad range of mission activities, some
of which would benefit significantly from man's participation and.-athers of
which would benefit very little or not at 211. For most, however, a
reasonably precise evaluation could be made. Table 3-4 presents the results
of this assessment of the benefit of man's participation in each of the space
activities.

The activicy timeline profiles found in Appendix D also indicate the
requirements for human involvement as well as the limiting factors in human
involvement for each of the man-machine categories. The limiting factors
noted on these timeline profiles reflect the human capability classifications
that could be exceeded by the requirements of the specific activity. In these
cases, additional support would be required frocm the machine elements in terms
of enhancing the sensing, information processing, or motor actions of the
human operator. HWhere limiting factors are exceeded, a transition into a more
mechanized man-machine category will generally be required in order to obtain
the optimal task performance corsiderations.

As an example of the issues considered at this point in the analysis,
Figure 3-10 presents the timeline profile and notes the human capabilitiec
required and the limiting factors associated with the various man-machine
categories for the activity titled "Release/Secure Mechanical Interface". The
ranges of times for accomplishing the activity have been determined from
specific applications. Activities in the manual category for example could
involve tasks ranging from simple, one-handed over-center latches to numerous
multiturn captive fasteners that could be arranged in various patterns (see
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1 2 3 4 s 6 7 8 9 10
1 Activate/Iminiate System Cperation [ 4 L4
2 Adjast/Align Elements o o e
3 Aliocate/Assign/Distribute
4 Apply'Remove Biomedicatl Sensor [] (]
5 Communicate Information L] ° °
i € Compensatory Trackeng °
7 Compute Data [} [ '
8 Confirm’venity Procedures/Schedules [ ]
9 Connect/Dhsconnect Electrical interface ° [ [-]
10 Connect/Disconnect Flurd interface -} © o
’/T 11 Correlate Data )
! ] 12 Deactivate/Terminate System Operation -]
13 Decode/Encode Data
14 Define Procedures/Schedules/Operztions
15 Deploy/Retract Anpendage -] !
16 Detect Chanqge «n State or Condition -] [ (-] -] [ [] ¢ [
17 Display Dats o !
18 Gather/Replace Tools/Equinment (-] 3
19 Hand'e/'nspect/Exarmine Living Grganisms -4 -] o
20 (mplement Procedures/Schedales
. . . 21 Informaton Processing [ [ [ [ e [}
22 Inspect/Observe [ [ ] (-] [
23 1Aeasure (Scale} Phys cal Dimensions o ©
24 Piot Data [
25 Position Modute ] -] (]
26 Preciston Manipulation of Objects © [ o
27 g;gl;r:aslsgsmgmecmon Making/ ° P ° ° ° ° °
28 Pursust Tracking [
29 Release/Secure Mechanical Interface ] o o
30 Remove Module o -3 Q i
31 Remove/Replace Covering o
32 Replace/Ciean Surface Coatings - Py °
- 33 Reptenish Materials [
34 Store/Record Element °
35 Surqgical Manipulations (] [ o ©
36 Trensport Loaded } e 9
37 Transpor( Untoaded [ ] -]
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Detection and Discrimination on Tone

Discrimination of Sound Intensity

Local:zation of Sound

ot

Detection of Light Touch

3%

Tacti'e Recognition of Shape and Texture

(4%

Discrimination of Force
Against Limb

€4

Recogmition of Limb {(Movement
and Location)

vl

Detection and Discrimimnation of
Angular Acceleration

St

Equihibrium

gl

Detection cnd Discrimination of
Vibration

Lt

Detection of Heat and Cold

8l

Detection and Discnimination
of Olors

6t

Cognition

81-¢
[$74

Memaory

114

Divergent and Convergent Production

144

Evaluation

€z

Production and Application
of Force

124

Control of Speed of Motion

j:74

Control of Voluntary Responses

jel4

Continuous Adjustment Control \Tracking)

LZ

Arm/Hand/Finger Manipulation

ANiAnoy yoeg 10j pasinbay sanijigede) uewny  g-g ainbiy

8¢C

Jody Positioning

Aty
10 .. veea

o

TVvN1d30H3d/AHOSNIS

IVYNLO3TI3LNI

HOL1OWOHIASd

HO10W




N -
1
'
L4
Table 3-4. Benefit of Man's Participation in Space Activities (Page 1 of 2)
Key Benefit of man's onboard parlicipation
capabtlities Probzbllity Overall
utilized Equipment | Performance | of mission benefit from
Generic space in man's can bg of activity success is | man’s onboard
No activity particlpation elimirated is improved | increased participation Raticnale
Evaluation
Actvate inhate Automatica'ly actvated systems will
1 Vision Minimal In some cases [Neghgible  [Not significant
system operation Manipulaticn precominate
Vision
2 [Adjust align elements {Cogndion Yes tysome cases  [No Beneficial x:ztsaggn;n;:‘:ec: erations wilhn
Evaluation p
allocate assign Cogmiton .
3 dist hute Cenvergent Prod No In some cases  {Minimal ot significant Primarily automated operations
Agply ramgve Cogrition N Operations cannct sasily be
4 |bamecea sensors Aznmulation Not epplcabia [Yes Yes Esserbal . automatad
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Table 34. Benefit of Man's Participation in Space Activities (Page 2 of 2)
Key Benetit of man s onboard participation
capabilities Probabitity Overall
utihized Equipment | Performance | of mission benefit from
Generlc space inmang can be of activity success is | man s onboerd
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Shaded activities cre those wherd direct human participation is considered most beneficial or essennal
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Jire primarily sensory/perceptual
and psychomotor capabilities in order to accomplish the assigned task.

physical action for accomplishing the task is the limiting factor since
exerting high torques could be required.

The

In the “Supported” man-machine
category a crewman in restraints might perform the task with a manual ratchet
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Figure 3-10. Release/Secure Mechanical Interface

wrench. However, if the force required to manipulate the mechanical interface
requires more torque than the crewman can exert, then the action
classification for that category is a liniting factor. In this case the
activity would reguire augmentation in the form of a powered hand tool.
Examples of tasks that might fall in the “Supervised" category i1nvolve
commanding and monitoring mechanized mechanical interface activations such as
the shuttle payload retention latches or launch restraint devices (see Figure
3-11). The on-orbit supervised category requires sensory/perceptual as well
as 1ntellectual capabilities on the human's part even though the action itself
might be accomplished by remote control.

3.3 HUMAN SUPPORT REQUIREMENTS

Once the capabilities and limitations of each man-machine mode have been
established and their impact on the performance of each activity identified,
the next issue to be addressed is to determine the relative cost of each of
the applicable modes of implementation. Assuming that two or more alternative
implementation concepts will be feasible for accomplishing a specific
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- Figure 3-11 Release/Secure Iechanical interface Examples
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activity, the determinin§ factor in the mind of the system engineer becomes
the question of cost. Accordingly, the resources and support equipment needed
to accomplish each activity in each of the feasible man-machine modes was
identified to a sufficient depth to allow comparative cost data to be
developed.

The initial compilation of the resources and the support equipment was
derived in conjunction with the timeline analyses described in Section 3.2.
In addition, several past and ongoing space projects such as the Skylab
missions and the Unmanned Space Platform missions were reviewed to ensure that
the final listing of resource needs and support equipment represented all of
the most pertinent items.

The support equ’pment necessary for the various man-machine modes included
Facilities; EVA Support Items; Tool Kits and Mechanical Support Equipment;
Command, Control, Communication, and Data Management Equipment; Orbital
Mobility Systems; and Operating Systems Software. Table 3-5 1ists the
specific support equipment items identified in each of these categories. For
reference purpose - the paragraph numbers in Section 3.4 of this report that
contain the costiny “nformation pertinent for each item in Table 3-5 are noted
parenthetically on the .able,

To provide a basis for estimating the relative costs of alternative
man-machine modes, a specific operational example was selected for each
activity. The example chosen was one for which a design concept was already
available or one that in fact had been implemented in a previous program. This
same example was then used for each of the man-machine modet that was
applicable to the performance of a specific activity. For comparative
purposes, this provided a common base for identifying the support requirements
and for assessing the relative level of support necessary for each nan-machine
mode. Since the objective was only to determine the relative cost of
implementing each mode, the use of a common example was believed to be
adequate to provide a meaningful basis for comparison. While either simpler
or more complex examples than those chosen would change the absclute magnitude
of the support requirements and their associated costs, it was reasoned that
the relative costs of the alternative man-machine categories would remain
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Table 3-5

~u

SUPPORT EQUIPMENT LIST FGR COSTING VARIOUS MAN-MACHINE MODES

Al.
A2.
A3.
Ad.
A5,
Ab.

Bl.
B2.
B3."

ci.
cz.
c3.
c4.
5.
C6.
c7.
c8.
c9.
ci0.
c11.
cia.
C13.
c14,

Facilities

Space Station Facility

Ground Control Center, Baseline System
Payload Control Center, Baseline System
Data Handling Facility, Baseline System

Tracking and Data Relay Satellite System (TDRSS)

-

Unmanned Platform Basic Resources

EVA Support Items

Extravehicular Mobility Unit (EMU)
Manned Maneuvering Unit (MMU)
Remote Manipulator System (RMS)

Tool Kits and Mechanical Support Equipment

Power Tool, Portable

Tool Kits, Manual

Gas Recharge Kit

Fluid Recharge Kit

Test Set, Alignment/Caiibration, Portable
Test Set, Electrical Checkout

Surface Coating/Refurbishment Apparatus

Support Equipment, Experiment Specific - Category A
Support Equipment, Experiment Specific - Category B
Support Equipment, Experiment Specific - Category C
Support Equipment, Experiment Specific - Category D

Cherry Picker with Work Platform (RMS)
Restraints to Support Manned Activities
Life Sciences Experiments Tool Kits

(3.4.1)
(3.4.2)
(3.4.2)
(3.4.2)
(3.4.3)
(3.4.7)

(3.4.4)

(3.4.5)
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, : Table 3-5
/ SUPPORT EQUIPMENT LIST FOR COSTING VARIQUS MAN-MACHINE MODES (Continued)
, D. Command, Control, Communication, and Data
- ) Management Equipment (3.4.6)
b1, Control/Display for Remote Gimbals
T D2, Control/Display for Remote Cameras (TV and Photo)
D3, Automatic Adjustment for Control of Remote Equipment
D4. Voice Intercommunication
D5. Control and Display Activation and Monitoring
Equipment, Keyboard
D6. Hardware for Accepting Remote Commands
D7. Display and Software for Record Keeping, Procedures,
Schedules, and Maintenance
- D3. Computer Programmed for Command and Contral of a
/fr Specific Function/Task by Artificial Intelligence
N D9. Encode/Decode Data Equipment
D10, Data Computation and Reduction Equipment
, D11. Input/Qutput Data Buffer Equipment
D12, Central Timing Unit
D13. NSSC Interface Management Unit
D14, Remote Units
D15, CDMS Central Unit
D16. High-Rate Recorder
D17. Low-Rate Recorder
D18, NSSC-II Computer
D19, Ku~-Band Communication Equipment
D20, S-Band Communication Equipment
D21. Low-Gain Antennas
] pa2z. RF Transfer Switcn
D23. Support Instrumentation/Sensor Equipment
' D24, Telemetry Unit
D2s. Payload Command and Data Acquisition Unit
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Table 3-5

SUPPORT EQUIPMENT LIST FOR COSTING VARIQUS MAN-MACHINE MODES (Continued)

E].
E2,
E3.

F1.
Fa.
F3.
F4.
F5.
Fé.
F7.
F8.
F9.
F10.
F11.

F12.

Orbital Mobility Systems (3.4.8)

Orbital Maneuvering Vehicle (OMV)
Orbital Transfer Vehicle (0TV)
Telepresence Manipulator System (THS)

Operating Systems Software (3.4.9)

User Interface

Facility Readiness Test (Integration)

Dynamic Scenario Profile Generation

Command Generation

Telemetry Data Handling

Input/Output

Test Data Generation

Data Base Generation/Maintenance

Data Reduction

Support Software

Software for Conmand and Control Hardware Controlled from a Remote
Ground or Orbital-Based Work Station

Software for Computer Programmed for Command and Control of a
Specific Function/Task by Artificial Intelligence

essentially constant regardless of the level of complexity of the task
required. Since only relative costs were to be determined, this line of
reasoning permitted different examples to be used with different activities.

To aid in the process, an evaluation sheet, shown in Figure 3-12, was
developed., For each of the generic activities, a specific example was
select~d to analyze for each of the applicable man-machine categories, Tne
support equipment 1tems were tihien 1dentified that would be required in order
to accomplish the assigned task in each man-machine category. For example,

MCODONNELL DOUGLLAS%
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SUPPORT EQUIPMENT REQUIREMENTS

ACTIVITY MUMBER: 1

CATEGORIES OF MAN-MACHINE INTERACTIONS

1]
E 1
L SUPERVISED N
S A E D
u u 0 0 £
P G P N P
ACTIVATE/INITIATE M P M E G E
SYSTEM OPERATICON A 0 E R R 0 N
N R N A 0 R D
U T T T U B E
A E £ E N 1 N
L D 0 D 0 T T
HUMAN SUPPORT EQUIPMENT REQUIRED (SEE TABLE E-1)
Al Al Al Al A2 Al A2
c8 c8 Cs cio A5 D5 A3
a3 (W K] D5 AS D6 A4
D6 D5 F11 .} A5
D6 A6
1 D3
I VvV A D6
D7
D8,F12*
N
Al Al Al
Bl B1 Bl
c8 c8 c9
Q13 (B K] 13
E VA

EXAMPLE - Activate Canura/T.V. Image Gathering Equipnent

MANUAL - 35 rm Camera

SUPPORTED -~ 357m Camera with Auto Advance
AUGHENTED - 35 Camera with Auto Timing Sequence
TELEOPEPATED ~ RMS TV Camera

SUPERVISCD GROUND - TV Camera

SUPERVISED ON-OPBIT - TV Carmera

IHDEPENDENT

*Considered as one 1tem of support equipment
D8 - Computer Hardware
F12 - Associated Software

Figure 3-12. Typical Support Equipment Evaluation Sheet

Satellite Image Equipnent
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referring to Figure 3-12, the specific example selected for "Activate/Initiate
System Operation” is tne "activation of camera/TV image-gathering equipment."”
Accomplishing this task in the manual category through an EVA mode of
operation involves four items of support equipnent. Referring to Table 3-5,
the four items required were identified as follows:

Al - Space Station Facility

Bl - Extravehicular tobility Unit (EtU)

€8 - Support Equipment, Experiment Specific, 310,000
(35mm Camera Equipuent)

C13 - Restraints to Support Manned Activities

This support equipment identification process continued through the rest
of the applicable man-machine categories. :

In the Supported mode, the system might include a motor-driven advance.
In the Augmented mode, tne adjustment of the lens opening and timing sequence
might be automated. In the Teleoparated mode, the camera would be adjusted by
remote command. In the Supervised mode, the initiation of the picture
sequences would be commanded from a remote location but the activation of all
operations would be preprogrammed. In the Independent mode, the systewm would -
be activated by a self-contained sensor system,

Although the performance times for IVA and EVA operations were judged to
be similar as discussed 1n Section 3.2, the support equiprent items necessary
for IVA and EVA operations ware usually different. Accordingly, both IVA and
EVA support requirements were identified when applicable, as illustrated in
Figure 3-12.

Tne 37 activity support equipment evaluation sheets will be found in
Apperdix E. Each sheet contains the table of required support equipment items
for each of the man-machine categories for both IVA and EVA modes of operation
where applicable. Also the specific examples that were chosen to represent
the generic space activity are indicated on the sheets for each of the seven
man-machine categories.
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3.4 ECONOMICS OF HUMAN ACTIVITIES IN EARTH ORBIT

The development of comparative cost data for use in evaluating the
economic advantages and disadvantages of the alternative modes of man-macnine
interactions consisted of two steps. These steps were to (1) identify the
significant factors influencing space activity costs, and (2) establish a
usage cost methodology for all elements included in these identified cost
factors. The activity support requirements described in Section 3.3 provided
the initial definiton of the cost factors. Once a cost methodology ~as
established, the relative cost differences in accomplishing each of the
generic classes of activities by each of the alternative man-machine modes
could be determined.

Activity support requirements were found to fall into two general groups.
These two groups can be identified as (1) time related and (2)
frequency-of-use related requirements. The time related group is

characterized by the requirement for a support element to be used over an
estimated actlivity timeline and includes use of the space station facility,
the ground control and data handling facilities, the tracking and data relay
satellite system, and the EVA support items. The frequency-of-use related
group is characterized by the requirement for a multiuse support item needed
to perform an activity and includes tool kits and

mechanical suvpport equipnent; command, control, communication and data
management equipment; unmanned platform basic resources; orbital mobility
systems; and operating systems software, .

The approach used to develop usage cost methodology for the above listed
support requirements is described in the following paragraphs, starting with
the time related group followed by the frequency-of-use related group.

3.4.1 Space Station Facility

No firm guidelines or charge policies for developing operational user
costs in tie Space Station era are currently available from government
sources. Accordingly, the general approach taken in this study was to
establish a mission-related increinental cost as the basis for charging space
activities requiring direct human i1nvolvenent at the space station. The '
incremental cost was defined as the cost difference between full
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mission-support capability and "zero mission" man-in-space-only capability.
The basic space station sizing parameters (crew size, number of modules,
e,ectrical power, communications data rate, and thermal control) were defined
for both a full capability I0C station and a hypothetical “zero mission"
station that supported no payloads and was required only to maintain itself in
orbit. The differences in desiun parameters between the “"zero mission" and
tne "full capability" configuration are illustrated in Figures 3-13 and 3-14.

Activity costing factors are presented in Table 3-6.

The MDAC computerized space facility cost prediction model was then run
with these two sets of values to establish the incremental cost associated
with the support of potential users or specific missions. The cost difference
between the zero capability and the full capability facility was adjusted to
exclude design and development cost assuming that nonrecurring cost should not
be included when developing a baseline for estimating user charges. A
ten-year life was assumed for the hardware represented by the resulting

Research Laboratory

Logistics

Module Command

and Control
Module

Habitabihity
Module
Crew Size =8

6 Pressurized Modules

Research
Laboratory

Tunnel
System
(Typ)
Reboost
System
Module
- €6 kW Power Control
Data Management
300 Mbps Communication
48 kW Therma! Control

Figure 3-13, Space Station (Full Capability}
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Module Module and Control

Crew Size = 2 Module

Reboost
System

13-kW Power Control
Data Management

25 Mbps Communication
32-kW Thermal Control

Fiqure 3-14. Space. tion (Zero Mission}

4 Pressurized Modules

Habitability
Module

Table 3-6
ACTIVITY COSTIRG FACTORS

Cost elements that are primarily a function of time use (cost/minute)

Space station facilities and logistics operations
Ground control and data handling facilities
Tracking and data relay satellite systen

EVA support items

o 9 0o ©

Cost elements that are primarily a function of number (N) of uses (cost/use)

Tool kits and mechanical support equipment

Unmanned platform resources
Orbital mobility systems
Operating systems software

o © 0 o o

Command, control, communications and data management equipment

3-31

mMcoonNELL pouaLLS/sB_/_




incremental space station facility cost. A straight line amortization results
in an average cost per year which when divided by available operating
man-hours per year yields a cost of $10,427 per operating hour for manned
utilization of the space station pressurized volume and utility services.

This calculation is illustrated in Table 3-7.

Table 3-7 ‘
PRESSURIZED VOLUME AND UTILITY SERVICES cost(1)

FULL - ZERD
CAPABILITY MISSION INCREMENTAL
SVATION STATION COosT
6 6 5
($x10) (3 x10) ($x10)
Simulator/Development Hardware 1380 794 586
Flight Hardware 2244 1366 878
Total 3624 2160 1464
Amortized Incremental Cost = _314641 = $146.41/yr
10 years
Lost Per Oparating Hour = §146.41/yv = 410,427 /hr

14,040 hrs[yr(z)

(1) Production cost only; excludes design and development cost.
(2) 6 men x 9 hrs/day x 5 days/wk x 52 wks/yr = 14,040 hrs/yr.

A similar incremental cost approach was used to estimate logistics
operations (replacement spares, consumables, maintenance, and repairs)
associated with the space station facility. This resulted in a cost of
$12,201 par operating hour for space station logistics operations. The MDAC
cost model run generated the values for this calculation and these values are
summarized in Table 3-8.

The incremental cost for logistics transportation was determined by
allocating the Space Shuttle flight cost in proportion to the ratio of
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Table 3-8
LOGISTICS OPERATIONS COQST

FUCL ZERO
CAPABILITY MISSION INCREMENTAL
STATION STATION cosT
6 6 6
(§ x10) (§ x10) (3§ x 10
Replacement Spares & Consumables 261.5/yr 129.7/yr 131.8/yr
Maintenance & Repairs 97.8/yr 58.3/yr 39.5/yr
Total 359.3/yr 188.0/yr 171 .3/yr
Cost Per Uperating Hour = A71.3M/yr = 312,201 /hr

14,040 hrs/yr

Togistics opera.ions incremental cost to full capability cost with a further
cost-sharing adjustment. This resualted in a cost of $9,402 per hour
calculated as follows:

Assuming 20% sharing with other payloads and 4 STS flights per year; ’
Total Cost = $86M/f1t x 80% x 4 flts/yr = $275.2M/yr

Allocation factor (from logistics operations) = $171.3M = 48%
3359,31

Incremental Cost = $275.24/yr x 48% = $132M/yr

Cost per UOperating Hour = $132M/yr = $9,402/hr
14,040 hrs/yr

In addition to the three major elements of space station facility cost
described above, estimates were added for use of airlock and safe haven
resources to complete the space station facility usage charge. Based on data
contained in the IDAC cost data bank, these two items were estimated at $164
per hour and £323 per hour, respectively. The sum of all five elements
amounts to 332,522 per hour {or $542 per minute) for use of the space station
facility. This value is summarized in the Table 3-9.
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Taole 3-9
SPACE STATION FACILITY
COST PER OPERATING HOUR FOR ACTIVITIES REQUIRING DIRECT HUMAN
INVOLVEMENT IN SPACE
{1984 Dollars)

Pressurized Volume & Utility Services 310,427
Logistics Operations 12,201
Logistics Transportation 9,402
Arrlock 164
Safe Haven 328

Total Space Station Facility 432,522

3.4.2 Ground Control and Data-Handling Facilities

This category within the time-related group includes the ground control
center, payload control center, and data-handliing facility. The time-related
charges for use of these facilities is based on a ten-year amortization of

production cost plus annual operations cost allocated over the estimated
annual availability time. The production and operaticns cost data were
obtained from the MDAC Space Platform Ground System Study*. An example of the
usage charge calculaticn for the ground control center is as follows:

Amortized Production Cost $3.8741 = 10 yrs = § 0.3871

Annual UOperations Cost 3.3454
Total Annual Cost $3.7324

Annual Availability Time = 480 minutes per day (8 hours} x 5 days per week
X 52 weeks per year = 124,800 minutes
Cost per tinute = _ $3.732/yr = $30/min

124,800 min/yr

* Ford Aerospace and Commumications Corporation, Space Platform Ground
System Study, Baseline Data Package, prepared under MDAC Contract
NASB-33955, July 1982 (see Reference 70).
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Costs per minute for the other two facility items were calculated in a
similar manner. The results of these calculations are summarized in
Table 3-10.

Table 3-10
GROUND CONTRO!., AND DATA-HAMNDLING FACILITIES
USER SERVICE CHARGE PER MINUTE
(1984 Dollars)

1. Ground Control Center, daseline Systen $30/nin
2. Payload Control Center, Baseline System 46/min
Data Hanlling Facility, Baseline System 11/mn

3.4.3 Tracking and Data Relay Satellite System (TDRSS)

The time-related charge for use of the TORSS is §110 per minute. This was
cbtained from the NASA Management Instruction, "Tracking and Data Relay
Satellite System (TDRSS), Use and Reimbursement Policy for Non-U.S. Government
Users," March 1983,

3.4.4 EVA Support Items

This category within the time-related group includes the Extravenicular
Mobility Umit (EMU), the Manned Maneuvering Unit (MMU)}, and the Remote
tanipulator System (RMS)., The time-related charges for use of these items 1s
based on a ten-year amortization of production cost plus annual operations
cost allocated over the estimated annual availability time. An example of the
usage charge calculation for the EMU is as follows:

Amortized Production Cost $2.04 =10 yrs = § .2M
Annual Operations Cost 2.01
Total Annual Cost $2.2M
Annual Avatlability Time = 540 minutes per day (9 hours) x 5 days
per week x 52 weeks per year = 140,400 minutes
Cost Per Hinute = $2.eM/yr = $15.67/min
140,400 min/yr
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Costs per minute for the other two 1tems were calculated in a similar
manner, The results of these calculations are summarized in Table 3-11.

Table 3-11
EVA SUPPORT ITEMS USER SERVICE CHARGE PER MINUTE
(1984 Dollars)

Extravehicular Mobility Unit (EMU) 315.67/min.nr
Manned Maneuvering Umit (HMU) 53.33/min.(])
Remote Manipulator System (RMS) 121.00/min.(2)

{1) Contacts with JSC Personnel (1983 - 13984),
(2) Quote from Spar Ltd., Canada, 1983.

3.4.5 Tool Kits and Mechanical Support Equipment

This first category within the frequency-of-use related group includes
special tools, test sets, refurbishnent kits, restraints, etc., which could be
used to support a number of different activities and would probably be reused
many times during their operational 1ife. The cost per use for these items is
based on an approach that employs a quantity-adjusted amortization of unit
production cost combined with a dollar-value-adjusted operaticns cost. The
following equation is used to estimate the usage charge for the equipment
items as a function of number of anticipated uses.

Cost/Use = ——Coo 4+ (.25

0.8
C .
N0.848

where C = initial production umit cost of 1tem
where N = number of times an activity is performed using the item

i

The first term of tnis equation represents an amortization of the imitial
unit cost (cost divided by numoer of uses). It will be noted that the number
of uses (N) 1s adjustad by an exponent whose value is 0.848. This adjustment
is applred to account for the greater risk of equipdent fairiure and potential
replacement as the vtem 1s continually used and refurbished over its entire
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useful life., The 0.848 exponent 1s related to a 903 cost-reduction curve
which is commnonly used in cost/quantity relationships. In the present
application, doubling the number of times an activity 1s performed results in
an average cost wnich is 90% of the previous cost. As an example, a change in
frequency from 10 to 20 (a factor of 2) would reduce the average unit cost as
follows:

(20°848) : 2 = 0,90 or 30% reduction

Applying this approach to the computation of equipment cost amortization
results 1n a progressively greater value for the amortization of i1mitial cost
compared to a straight-line awortization schedule, as the number of uses
increases.

The second term of this equation represents a recurring operations cost
per use for maintenance and refurbishment, calculated as a percentage of
inmitial equipment cost. Tne scaling adjustment applied here (the exponent
whose value is 0.8) results in a decreasing percentage of initial cost as the
1n1t1al cost becomes larger. Tnis rationale allows for an adequate
refurbishment charge for a relatively low cost item and also prevents an
excessive cnarge being applied to a very high cost item. As an example, the
percentage charge on a 410,000 1tem 1s approximately 4% whereas the percentage
on a $10,000,000 item 1s only about 1%, These percentages are judgment
factors based on related analysis from previous studies. The base production
unit cost data and data sources for all items in this category are summarized
in Taple 3-12.

3.4.6 Cormand, Control, Communication, and Data Management Equipment
Tnis frequency-of-use category includes control/display panels, computers,

keyboards, data storage equipment, intercom devices, servo actuators,
encoders, decoders, and support instrumentation. All are assumed to be
multiuse 1tems capable of supporting a number of different acivities. The
same cost per use equation described under Tool Kits and Hechanical Support
Equipnent 1s used to estimate the usage charge for these 1tems. The base
production unit cost data and data sources for all items 1n this category are
suamarized in Table 3-13.
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Table 3-12

TOOL KITS AND HECHANICAL SUPPORT EQUIPHENT

PRODUCTION UNIT COSTS
(1984 Dollars)

£

1. Power Tool, Portable S 52,000 (2)
2. Tool Kits, Manual 16,000 (2)
3. Gas Recharge Kit ’ 76,000 (1)
4, Fluid Recharge Kit 152,000 (1)
5. Test Set, Alignment/Calibration, Portable 315,000 (1)
b. Test Set, Electrrcal Checkout - 210,000 (1)
7. Surface Coating/Refurbishment Apparatus 456,000 (1)
8A. Support Equipmént, Experiment Specific 10,000 (3)
83. Support Equipment, Experiment Specific 50,000 (3)
8C. Support Equipaent, Experiment Specific 250,000 (3)
8b. Support Equipnent, Experiment Specific 1,000,000 (3)
9. Cherry Picker with Work Platform (RMS) 645,000 (2)
10. Restraints to Support Manned Activities 124,000 (2)
11. Life Sciences Experiments Tool Kits 34,000 (3)

{1) tcDonnell Douglas Astronautics Company, Power System Design Concept Study,
Phase C/D Cost Estimate, DR-6 Final Report, Contract NAS8-33955, June 1981.

(2) Essex Corporation, Analysis of Large Space Structures Assembly, HNASA
Report No. 3751, December 1983,

{3) vicDonnell Douglas Astronautics Company, In House Studies and Engineering
Judgment.

3.4.7 Unmanned Platform Basic Resources
Tnls.category provides a usage charge for the basic resources portion of

the unmanned platform (subsystem capability not required to support payloads)
where unmanned support is required to perform a particular activity. The MDAC
cost model predicts a total platform production cost of $304.60 million or
336.466 million per year asuming a ten-year amortization. Tne ratio of
platform subsystem power requirements to total power requirements is

2.5 kd/14,0 k¥ or 0.17857. Applying this ratio to thne $36.466 million per
year total results 1n an allocation of $6.512 willion per year for platform
basic resources.

A current platform mission analysis shows an average of 1260 activities
per year involving platform usage. The average cost per use based on these
values 15 $6.51211/1260 = §5168/use. Applying the quantity adjustment exponent
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Table 3-13

COit4AND, CONTROL, COMIIUNICATION, AND DATA MANAGEMENT EQUIPHENT
PRODUCTION UNIT COSTS

7T

i 11984 Dollars)

1. Control/Display for Remote Gimbals $155,000 (1)
2. Control/Display for Remote Cameras (TY and Photo) 108,000 (1)
3. Automatic Adjustment or Control of Remote Equipment 608,000 (1)
4, Voice Intercommunication 381,000 (2)
5. Control and Display Activation and Monitoring

Equi pnent, Keyboard 175,000 (1)
6. Hardware for Accepting Remote Commands 75,000 (3)
7. Display and Software for Record Keeping, Procedures,

and Schedules Maintenance 200,000 (1)

8. Computer Programmed for Command and Control of a

(

Specific Function/Task by Artificial Intelligence 1,521,000 (1)
9. Encode/Decode Data Equipment 68,000 (3)
10. Data Computation and Reduction Equipment 380,000 (1)
11. Input/Output Data Buffer Equipument 141,000 (1)
12. Central Timing Unit 1,305,000 (1)
13. NSSC Interface Management Unit 770,000 (1)
14. Remote Units 324,000 (1)
15. CDMS Central Unit 567,000 (1)
15. High-Rate Recorder 2,418,000 (1)
17. Low-Rate Recorder 495,000 (1)
138, NSSC-II Computer 1,521,000 (1)
19. Ku-Band Communication Equipment 7,029,000 (1)
20, S-Band Communication Equipaent 1,570,000 (1)
21. Low-Gain Antennas 405,000 (1)
22, RF Transfer Switcn 81,000 (1)
23. Support Instrumentat-on/Sensor Equipment 3,108,000 (1)
24, Telemetry Umrt 63,000 (1)
25. Payload Coumand and Data Acquisition Unit 432,000 (1)

(1) ctonnell Douglas Astronautics Company, Power System Design Concept Study,
Phase C/D Cost Estimate, DR-6 Final Report, Contract NAS8-33955, dJune 1981.

{2) Hcbonnell Douglas Astronautics Company, llanned Orbital Systems Concepts Study,
final Report - Prograrmatics for Extended Duration Missions, Contract
NAS8-31014, Report No. MDC G5919, September 1975.

(3) ¥cbonnell Douglias Astronautics Company, Payload Assist llodule (PA'Y) Program,
Actual Cost Experience for Similar Items.
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of 0.848 described under tool kits results in a calculated first use (C) of
$2.2 mi1lion as follows:

C .
—ee = 35] 83
12609’848

(9]
]

$2.2 million

The general equation for cost per use as a function of number of uses (N)
is tnen

32.2001
P- 848

Operations cost was estimated to be 25% of the production cost
relationship or

30.55014
\D- 848

3.4.8 O0Orbital Mobility Systems

This frequency-of-use category includes the Ortital Maneuvering Vehicle
{04V}, the Urbital Transfer Vehicle (OTV), and the Telepresence Hanipulator
System (TMS). These are all complex, expensive systems that will be designed
for meltiple applications and large numbers of uses. The cost per use for
these 1tems is based on an approach similar to that described under Umnanned
Platform Basic Resources. A ten-year amortization of production unit cost was
aJain used along with an asswaption of 250 uses per year. An example using
the TS shows the following calculations:

Amortized Annual Production Cost = $41.0 million ¢ 10 years = $4.1d/yr
Average Cost Per Use = 34.11 = 250 = 416,400/use
Calculated First Use (C) $16,400 x 2500848 = 91,7714
Operations First Use 0.25 x $1.7714 = $0.4431

These calculated values amount to U.0432 and 0.0108 times production umit
cost as follows:

Production First Use = $1.7711 = $41.,0001 = 0,0432
Operations First Use = $0.443M : 341.000:4 = 0.0108
, 3.40
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Since the same ten-year amortization and 250 uses per year is used for all
. three items in this category, the following general equation can be used to

/ estimate the usage charge for tnese items as a function of number of
anticipated uses:

J.0432C 0.0108C

Cost/Use = bp.ﬂﬂﬁ + ;p.843

where C = 1nitial production unit cost of item and M = number of times anh
activity is performed using the item.

The base production unit cost data and data sources for the three items in
: this category are summarized in Table 3-14.

Table 3-14
ORBITAL MOBILITY SYSTEMS
. PRODUCTION UNIT COSTS

— (1984 Dollars)
1. Orbital Maneuvering Vehicle (QiV}) $ 65,000,000 (1)
2. Orbital Transfer Vehicle (OTV) 131,000,000 (2)
3. Telepresence Manipulator System (THS) 41,000,000 (3)

(1) Contacts with JSC Personnel (1983 - 1984),
(2) Consensus of Previous NASA and Contractor Studies.

(3) £ssex Corporation, Analysis of Large Space Structures Assemply, NASA
; Report No. 3751, December 1933.

\ 3.4.9 Operating Systems Software
| Software 1tewns are also cnarged as a function of number of uses, but a
slightly different approach was employed and may be described as follows:

Cost/Use = ———é%——— + 0.55%
N
whiere L = imitial software developnent cost and N = nunber of times an
activity 1s performed using the software element.
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Tne first term of this equation represents a straight-line amortization
of the initial software development cost. Although the general cost analysis
groundrule was to amortize production cost only, software does not have an
identifianle production cost and its developaent cost is considered compara.le
to hardware production cost as a base for amortization. The software items
included in support requirements are all general, multimission systems and do
not include payload-specific softwarc., No cost/quantity adjustment was
applied for risk of failure since the hardware adjustment did not appear
applicable in the case of repetitive use of software. The second term of the
equation represents a recurring operations cost-per-use for software
maintenance. Data from the 1982 Space Platform Ground System Study indicate
that software maintenance at a nominal 100 uses over 10 years amounts to about
11U% of original software development cost. Since software maintenance is
related to time as well as number of uses, it was assumed that the minimum
software maintenance charge for one use over ten years would be 50% of the
nominal 10-year cost, or 55% of initial software development cost. Tms
starting value was scaled in relation to quantity using the same 0.848
expanent application described under equipment cost amortization. This
results in an 1ncreasingly greater total software maintenance operations cost
as tne number of uses i1ncreases. The base software development cost data and
data sources for tnis category are summarized in Table 3-15.

3.4.10 Cost ilethodology Application

Application of the above described cost methodology, shown scnematically
in Figure 3-15, consists of (1) obtaining inputs of support requirement
elements from tne activity definition sheets and mean times to perforn from

the activity timeline sheets, (2) running the appropriate equations with the
applicable unit cost and cost per hour data for a representative number of
times performed, and (3] plotting the composite cost/quantity calculations in
the form of cumulative cost versus frequency of use curves. The results of
the cost methodology application consist of 37 sets of cost curves which
summarize, for each of the 37 generic space activities, the relative economics
associated with the performance of each activity by the seven alternative
inodes of man-machine interaction. All 37 sets of cost versus frequency of use
curves are presented 1n Appendix F, Two variations in the data plotted are
presented for each activity. The first variation excludes operations costs
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} Table 3-15
- OPERATING SYSTEMS SOFTWARE
SOFTWARE DEVELOPMENT COSTS
(1984 Dollars)
1. User Interface $ 1,654,000 (2)
2. Facility Readiness Test (Integration) 1,654,000 (2)
3. Uynamic Scenario Profile Generation 6,565,000 (2)
4, Command Generation 3,283,000 (2)
5. Telemetry Data Handling 4,911,000 (2)
b. Input/Output 1,654,000 (2)
! 7. Test Data Generation 465,000 (2)
8. Data Base Generation/aintenance 956,000 (2)
; 9. Data Reduction 465,000 (2)
‘ 10. Support Software 956,000 (2)
11. Software for Command and Control Hardware Controlled
from a Remote Ground or Orbital-Based Work Station 8,478,000 (1)
,/T\ . S 12. Software for Computer Programmed for Command and
o Control of a Specific Function/Task by Artificial
//// Intelligence 16,956,000 (1)
(1) iMcbonnell Douglas Astronautics Company, Power System Design Concept

Study, Phase C/D Cost Estimate, DR-6 Final Repo
NAS8-33955, June 1931.
(2y Ford Aerospace and Communications Corporation,

NAS8-33955, July 1982,

rt, Contract

Space Platform Ground

System Study, Baseline Data Package, prepared under MDAC Contract

associated with equipment refurbishment, platform operations and maintenance,

orbital mobility systems operations, and software maint
variation includes these operations costs along with al
time-related usage charges and frequency-of-use related

! more equitable approach to establishing user charges.

enance. The second
1 applicable
production cost

The data excluding

! operations cost are presented to recognize the current generalized level of
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Figure 3-16 11lustrates the application of the cost metnodology for one of

the 37 generic space activities, “Implement Procedures/Schedules.” The
: activity definition and timeline sheets ({see Appendices D and E) for this
activity identify the specifi. support requirement items and mean times to

perform this activity in each of the seven modes of man-machine interaction.
The costs per use for time-related item$ (see Figure 3-15) are calculated as
! tne product of the mean time to perform (from the activity timeline sheet) and
! the applicaole cost per inour or minute (from Sections 3.4.1, 3.4.2, 3.4.3, and
The costs per use for frequency-of-use related 1tems (see Figure
i 3-15) are calculated using the applicable production unit costs or software

3.4.4).

: costs entered 1nto the appropriate equations documented in Sections 3.4.5,

3.4.6, 3.4.7, 3.4.8, and 3.4.9.
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Figure 3-16. Activity 20~Implementation Procedures/Sthedi.ies Cumulative Cost vs.
Repetitions Including Operations

specified 1tems at representative quantities of 1, 2, 5, 10, 20, 50, 100, 500,
1000, 5000 and 10,000 to provide sufficient data points to plot the composite
cost versus frequency~of-use curves for each of the seven man-machine
interaction modes.

3.4.11 g0Observations X

Athough the implementation costs for each individual activity in each
man-machine interaction mode are somewhat different, a rather significant
observation is that the cost level for direct human involvement (manual,
supported, augmented, or teleoperated modes) generally remains considerably
lower than the cost for remote human involvement (supervised and independent
modes) over a large number of times that the activity might be performed (1 to
1000 times). As may be noted on Figure 3-18, the cost differentials were
generally observed to span two orders of magnitude when only a few activations
are required (1 to 10) but narrowed to one order of magnitude when the number
of activations approached 1000. For the most activities, the manual mode can
be performed in a relatively short time period (less than 1 hour) with only
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minimal inexpensive support equipment. The $32,522 per hour space station .
facility charge, although a significant factor if lengthy times are involved,

remains at a relatively low cost level for short time periods until the

frequency of use approaches 1000. Performing activities in the independent or
teleoperated modes requires, in most cases, a relatively expensive initial

investment in support equipment and software which does not compare favorably

with the manual mode unless amortized over a large number of uses.

Variations from the patterns observed in Figure 3-16 occurred for a few
activities where unusual equipment or timeline requirements were specified for
a particular mode of man-machine interaction. For example, the relatively
high cost for Activities 36 _and 37 - Transport toaded/Unloaded (see Figure

3-17) in the teleoperated mode occurs because the average time to acomplish
this class of activity with a teleoperator was estimated to be 60 minutes as
predicated upon the timeline data of Subtask 2.2. Another example is Activity
32 - Replace/Clean Surface Ccatings (see Figure 3-18) where the manual and

supported modes also become relatively costly when the number of times the

1000
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Figure 3-17. Actity 36 — Transport Loaded Cumulative Cost vs. Repetitions Including Operations
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Figure 3-18 Actvity Number 32 — Replace/Clean Surface Coatings Cumulative Cost vs, Repetitions
{ncluding Operations

activity is to be performed increases to one hundred or more. Again, this was
due primarily to the average time (150 minutes) required for this activity in
the manual mode as derived from the timeline Fata developed in Subtask 2.2.

A principal criterion used to identify the critical technology issues to
be considerad 1n Task 3 is the need to improve productivity and to thereby
reduce the cost of future space operations. One of the highest cost
activities identified to date, especially in the supervised and independent
modes of operation, is Activity Number 27 - Problem Solving/Decision Making
and Data Analysis (Figure 3-19). The cost in this case is due in large part
to the requirements for relatively expensive sensors, instrumentation, and
software needed when operating in the supervised and independent modes. This
suggests the need for a better understanding and coupling of artificial and
human intelligence and the development of techniques for the effective
utilization of “expert" systems. On the other hand, in Activity 32 (see
Figure 3-17), the high cost of the manned and supported modes suggests the
need for improvements in the process tachrology for cleaning optical surfaces
and/or coatings ia space.

/

mMcoonnELL EOUGLC)C}/_—




e e J N S

2 “ - - NG - . . I . -
Sy ~ ‘

Dollars 1n Mithions

/ T e—e-s-e— Nanual
1 et - ~e *—o—o— Synported 2

3 - — - e e——a— fygmenttd

— ve-a- o - Telzoperated

~ u —u-um—Sapurwiseg -~ Ground
e Supervisea - On Ortnt
— 9 e — INdERENCLNT

014 S—— — e

10 100 1000 10,000
Number of Times Actvity s Perfarmed

Figure 3-19. Actwvity Number 27 — Proolem Solving/Decision Making/Data Analysi. Cumulative Cost
vs. Repetitions Including Operations

3.5 EVALUATION

In Section 3.1, a generic set of mission activities was described based
upon a review of past and proposed space missions. This generic set of
activities waz designed to provide the building blocks from which future space
missions could be synthesized. In Section 3.2, comparative timeline data for
each of the basic activities were developed. In Section 3.3, the support
equipment requirements associated with each activity implementation option
were identified and this information 1n turn was used in Section 3.4 to
prepare comparative cost data associated with the provision, support, and
utilization of various degrees of direct human involvement in future space
missions,

Tne techniquaes described and the information developed in the preceding
sections provide the framework for developing a methodology couparative
costing. It 135 intended that this metnodology provide a basis for evaluating
the wnpact of virying degrees of human involvement on the effcctiveness and”
econony of satisfying the requirements of future space projects. In
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accomplishing this goal, it was believed that the comparative data would be
most useful if they were expressed in a tabular or graphic format. Factors
that need to be considered in formulating a strategy for evaluating the impact
of varying degrees of human involvement in satisfying the activity
requirements are (1) the performance 1imits associated with direct or indirect
human involvement, (2) the number of times a specific activity is to be
performed, (3) and the number of different activities that are required to be
performed in the operational sequence being examined. The limiting factors on
direct human involvement are primarily associated with sensing (whether
stimuli are within or outside of the range of human sensory capability);
information processing (whether or not the comb]exwty of the information to be
processed requires supplemental aids); and action (whether or not the action
required is within the range of human motor responses). These limiting
factors are well documented, as discussed in Section 2 and can be addressed in
cnecklist fashion in the initial conceptual design phase of the program
development process.

In many cases, alternative modes of man-machine interaction could satisfy
performance requirements. The issue then becomes one of cost; i.e., which of
the applicable man-machine modes of interaction is the most cost effective.

In addressing this issue, the most important factors are the number of
times a specific activity is to be performed, and the number of diffcrent
activities that are required to be performed in the operational sequence.
Conventional wisdom would suggest that even if a given activity were capable
of being performed in a manual mode, the cost of a man/hour or man/minute in
space is so high that 1f that activity were required to be repeated a numder
of times, a cross-over point would quickly be reached where it would be mast
cost effective to implement a more automated approach to the activity
performance. In similar fashien, it can be reasoncd that the human oparator is
basically a single channel mechanism and cannot be expected to perforn
multiple activities simultaneously although the activities might be perforaed
serially 1f the performance time permts,

In order to provide a4 comparative base for examining the cost
cffectiveness of the various man-nmachine modes and to establish the ¢ross-over
points where one mode becones more cost effective than anotner, 1t wds
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believed desirable to equate the relative cost of performing each activity by
each of the modes of implementation to a coumon dollar base, and to thereby
establish a famly of equal cost curves based upon the following relationship:

(A) (8)
Cost for Performing Cost for Performing
Eoration an Activity "N" = an Activity "N
One Times in tne Tires 1n an
Direct Manual Mode Indirect itode

If A >B, then an indirect mode should be considered. If A <B, then
a direct mode should be considersd. If A = B, the decision must be based on
other criteria. One additional factor must be considered in establishing
these cost relationships, however, and that is the total number of activities
required 1n the operational sequence, In dealing with the cost of direct
manual 1nvolvenent in the performance of any set of activities, the most
significant factor is the crew time required and the cost per unit of crew
tine,

The nore activities that are required, the more time 1s required, and the
hignher the cost. This is true of the imanual, supported, augmented and
teleoperated modes of gperation. In the case of the operaticnal modes whure
the human 1nvolvement 1s more indirect (1.e., the supervised-ground, the
supervised-on-prbit, and the independent modes), the principal contributor to
tne cost of performing a set of activities 1s more directly dependent upon the
cost of the resources and the supporting equipmnent i1tems required to perfomm
each activity in orbit rather than upon the time required to accomplisa tie
activity. This means that in the modes requiring i1ndirect human 1nvol veaent,
the reduction of cost due to the potential of sharing common equipment i1tems
and comnon resources can be a significant factor 1n the cost equation.

A common finding 1n previous stuaies has been that there 15 a great deal
of comaonality among the eguipnent items required to support a broad spectrun
of wi1ssions, or space activities. That 1s, the first few activities examnead
will 1ntroduce a number of new equipment requirements. This equipment,
hoaever, 1s also founa to be required by other activities. As new activities
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are analyzed, fewer and fewer additional or unique equipment items are
uncovered. The list of unique items of support equipment grows in a
. negatively accelerated fashion until after some point a plateau is reached and
tne analysis of additional activities leads to no major changes in the total
- inventory of support equipaent required. As illustrated in Figure 3-20, this
typical trend also has been observed in the present study. As may be seen
) from Figure 3-20, the initial activity considered required 12 items of support
equipment. Each additional activity contributed only a few more items of
support until after the 21st activity, no additional equipment items were
added to the 1nveatory and the commonality plot reached a plateau. A standard
MDAC-McAuto curve-fitting program was used to develop the best fitting
. equation to describe this commonality curve. In this process, a number of
' equations were examined including tnose for a log-10g linear curve, a true
power curve, a iinear curve fit, an asymptotic power function, a
' . semilog-linear relation, a linear-semilog relation, an exponent'al curve, and
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a quadratic curve. Of these, the best fitting curve describing the study data
vas found to be a quadratic equation in the following form:

Y = 9.8327 + 0.76922X ~ 0.0]2938X2

where Y 1s the number of equipment items required, and X is the number of

activities required in the mission. The coefficient of determination for this
relationsaip (R%) was 0.96293.

Recognizing the fact that most operational sequences .0 accomplish mission
objectives require a number of different activities and recognizing that many
individual support items would be common to more than one activity, it was
believed to be desirable to include the commonality factor and to compare the
relative cost of performing a given activity in each of the man-machine inodes
{manual, supported, augmented, teleoperated, supervised, or independent) as a
function of the number of different activities required as well as by the
number of times each activity 1s to be repeated during the operational
sequence.

If 1t 1s assumed that there 1s a direct relationship between the
implementation cost for accomplishing a specific activity and the number of -
supporting equipment items required {31.e., the Activity Implementation Cost 1s
a function of the number of equipment items required), then a cost correction
factor to allow for the commonality of equipient needs among multiple
activities can be established as follows:

COMMIUNALITY

oSt = [ IAPLEMENTATION CUSTS FOR "N® ACTIVITIES |
CORRECTION | | THPLEFERTATION CUSTS FUR A SINGLE ACTIVITY]
FACTOR

ITEIAS REQUIRED FOR
"N ACTIVITIES
[NUHBhR OF cQUIPAENT J
f

{ NUMBER OF EQUIPHENT
f

ITEMS REQUIRED FOR
A SINGLE ACTIVITY
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COMAONALITY 0.8327 + 076922 .2
COST CORRECTION -8 .76922Ay - 0.012938Ay

FACTOR FOR 9.8327 + 0.76922A1 - 0.0129384; 2
MULTIPLE ACTIVITIES

9.8327 + 0.7922Ay - 0.0129337y 2
10.59

[COMIIONALITY COST
| CURRECTIVE FACTOR

Table 3-16 Tists typical values of the Commonality Cost Correction Factor
as a function of the number of activities required in the operational sequence.

A relationship can then be established to compare the cost effectiveness
of alternative man-machine modes by taking the data on the estimated costs of
performing a specific activity for any number of repetitions in each
man-macnine rmode, as described in Section 3.4, and applying the following
assumptions: (1) The cost for performing multiple activities in the
man-machine modes requiring direct manual involvement (manual, supported,
augmented, teleoperated) 1s directly proportional to the number of different
activities required, and (2) tne cost for performing multiple activities in
the man-machine modes requiring indirect manned involvement {Supervised and
Independent) can be described by a quadratic relationship as illustrated in
Figure 3-20.

The expression presented as Equation One above can be modified to include
the commonality factor and the locus of points desciribing the boundary where
1t is equally cost effective to implement the activity requirements by either
of two man-macnine modes can be determined as follows:

COST FUR PERFORAING NUMBER OF COST FOR PERFORMING COmdONALITY

AN ACTIVITY "N" TINES|X |DIFFERENT )= {AN ACTIVITY "N" X | CORRECTION

IN THE DIRECT ANUAL ACTIVITIES TIMES IN AN INDIRECT FACTOR FOR

HODE HODE ] MULTIPLE ACTIVITIES

9.3327 + 0.76922AN

- 0.01293dAN2

The Lommonality Correction Factor is equal to:
10.59
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Table 3-16
COMMONALITY COST CORRECTION FACTORS
Comaonality Cost Correction Relative
Number of Activities Factor Cost/Activity
1 1.00 1.00
2 1.07 .54
3 1.14 .38
4 1.21 .30
5 1.27 .25
6 1.33 .22
7 1.39 .20
8 1.45 .18
9 1.50 A7
10 1.55 .16
1 1.60 .15
12 1.65 g4
13 1.69 .13
14 1.74 .12
15 1.78 12
16 1.81 .11
17 1.85 a1
18 1.88 .10
B - 1.9 .10
20 1.94 .10
21 1.96 .09
22 1.98 .09
23 2.00 .09
24 2.02 .08
25 2.04 .03
30 2.07 .07
35 2.u7 .06
3-54
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E where AN represents the nunber of different activities. It should be
cautioned that the basic quadratic equation was derived from the data obtained
in the current study and should be used only within that frame of reference.
If the number of activities should significantly change, the optimal
descriptive equation should be reestablished based upon a new set of limiting
values.

Using this approach, equal cost curves fcr the manual mode compared to

each oy the other man-machine implementation modes were plotted for each

, activity as illustrated in Figure 3-21. MWhen considered individually, each of
these curves represents the locus of equal cost points for various
combinations of the.total number of unique activities required and the number
of repetitions anticipated for a specific activity. Above or to the right of
specific curves, it is more cost effective to use the man-machine mode noted
and below or to the left of a specific curve, it is more cost effective to
consider the use of a manual mode. o
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Figure 3-21. Equa! Cost Curves for Manual Activation as Compared to Each of the Other Man-Machine
Implementation Riodes. Activity 29 -- Release/Secure Mechanical interface.
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When all of the individual curves are plotted together as a family, the
areas bounded by the individual curves define the regions vwhere each specific
man-machine mode is the most cost effective. Figure 3-22 portrays these
regions of applicability. As illustrated in Figure 3-22, if only the one
activity were required to be performed, it would need to be repeated thousands
of times before it would be cost effective to provide some degree of automdted
support (i.e., the supervised mode of cperation). On the other hand, if a
total of 16 activities were required to be performed to accomplish the mission
objective, and if the number of times Activity 29 was to be performed were
only two hundred, designing the mission objective to be accomplished in the
supervised mode becomes an attractive option.
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Figure 3-22  Activity Number 29 Release/Secure Mechanical Interface

From these graphic presentations of the equal cost curves, it can be
concluded that if each man-machine mode is equally capable of meeting the
performance requirements of a group of activities, 1t generally is more cost
effective to implement the activity in one of the direct manual modes
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(including supported or augmented) than in an indirect mode (supervised or
independent). It is only when a series of 30 or more different activities is
required to be repeated hundreds of times each, that the indirect modes of
operation become the more cost effective modes,
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Section 4
TECHNOLOGY REQUIREMENTS AND TASKS - TASK 3

The objectives of tais task were to {1) identify the requirements for
tecnnology developments needed to enable and enhance the human role in space
activities, and (2) uncover gaps that may exist 1n current technology
development plans that will need to be filled to realize the full operational
potential of advanced manned space systems.

Enapling tecnnology development can be described as those specific
developnents necessary to provide the basic capability required to meet
specific mission goals and objectives. Enrhancing technology describes those
research and development projects that are supportive of the major enabling
technologies. The enhancing technological developments generally lead to
standardization and improvements in productivity including performance, cost
effectiveness and risk reduction.

A review of NASA planning documents has led to the conclusion that the
current plans which NASA is in the process of developing and executing in
support of the enabling technologies for future space programs do include the
major issues of concern. No "show stoppers” were found that would preclude
the Jdevelopment of a manned space platforim capable of suprorting the needs and
cbjectives of a broad spectrum of future missions. On the other hind, a
number of areas, which might be termed "enhancing technology,"” were 1dentified
where gaps in support exist and where supported research and developrent
activities could greatly enhance the accomplistment of a wile range of

missions in a nore cost effective manner,

4.1 TECHNOLOGY REQUIREMENTS

In tne identification of requirenents for the technological developtents
that enable and enhance the human role in future space operations, four
sources of information were utilized. Thnese were as foullows:

A. HNASA Space Systems Technology riodel - 5th 1siue, January 1384.
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B. Research and Technology Objectives and Plans (RTOPS), 1983-84, as
available from NASA Centers.

C. NASA Space Station Task Force Mission Requirement Working Group (lRWG)
dodel of tne potential Space Station missions for the years 13991-2000,

D. The 37 generic activities defined in Task 2 of the THURIS study.

Source A provided an organizational framework for technology planning,
source B provided the list of the research and technology objectiveé which are
currently scheduled to be addressed, source C provided a time reference for
determining when specific operational capabilities were needed, and source D
defined the specific man-machine activities tnat will be required in
accomplishing the operational objectives defined in source C. By considering
each of these references in relationship to the others, it becomes possible to
surface those activities most in demand and to assess the timeliness of NASA's
planned and ongoing R&D projects as well as to identify areas of R&D coverage
that may currently appear to be inadequate to support the Space Station
related missions of the 1991-2000 time period, either 1n scope or in technical
focus.

The first source of i1nformation examined was the NASA Space Systems
Technology Model.(]) This seven-volume document represents a vital element
of the nation's space technology program planning and implementation process
and 1s a companion to the NASA Long-Range Flanning Document. It is updated
annually. Although the Space Systems Technology model covers all technical
areas, the areas of speé1f1c interest to the THURIS study were those dealing
with the human factors elements of manned systems.

Three types of numan factors operations are described in the Space Systems
Technology lModel. The first class of operations includes “hands-on" tasks
performed at crew stations located within the habitable portions of the manned
space facilities., Technology needs of these work stations include displays,

(1) NASA Space Systems Technology ilodel, Fifth Issue dated January 1984.
NASA-Office of Aeronautics and Space Technology, Code RS, ¥ashington,
D.C. 20546, Issued under tne authority of Stan R. Sadin, Deputy
Director, Program Development, OART/RS.
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software advances, and man/machine task allocations. The crew vork station
needs include designs employing emerging display and control technology, "user
friendly" interfaces, artificial intelligence, computer-aided problem solviny,
and assistance to the crew 1n decision-making activities.

The second type of human factors operations is "hands-on" tasks performed
by the crew during extravehicular activities. Here the enabling technology
requirements address “next generation" EVA work systems, improved tools,
transfer aids and procedures. Typical products of these technologies include,
low-fatigue/long-duration space suits, gloves and accessories, force-aided
tools and fixtures, restraints and mobility aids, and situation and work
status displays.

Tne third type of human factors operations is joint man-machine
teleoperations, and includes technology focusing on the operator's work
station, interface equipment and end-effector/actuator units. Elements of the
work station include controls, operational displays, status monitoring
displays, and control-display dynamics. Interface equipment issues include
transmission of signals between operator and effector. The remote
end-effector/actuator i1ssues address sensing, manipulating, and mobility at
the remote site. An overall issue is developing the technology which enables
tne extension of the human motor and sensory presence including botn the
psychomotor and the human intellect. A few examples of teleoperations
applications include shuttle-attached manipulators, free-flying satellite
serv;cing units, and automatic assembly machines.

The second source of information examined by the THURIS study team was
those current Research and Technology Objectives and Plans (RTOPs) available
as of April 1934 from the NASA centers that considered human factors enabling
technologies. These RTOPs were arranged 1nto the three types of operational
considerations identified from tine Space Svstems Technology todel (Source
No. 1); i.e., (1) crew station design, (2) extravenicular activity, and (3)
telecperations. The projected status of the outputs of these research areas
was quantified in terms of the level of technology readiness expected from
each project between the present time and the IOC of a Space Station
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(approximately 1991). The readiness levels are defined on a seven-point scale
as shown in Table 4-1. A list of the projects, their assigned NASA lead
center, and their projected status is shown in Tables 4-2, 4-3, and 4-4, and
further summarized on Figure 4-1.

The third source of information examined by the THURIS study team was the
currently evolving space mission descriptive data being generated for the

Table 41 Technology Reaciness Levels

LEVEL 1 BASIC PRINCIPLES OBSERVED AND REPORTED

LEVEL 2 CONCEPTUAL OESIGN FORMULATED

LEVEL 3 CONCEPTUAL DESIGN TESTED ANALYTICAL'Y OR EXPERIMENTALLY
LEVE. 4 CRITICAL FUNCTION/CHARACTERISTIC DEMONSTRATION

LEVEL 5 COMPIMENT /BREADBUARD TESTED IN RELEVANT ENVIRONMENT

LEVEL 6 PROTOTYPE/EHGI'\EERING MODEL TESTED IN REEVANT ENV 07 "MENT
LEYEL 7 ENGIMEERING MODEL TESTED SPACE

LEVEL 8 FULL OPZRATIC.AL CAPABILITY (FQC)
{BASELIKED INTO FRODUCTION LeSIGN - LEVEL 8)

Table 4-2. Crew Station Design Related Projects & i1d Status
TECHNOLOGICAL READINESS LEVEL

PROJECT {1-7) & DATE PROJECTION
- ADVANCED INFOPPATICH PROCESSING SYSTEM (6) MAR 85
FLIGHT DENMOHSTRATIGH (ALPS) - JSC (7) DEC 88
- HICROPROCESSOR COHTROLLED MECHANISHS - JSC (3) ALG 87
- AUTOMATED SUBSYSTEN MANAGENMENT - JSC (5) DEC &>
- CREM STATIOH HUMAN FACTORS - JSC (3) FEB 86
- SPACE STATIOR DATA BANAGERERT SYSTEM - JSC/GSFC 3 Jun 85
- MAN'S ROLE [H SPACE MAINTENANCE - KMSFC (7} 0CT 86
- MAN/MACHINE INTERFACE DESIGH TECHNOLOGY - MSFC (6) APR 85
- HABITABILITY TECHA&ZLOGY - KSFC (3) SEP 86
(APPLICATION OF THURIS RESULTS)
- INTERACTIVE HUMANH FACTORS (TDMX 2470) - MSFC (7)  JULY 1991
- EARTH OBSERVATIOH LiSTRUMENT TECHNOLOGY (TDMX 2260) - LRC (7)  JULY 1992
- HABITATION TECHNTLOGY (TDHX 2520) (73 JuLy 1991 I
3
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Table 43, Extravehicular Activity Related Projects and Status

TECHKOLOSICAL READIKESS LEVEL
_(1-7) & DATE PROJECTIO:

= LASER RRTHROFEIRIC RAPPING SYSTEM - JSC 8) xC 85
= GLOYL EXD EFFECTOR - JSC (5) FEB 5
= EVA GEMERIC WORK STATIOH AND KESTRAINTS - JSC (6) DEC 86
- ERJ HEADS UP DISPLAY - JSC (5) Jun 85
= HURAN SIREEGTH AND FOTIGH RODEL - JSC (5) FAY 87
- STRUCTURAL ASSEMBLY DERONSTRATICH EXPERIFEHT - RSFC (7) JiL 85
- FOULAR CONSTRUCTICR/BANIPULATOR SERVICIHG - MSFC (6} R 87
- CRBITAL ECUIPHENT IRARSFER TECHMIQUES - RBSFC (1) KOV 85
~ DEPLOYFERT/ASSERBLY/COXTRUCTISH (Tisdh 2063} - IRC (7) KLY 1992
- LARGE SPACE ARTERMA TECHROLOGY (THEX 2210) - JPL (7) JuLy 1992

Teble 44, Telsoperetions Related Projects and Status

TECHHOLOGICAL READINESS LEVEL
(1-7) & DAYE PROJECTION

- LEO PLATFORM/REROTE SERVICING - MSFC (5) DEC 86
- SPACE PLATFORM EXPENDASLES RESUPPLY - KSFT {7 AR 88
- SATELLITE AND SYSTERS SERVICIEG - RASFC (6) JAY 87
- TELEPPESERCE WORK STATINY - FSFC (6) Jul 87
- ADYZXCED CRAITAL SERVICING TECHSOLOGY EXPERIFINTS - KSFC (7) AUG 85
- TELEPRESERCE TECHNCLGOY (TDFX 2360) - JRL (7) Ju 1933
- SATELLITE SERVICIMG TECHEILOGY (TDEX 2560) - KSFC (7) JiL 1931
- ATY SERVICIKG TECHIOLOGY (13X 25700 (7) Jut 1991

Space Station dission Requireaents Working Group (MRWG) Hission iodel. The
WRIG 1s the part of the Space Station Task Force assigned the responsibility
for defining a mcdel mission, schedule, and set of requirements for tne
19912000 time frame. Within the model at the present time are seven
technology develoment missions directly associated with human factors
enabling technologies. Tnese missions are also included on Tables 4-2, 4-3,
and 4-4, and are identified by the TDHX designator in parentneses following
the project title.

The 37 generic activities defined in Task 2 of the THURIS study were
correlated with space station crew task assignnents involving 16 mission
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parameters. These parameters included (1) the locatfon of the werk (IVA,
EVA); (2) tne involvement of the crew with the mission equipmrent (e.g.,
initial setup and checkout, daily routine operations, periodic operations less
frequent than daily mission equipnent maintenance, repair operations, and
response to change and unexpected events); and (3) the places where the work
{s performed relative to eight space station functional elements. These space
station functional elements include pressurized modules, attached payloads in
unpressurized areas, command, control, and communications (C3) functions,
deployment/construction/assembly functions, proximity opexations, and payload
staging for earth return. The descriptions of the functional elements defined
by the MRAG are sumnarized in Table 4-5,

The results of correlating the generic activities to the space station
nission parameters are displayed in Figure 4-2, An entry in the body of the
matrix indicates that for a particular crew activity and mission parameter
intersection, a missjon-related need s established. “Inspection of the number
of mission parameters associated with each of the activities shows that wnile
all activities are required in various locations to support future missions,
11 out of tne 37 activities are in most demand. Tnese eleven activities
(indicated by a count of 15 or 16 in the total column of the matrix) include:
adjust/align elements; communicate information; confirm/verify
procedures/schedules/operations; gather/replace tools/equipment; implement
procedures/schedules; inspect/observe; position module; probliem
solving/decision making; release/secure mechanical interface; transport
loaded; and transport unloaded.

4.2 TECHNOLOGY GAPS

Technology gaps can arise from one factor or a conbination of three
factors: (1) need for increased performance capability, (2) schedule
incompatibilities, and (3) costs associated with (1) and (2).

A gap in technology can exist either wihen the capability to perform a
certain action is totally lacking or when the capability to perforin a given
action is questionable and associated with a risk factor which 1s
unacceptable.
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Table 4-5
AANNED STATIGN ELEAENT FUNCTIONS

4'

Pressurized Laboratory

A pressurized crew station module will provide power, low gravity, and
long duration crew support for conducting laboratory work and operational
support. Payload elements may be integrated directly into the module.

Attached Payloads
Provision will be made to accommodate payload elements exterior to the
pressurized module. Limited rescurces plus periodic crew tending and

servicing will be provided. Resources could include command, control, and
data nandling.

Commnand, Control, and Communications Support

Provisions will be made within the space station system to remotely
command, control, monitor, throughput, and preprocess data for free-flyers
and platforms.

Deployment, Assembly, Construction

The space station system will provide support capability for construction,
assemply, and deployment. This support fmplies all required service
devices such as manipulators and MiUs.

Proxiity Operations

Payloads capablie of maneuvering themselves within a reasonable distance of
the station will be maintained, serviced and checked out. Reasonable
distance is defined as that limited by capability of EIW or a small
proximity operations vehicle (POV).

Remote ifaintenance, Servicing, Checkout, and Retrieval

Payloads, remote from the space station, can be maintained/serviced and
checked out via a remote'y operated service vehicle. Servicing could be
prcvided on the payload at its locations or the payload could be
retrieved, serviced, and returned. The space station likewise provides

for commanding, controlling, maintaining, and servicing the service
vehicle. )

Payload Integration and Launch

Payloads/satellites requiring transfer to other orbits can be brought to
the space station by the Shuttle Orbiter, integrateéd with a transfer
stage, and launched. The transfer stages could be commanded and
controlled from the space station. These stages could be either
expendable or reusable. Reusable transfer stages can be based at the
space station, serviced, maintained, and refueled. Expendable stages
could be stored and serviced.

Payload Staging for Earth Return

Payloads, experimental samples, or captured samples requiring return to
earth can be demated, prepared and stored until placed in the Orbiter for
return to earth. Tmis function also includes the preparation of payload
equipnent for return at the conclusion of its mission,
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Space Station Mission Parameters
Location Crew Activitien Space Stat:on Functionat Elements
3
: % 2 = <
GENERIC t )4 5 -'-:: > z s £ 3
ACTIVITIES 21 ¢ 1% bot 8 Slelg
=3 > ] 8 o - 2 = 5 [ < =
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1 Actwvate/Imitiate Sysiem Operstion X | X|X XX X X]|X|xiXx X 1 X 12
2 Adjust.Align Elements XXX XXX IXPXPXIXIPXPXIX]X|PX)X)8
3 Atlocate/Assign: Distribute XiIX XX I XXX x] XXX X X {13
4 Apply Remove Biomedical Sentor X X{iXjiX X 5
5 Communicate Information X{XIX | XXX [ X]XiX|x(xXIXixX|X}|x{xlis
6 Compensatory Tracking X X1{Xx X| X} x}iXx X 8
T Compute Data X X1 XX X1l x X 7
8 Conhrm/Venty Procedures/ XXX IX I XX XXX IX]IXIXIX[{X]X]|X]}]16
Schedules/Operations
9 Connect/Duconnect Electricat Xi1xlix XXX} X}xix Xxixpxj3
intertace E
10 Connect, Disconnect Flud Interface XXX XXX} x}pxiXx X IXx X |12
11 Correlate Data X XXX 1x X X 7
12 Deactivate/Terminate System XX XX XX Xix|x X | X 1"
Operation
13 Decode/Coct Data b Tix|x b X 5
14 Define Procedures/Schedules/ X XX X 1X]X X 7
Operations
fl\ 15 Deploy, Retract Appendags x | x x Ix Ix x| x{x!xix xIx|x {13
16 Detect Change in State or X | X XXX XX} X]|X|X X t X 12
Condition
17 Duplay Data X XIX XX Xl X X X X | X 11
18 Gather/Replace Toots/Equipment X | %X ix XXX iX]|XiX X | X X | X115
18 Handle/{nspect/Examine Live X X | X | x X 3
Orgamisms
20 Implement Procedures/Schedules XXX XX X |[xIx]{X|X]|A[IXIX{X[|[x]{x]|15
2t Information Processing X ix X {Xx XX ixXx}|Xx X | X X |1
22 Inspect/Qbserve XX |{X XX 11X §x XXX IX XX (XX 15
23 Measure (Scate) Physical X | x X i X X |X] XX X 9
Dimensions
24 Plot Data X X IXx | X X 6
25 Position Mooule X X XX X XXX |IXIX [ XiX{X|X]|x}|i6
26 Prec sion Manipulanan of Objects XIXIX X [ XXX iIX|X|X X 1 X 12
27 Problem Solving/Decision Making/ X 1 X XXX I XXX IXIXIXIX XXX |15
Data Analyus
28 Pursuit Tracking X XX X | X X 8
2 Release/Secure Mechanical XIX XX {X}xX[xX]}|x XX | XX {X]|X|X |16
interface
30 Remove Module X | X X [X {X X {X{X[|x{Xx X [ X | X 13
3t Remove/Replace Covering X | X XX [IX X IX]IXIX iX XXX 13
32 Replace/Clean Surface Coating XX X [X |IX XXX 8
33 Replenish Materials XIX X |IX X [X X |XiX]{x]X 11
34 Store/Record Element X I X XX [ X [ XXX X [X X | X §X {13
35 Surgical Maniputations X1, X IX XX 6
36 Teansport Loaded X IX XX iIX X [ X{X]|X]|x|x | XIXx|X}{Xx]|x}]6
37 Transport Untoaded X | X X X IX IX XXX PXAX X IX XX |15

Figure 4-2. Corre'stion of Genenic Activities and Space Station flission Parcmeters
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A gap in tecnnology can pe identified if the technology readiness level
does not meet schedule constraints for implementation.

A gap in technology can also arise when the costs assocrated with
establishing the capability to perform an action at a specific time in the
future puts the specific action outside of the limits of economical
viability. Often these cost factors can be the predominant drivers in
determining the feasibility of a given tecnnological approach. For example,
the technology exists to produce. flawless gem-quality diamonds of very large
size. The cost of this production, however, is such that the synthetically
produced end product would be priced above the present market for natural
diamonds with equivalent characteristics.

Une of the more important indicators of the level of technology risk is
the time required to progress from one level of technical readiness to tne
next until ultimately fully operational capability (FOC) is achieved.
Typically the period of time to progress from level 2 to FOC ranges from eight
to twelve years, depending on the complexity of the element being developed.
The readiness levels leading to FOC are noted on Figure 4-1 for each of the
enabling technologies currently included in NASA ReSearch and Technology
Objectives and Plans and for which a full-scale development is the ultimate
objective. As a general observation, those projects associated with EVA and
teleoperations reach FOC fruition in a time domain consistent with the I0C of
the space station. Hence, activities depending upon the successful completion
of these projects can be accomplished with a reasonable and acceptable level
of technical risk. For the IVA work station related projects,~howaver, the
risk assessmant acceptability is less clear.

To 11lustrate the complexity to be anticipated in the design of IVA work
stations, considar the Advanced Solar Observatory. The Advanced Solar
Observatory (A30) mission is one of the more complex of the missions described
in the MRUG data set. The payload equipment includes the solar soft x-ray
telescope, the pinhole occulter, and the solar optical telescope. Assigned to
be accormodated by the 28-1/2-degree co-orbiting platform, the payload will be
periodically maintained and refurbished by a station-based remote servicer.

As an option, the payload could alsc be accommodated as a free flyer or as a
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space station attached payload. Other options being evaluated include final
assembly and checkout at the station prior to placement in operational orbit.

The two station crewmembers assigned to the mission will need to be
specially trained and will operate 8 hours each day. The crew will view three
video displays at an IVA work station for real time operation of the mission.
In order to enable and enhance the scientific cbjectives of the mission, the
design of the crew work station which supports this mission needs to be
efficient from an operator's point of view, user friendly from a man-machine
intellectual interchange peint of view, and “expert” from an information
sharing and data recall and exchange paint of view,

The Advanced Solar Observatory illustrates a key point. As the
sophistication of future payloads increases, there will be an accompanying
shift in crew support skills/requirerents. A transition occurs from the more
physical tasks to the more intellectually oriented work activities with the
progression of time. This pattern appears to be analogous to the industrial
development dynamic wherein the blue collar worker changes to a white collar
worker as the transition from production of goods to provision of services
takes place,

An MRHG mission even more complex than the ASO is the Solar Terrestrial
Observatory (STO). As defined by the MRMG, this mission is plannad for a
first flight in the 1991-1992 time frame with a mission duration of 730 days.
The STO mission calls for operations of S0 days per year or about one week

.each month. The general objectives of the mission are to study space plasma

atmospheric interactions utilizing observations of natural and induced
atmospheric emissions-emnd to expleoit the natural plasma laboratory of space.
The specific objectives are to investigate the influence of an electron beam,
an arc jet, and a neutral gas plure on the high-altitude atmosphere, including
the production of artificial aurora. In addition, radio waves are transmitted
from the payload in the HF and VLF bands and received in tha HF band.
Atmospheric effects in the visible and UV are to be observed with a video
camera, Solar monitoring instruments are also planned to be included, as well
as an x-ray telescope.
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In order to appreciate the complexity of the STO mission, 1t is
appropriate to describe the elements of the payload. The objectives are met
by an electron beam of energy 1 to 20 kev with 1 to 25 kilowatts of power, a
helium or argon magneto-plasma-dynamic arc-jet with 2 to 10 kilograms per
pulse, 250 ev particle energies, a charge current probe from the 0SS-T
satellite, and possibly a neutral gas plume. This collection of science
instruments is called SEPAC, (Space Experimu.t with Particle Accelerators).
The electron beam accelerator (EBA) will be designed for ultimate power levels
of some hundred kilowatts, allowing for substantial growth in objectives. The
power radiating radio frequency facility is called WISP (Waves in Space
Plasma) and consists of a VLF transmitter operating in the 1 to 30 kilohertz
band, an HF transmitter, and a receiver operating from 0.1 to 30 megahertz.
Tne dipole antenna subsystem radiates VLF and HF and receives the HF signals.
Antenna elements extend 150 meters in each of two opposite directions with
tip-to-tip distance of 300 meters. The common operating research equipment
assembly controls antenna retraction and extension.

The complete payload package includes the SEPAC, WISP, and AEPI (video
camera) instruments together with a Solar Monitsr package and the x-ray
telescope. Subsatellites and instrument preobes are also reguired. The
payload is visualized as being contained on one or more pallets which include
the science instruments, an antenna support structure, and a berthing adapter
assembly for attachment to the Space Station. Integration hardware for
providing power, thermal control, signal transfer, and electrical distribution
is assembled on the pallet(s). The integration hardware includes an active
thermal loop.

The baseline scenario calls for one week per month of intensive operation
of SEPAC and WISP with the assumption that one (SEPAC or WISP) is in a passive
mode while the other is active. Coordinated {interleaved) pulses of SEPAC and
HWISP would be desirable. A growth option includes operation of SEPAC and WISP
at the same time if resources permit. The video camara {is included to cbserve
the effects of SEPAC and WISP, primarily. It is required for all SEPAC
operations and some WISP operations. The camera is normally pointcd along the
magnetic field towavd any auroral spot formed by emission from the SEPAC
and/or HISP units. The camera is to controlled by the Space Station crew,

4-12
Y
MCOONNELL noucl.L;:&,__
- - e T IR L P 2R ~ .- - -

WPRISTEW IS (SEN St S 4 =




3

An operator's console within the pressurized elements of the Space Statiaa
is visualized as being used to monitor health and safety of the mission
equipment, to provide quick-look data reduction, and to issue commands.
Support equipment for SEPAC and WISP is to be mounted at the crew work station
in addition to the control electronics for these instruments and for the . <
SUSIM, the x-ray telescope, and the AEPI. Displays are to provide output data
including the video results from AEPI, The operator's console will also be
used to control instrumanted sub-satellites. Crucial to the success of the
mission will be the efficiency of the crew/mission equipment functional and
operational interfaces as embodied in the selection and implementation of the
design features of the work station,

As the emphasis changes in the workplace, as illustrated by the ASO and
the STO missions, the design of the crew work stations must alsc change to
reflect the change from the physical to the intellectual. To more effectively
utilize human intelligence, a better match is required with machine
intelligence and with “expert" systems. Activities important in IVA for these
advanced missions are Adjust/Align, Communicate Information, Confirm/Verify,
Implement Procedures, Inspect/Observe and Problem Solving/Decision Making/Data

Analysis.

The successful implementation of the MRUG Advanced Solar Observatory and
Solar Terrestrial Observatory missions will be highly dependent upon the
development of work stations that (1) communicate fluently with humans
(speaking, writing, drawing, etc.); (2) assist in interactive problem solving
and inference functions (deductive reasoning); and (3) provide knowledge base
functions (information storage, retrieval, and "expert" systems for support).
In order to develop these work stations of the future, however, a better
understanding is required of human intellectual capabilities and how they
function in different operations (such as convergent production, divergent
production, memory, cognition, or evaluation) and with different contents
(such as pictorial or figural, symbolic, semantic, and behavioral elements) in
order to obtain specific products (implicaéions, transformations, etc.). Even
when people don't sp:ak the same language they can communicate to some degree
using gestures, facial expressions, etc., because they share common biological
structure, needs, and common patterns of thought and behavior and knowiedge of

4-13
7/
MCOONNELL DOUGL(A’Q_——_
- SOV B ~ T . A R
. -y - R S R O R i
o 4 )




T

7

LT AT e T e e A D TR,
e b o

the world. A need exists for a more “natural” language for man/machine
communication using interfaces that are congenial and transparent for the
average person. The use of voice interactive controls and displays offers
considerable promise for enhancing man/machine communications.

With regard to the issue of technology readiness and risk assessment, the
schedule of project accomplishments shown in Figure 4-1 suggests that the EVA
enabling technologies appear to be adequately planned in order to support the
space station scheduled I0C in 1991. This view is further supported by the
fact that the EVA equipment, for the most part, is of the “carry-on" as
opposed to the “built-in" character. Carry-on equipment items are more easily
accomnodated than are mission and payload equipment items which must be
incorporated in the basic station design. For this reason carry-on items can
be integrated into the station build-up sequence later in the life cycle than
can mission and payload equipment items.

In contrast with the EVA technologies, the IVA technologies are an
integral part of the basic design of the space station. At the outset, this
would suggest that the IVA capabilities and work stations would need to be
frozen in design several years before the start of the build-up and launch
sequence for the station modules and elements. On the other hand, these work
stations must be designed to ba capable of meeting the needs of a continually
changing set of mission requirements, some of which (for example, the ASO and
the STO missions) will place an extremely complex set of operational demands
on the control/display configurations of the work station. This scheduling
consideration strongly suggesﬁs that a technological gap exists in the work
station related projects and planning. It is further suggested that these IVA
related technology developments need to be focused on desigas which are
adaptive and transparent to emerging design improvements, allowing for both
hardware and software updates to be made to the basic work station even after
the work station is operational.

Tke human being represents a remarkably flexible and adaptable system.
The human can learn to operate and function effectively in many nonoptimal
work environments, It has been said that system designers often utilize the
human component in a man-machine system as a glue to hold the rest of the
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system together. The real issue to consider in the development of work
stations is to increase the productivity of the human in order to enhance his
value to the mission. In order to increase human productivity we must
continue to develop our understanding of the cognitive processes involved in
work station design and we must continue the developmens of aids and
techniques that can be used to enhance human productivity. Some of the
specific issues related to work station design that fall in the domain of
"enhancing” technology and can be considered as technology gaps at the present
time are as follows:

A. HNature of Human Intelligence. Continuing effort should be directed
toward developing a better understanding of the nature of human intelligence
in order to develop work stations permitting more effective use of human
intellectual capabilities.

By taking advantage of ongoing work in the behavioral sciences
oriented toward developing paradigms of human intellectual processes and
operations, the relationships of these processes to different contexts and to
different products can be used to esteblish specific goals for technological
developments to enhance the human role in space. Three areas of research and
development should be emphasized:

1. Development of systems that communicate fluently with humans
through speaking, writing, drawing, etc. Interfaces must be congenial and
transparent for the average persen.

2. Development of problem solving and inference functions utilizing
automated classification techniques, multispectral image exploitation, and
artificial intelligence applications for sensor data fusion. To date
artificial inteliigence has been of limited value in formulating optimal
combinations of sensory data because specific combinations are based upon the
needs and experiences of specific users,

3. Development of knouledge base functions or so called “expert”
systems utilizing the efficient storage and selective retrieval of
information. Much of the current work in the behavioral sciences is oriented
toward examining the differences between experts and novices in activities
such as playing chess, solving problems in physics, or in computer
programming. The general finding is that most differences seem to be
qualitative rather than quantitative, i.e., differences in approach rather
than in the amount of processing or searching done. While processing roles
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can be speeded up for novices, by replicating expert strategies, results to
date suggest that we are a long way from being able to painlessly and
instantly make a novice an expert in any given field.

B. Measurement of Human Productivity. Continuing effort is required to
develop valid measures of human performance and rroductivity. The assessment
and/or evaluation of human-machine systems is impossible without techniques to
accurately measure human performance in the operational environment. Such
measurement techniques are necessary to provide objective data that can be
used to improve operational procedures and system design concepts. A problem
especially common to human factors evaluations is that the measurement
techniques proposed often modify, bias, or otherwise change the behavior being
observed. The most pe: tinent way of avoiding this form of “instrumentation
error® is to develop and validate performance measurement techniques that do
not interfere with the behavior being observed. Techniques such as remote
movement-~-sensing devices, voice stress analyzers, and other indirect or
secondary behavioral measurements offer promise of providing noninterfering
performance measurement capability. Before such techniques can be
meaningfully employed in the operational environment, howaver, they need to be
validated to ensure that they indeed measure what they are purported to
measure. This will require laboratory and field studies under controlled
conditions.

Another research area of considerable current interest and one that
bears directly on the human role in future space systems is the area of
“cognitive ergonomics" or mental workload assessment. While man's
physiological performance limits are fairly well defined, his mental workload
1imits are less completely understood. It is known that excessive mental
workload negatively affects human operators in both their physical and
psychological well-being., The effect of stress on cognitive performance tends
to manifest itself in a narrowing of the span of attention, inadequate
distribution and switching of attention, forgetting of proper sequences of
actions, incorrect evaluations of situations, slowness in arriving at
decisions, and failure to carry cut decisions made. Questions regarding the
amount of stress a human operator can accept before performance deterjorates
or breaks down need to be resolved, and measurcment and predictive devices
need to be developed. Mental workload should be one of the major criteria
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upon which decisions covering the acceptability and effectiveness of
man-machine systems are made.

Recent research on the use of (1) the P-300 evoked cortical (brain)
response potential (ERP), and of (2) sinus arrhythmia as potential indicators
of cognitive performance levels shows promising results.

These and other similar issues relating to the measurement of human
performance bear directly on the technology requirements and planning for
hardware and system design, and on the operational and procedural
recommendations for augmenting and optimizing the human role in space.

C. Critical Incident Analysis of Human Performance. Continuing effort
is required to investigate and understand the causes of the "human error” in
space system operations as well as incidents of exceptional performance, in
order to identify and classify the causal factors and to establish guidelines
for the design of future space systems.

It is recognized that the capability for direct human inturvention
can enhance the reliability of advanced systems. However, precise
mathematical modeling of human performance in the context of establishing the
reliability of complex electromechanical systems is an elusive goal. A more
logical approach i< to focus on case studies of either exceptional behavior,
or conversely on human error in performance, and to diagnose the factors
contributing to the exceptional behavior, or convarsely the causes of the
errors. By better understanding the causes of human error and/or the factors
leading to exceptional performance through the analysis of previous incidents,
we can recommend procedures that permit the human to enhance system operations
by reducing the risk of system failure.

' D. Space Station Norksﬁop. Continuing effort is required to develop the
technology needed to provide an organized, integrated, on-orbit maintenance
depot-workshop for the space station. This requires developing the tools and
devices for use in zero-g as well as the integrated workshop concept. The
tools include lathes, milling machines, grinders, welding machines, and work
benches.

To date, on-orbit maintenance and repair has been limited and
generally ad hoc. A permanent space station will require and provide the
unique opportunity for extensive real-time orbital maintenance of the station
itself, its ancillary systems, ard various satellites. To support such a
range of requirements, an on-orbit, maintenance depot-workshop technology must
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be developed. Standardization of hardware cannot be guaranteed: therefore,
the maintenance-servicing facility must be flexible in its capabilities, yet
sufficiently organized to accommodate varied spacecraft functions. Special
tools and techniques must be developed to complemant the planned standard tool
kit approach. Fabrication must be considered as a possibility. Large-vehicle
restraint techniques, support lighting, and typical shop facilities (air,
power fluids, etc.) must be considered.

E. Visual Display Development. Continuing effort {s required in the
development of visual display terminals since it is anticipated that just as
taday, 80% of the information required by future space crews will be obtained
through the sense of sight. Hhether video displays or other visual media are
used, issues-to be addressed include such items as the consfderation of the
following:

Surface Screen Polarity and Color
Surface Screen Reflections/Filters
Display Positions

Display Luminance

Display Figure-Ground Contrast
Character Design

Information Content Formatting
Flicker

Ambient ITlumination

Types of Tasks

Time Constraints for Utilization of Specific Visual Displays

©®e 0 06 o0 o © o 0 o O ©o

4.3 TECHNOLOGY PLAM
NASA has recently instituted a human factors research program to ensure
the timely availability of man-machine interface design technology for the
space program. Past expericnce, as well as automation technology forecasts,
point to a need for the human's unique capabilities in a maximally effective
and efficient program to utilize and to expleit the potential of space.
Howaver, the high cost of each man-hour in space, the difficulty in handling
injuries, and the adverse public sentiment that would result from mission i
fajlures require that humans in space be provided with maximally effective and --

safe tools, procedures, and work stations. ~e
A
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The goal of HASA's space human factors program is to develop the
technology for (1) determining which tasks should be done by humans and which
by automation; (2) determining which human tasks should be done in the
shirtsleeve environment of the spacecraft and which in the EVA environment
wearing spacesuits; and (3) development methods for designing safe, effective
tools, procedures, and crew stations for astronaut use. The program to
accomplish this 1s called manned systems and is divided into the following
elements:

A. Basic Methodology

B. Crew Station Design

C. Ground Control/Operation

D. Teleoperations

E. Extravehicular Activity Support

Basic methodology encompasses the development of human factors techniques,
methods, data bases, and standards to design and evaluate human/system
interfaces for use in space anthropometry, methods for formatting support
documentation, and methods for allocating tasks .to humans and to automation.

Crew station design focuses on developing methods and techniques for using
advanced display and control technology (e.g., flat panel displays,
touch-sensitive panels, voice recognition/synthesis, etc.) more efficiently.

Ground control operation encompasses the development of techniques for
designing ground control stations requiring few human controllers and solving
the human implications of transferring operations (e.g., assemdbly, test, and
launch) from the ground to a space station,

Teleoperations focuses on the development of man-machine {nterface
requirements of teleoperators {remote manipulaticn devices). This includes
visual and tactile feedback to the human, as well as information input methods.

Extravehicular activity support encompasses the development of improved
tools, procedures, and work stations for the suited astronauts and the design
of equipment for ease of servicing by extravehicular activity. HASA's current
EVA system uses a “soft" spacesuit that operates with a pure oxygen atmosphere
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at 4.2 pounds per square inch {psia) absolute pressure and a Portable Life
Support System (PLSS) that uses Li0H cartridges for carbon dioxide removel,
bottled oxygen at 6,000 psia for gas makeup, and a water boiler that vents
about 2 pounds of water per hour for heat rejection.

A “hard" suit is now under development that can operate within an internal
pressure of 8 psia and s expected to afford improved mobility and
reliability. This suit is expecfed to eliminate the need for prebreathing
oxygen to purge nitrogen from the wearer's body fluids before EVA operations.
The most difficult problems are expected in development of a more compact PLSS
that incorporates a regenerable carbon dioxide removal subsystem and provides
thermal control without venting water.

As was described in Table 4-1, seven levels of technology readiness can be
used to define the relative level of maturity of a given concept. The time
scale required to achieve each level of technological readiness depends in
large part upon the degree of complexity of the system to be davelsped. For
relatively simple systems, tha times required to move {rom Tevel one to level
seven may take from one to five years. This time range often reflects the
impact of factors other than technical progress on the development process,
such as politiczl or budgeting constraints or the availability of corollary
systems required to demonstrate or aid in the development of the item in
question. An example of the development path for a simple system is
illustrated in Figure 4-3. The devices in this case are small electrical
connector tools to be used in changing orbital replacement units (ORUs) on a
space platform, During neutral buoyancy tests at MSFC in 1981 the need for
such tools was identified. The steps from conceptual design (level 2) to
testing an engineering model (level 6) took about one year. To proceed to the
next level of testing an engineering model in space and then to obtain full
operational capability (FOC), approximately 30 months will be required because
of scheduling and STS manifest constraints.

The time requirement to move from level one to level seven for a more
complex system may take from 10 to 20 years. An example of the development
path for a more complex system is illustrated in Figure 4-4. The system
illustrated 1s an Electrophoretic Production Unit currently under development
at McDonnell Dougias. Although the potential of electrophoresis as a
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Figure 4 3. Development Path for Electrical Connector Tools

separation technique has been known since the turn of the century, the
specific application and value of a space-based system was initially conceived
in the period between 1972 and 1974, By 1975 a conceptual design (level 2)
had been developed and engineering models were developed and tested (level 6)
in the 1979-81 time period. The first test of the engineering model in space
occurred on STS-4 in June of 1982, Tests will continue through 1934. The
development of a full-scale production facility in all probability will depend
upon the availability of a manned space station with a current estimate of FOC
in 1992. Similar examples of the time required for technological advancement
can be drawn from the historic data of other complex space systems. The
concept of building and launching a diffraction limited IR-VIS-UY orbiting
telescope was advanced in the early 1960s. Over 20 years will have elapsed
between the early conceptual design {level 2) and the achievement of full
operational capability of the space telescope in 1986.

This composite experience is summarized in Figure 4-5, This experience
when related to the space station development schedule and to the technology
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gaps identified In Section 4.2 provides a frame of reference for creating a
technology plan for advancing the human role in space.

Using NASA's human factors research program as a guide, issues dealing
with Basic Methodology can be considered to reflect a technology readiness
tevel of one. Issues dealing with Crew Station Design reflect a technology
readiness level of two. Issues dealing with Ground Control/Operation reflect
a technology readiness level of three. Current Teleoperations research and
development programs also refiect a technology readinass level of three.
Extravehicular Activity Support programs are currently quite far along and
could be considered to be at Tevel four or level five.

In Figure 4-6, estimated time-phased technology readiness levels of the
five areas which were identified im-the THURIS study as representing
developments needed for the enhancement of crew work station designs are
plotted to show their relationship to the Space Station Reference Schedule and
the current HASA Human Factors Research Program categories.

©B ATP
Growth
Space ¢CI/D ATP ioc Station
Station NAW, Q 6‘ ¥
Reference ¥ /F T T T T T T T T T T T T T 1
Schedule
¢B RFP
Technologies Key to
Enabling e [nitial Space Station
Technology $
Enhancing Technologies Key for Evolutionary Growth S
Technology
FOC |~

) /
L Level?
9 @ Technology Needs

|
aza Level 6 Nature of Human Intelligence
*é Level 5 Measurement of Human
& Productivity
2 lLewveld @ Critical Incicient Analysis of
;0; Human Performance
,:S Level 3 (8) Sspace Station Workshop
2 Level 2 e Visual Display Devclopment

!

Level 1 Basic Methodology
| N JNURS VRN MUY SRS N NN NUNUE TR SN N NN S N DU S

1985 1990 1995 2000
Calendar Year

Figure 4-6. A Time-Phased Technology Plan for Critical Areas of Enhancing Technolony
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Figure 4-6 suggests the recommended timetable for implementing systematic
studies of these research areas including ground (levels 1 to 4) and flight
(levels 5 to 7) experiments that should be pursued in order to accomplish the
backbone supporting research and technology needed to support manned spase
operations 1n the coming decades.
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Section 5
GENERALIZATIONS ON HUMAN ROLES IN SPACE - TASK 4

The objective of Task 4 was to integrate the analyses and results of the
three preceding tasks into an easily accessible procedural format that can
provide space project managers and systems engineers with a logical basis for
deciding, early in the conceptual design process for advanced systems, which
space activities can most efficiently be conducted by manned, supported,
augmanted, teleoperated, supervised, or independent operations.

We have learned from the U.S. and Soviet* space programs to date that (1)
systems can have indefinite operational lifetimes in space if they are
designed to permit the contingency of in-flight repair and maintenance; (2)
structures too large to be launched intact can be constructed and assembled on
orbit using man's unique capabilities; and (3) the flexibility and creative
insights provided by the crew in situ significantly enhance the probability of
successfully achieving mission objectives.

The ability o; the crew to manually assemble delicate instruments and
ccmponents and to remove protective devices such as covers, lens caps, etc.,
means that less rugged instruments can be used as compared to those formerly
required to survive the high launch-acceleration loads of unmanned launch
vehicles. As a result, complex mechanisms secondary to the main purpose of
the instrument will no longer need to be installed to remove peripheral
protective devices or to activate and calibrate instruments remotely. With
the crew members available to load film, for example, complex film transport
systems are not needed, and malfunctions such as film jams can be easily
corrected manually. The time required to calibrate and align instruments

*The Soviets inave been reported to rely heavily on manned involvement in order
to repair equipment and subsystems with serious shortcomings in reliable and
trouble~free service life.
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directly can be as little as 1/40th of that required to do the same job by
telemetry from a remote location. In general, physicai articulation and
movement constraints in teleoperated systems result in performance times that

are up to ten times longer then if the same tasks could be performed directly
by human operators (Reference 20).

With the availability of extended-duration manned missions, specific
experiments and operations no longer will need to be rigidly planned in
advance, but can change as requirements dictate. One of the greatest
contributions of crews in scientific space missions can be in reducing the
quantity of data to be transmitted to Earth. One second of data gathered on
SEA SAT, for example, required one hour of ground-based computer time for
processing before it could be used or examined, or a value assessment made.
Scientist-astronauts in situ could determine in real-time whether cloud cover
or other factors are within acceptable ranges before recording and
transmitting data.

The astronaut can abstract data from various sources and can combine
multiple sensory inputs (e.g., visual, auditory, tactile) to interpret,
understand, and take appropriate action, when recuired (see Figure 5-1). 1In
some cases the human perceptual abilities permit signals below noise levels to
be detected. Man can react selectively to a large number of possible
variables and can respcnd to dynamically changing situations. He can operate
in the absence of complete information. He can perform a broad spectrum of
manual movement patterns, from gross positioning actions to highly refined
adjustments. In this sense, he is a variable-gain servo system.

Thus, with the advent of manned platforms in space, there are alternatives
to the expensive deployment of remotely manned systems, with their operational
complexity and high cost of system failure. Long-term repetitive functions,
routine computations or operations, and large-scale data-processing functions
can be expected to be performed by computers capable of being checked and
serviced by crews in orbit, just as they are now serviced in ground
installations. In addition, the normal functions of the terrestrial shop,
laboratory, and production staff will find corollary activities in the work
done by the crews manning the space platforms of the coming generation.
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Hen
Surpass Present Day Machines in the Ability to

Sense or Detect Minimum Amounts of Visual and Acoustic Energy
Recognize and Interpret Patterns of Light and Sound
Improvise and Use Flexible Procedures

Store Large Amounts of Information Over Long Periods and Recall
Relevant Facts at Appropriate Times

Reason Inductively

Exercise Judgment

Machines
Surpass Man in the Ability to

Respond Rapidly to Control Signals

Apply Great Force Smoothly and Precisely .

Perform Routine Receptive Tasks Reliably

Store Information Briefly and Erase Completely

Process Information Deductively, Including Ability for Computation

Handle Highly Complex Operations - Many Tasks at Once

Figure 5-1., Machines Are Extensions of Man's Capabilities

When assessing the relative value of the various categories of man-machine
interaction in accomplishing the objectives of future space missions, many
different criteria can be suggested as candidates for inclusion in the
decision process.

The criteria of performance, cost, and mission success probability
(progran confidence) are the principal factors that program or project
managers and system engineers use in selecting the most cost-effective
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approach to meeting mission objectives. The decision maker must base his
Judgment on knowledge that a particular implementation option can or cannot
meet the performance requirements in terms of such factors as force, sensory
discrimination, speed, and accuracy. If it can meet the performance
requirements, can it do so within the system environmental constraints of
temperature, pressure, radiation, atmospheric constituents, mass limitations,
acceleration disturbance limits, etc.? In many cases, more than one
implementation option can meet the performance requirements, and it {s then
necessary to examine the relative costs and success probability associated
with each approach. While the final selection in the tradeoff between an
acceptable probability of success and the resultant cost must rest with the
decision maker, the intent of this study was to provide a frame of reference
in which the interrelationships of these pertinent parameters can be made
visible, and from which rational or informed decisions can be derived.

With regard to performance, 37 generic classes of activities were defined
{see Section 3) that, when combined in the required operational sequences,
could be used to describe a broad spectrum of potential space programs. For
each of these activities and for each category of man-machine interaction
(manual, supported, augmented, teleoperated, supervised, and independent
operations), the limiting factors in terms of sensing, information processing
and motor actions have been defined and the requirements for human involvement
were described. As a general statement, response time was found to be the

moest generally applicable discriminator between the manually controlied modes

,and the supervised and independent modes of operatiocn. If responses in time

pericds of seconds or less are required, then the activity is generally best
performed in the supervised or independent modes. In the “Activate/Initiate
System Operation” or “Information Processing" activity classifications, for
example, applications where speed of response would dictate that the
activities be performed in the supervised or independent modes might include
launch abort precedures and orbital trajectery corrections. If allowable
response times become minutes or hours, then all modes might be applicable and
the criteria of cost effectiveness or success probability would provide the
more appropriate bases for selection of a particular mode of implementaticn.

Hith regard to cost. costing models were derived (see Section 3.4) that
provided comparative data on the relative costs for each man-machine mode in

5-4
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performing each activity, from one to many hundreds of times. These
comparative costing data were further refined to take into account the
commonality that can exist among the equipment items or resources needed to
support multiple activities (see Section 3.5).

In developing an estimate of success probability, the study team initially
considered two issues. Cne was the issue of human reliability and how the
human can best be used to increase mission success probability; the second was
the impact of the state of technological readiness on mission success.

in reference to the issue of human reliability, considerable work has been
done in the last twenty years in attempting to develop quantitative indices of
human reliability. Swain, (1977)(]) and Swain and Guttman, (1980)(2) have
developed techniques for calculating the reliability of complex man-machine
systems such as nuclear power reactors by mathematically integrating human and
machine error information. Hammer, 1972(3), provided human reliability
ratings for over 50 specific manual tasks such as installing gaskets,
installing lockwires, removing Marmon clamps, loosening nuts, etc. Recently,
the U.S. Navy's Sea System Command has prepared a “Human Reliability
Prediction System Users Manua]“(4) for use in estimating the impact of human
reliability in electronic maintenance and servicing tasks directed toward
improving mission equipment availability.

Although precise apalytic techniques exist when predicting the reliability
of complex mechanical or electrical systems with ccmponents of known

(1) Swain, A. D, (1977). Error and Reliability in Human Engineering. In

B. Wolman (Ed.) "International Encyclopedia of Psychiatry, Psychology,
Psychoanalysis, and Heurology (Vol. 4, pp. 371-373}. Mew York: Von Hostrand
Reinhold,

(2) Swain, A. D., and Guttman, H. E. (1980). Handboock of Human Reliability
Analysis with Emphasis on Huclear Power Plant Application (NUREG/CR-1278).
Washington, D.C., U.S. Government Printing Office.

(3) Hammer, Willie, Handbook of System and Product Safety, Prentice-Hall,
Inc., Englewood Cliffs, N.d., 1972.

(4) U.S. Department of the Navy, Human Reliability Prediction System User's'
Manual, Sea Systems Command, Washington, D.C., December 1977.
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reliabilities, and some success as noted in the references has been achieved
in predicting human reliability factors in certain well structured tasks,
considerable caution must be exercised in attempting to treat the analvsis and
integration of human and machine error in a manner analogous to the techniques
used in dealing with physical systems, The basic problem is that human errors
are fundamentally different from machine errors. When a physical component
fails, the system is usually designed so that the failure is isolated and
doesn't affect other components. When humans make a mistake,

resulting frustrations may increase the likelihood of subsequent errors.
Machine failures generally require human intervention to repair or replace the
failed component. On the other hand, humans can monitor their own performance
and can often correct tneir own errors before they affect system performance.
In physical systems, redundant components are assumed or designed to be
independent and by being placed in parallel networks, can increase system
reliability. Redundancy in crew size or presence, however, does not
necessarily increase reliability and in fact the social interactions among
crew members can lead to common conclusions that may in fa.t be wrong. On the
—other hand, the human's perception of the likelihood of the failire of
specific components can Tead to a greater sensitivity and awareness for
impending failure and the potential for anticipating corrective actions.

Khire mathematical modeling of human performance may be possible in well
structured tasks, the precise mathematical modeling of human performance for
systems in the very early conceptual design phase is an elusive goal,

On the basis of past experience (see Figure 5-~2), the basic rule when
designing new systems should be to consider the human element not in terms of
being a component in series with other system elements and having a specific
numeric value of reliability, but rather as an element functioning in parallel
with the machine components. The human element can enhance system operations
by reducing the risk of system failure through the utilization of human
performance capabilities to provide parallel or redundant resources in the
form of maintenance/servicing, repair/replacement, énd reprogramning of the
machine elements.

Based upon today's state of knowledge of human capabilities and
limitations it was concluded that human reliability remains a difficult
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LMachme Characteristics i

® Component failures generally independent
s Requtires repatr or replacement by external agent

& Parailel {or redundant) components assumed (o
be independznt

® Mathematical models can describe machine rehability

| Human Characteristics

s Tend to compound errors
s Capabslity for seif-correction of errors

®  Social interactions lead to common and perhaps
erroneous perceptions

®  Variable gatn settings in error sensitivity

Conclusions

s Difficult to establish meaningful reliability goals by
mathematically combining human error data with
machine reliability data -

»  Enhance probabtlity of success by placing human
elements and machine elements in paraliel

8 Machines monitor humans and humans manage machines

Most Desirable Vo
Inputs
L-i Machine H

i =
Less Desirable |} lnpu(s Cutputs

Figure 5-2 Reduction of Risk — The Issue of System Rehiability

$» Outputs

concept to quantify, especially when dealing with the very early preliminary
design phase of -advanced systems. Accordingly it was believed that further
exploration of human reliaﬁ}lity as a numeric indication of the success
probability of various modes of man-machine interaction would not be warranted
and in fact would be beyond the scope of the present study. Obviously the
system designer will find it beneficial to enhance mission success probability
whenever possible by providing redundancy in all critical systems and by
including the capability for on-orbit servicing and repair. If this approach
to advanced system design is followed as a basic design philosophy, it was
reasoned that a more immediately useful metric for assessing the success
probability of alternative man-machine modes could be based upon the state of
technological readiness of the alternative implementation concepts. This then
was the approach that the study team followed.

As described in Section 4 of this report, seven levels of technology
readiness can be established as follows:

Level T Basic Principles Observed and Reported
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Level 2 Conceptual Design Formulated
Level 3  Conceptual Design Tested Analytically or Experimentally
Level 4 Critical Function/Characteristic Demonstration
Level 5 Component/Breadboard Tested in Relevant Environment
Level 6 Prototype/Engineering Model Tested in Relevant Environment
Level 7 Englneering Model Tested in Space
Level 8 Full QOperational Capability and (FOC) Baselined Into Production

Design

Technology designated as off-the-shelf or otherwise reflecting current
operational capabilities would be considered as FOC.

Figure 5-3 surmmarizes the expected relationships between technolog}cal
readiness levels and time. Simple Systems may be defined as requiring

° Implementation of a singular action.

) Operations generally independent of other functions.

¢ Unique applications although basic principles well understood.

upervised - Ground and Orbig
" Nanuat ] ugmented 1§ Tndependent |
" Supported___} | “Veicoperated ]
FOC 8 Simpte ¥ J | Moderately Complex
Systerrs f /7 Complex Systems
7/ Systems i
-~ J Ve
? P A/~ Electrophoresis
" P P4 Production Umit
] s P Case Example
& 6 A Tool /
- ! Development ~,
b ] Case Example V4
3 ] /
$ st /
« /
5 ! ’
o . \
S 4 'l // Technological Readiness Levels
§ 1 ” tevel 1 Bauc principles observed and reported
= Level 2 Conceptusal design formulated
3 Level 3  Conceptual desiqn tested analytically or experimentaliy
Level 4  Critical funcuon/characteristic demanstration
tevel 5 Compcnent/breadboard tested n relevant environment
Level 68 Prototype/engineering model tested in relevant environment
z Level 7 Engineering model tested in space
Levei 8 Full Operational Capabiity (FOC)
1 [\ L M ]

0 5

10

15 20

Years 10 Full Operational Capability {FOC)

Figure 5-3 Time Required to Reach Varisus Technology Readiness Levels
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An example might be a ratchet wrench which is required to remove and install
mechanical fasteners. Most manual and supported modes of man-machine
interaction would fall into this catecory.

Moderately Complex Systems may be defined as requiring

e lMultiple interacting functions or actions.

() Complex control logic or networks.

°