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CHAPTER I

INTRODUCTION

‘The next major event in the United States national space program will
be the space shuttle system, which should rank in importance with the Mer- ,
cury, Gemini, and Apollo spacecraft as a vehicle for furthering the explora-
tion of space. The space shuttle will provide cbmplete logistics support for
an orbiting space station and will be used to ferry personnel, consumables,
scientific equipment, construction materials, and fuel to the satellite. T he
space shuttle will possess a number of very distinct advantages over earlier
~spacecraft. Economy will be an important feature since the shuttle will be
essentially completely reusable. Contributing to economy will be greatly
reduced ground support and checkout equipment. Another advantage rests
with the rapid recycle time for the shuttle. Extensive prelaunch preparations
will not be required. Therefore, a single shuttle will be able to make a num-

ber of orbital trips during a given year.

~ The capability for launch into orbital flight, rendezvous and docking
ﬁvith other spacecraft, reentry into the earth's atmosphere, and landing as a
conventional aircraft makes the space shuttle a unique vehicle. It will be
distinctly hybrid in character,k possessing many of the characteristics of
spacecraft while retaining much of the flavor of an aircraft. As such, this
'vehicle places man in a new operating environment and will present new

demands on his capabilities.

If a new aerospace system such as the space shuttle is to perform as
designed, man must operate successfully as an element within the system.
It is impérative, therefore; tha;c one understand the n_nan-:machine interfaces
A in the system, the problems posed by each, and the technology (including

physiological, psychological, and behavioral) which must be developed to




provid‘e for the proper support of man and the fullest utilization of his opera-
tional capabilities., To achieve this understanding', a careful analysis must

be made of the system and the human factors problems which it poses. It

.then becomes possible to address these problems during the design and devel-

opment process and to achieve optimum solutions. If human factors problems
are recognized and solved as the system design emerges, it will not be neces-
sary to resort later to extensive personnel training or to expensive retrofits

in order to overcome deficiencies in the man- machine interface.

This report summarizes human factors problem areas reklated to the
operation of the space shuttle system. The problems discussed are those
which it is felt will require advances in human factors technology in order to
achieve effective solutions. The identification of problems resulted from
(1) an analysis of proposed space shuttle design and planned missions, dealing
in large measure with contractor Phase A repor’cs,‘ (2) a review of the ade-
quacy of existing human factors technology, and (3) statements by industry .
and Government personnel (obtained through personal interviews and docu-
ments) indicating that certain features of planned space shuttle activities

involve potentially serious human factors problems. .

In completing the requirements of this project, the specific task assign-

ments were:

1. To survey planning information relating to the development of a
space shuttle system and prepare a comprehensive description, giving partic-

ular attention to personnel responsibilities and activities.

2. To prepare a summary statement concerning the proposed role of
human operators in the system dealing partlcularly with the man-machine

mterface

3. To define potential human factors problem areas related to sup-

porting the human operator and to insu‘ring optimum performance on his part,




emphasizing those for which current human factors te(:hndlogy is believed to

be inadequate.

4, To prepare recommendations for appropriate actions on the part of
NASA- to resolve man-machine interface problems during the design and dev-

elopment stage of the space shuttle system.




CHAPTER II

SYSTEM REQUIREMENTS AND PRELIMINARY
: DESIGN CONCEPTS

This section contains a brief review of the space shuttle program and
outlines the system concepts used as a basis for the identification of human
factors requirements. Complete and detailed specification of system perfor-
mance requirements and alternative vehicle designs is beybnd the scope of
this presen’ca’cion. Therefore, the intent of this‘section is to establish a frame
of reference for the consideration of human support requirements by de-
scribing only those design features which will have a major influence on crew
performance. Background material on the overall space transportation sys-
tem goals and current development status of the space shuttle program is
presented first, followed by an overview of desired system capabilities and

concepts of system design and operational employment.
Space Shuttle Program Objectives

Government and industry efforts are nov:} being directed toward increas-
ing the economy and efficiency of future spaée exploration. It is both desir-
able and nécessary to develop more cost-effective approaches; the present
__economic climate simply will not support the continued use of expendable
~ booster and spacecraft hardware. Consequently, economy in space opera-
tions is now being sought through the development of a versatile, recoverable,
and reusable space shuttle vehicle for transporting a varying mix of cargo
and personnel to and from a low earth orbit. Opeifating either in support of
a space station in permanent earth orbit or on special missions, this system
is expected to providé critically needed additional capabilities as well as

significant reductions in recurring operational costs.




The objectives and intent of the space shuttle program were concisely
stated by the keynote speaker at the last annual AIAA Space Transportation
meeting as follows (Mathews, 1970):

We have defined a problem and identified a goal greatly reduc-

ing the costs of space flight operations and thereby greatly in-

creasing the value of our return per dollar spent. .. In the

sixties, this country launched nearly three hundred payloads

into earth orbit or out to deeper space with a cumulative pay-

- load weight to earth orbit of nearly three and one half million
pounds. Every one of the launch vehicles used was expended
- after its initial use and the payloads with their remote opera-

tion had no significant capability for maintenance, repair,

updating or servicing except in a limited sense on the manned

spacecraft. These limitations are the obvious ones to attack. ..

When looked at in this light, no other program approach more

solidly enhances the per dollar value and output of space flight

than the development and operation of the space shuttle.

The emphasis on economy and efficiency is evident in the stated objec~-

tivés of the space shuttle program, which may be summarized as follows:

® {0 reduce space transportation operating costs by an order of magni-

tude below those of current systems

e to provide a highly versatile payload capability to support a variety

of space missions

¢ to approach a commercial airline type environment and operating

concept

® to provide a versatile system which is capable of multimission and

multiagency usage

e to extend the technblogy of manned space tranSportation systems.




| Program Status

Requiremen’ts for a reusable space shuttle vehicle (SSV) have been
under kstudy by aerospace planners for more than a decade. The 1969 NASA
Space. Shuttle Task Group Report established the long range plans for the de-
velopment and application of a space transportation system and identified the’

space shuttle as a critical element in achieving projected operational goals.
| The SSV is envisioned as the primary means of transportation from the earth's
surface to earth orbit for the delivery and return of passengers, cargo, and
scientific and special applica’cions satellites. In addition, probes for deeper
‘space exploration will be delilvereyd to earth orbit by the SSV. Long term
plans place the shuttle in the context of a more extensive space transportation
system which includes Space tug operations and a nuciear-powered shuttle

for payload transfer to the moon and beyond.

~ Phase A vehicle configuration studies and techﬁology requirements
analyses were completed for NASA in December 1v969 by four major contrac-
tors. Program planning is'currently directed toward achieving an initial
~ operational capability in the second half of>1979. In May 1970, Phase B study
contracts were awarded to North American Rockwell and McDonnell Douglas
for Program Definition studies outlined in the NASA Statement of ‘Work issued
in February 1970. The baseline system requirements and desired system |
characteristics outlined in that document provide the point of departure for

the analysis of human factors issues and technology requirements.
Mission Capabilities
The basic mission of the space shuttle system is the transportation of

passengers and/or cargo to and from low earth orbit, Some of the more im-

- portant mission assignments for the SSV are expectéd to be:




1. Logistics support for a space Stétion; including transfer of per-
sonnel, expendable supplies, and experimental equipment to orbit and from

orbit.

2. Launching a variety of scientific and spécial applicatién satellites,
-as well as retrieving and/or servicing damaged or repairable satellites in

low earth orbit.

3. Transporting other vehicles and propulsive stages to support the
1aunéhing of ’spacecraft into higher energy missions, these vehicles might

include high orbit satellites and unmanned planetary probes.
4. Conducting orbital observations of up to 30 days duration.

The design reference mission defined for Phase B Program Definition
studies (NASA, 1970) is a logistics resupply of a space station or a space
base. The nominal operational characteristics and baseline mission capabil-

ities which have human factors implications are summarized below.

1. A mission duration of at least 7 days and up to 30 days with the

weight of additional expendables charged to payload.

2. A launch capability from a standby status within 2 hr, nominally

at the next acceptable in-plane opportunity.

3. A cross range capability of approximately 200 nm (low cross range

configuration) or up to 1500 nm (high cross range configuration).

4. An automatic landing capability which will allow recovery operations

under FAA Category II visibility conditions.

5. The capability to land horizontally' on runways no longer than

10, 000 ft.
6. Landing visibility comparable to that of high-performance aircraft.

7. A ron'e-time, go-around capability for both booster and orbitef

vehicles,




Vehicle Design 'Goals

The SSV must efficiently transfer large, low density payloads to orbit
and back by operating as a high-performance propulsive stage, a spacecraft,
a reeﬁtry vehicle, and an airplane. If the design is deficient for any of these
roles, penalties will be suffered in terms of reduction of payload capacity,

and restriction of mission capabilities. In addition, the design requirements

‘adopted for the shuttle will enable the vehicle to operate without major sup-

port from the ground and provide an acceptable environment for routine
passenger-carrying missions. With these missions in mind, acceleration
limits have been set at 3 G's when passengers are aboard, and shirtsleeve

conditions w‘ﬂl prevail for both passenger and crew compartments.

Some of the more significant vehicle characteristics which may be

expected to impact the human factor engineering effort are outlined below:

1. The specification of a two-man flight crew, With"the vehicle flyable

by a single crewman under emergency conditions.

- 2. A gshirtsleeve environment for crew and passengers, but with pro-
visions for adequate controlability in space-suited operations during the

flight test program.

3. Habitability provisions on a ''modular accommodations'' basis, al-

 lowing a personnel complement mix from 2 + 2 to 2 + 12 while still main-

taining dimensional stability of the basic cabin and compartments.

4, Provisions for redundant full mission capability; minimum-requirement,

- minimum-performance backup system concepts are not acceptable.

5. Booster stages designed for manned operations as well as for

unmanned operating mode.

6. Design for maximum control onboard the vehicle, with minimum

grdund operations suppbrt.




7. Provisions for vertical and horizontal ground emergency egress,

with the appropriate vehicle/ground systems interfaces.

8. Docking, cargo manipulation, and orbital body retrieval by remote

manipulation and teleoperator fechniques.

9, “Provisions fbr automatic or pilot-controlled landings, with Cate-

gory II capability.

10. Use of all-electronic displays and controls whereven practicable.

A number of different vehicle combinations and configurations have
been considered in earlier SSV design studies, including triamese (three ele-
ments), stage-and-a-half (droppabie propellant tanks), and a variety of
two-stage, fully recoverable systems. Configuration trends for the booster
and orbiter vehicles have ranged from fixed, straight wing concepts through
clipped delta wing, lifting body, and'variable geometry configurations, Until
recently, a fully reusable two-stage configuration employing straight fixed
wings on both the booster and orbiter stages appeared to be favored for its
~reentry and approach and landing characteristics. However, this configura-
tion limits lateral ranging capabilities to approximately 230 nm, and the cur-
rent trend is toward adoption of a delta-wing configuration to achieve cross

range capabilities on the order of 1100 nm and increased payload. .
Operational Sequence

Nominal space shuttle operations are expected to permit up to 75
launchings per year with total turn-around times fron landing té launch readi-
ness held to less than two weeks. The basic operational employment concept
shown in Figure 1 encompasses prelaunch activities (readix}ess preparations

and checkout, transfer to launch pad, erection and mating of vehicles, etc.)
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and postflight maintenance /[refurbishment acti{ri’cies as Weil as the mission
profile. System development efforts are aimed at minimal assembly énd

checkout requirements at the launch pad and the vehicle is expected to have
onboard means for placing the shuttle in a safe condition quickly and easily

after landing.

Liftoff and ascent are accomplished on booster vehicle power which :

accelerates the mated vehicles to staging velocity and altitude. At this point,
separation of the booster and orbiter occurs. The booster reenters the atmo-
sphere, decelerates to subsonic velocities, transitions to aerodynamic flight,

and cruises back to land at the launch site.

After staging, the orbiter vehicle is injected first into a circular orbit
and then a rendezvous ofbit for space station acquisition and docking. The
orbiter may remain with the space station from 7 to 30 days before separa-
tion and return phasing operations are initiated for a reentry orbit compat-
ible with the selected landing site. An operational requiremenf has been
established for the SSV to have a return Vopportuni’c’y to a primary landing site
at least once every 24 hours, with more frequent intervals for the high cross

range configuration.

‘ During reentry, the orbiter vehicle will assume a high angle of attack
and remain in this attitude until velocity decreases to approximately Mach 3.0
(300 ft/sec). At this point, the nose will be pushed down and the vehicle will

assume a glide path of about 10° for the return to the landing site.

Current design concepts incorporate‘-provisions for air-breathing ‘turbo~
jet engines which may be ignited to carry out a routine powered approach and
landing, following conventional jet transport operating procedures. However,
considerable weight saving could be realized if the engines and the necessary
fuel reserves were eliminated in favor of power_-bff approach and landing

operations. This possibility is being investigated. In view of the go-around

11-




requirement, the reference vehicle configuration adopted for this study will
include turbojet engines for the orbiter, but the demands on the crew in
power-off recoveries, includihg an approach by instrument reference, will

also be considered.

The terminal approach and landing following reeniry is expected to
consist of Aan energy dissipation phase integfated with an initial approach to a
preselected runway offset point, a comparatively steep étraight~‘in approach

‘to the runway, an initial flare to transition into a conventional 3° slope, and
a final flare and landing maneuver. Landing spéeds for both the booster and
‘ orbiter vehicles are expected to be somewhat greater than those of jet trans-

port aircraft.

; | Figure 1 also depicts the ferry flight capability éstablished for the SSV.
There is a recjuiremen’t to be able to ferry both the booster and orbiter vehi-
cles from final assembly sites or alternate landing sites to designated launch
sites. A nominal nonstop ferry rangek of apprbximately 500 nm is envigioned,
with provisions for strap-on engines and/or auxiliary tankage to extend the

range capability.
Constraints

The major constraints expected to affect SSV development and operations

are safety, reliability, autonomy of operation, and compafibility with other

- systems. In qualitative terms, the inherent safety level of the SSV must
‘approach the IéVel exhibited by commercial jet transport operations. Arbi~
trary saféty goals for crew survival probability on the order of . 999 have

been adopted, and guidelines for accomplishing these goals have been estab-
lished. Mission reliability requirements have been set at . 95, and compz‘é~
hensive programs have been initiated to identify potential failure mbdes and

apportion reliability requirements among major SSV subsystems.

12




The reqﬁiremen’c for autonomy is most cvlearly gvident in the concepts
of launch and mission control. In genefal, SSV launch operations will differ
from those of current spacecraft launchings thrdugh a simplification of ground
“handling and servicing techniques and a reduction in thé dependency on ground
facilities for launch-readiness checks. A similar degree of independence
from ground support is required during orb’itér flight in that mission planning,
navigation, guidance, and control functions are to be accomplished almost

exclusively by onboard systems.

Major constraints on SSV design are impbsed by the extensive require?
ment for compatibility with other systems, especially during recovery and
landing operations where factors such as landing site characteristics, ground-
based guidance facilities, and air traffic control systems and procedures must
be considered. For the orbiter vehicle, additional compatibility requirements
dérivé from mission assignments which entail rendezvous, docking, and/or
mating operations with space stations, satellifes, and other spacecraft. For
example, logistics missions involving the transfer of materials or equipment
may réquire only simple docking techniques wherein the SSV is positioned
closé to the recipient vehicle but is not physically aftached, and supplies are
transferred across Space from one vehicle to the other. HOWever, in other
instances a transfer of passengers or crewmembers may be necessary, and a
complefce mating of the two vehicles will be required to preélude exposure to
the space environment. Compatibility requirements between the SSV and inter-
facing vehicles/systems must therefore be examined for a wide range of mis-

sion requirements and operational conditions.

13




CHAPTER III

SYSTEM FUNCTIONS AND CREW ROLE CONCEPTS

A human factors support program for the space shuttle must consider the
integration of crew performance capabilities in system functions as well as the
more obvious human engineering design and crew support requirements. Basic
issues regarding tﬁe character and extent of crew participation in system functions
must be identified and resolved early in the design process so that the specific
tasks which are ultimately assigned to crewmembers are compatible with system
performance requirements and design constraints and consistent with established
principleé of man-machine function allocation. This section is a review of cur-

rent thinking regarding the role of the SSV crew in major system functions.

The principal areas of design emphasis which will influence the assignment
of crew roles are the SSV development goals of reusability, autonomy and fail-
operational automation ‘of mission-critical functions. Reusability results ffgm
the capability of both the booster and orbiter vehicles fo return to designated
recovery sites and land with minimal requirements for refurbishment and launch
kreédiness preparations for subsequent mission assignments. Autonomy arises
from design features which enable the SSV to operate with considerably greater
independence from ‘large ground support facilities than current space vehicles.
Automation concepts are reflected in the extensive onboard computer control '
and checkout of all vehicle subsystems and in the use of an integrated avionics

system for guidance, naviga‘cioh,and flight control functions.

To faciliate the discussion of crew role concepts five classes of system

functlon may be distinguished:

(1) Mission Management
(2) . Flight Control

(3) Guidance and Navigation

14




¢
(4) Environmental Control and Life Support
(5) Communications
Each of these major system functions contains a subset of crew functions and,
taken as a set, they account for all of the éctivities in which SSV crews are
expected to participate. Preliminary concepts for implementing créw partici-
pation in these functions are discussed belo.w. Désign concepts for the crew-

vehicle interface, i.e., controls and displays, are also discussed.
Mission Management

Mission management functions entail ongoing assessment of vehicle
operational status, evaluating the immediate and projectéd accomplishment of
mission and/or flight plan objectives, appropriate sequencing and execution
of subsystem operation, and resolution of action-decision problems arising out
of these assessments. Assessment functions include 'simple, component-specific
performance monitoring as well as more complex assessments involving the
application of multiple criteria to establish the significance of operating conditions
and events or to derive implications for subsequent mission control actions. On-

- board checkout and troubleshooting activities are also i.ﬁcluded here, as are the
central data management activities required to process and sequence command

~signals for vehicle subsystem control and to generate crew information displays.

Implementation Concepts

Two of the most often cited design requirements stated in the SSV literature
are (1) that the SSV should be essentially autonomous, i.e., insofar as it is prac-
ticable, all mission control and support functions should be performed onboard
the vehicle, and (2) that a high degree of automation and functional integration will
 be required in order tb cope with the complexity of this task and to keep crew work-

load within acceptable limits. It is possible to envision a spectrum of machine

15
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integrations, ranging from a vehicle that requires continuous participation by

the crew in monitoring and operating systems to one that is completély auto-

matic and requires no crew participation.

.The trend in SSV design concepts appears to be toward the latter extreme,
with the usual qualifying comments regarding‘crew responsibilities for overall
system management and provisions for backup manual control. It is safe to !
assume that automatic control will be available in all mission phases from liftoff
to touchdown and that the principal function of the crew will be to manage and
oversee the operation of onboard automatic systems. The crew will monitor
performance, select modes of operation, enter data to modify subsystem op-
erations, and assume manual control when automated control becomes suspect

*

or goes out of tolerance.

Although the mission management function in the SSV will be accomplished
by an integrated avionics and data management system, the crew may be con-
sidered to be one of the key functional components of this system. One config-
uration for this integrated system is shown in Figure 2. At the core of this
system is a central computer complex, programmed to perform the following

centralized management functions:

(1)  vehicle subsystem configuration

(2) onboard checkout

(3) performance monitoring and display
(4) data management

(5) onboard mission planhing

(6) guidance, navigation and flight control

(7)  data processing for crew controls and displays.

Design guidelines for the SSV call for both manual and automatic control
modes, especially to perform guidance, navigation,and flight control functions.
It may also be expected that the crew's ability to intervene and exercise override

control in nonroutine or emergency situations will be fully exploited, but many

16
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: : ¢
problems with respect to control authority are expected fo arise. In any event,

it is clear that crew participation will be characterized more by careful mon-
itoring of and communication with computers than by the manipulation of con-

trol devices.

CreW-Vehicle Interface

Crew participation in‘computer-controllle‘d system functions will be effected
primarily through a sophisticated, multimode information display system incor-
porating provisions for entering data, calling lip desired information and/or
lda.t'a formats, and reprogramming established display sequences or configurations.
The basic concept is to provide the crew with only the information required during
~a specific mission phase by means of a dynamic, preprogrammed display mode
secjuénce. A priority interrupt feature will allow for the timely display of out-

of-tolerance conditions for mission-critical and safety parameters.

Display systems compriéed of multiple cathode ray tube (CRT) presen-
tations are being proposed to suppoft the crew in mission management activities.
These displays incorpérate such features as time sharing, intégrated electronic
and optical imaging capabilities, pictorial and graphic aisplay formats, and the
presentation of predictive information. Direct view, rear port CRTs proposed
for data management and system performance monitoring are designed to present
pfojeéted slide or film (miéroviewer) images in addition to the normal electron-
ically generated symbology and can thus accommodate large quantities of check-
out and procedural data (including complex diagrams) which would otherwise

place excessive demands on digital computer memory.

The crew will have access to the central computer complex by means of
an alphanumerjic_ keyboard. This‘ control interface will permit the crew to up-
date mission parameters, to initiate subsystem commands for execution under
compu‘tei' control, to call up daté and specific display configurations, and to

control data recording by onboard printers for postflight maintenance purposes.‘

18
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Additional control panels may also be available for more direct control of
vehicle subsystems using designated control panels containing pushbuttons,

thumbwheels, and twist knobs.
Flight Control

Basic vehicle control concepts for the SSV entail the use of main-engine
thrust vector control (TVC) during the ascent phase of the mission, the use of
a reaction control system (RCS) operating either independently or in combination
with TVC for orbital maneuvers and reentry, and the use of aerodynamic control
surfaces and turbojet thrust control for subsonic flight path control in the atmo-
sphere. Flight control is the primarykinﬂight control function in that its impact
on the achievement of ’fligh.t plan objectives' is the most immediate and direct of
all onboard operations control functions. kAlthough’, in practice, flight control
is inextricably bound up with mission managemerit, navigation, and guidance
functions, it will be convenient to limit‘it here to just those funétions required
to transform ‘guidance, navigaﬁon, and mission planning inpufs into an effective
~ pattern and time phasing of thrust vectoring, reaction jet firings, and control

surface deflections.

Because of its immediate and direct effect on the’vehkicle's moment-to-
moment state, flight control can be considerefd as the most critical function for
satisfying crew/passenger safety requirements and for assuririg mission success.
Capability for both automatic and crew-controlled operation of the S5V has been
cited as desirable for all essential ﬂigh’c control tasks. A comprehensive and
definitive examination of crew performance capabilities and vehicle design
features required to support manual cdntrol activities wiil be necessary to
realize this goal without excessive penalties in terms of degraded accuracy,

un(accep’table crew workload, or system complexity and costs.
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Implementation Concepts

In kprelin‘linary SSV design s’cudies, flight control functions are viewed

as an integral component of an interactive flight management, navigation/

~ guidance, and propulsion/control surface control system. As such, implemeri-

tation will be effected primarily through the integrated avionics system, and
again the crew must be considered an element of this system. A typical system

&

configuration is schematized in Figure 3.

A basic flight contrél subysys’cem can be defined in terms of the operations
required to process data perfaining to instantaneous vehicle state and to transform
commands generated by the computer or the crew into the control actuation signals
needed to produce corfec’c, stable attitude and relative movement responses.
Neither the generatioh of vehicle state data and guidance commands nor the pro-
pulsion system and aerodynamic control system (ACS) responses, per se, are

flight control functions. Rather flight control functions consist of the timely and

‘accurate derivation of TVC, RCS, and ACS commands. (The latter system

includes control of turbojet engines. ) In the further d‘iscussion'of SSV design
concepts and crew participation for flight control, it will be convenient to cover

TVC, RCS, and ACS control modes separately.

Thrust Vector Control (T'VC).k Boost propulsion systems, employing high

- pressure bell nozzle engineks, will be used on the booster vehicle to provide Av

to the mated vehicles for initial ascent and to pi‘ovide Av to the orbiter for its
final ascent. These engines are throttled and gimba'lled to limit acceleration
levels and provide trajectory contfol. ‘During normal ascent, control steering
signals are generated by the inertial navigation and guidance computers and
applied to the TVC actuators by gimbal and throttle drive electronics. One
attitude control technique under consideration employs equal engine deflection
for developing pitch and yaw torques and differential deflection for roll control.

Differential engine throttling may also be used for atti’c‘ude control.
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: Tripie redundancy in computing channéls and quédruple redundancy
in the critical sensor and servo acfuatof elements are being proposed for the SSV
automatic flight control system (AFCS) to achieve épecified fail.woperatiOnal
operating goals. Provisions for manual override control by the crew in the
event of AFCS malfunction or excessive disturbance due to wind conditions or
propellant sloshing are also being considered. Ménua’l control capabilities
for attitude stabilization, relief of excessive aerodynamic loads, and trajectory
control are under investigation. Earlier studies have concluded that the proper
chdice of configuration (i.e., appropriate instrumentation for diagnosing fail-
ures and appropriate hand controller dynamics) can provide a versatile manual
control system having good performance during the ascent phase in both normal

and failure (AFCS backup) situations.

Reaction Control System (RCS). A reaction control system comprised

of wing and fuselage mounted engines with varying thrust levels will be used
to assist the separation of the booster from the orbiter and to provide for
exoatmospheric control. The RCS provides three-axis translation and attitude
~ control by means of pressure-fed oxygen/gaseous hydrogen thrusters and
will be used for final rendezvous and docking, on-orbit attitude ycon%rol,

small maneuvers, and reentry attitude control. In the primary opera*ting
mode, the central computers will process sensor data and guidance inputs to

- generate RCS jet selection and firing commands for attitude control and

translation thruSting.

Automatic control is specified for rendezvous, deorbit phasing and
reentry, with provisions for pilot monitoring (management) and override con~
trol. Manual attitude and translation thrustiﬁg control will be available in the
event of AFCS malfunction or unusual condifions,, but the crew's primary

~ role will be to monitor preprogrammed, computer control of RCS operations.
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Critical maneuvers such as closure to target vehicles and docking are

currently considered to be manual control functions. However, automatic
methods with visual monitoring are also being studied as alternatives. If
automatic control is adopted, it ié likely that a crewmember will have to
"approve' each RCS thrusting maneuver and that the initiation of automatically

controlled final closure and mating sequences will be controlled by the crew.

Aerodynamic Control System (ACS). Following reentry, both the booster

and orbiter vehicles will execute appropriate transition maneuvers and estab-
lish conditions for subsonic flight in the atmosphere. Flight control will then
be accomplished through an ACS comprised of aerodynamic control surfaces,
1ift modification devices (e. g., flaps, speed brakes), and thrust modulation
of air breathing turbojet engines. The jet engines appear to be a definite
requirement for the booster vehicle to enable it to cruise back to the landing
site. Engines are also being considered for the orbiter to assist in the ap-
proach and landing and to provide a one-time go-around capability. For the

orbiter, however, the penalties of weight and complexi;cy are much more

critical, and the feasibility of unpowered recovery operations is being investi-

gated. Both vehicles would require engines for cross-country ferry flights,

but this capability could be provided by strap-on engines.

Fligh‘c control in the atmosphere will not differ significantly from that
of advanced jet transport aircraft when turbojet engines are used. The AFCS
will continue to be used extensively in the primary operating mode but con-
siderably greater opportunities for pilo’t control will occur during the descent,
approach, and terminal area fnaneuvering phases of the flight. During these
mission phases, the SSV will be operating in controlled air s‘p‘ace and must
: cohforrn to establighed air traffic control (ATC) procedures. A fully auto-
matic approach aﬁd landing system will be employed foi‘ low visibility opefaw
tions, using some mix of onboard inertial guidance and exte.rnal navigation

aids.
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When manual control of the ACS is assumed, conventional flight control

techniques will be used, for the most part, in aéhieving flight path control
: objec‘cives. Exceptions lie in the use of an all electronic (''fly-by-wire'') con-
trol system in the SSV and in unpovveréd recovery operations. With the "fly-
by—vvi;r‘e" systems, control surface actuators are manipulated through ACS
drive electronics, and there will be no direct, electrqmechar_lical linkage b
between pilot controls and the actuators. Using this system, | displécement of
pilot hand controllers and rudder pedals produces corresponding angular rate
and acceleration changes in vehicle motions around the pitch,, roll and yaw
axes. An inherent stability augmentation system is incorporated to damp the

effects of vehicle disturbances.

Unpowered flight will introduce requirements for new skills in manual
control of energy dissipation following reentry and in integrated energy
management and flight path control down to the runway. These new flight
control tekchniques‘wﬂl be especially critical in unpoWered appfoaches under
low visibility conditions when the vehicle must be maneuvered by instrument

reference.

Crew-~Vehicle Interface

Displays for AFCS monitoring and manual flight control will be presented
on CRTs located in prime visual areas directly in front of the two crewmem-
bers. Display formats for given mission phases (both flight and subsystems
data) will be computer-generated but selected by the crew as required or
desired. Provision will also be made for automatic (i. e; s ‘computer-co'mmanded)
display of caution and warning information relating to mission-critical

conditions.

Electronic Attitude Director Indicators (EADIs) are expected to replace
conventional elekc“tromechanical instruments for displaying vehicle attitude in

all axes, velocities, guidance commands (flight director), and other vertical
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situation symbology. Optical and sensor-derived images may be time shared

on the same CRT or located on a second CRT,.

f[n addition, special pictorial and graphic displays can be generated for
AFCS monitoring and/or control of orbital maneuvering, rendezvous, energy
management during approach, and grdund-referenced flight paths. Preli-
minary SSV design concepts also include such speciai devices as a head-up
display for presenting computer-generated flight situation symbology on a
combining glass located in the pilot's line of sight while he is controlling the
vehicle by external visual reference. Such devices have been developed for
lox}v visibility approach and landing operations in military jet and civil trans-
port aircraft. Applications of the head-up display to SSV dbckmg maneuvers
as well as landing are under consideration. The head-up display is also

being examined as a backup alignment aid for navigational sightings in space.

Conventional controls consisting of control column, rudder pedals and
throttles are being proposed for the ACS. Advanced panel-mounted or
side-arm controllers such as those developed for the SST may‘ be used to
_ replace the bulky con’cl;ol columns for pitch and roll control. Hand controllers
for attitude and translation thrusting control in the TVC and RCSVcontrc;)l
modes will also be available to the SSV crew. Studies are bin progress which
may lead to the elimination of the conventional control column and rudder
pedals in the SSV, with full attitude control in the ACS mode also accom-
plished through the hand .controller. ‘

Impleméntation of manual control ‘capabili’cy will be a very sensitive and
challenging task in view of the compiexity of the proposed multiply redundant
AFCS with its interacting sensor/guidance inputs and varying cbn‘crol element
actuation requirements., To illustrate the complexity qf this crew-vehicle
_interface, consider the integration scheme prc;ﬁiosed by one contractor. The
principal features are illustrated in Figure 4 and provisions for pilot inter-

ventions in the vehicle control loop are described as follows:
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All data concerning the spacecraft status are obtained through
a sensor. The sensor signal is converted to a digital form by
an interface. Similarly, every physical action involved in the
control and functioning of the spacecraft is achieved through an
actuator, a device which actuates according to a digital message
placed in its interface. ‘

To achieve any desired degree of automation, each of the se-
veral processors in the central computer can address the
sensor and actuator interfaces and obtain full information on
the vehicle's condition, and thus control its activities. The
integration of the crew into the vehicle control loop is made in
a fully redundant manner. Hence, anything a processor can do,
the man can do and vice versa. In the automatic modes, the
crew will observe the displays and confirm that the operation

- is as desired. In most manual modes, the processors will
modify the manual control instructions (adding such things as
smoothing, cross-coupling, etc.) and will embellish the dis-
plays with more thoroughly digested and filtered information.
In the fully manual-backup-only mode, the processor will be
completely out of the loop. Raw sensor data will appear on the
displays,and direct control will be exercised over vehicle
functions.

. .. Sensor outputs and actuator inputs are addressable by any
of the processors just as if they were ordinary memory loca-
tions. Any and all processors can address them subject to
restrictions included in the computer program. The I/O
buffers can similarly address the sensor and actuator inter-
faces. The crewman thus has independent access to the sensor
data and control of the actuators and can, to the extent of his
physical abilities, duplicate the functions of a processor in
controlling the spacecraft. (North American Rockwell, 1969).

Guidance and Navigation

SSngu'idance and navigation functions encompass all requirements for
prelaunch boost traj‘ectory and mission profile computations, determination
of optimum povveréd ascent and orbit insertion trajectories, computation of
-landing site reach data for aborts, orbit transfer and adjustment computations
for navigation to rendezvous, precision guidancé for docking maneuvers,

navigation and guidance computations for deorbit and entry, return to base

27




#
cruise guidance, and precision guidance for terminal area approach and

landing. Guidance and navigation functions are to be performed onboard the
vehicle, using ground and other navigation aids as supplements when appro-
priate. For this discussion, navigation will be defined as the determination
. of vehicle position and velocity. Guidance will refer to the computation of

thrust control and attitude adjustments required to achieve the desired fra-

jectory or ground-referenced flight path.

Implementation Concepts

Guidance and navigation functions will be implemented by the integrated
avionics system discussed earlier and schematized in Figure 2. A typical

equipment configuration for these functions would include:
1. triply redundant inertial measurement units
2. a dedicated navigation computer
3. in’cegrated optical and IR sensors
4. aradar for rendezvous and station keeping
5. a multimode laser sensor/tracker for docking

6. LORAN, TACAN, radio altirheters, and air data sensors and

computer for augmenting the inertial navigation capability
7. an advanced all-weather approach and landing guidance system

8. appropriate interfaces with the central computer complex and

crewmembers.

During ascent, control steering signals will be generated for the ascent
trajectory, staging, and booster reentry by the inertial system. Booster
cruise and return to the landing site will be supported'by the air data sensors

and VOR/TACAN inputs from ground stations. Range and relative angular
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information for rendezvous and stationkeeping will be provided by the multi-

mode radar, with an alternate capability provided by the optical tracker.
Precise angular and range data for docking will be obtained from the laser
system. Attitude alignment and orbit dphemeris data will be obtained from
the opﬁcal and IR trackers. Accurate attitude dafa for inertial system align-
ment will be obtained by tracking stars with the optical se‘nsor. Earth-edge
tracking will be accomplished using the IR sensor. The central computers
will be used for évaluation, data filtering, and the determination of best
estimates of velocity and position from the various data sources. Retrograde
attitude and time will be established by the central management complex, as

will energy management during the reentry phase.

Tefminal area guidance for approach and landing will be self-contained
only under nonroutine or abort conditions. Though not yet definitely estab- »
lished, the SSV is expected to operate with some sort of ground-based landing
guidance system. A strong candidate is the Advanced Integrated Landing
System (AILS) currently undergoing development and evaluation by the FAA.
AILS combines certain features of the conventional instrument landing sys-
tem (ILS) and GCA and is capable of providing guidance information through-~
out the approach, flare, and touchdown. The AILS is expected to improve
accuracies and provide precision approach fadar monitoring by ground

operators.

Test pilots at the NASA Flight Research Center at Edwards AFB are
imfestiga‘cing precision instrument approach and landing techniques which can
be accomplished by the orbiter vehicle without felying on turbojet power. The
feasibility of various guidance schemes for unpowered termirial area maneu-
vering, energy management following reentry, and precision approach and
landing under full IFR conditions is being examined. At the Ames Research
Center, studies of integrated inertial/radio navigation techniques and of

ILS-independent approach monitor displays are in progress.
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Crew p‘articipétion in g‘uidance and navigatiori functions will vary across
mission phases. Time constraintswwill probably limit crew involvement to
moni‘corihg position, 'velocity;‘ and attitude displays?during ascent and staging.
Crew participatioh will increase during rendezvous and docking phasés and
could include such activities as sensor mode selection, control of optical
sightings, new data insertions, and keyboard call up of specific data for dis-,
play as well as manual flight control or the ongoing monito:bing of computer-

controlled guidance and navigation functions.

The requirement for crew involvement in guidance and navigation will
also increase during reentry, return phasing, cruise back, approach, and
landing phases. Flexibility in selecting landing sites, in determining flight
plans for cruise and terminal area approach, and in establishing the appro-
priate mix of navigation and guidance data sources and computations for ap-
proach and landing will require crew assessments and decision making and
entail intervention in computer control of subsystem‘configura’cion and dis~
play sequencing. In general, however, the primai‘y operating mode for
guidance and navigation will be preprogrammed, and the crew's role will be

to monitor, manage, and augment system performance.

Crew-=Vehicle Interface

The principal media of interface for these functions are the computer-
driven, multi-function CRT displays and the alphanumeric keyboards which
give the crew access to the central computer complex. Guidance and naviga-
tion data will be presented on vertical and horizontal situation displays and on
associated multimode CRTs. AS many as:seven multimode C‘RTs have been
proposed for installationkin front of the two crewmen. Crewmembers will be
able to view different data formats on their 'respective‘displays, or they can | V

view the same data simultaneously.
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Extensive use of the integrated sensor-derived imaging capability and

computer-generated data in pictorial or graphic formats is envisioned for
navigation functions. As an example, while thé docking maneuver is being
‘executed, a‘symbolic" display of azimuth, elevation‘, range, and relative
velocity may be superimposed on a TV or radar-derived image of the space
station. For ground-referenced navigation tasks, pictorial situation displays
would be generated Ato‘integrate all of the pertinent position and velocity data
into a simple and readily interpreted format. Special purpose guidance dis-
plays, such as a head-up displayy for sﬁperimposing flight director symbology
on out-the-window visual fields to aid in docking or landing, are also being

being considered,
Environmental Control and Life Support

The system requirements in this area include a shirtsleeve environ-
ment for passengers and crew, basic provisions for life s‘upporf under both
routine and emergency conditions, and habitability of the crew and passengef
- compartments. For the orbiter vehicle, these life support and habitability
requirements must be satisfied for nominal miésions of upk to seven days
duration and for as long as a month when special provisions are made avail-
able. Specific environmental control and 1ife support (EC/LS) functions

include:
1. the supply and control of cabin étmosphere
‘2.‘ control of temperature and hu‘midityb
3. carbon dioxide and trace contaminant removal
4. supply of food and water S
5. waste and trash maﬁagemen‘t
6. personal hygiene, microbial COntr01;‘ aﬁd medical éupport

7. 1llumination, noise control, and comfort features.
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Implementation Concepts

Basic EC/LS’fun'ctions such as gas supply and control for breathing and
cabin pressurization, thermal regulation, water and waste management, and
)emergenc‘y life support will be largely automated. Under routine conditions,
then, the crew would not be required to participate extensively in controlling
EC/LS subsystem operations. Provisions will also be made for continuous
self-check and performance monitoring,and the system will be armed to alert
the crew when any trends toward out-of-tolerance conditions begin to develop.
Crew participation in basic EC/LS functions thus will consist mainly of pas-
sive status monitoring, with occasional servicing activities such as replacing
canisters or disposal of accumulated wastes. More active monitoring and/or
manual override control will be necessary only when the automatic system

malfunctions,

Manual control of cabin illumination and of such items as temperature
and seat adjustments will be provided for to éccommoda‘ce individual require~
ments. It is also obvious that use of food, water, personal hygiene facilities,
and medical supplies will be initiéted and controlled by crew and passengers
and will represent important design requirements for the man-machine

interface.

Crew-Vehicle Interface

EC/LS operating status and ala.fm readouts will be displayed, probably
- on a time -shared basis, on one or more computer-controlled CRT displays
on the primary crew instrument panel. Additional dedicated status indicatofs
and warning lights will also be available to augment the CRT display. It is
also reasonable to assurﬁe that auditory signalsy‘may be used for more critical
crew alerting functions. In view of the desigh goal of eliminating or mini-
mizing the use of electromechanical controls such as toggle switches or

select knobs, EC/LS functions will probably be controlled through the computer
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by function-select buttons on a keyboard. However, it may not be feasible or

desirable to eliminate conventional controls completely, and they may be used
on overhead and side-console panels for controlling cabin illumination and

specific, backup environmental control functions.

Detailed designs for food and water supply, waste management,and
personal hygiene have not been developed. 'Separate stations for food and
water management and for personal hygiene, located adjaéent to the crew's
normal operating stations, have been proposed. Similar stations will be

available for passengers. These stations will include special dispensing

~ facilities, accommodations for storage of consumable materials, and pro-

visions for collection, storage, or disposal of waste materials generated

during the mission.
Communications

The mission activities projected for the SSV imply the requirement for

a communication system that provides voice/data transmission and reception,

~ onboard communication, and record/playback capability. Using both direct

and relay—safellite techniques, the crew of the SSV will be able to communi-
cate with ground control, space stations, landing sites, and personnel on
emergency EVA. Communications functions will encompass all SSV require-
ments for data exchange, including voice channels for shuttle-ground links
and onboard intercom, data links for status reporting and receipt of command
and/or maintenance data from ground or space stations, voice channels for
EVA, TV receptiori,_ and onboard data recording and playback. The principal

SSV communication links are shown in Figure 5.

Implementation Concepts

Anticipated improvement in communication system techniques will make

possible nearly continuous commurnication with the shuttle, thereby contributing
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to safety, crew morale, mission reliability, and the capability for real-time

remote control of the vehicle via data link. In geﬁeral, communications may
be.thought of as three subsystems: direct communications, satellite communi-

cations, and record/playback communications.

Direct communications will probably be provided by a UHF/VHF/S-band
type system. This system will handle comﬁmnica’cions with ground support
during launch, on-orbit vehicle-to-vehicle communicationé for rehdezvous
and 'docking, communications with astronauts on emergency EVA, and intra-
vehicular communications. ‘This system will also be compatible with the
present air treiffic control communication system for approach and landing

and ferrying operations.

Satellites Wﬂl probably be used‘ to improve communications over that
now available with the manned space flight network. The improvemeht is
expected to be manifested in an expanded ground-to-orbit communications
cépability.‘ It will be possible for ground stations to be in contact with the
orbiter vehicle a much greater proportion of the time. While it is assumed
that the communication relay satellite system will be one of the developmental
systems expected to be operationél in the early 1970s (Intelsét IV), new con-

cepts such as dedicated UHF -SHF offer advantages still under consideration.

In addition to the direct and satellite communication systems, it is
likely there Will be some type of onboard recording and playback system which
will store information for later analysis on the ground in much the same way ‘
an inflight recorder does in current aircraft. It would also be feasible to use
this system for telemetering certain types of data, particularly if advance
- telemetering of information could‘facilitate prelanding prepai‘a’cion for mainte -

nance and refurbishment thus minimizing turn-around time.
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Crew~-Vehicle Interface

Communications are not expected to impose unusual demands on the
crew. The shirtsleeve environment suggests the use of lightweight headsets
similar to those now being used in commercial aviation. Routine activities
such as communications checks and status monitoring, frequency selection,
and possible vernier alignment of highly-directional antennas are expected to’
require only infrequent attention during rendezvous and on-orbit mission
phases. Following reentry, crew involvement in communication activities

~ will increase. k During orbiter recovery operations (and cruise-back and
recovery of a manned booster), requirements for interacting with ground
navigation and control facilities may approach the levels experienced by

commercial airline operations.

Communication functions will be monitored and controlled through tfxe
Integrated Avionics System. The principal display interface for status read-
outs is expected to be time-shared presentations on the CRT displays. Manual
control will be exercised by means of computer-function selector switches

and/or keyboard entries.




CHAPTER IV

HUMAN FACTORS TECHNOLOlGY REQUIREMENTS

This chapter contains a seilect listing of human factors problem areas
related to the operation of the space shuttle system. The problems presented
are those which it is felt will require advances in human factors technology
in order to solve. Problems which requii*e application of existing human factors
technology, new design approaches, or extensive engineering ‘éffort are not taken
up here. While such preblemé represent legitimate and important human factors
concerns, they do not require new technology to be solved. Thus, the scope of
the discussion is restricted to those areas where additional research, often of
a very basic nature, is required to develop information upon which to base sol-
utions. The objective is to define for NASA's consideration the outline of a
research program for developing the human factors technology which will be
needed in later stages of SSV design to insure optimum utilization, protection,

and comfort of the human crewmembers.
Three sources of information were drawn upon in preparing this chapter:

1. A detailed review of the space shuttle system and its planned mission,

based for the most part from contractor Phase A reports,

2. Prior studies by BioTechnology, Inc. indicating that human factors

technology is weak with respect to the topic under consideratioﬁ,

3. Statements from industry and government personnel, obtained from

personnel interviews and documents.’
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Problem Area No. 1:
Reentry Transition

Description

Therek are certain unique aspects of the proposed space shuttle mission
profile related both'to' the vehicle system ifself and to the human operator of
the system which have important implications for the reentry transition phase
of SSV operations. First, if present plans are implemented, space shuttle
missions could last as long as 30 days. ExposAure to the weightless environ-
ment for this long a period of time is unprecendented. Secondly, the 5SSV
orbiter, if it is to be fully controllable in both the space and atmospheric flight
regimes, will of necessity have more aspects of a piloted vehicle than any
space vehicle so far. Furthermore, the control modes required for each of
these flight regimes are altogether different from one another. In the space
environment, reaction jets will be used for orbital méneuvering, whereas in
the atmosphere ordinary aircraft control surfaces will be employed. The po-
tential difficulties of making thé transition from one regime to the other, which
are in themselves formidable, may be further complicated by physiological
changes in the pilot of the vehicle as a result of rather prolonged exposure to
the zero gravity environment. Although previous space flight experience has
indicated that spacecraft reentry accelerations posed no appreciable performance
problems for astronauts, anticipated reentry accelerations of about 2 fo nearly
-3 G's for the space shuttle orbiter may be of concérn, since in the latter case,
performance requirements are inestimably more rigorous. Further, the seat
: Qrientation currently being considered would result in inertial forces in the head
to foot direction rather than the chest to back forces previously experienced

and known to be more easily tolerated (Sullivan & Coworkers, 1970).
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Specific Human Factors Issues

The two areas that appear to pose potential problerﬁs and require further
human factors technology developinent related to reentry transition are described
in the following paragraphs. There are undoubtedly a number of other possible
problem areas. For éxample, in addition to the cardiovascular deconditioning
problem it is possible that prolonged space flight maj pose some problemks related
to the musculoskeletal system. For about five days after the 18-day Soyuz flight,
cosmonaut Nikolayev recalled that he and the copilot "had trouble when they lay
down to sleep because they felt that great pressures were pushing through them
to their backs (Wilford, 1970)." 'We did not anticipate, " he said, " that it
would be so difficult in readjusting our limbs and other parts of the body. "

The present discussion will, however, be restricted to an elaboration of the one
physiological problem area which has been consistently observed in both American
and Russian space flight expérience, that is, the problem of cardiovascular adap-
tation and its implications for reentry transition.  The human factors issues and
technology implications related to control dynamics will focus on the manual

control modes.

Cardiovascular Adaptation. Over lengthy periods of time in the space

environment (precisely what length of time remains undefined), the reduced

load on the heart, lowered blood pressure, and reduced hydrostatic pressure
differences might produce a system which had adapted to fhe weightless environ-
ment so complétely that exposure to the acceleration of reentry in the shuttle
orbiter might be intoleréble and physiologically catastrophic. Thus far, space
flight exposure has been shown to pfoduce péstflight reduction of work capacity
and reduced orthostatic tblerarice, in some cases to the point of syncope. There
is evidence to suggest that these reactions are the result of an inflight adaptation
“to Weighflessness involvihg body fluid balance shifts and fluid loss, with associated
endocrine and electrolyte changes and total bddy potassium depletion (Berry, 1971).

Crews and passengers who havé ad_apted’ to the weightless environment in this way
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could experience syncope when exposure to the long duration 1.5 to 1.8 +Gz
acceleration component, with peaks of 2.2 to 2.4 +GZ. This G loading would
“be even more significant if the individuals subjected to it were in the seated

mode rather than the supine mode.

One component of the cardiovascular adaptation problem, reduction of
hydrostatic pressure gradients, can be illustrated by the diagram in Figure 6.
If the cardiovascular system is considéred as the column pictui‘ed in the figure,
it becomes obvious that pressurey exerted in the supine position is equivalent
to the width of the column or 12 mm Hg. In the vertical position, on the other
hand, pressure will be equivalent to the height of the column, or 85 mm Hg.
The ability of a heart and blood vessels which may have lost a certain degree
of tonus through disuse at zero G to pump a column of fluid up the long axis of
the body could very conceivably become impaired. This problem could be further
aggravated if the pressure'regulators of the cardiovascular system fail to give
appropriate cues to control the amount of fluid in the system after long perio@s
of transmitting signals diametrically opposed to those Which must be transmitted
in a gravity environment. Further, there is reason to suspect that peripheral
vascular resistancé may also decrease and be contributing to the observed

decreases in work capacity.

Manual Control Modes.k Participation of the SSV piiot in reentry guidancé
angl control functions could begin with deorbit thrusting and continue th:mugh the
critical deceleration and ‘cross-—range maneuvering accomplished to bring the
vehicle to a prescribed end-of-reentry footprint area near the intended landing
site. The complexities of the flight control task for lifting reentry vehicles
which generate rﬁoderate values of L/D at hyperéonié velocities has been under
investigation fér many yeé.rs (Miller, 1965). Attitude control is especially critical
in lifting body vehicles and angle of attack must be closely éontrolled if the re-

quired flight path is t6 be followed.
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The comparatively high L/D orbiter vehicle will require a three-axis

. stability augmentation system (SAS), probablyk with variable-gain damping.

A direct manual control mode (no stability augmen‘caﬁon) is not likely to be

a feasible option, since the vehicle may be only marginally ckontr'ollable without
the SAS in cei'tain Mach number/angle of atfack regiAmes. Various SAS-augmented
manual modes, with pilot-selectable or automatically computed control loop gains
can be considered and different levels of manual intervention in the flight control
loop may be available (for example, reprogramming the AFCS and mixed manual
and automatic commands as well as split-axis and/or full-axis manual control).

In the manual control modes, the pilot would command vehicle rates varound the

three-body axis using a hand controller.

One pbténtial hﬁman factors problem derives from the rapid transition,
during reentry, from control system dynamics appropriate to attitude control in
the space environment, with essentially zero dynamic pressures, through the
changes necessary for hypersonic maneuvering as dynamic pressure builds up
and the vehicle begins to develop lift aﬁd’finally to control dynamics appropriate
to the transition to subsonic flight. ILittle is known about the demands of this
rapidly changing control task on the pilot's perceptual-motor abilities. The
precision and speed of response requiréments appropriate fo the changing demands
of the reentry maneuver must be determined and related to alternative mechani-

zation concepts for the hand controller.

A related problem can be identified in the determination of display require-
 ments fqr manual control during this flight segment. Special display requirements
which may be expected to arise include display support for monitoring the perfor-
mance of the automatic flight control system and i‘esolving decision problems
 with respect to manual intérvention. Conditions appropriate to the pilot's exer-
cise of the various manual augmentation or override control options must be

precisely defined in order to identify display requirements for this decision.
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When continuous manual control is assumed by the pilot, requirements
emerge for an integrated display of vehicle orientation in all three axes and
_its flight path projections relative to terminal area navigation constraints.
The crew's ability to cope with the manual reen‘cry control problem within
the :context of ongoing system management ‘activities must also be assessed.
The focus of attention on the control task must not degrade crew monitoring
of vehicle heating and critical subsystem performaﬁce parameters during

reentiry.

Implications for SSV Human Factors Program

The related problems of cardiovascular deconditioning and manual
vehicular control during reentry transition can be examined by various
techniques, both sepérately and independently. Increased emphasis on
gsround-based simulation studies is suggested as a useful approach to both
better definition of the manual control mode requirements and the cardio- ~
vascular deéonditioning problem. In the latter case, bed rest studies of the
type being undertaken under the direction of the NASA Ames Research Center
will undoubtedly offer some clarification as to the extent of the potential
deconditioning problem. Should bed rest studies indicate that "orbitally
deconditioned'' subjects cannot tolerate »orbi’cer reentry accelerations and/or
that simple management measures are not eﬁ"ective; this would provide a
~clear indication that, at the very least, a new approach to seat design will
be required. Articulated seats have, for example, been suggested (Sullivan &
coworkers, 1970) as one possible alternative solution. Any concept selected
would, of course, have to be thoroughly evaluated from its anthropomorphic,

anthropometric, and operational aspects.
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Problem Area No. 2:
Manual Control of the Booster Vehicle
During Ascent and Initial Exoatmospheric
Maneuvering for Reentry

Description

A capability for backup mahual flight control of the mated orbiter-booster
vehicles during launch and aborted launch is implied in the delineation of desired
SSV characteristics. Provisions forkmanual control during booster reentry,
ﬂy;back, and landing are treated somewhat more explicitly in SSV planning
studies. Also, suggestions have been made for investigation of the feasibility
of pilot override control during the boost phase of the ascent trajectory. Such
investigations should consider the crew's ability to determine when they should
intervene in the primary, automated control sequence and should establish the
hand controller and display characteristics necessary to insure the crew's

effectiveness in performing the vehicle control task Amanually.

Nominal SSV launch operations will not, of cdurse, be under manual
cdntrol, and conditions necessitating an assumption of manual control during
the ascent phase are expected to be very low probability events. Routinely,
guidance and commands required to achieve optimum powered ascent trajectories
and the execution of corresponding thrust vectoring commands will be accom-
plished automatically by the kintegrated avionics system. Redundant computing
channels and control actuator drive electronics will be employed to cope with
failures. The pilot's role will be to monitor the ascent trajectory and assume
manual control only when critical automatic flight control system (AFCS) mal-

functions occur or when such vehicle performance limits as maximum aero-

- dynamic loading and attitude change rates are exceeded. Manual flight control

tasks could include attitude stabilization and structural load reduction as well
as trajectory control. Further, manual control might be assumed by the crew

to augment AFCS capabilities in achieving flight plan objectives or to deal with

emergency and launch abort conditions.
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Specific Human Factors Issues

Three specific human factor issues should be resolved in the dévelopmeni:

~of this capability for the SSV:

1. Under what conditions, if any, is pilot intervention in the automatic
control process feasible and desirable, and what are the pilot's capabilities for

‘recognizing and/or assessing these conditions?

2. What levels of modes of pilot/AFCS control interaction are necessary

and effective for flight control during ascent?

3. What combination of hand controller dynamics and vehicle state/

guidance command display is best suited for these manual flight control tasks?

Potential problems associated with manual guidance and control of large
launch vehicles have been under investigation by NASA for several years (Hardy,
1969), but these studies have focused on Saturn launch vehicles and mated Apollo/
Saturn configurations. The general conclusions are that: :

The pilot is a good adaptive optimizing servo for systems

with rapidly and widely varying controlled element dynamics

such as might occur with step variations in the vehicle aug-

- mentations due to system failures or variations in the vehicle

dynamics that can occur during very short time intervals. ..

In essence, then, the pilot can be incorporated as a primary

element in both guidance and control loops provided he is

given appropriate displays, appropriate instrumentation for -

diagnosing failures, and appropriate control system charac-

teristics. '

The applicability of these findings to mated SSV booster-orbiter con-
figuratiohs is not known and should be reassessed as more information becomes
available on such SSV characte?isties as vehicle stability; structural flexibility,
vibration levels, fuel sloshing dynamics, changes in vehicle 'confi‘guration at
staging, and the effects of adverse environmental conditions (e. g., wind shear).
The earlier fea’sibility studies of pilot control during launch operations suggest

that such control can contribute su‘bstantiallykto mission success probabilities.
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- For example, in one assessment of AFCS failure modes it was determined that
the addition of a piloted "load relief' (reduction of aerodynamic loads) backup
control system could reduce mission criticality to a factor of better than two
(Hardy, 1969). Moreover, manual control techniques significantly reduced
trajectory dispersion, particularly for those failure modes which caused large

attitude errors to be developed by the automatic system. ‘ : .

‘ | Controllability of the SSV vehicle during launch will also be a critical
factor in defining emergency abort procédures‘and in determining the probability
of their success. Careful study should be made of the quesﬁon of automatic
versus manual control during abort from the ‘pad,‘ including a '"'once-around'
abort maneuver. Another area requiring close attention is the issue of control
authority between the\mat‘ed booster and orbiter vehicles during aborted launch

and in emergencies during the initial phases of ascent.

Implications for SSV Human Factors Program

The investigation of this problem area from a human factorsy point of view
~ can be expected to provide guidelines for establishing hard constravints on pilot
_intervention in automatic control loops during launch and for insuring that he is
adequately supported by cockpit displays and controls when these interventiorﬁs
are necessary. Manual control problems during three phases of launch opera-
tions should be explored. The first is the initial ascent phase following liftoff
where the principal control tasks are to stabilize the vehicle and maintain struc~

 tural loadings within acceptable limits. This task may be complicated by the

mated booster-orbiter configuration, aerodynamic instabilities, wind disturbances,

and propellent sloshing dynamics. On entering the second phase outside the
atmosphere, significant changes in aerodynamic loading occur, and the attitude
stabilization problefn is less severe. Control emphasis will shift to more pre-

cise trajectory control and to efficient staging. The third phase, launch abort,
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is an area of extreme concern because of the jéopardy to crew and passengers
and the short time available for‘manual intervention. The implementation of
manual control during aborted launch rests ultimatély on the philosophy of
mated vehicle control authority and on the human capacity to take any sort of

effective action during liftoff emergencies.

Human factors studies should be directed {oward definition of conditiongs
and events which would underlie the command piiot’s decision to assume man-
ual control and the detemination of crew performance capabilities using vari-
ous display/control devices. The transition from the role of systems monitor
to active controller under severely time-constrained and stressful conditions
is expected to be the most challenging aspect of these studies. Displays
optimized for quick situation assessment, decision, and action are likely to
be inadequate for flight control. An unbalanced approach to this problem

can be expected to compromise one capability or.the other.
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Problem Area No. 3:
Life Support Technology/Habitability

Description

~ In the development of the manned'space shuttle system the foremost con-
cefn is maintaining the space traveler in an environment which falls within
the very narrow tolerance limits established on earth. This function is performed
by five ba'sic'systems{ (1) the oXygen‘system, (2) the carbon dioxide and con-
taminant control system, (3) the thermal and humidity control system, (4) the
waste management system, (5) and the food and water provision system. Much
of the equipment and technology to accomplish these functions have been devel-
oped and proven in earlier space programs. However, some of the existing
hardware is not completely satisfactory from the human point of view ; and,
in certain cases, there is doubt about the ability of present systems to meet

the demands of SSV missions.

The reference mission for SSV design is space station logistics supply
(North & Stoll, 1970). - The basic requirements for the life support system
in this mission are relatively simple. Since total SSV turn-around time will be
less than two weeks, regeneration of supplies and consumables will be unneces-
sary. Likewise, there is no requirement for extensive inflight maintenance
activity. Any problem which may arise, if it is minimal, can be handled by
onboard checkout and removal and replacemént of system modules. A massive
malfunction of the life support system would be handled by a return to earth on

emergency supplies.

Although satisfaction of basic requirements appears straightforward and
within the reach of current teohbnology, it is reasonable to expect thatk the design
of the life support system will pose special problemé becausé of differences in
both the goals and the "tolerance limits" of pei'sons 'participatihg in SSV flights,

as compared with earlier space missions. Where earlier missions were staffed
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o
by hiéhly motivated astronauts willing, able, and in’censive'.ly prepared to tolerate
extreme conditions, the role of the space shuttle voyager will take on many more
_qof the aspects of pilots and passengers in transit. This being thé case, consid-
erably more attention must be given to the habitabili’cy and comfort of the environ-
-~ ment since mission success maly rest very heavily upon whether or not individuals
participating find the environment an acceptable one. Habitability and comfort
are relatively unknown quantities in future space missions. The wants and needs
of personnel of widely different backgrounds and training, as well as of both
sexes, on space shuttle missions can only be inferred from past simulation and
‘isolation studies and from space flights. of relatively short duration with highly

selected crewmembers.

Special Human Factors Issues

The major human factors technology problems related to life support/
habitability lie in the areas of waste management, personal hygiene, and food
service. This opinion, voiced by a number of the individuals interviewed in
the coursé of this study, is shared by many in the aerospace industry. Rep-
resentatives of two prime contractor organizations recently stated, ”Of all
the orbiter environmental control and life support systems, these [waste
management and food management systems Jare the least developed for space
flight use. Intensive development coordinated with space station hardware
development should be undertaken.” (North & Stoll, 1970). The next sections
treat human factors problems relating to space shuttle waste management
and food service. Personal hygiene, although it is essentially an intergral part
of the waste management system, will be treated separately for the sake of

clarity.

Waste Managément. The waste management systems currenﬂy being

considered for space shuttle applications are:
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1. A collection bag and storage techhique similar to that used for

Apollo missions,

2. A collection bag, inserted ina cani’sAteAr, with sufficient airflow to
provide bolus detachment and entrainment, (In this case, storage will incorporate

a sublimation chamber.)

3. An integrated collection storage container which may have sufficient .
capacity for a complete mission, or, if there is a space limitation, which can

be removed when it is full and remotely stored.

The third of these systems, the integrated collection unit, could include a
urine collector and could have the capacity to handle other wastes (wash water,

used paper wipes, food containers, emeésis, nail parings, and the like).

Whatever the systerh chosen, wastes must be collected and transported to
storage and/or processing equipment in a manner such that they do not contami-
nate the crew and the internal environment of the vehicle. Waste must be treated
to avoid the production of noxious gases and preclude the growth of microorga-
nisms. Basically the problem revolves around the difficulty of collecting solid

and liquid wastes in a zero gravity environment.

Up to the present, spacecrafts have emplcyed a collection bag and storage
device for fecal management. Both of these systems have met the requirements
of environmentalbcontamination control, but they have been aesthetically unac-
ceptable aﬁd conéidered even by the astronauts to be marginally adequate (Berry“,
1 1969). In addition, the capacity of the fecal control system has required that
the amount of feces excreted by minimized through the use of low bulk diets and
‘ drugs. The drawbacks are obvious. Finally, the urine collection technique
is appropriaté only for use by males; SSV crew or passengers may include

women (Pecoraro, 1971).
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The second system mentioned above was developed for Apollo missions but
has never been fully qualified. This technique has several.advantages from the
human standpoint in that airflow through the collec;tion‘bag aids bolus detachment,
provides for odor control, and facilitates control of bacterial growth since baggéd
feces are stored and vented in a compartment which sublimates the feces. Since

the bag must be removed by hand, ae sthetics problems still remain.

The human factors problems associated with fecal elimination and urina-
tion in space would be better dealt with by the third concept listed above, a cbl-
lection and storage system more like the conventional toilet system used on earth.
This systern is currently under development for NASA. The collector uses an
air entrainment approéch for zero gravity collection of feces and vacuum dehy-
dration of stored feces and other wastes. Airflow across the user's buttocks
carries the stool into the rotating slinger of the device where it is shredded and
subsequently vacuuﬁl dried. The same device could also handle urine collection,

again operating on an air entrainment principle.

This integrated waste management system solves some of the problems

j inherent in presently used devices; it is applicabie for use by both men and

women and does eliminate manual treatment of waste. A prototype unit developed
by General Electric has been tested in the NASA Spohéored 60~ and 90-day manned
tests of an integra'ted life support systém. Although it has proved satisfactory
from an engineering standpoint, it has still not met all human factors require-

- ments. During the 60—~day test, crewmembers found the toilet system satisfactory
only after ‘the unit had been adapted by the addition of a standard hinged toilet seat.
This modification is accéptable in a 1 G environment but unacceptable in zero
gravity where the orifice of the commode must be kept as sm;acll as possible.
Further, when crewmembers were asked at four separé.te times during the test

to rank factors potentially contributing to annoyance, toilet facilities were rated

seventh highest on a list of nineteen items (McDonnell Douglas, 1968). The use
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of the commode device in a zero gravity environmént additionally requires
application of some sort of sealant material between the buttocks and the
orifice of the device to control odor. Here again, the influence on accept-

ability is obvious. Finally, the use of a sit-down type device for fecal and

‘urine -elimination in zero gravity would probably require some sort of restraint

system which, like all other aspects of the total waste management system,
. g ]

must be acceptable from the user's point of view.

Personal Hygiene. The personal hygiene aspect of waste management

in closed environments has psychological overtones which are significant above
and beyond the medical implications of cleanli‘ness. Although there is very
little question of diseases of the skin or body orifices from lack of cleansing

in the time periods being considered for space shuttle missions, emphasiés on
this area of human factors is nevertheless very important from a morale stand-
point. Gemini VII astronauts, for example, looked forward with a good deal of
relish to the opportunity to have a "hot shower'' on their return. In our clean-

liness oriented culture, attention to hygiene in space shuttle missions would,

~additionally, provide a very much needed link with earth-bound patterns and

 attitudes during stays in space. Careful attention to the ;hygiene provisions

would contribute not only to the degree to which members would find space

shuttle missions acceptable but might also provide some alleviation of the sense

of isolation from the familiar world.

 Fraser (1968) suggests that the prime reQuirements for maintenance of

personal hygiene are : (1) adequate supply of Water; (2) adequate supply of

~cleansing agents, and (3) changes of clothiﬁg. Providing these items is basically

a matter of logistics and engineé‘ring, which falls outside the realm of discussioﬂ.
However, the manne‘f in which cleansing facilities are provided does have rele-
vance for the human factors aspect of life in space. The Value of personal
hygiene and basic grobming, ‘apart from a health standpoint, should not be

overlooked for the psychological bonuses of comfort and a sense of well-being.
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The principal technological problem relafea to persdnal hygiene is the
selection of the optimum system for "bathing.' Several approaches are available.
First, and this is the minimal alternative, bathing could be restricted to selected
body areas. Second, and ideally, the whole body could be cleaned. A third
approach would be pei‘iodic whole body cleaning supplemented by selective

cleaning.

At present, the only practical way to clean small body areas in space flight is
thought to be With reusable wet wipes, although alternatives such as bactefiastatic
liquids and creams or ultraviolet sterilization do exist (United Aircraft, 1970).
Wet wipes are a perfectly accep’cable‘ method and can be made more attractive
by the use of fabric towels for drying (as Was the case in both Gemini and Apollo
missions). Earlier studies (Coburn, 1967) indicated that wash cloths were more

| acéeptable_to the user than chemically treated wipes. This approach would, how-
even, not be feasible unless laundry facilities were available since these cloths

become malodorous and dirty within a few days.

In view of the anticipated crew complement, undoubtedly the most stitable

~ approach would be a whole body cleansing technique, ideally a shower. Figure 7
illustrates a representative shower cbncept for zero gravity application. There
are other alternatives available, for example, an automatic sponge system
(Figure 8). A shower system is, however, superior both from the point df view
of effedtiveness of cleaning and from the psychological standpoint. Showering
provides simultaneous cleaning of the body 'anvd' séeilp and is so effective that it
may need to be used only at three-day intervals (United Aircraft, 1970). From
the psychological standpoint, showering pr.ovides a feeling of well-being and
relaxation and represents for many an important link with the conventional earth-
bound daily routine. The use of wipes treated with a pleasant smelling bacteria-
cidal solution could be used between the intervals of whole body cleaning. How-
ever, there may be toxicological effects from the use of bacteriacidgs in a closed

environment.
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There is every reason to believe that the use of wipes alone would be
unsatsifactory from a psychological standpoint for missions in excess of a few
days, For one thing, they do not permit washing of the hair or scalp. Further,
fhis technique not only fails to provide a psychological boon, but may also be-
come a chore since the effectiveness of cleansing depends upon the thoroughness

with which the crewman uses the wipes.

Food Service. The preparation and sefving of food during space shuttle

missions is an area in need of significant attention. Food has long been known

to serve as a positive motivating factor and must be viewed in that light, parti~
cularly for long term missions. During the Projec’c Tektite studies, an ever
increasing importance came to be attached to meal time activities. Dining
became a major social event and was a time during Which experiences of the

day were shared and problems discussed. The act of food preparation itself
became a major source of recreation for at least two of the four scientists-
aquanauts involved in the first Tektite mission. The freeze-dried reconstitutedk
foods used for previous space flight applications simply will not provide the

_ positive reinforcement reqﬁired for the individuals likely to be included in space
shuttle missions. New approaches to the food service problem are needed. More
variety is needed both in terms of specific items of food and forms in which these
items are supplied (frozen, canned, freeze-dried, and fresh). In addition, varying
preparation techniques (boiling, broiling, frying, etc.) and careful attention to

~ an attractive éerving system would add to overall enjoyment bf the dining exper-

ience and contribute significantly to perceived habitability of the shuttle craft.

Implications for SSV Human Factors Program

A The consensus among planners of the space shuttle program and industry
pérsonnel is that waste management, food service, and per‘sonél hygiene are the

three life support areas most in need of attentipn.and development of new technology
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in the immediate future. Inbther areas, according to the best information
available at the NASA Langley Research Center (Osb'orne & Clark, 1970), ""Tech-
nology exisfs for the design of components to accomplish life support functions
for the shuttle orbiter..." The only remaining problem in this regard is "how

to assemble components into an integrated system. '

In the waste management and food servicé areas the level of requisite
funding, the necessary facilities, and the required personnel still need to be
defined. Strides are-being made in this direction but much remains to be done.
With the recent establishment of the environmental research facility at the
NASA Langley Research Center, centralization of some of these efforts can
be achieved. Further progress along the lines already identified (for example,

the integrated waste management system) will undoubtedly result.

Clearer definition of the food technology issue . is required in the light of
the need for increased attention to sdciopsychological variables. Cooperative
efforts with industry, particularly in the food technology area, should receive
greater emphasis. The Aerospace F‘ood Tekchnology Congerence held at the
University of South Florida in April 1969 is an example of the sort of effort
that will lead to progress. This conference was sponsored with the Apollo
Applications Program in mind. A similaf meeting in the near future, aimed
at resolving the problems of food service‘in the space shuttle craft, might be
extremely valuable. Meanwhile, new concepts in food preparation and service
could be more extensively studied in conjunction with plaﬁned integratéd system
tests and in any number of simpler ground-based tests. Novel items of food
or foods prepared by new methods could be evaluated relatively inexpensively

in consumer preference studies.

Resolution of the problems in the area of personal hygiene will require
a good deal of innovation. Thinking should not be restricted to conventional
notions alone. Varied approaches, including new cleansing agents and new

~ application techniques, should be pursued. If, after extensive study, only
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familiar lapproaches are viewed as acceptable by representative potential
users, it may even prove desirable to consider come redesign of the vehicle

or modification of the mission to accommodate the requisite system.

Although many adjusfmenfs can be made by the human operator to make
a chosen system work more effectively, this is’ an undesirable choice. It is
far better to désign the system to suit the user than to restructure the user's
habifs and preferences to suit the system. This latter approach, simpler and
expedient in the short run, has the built-in ‘potential for sacrifice of human

performance capability and compromise of the mission in the long run.
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Problem Area No. 4:
Crew and Passenger Safety

Description

The safety of space shuttle crewmembers, passengers, and the vehicle
itself will be attained through design features which make the catastrophic '
happening an extremely low probability evént. " Major functional elements will
be designed for fhe most part to fail operational, fail operational, fail safe
before total failure of the element occurs. Since mission abort procedures
can be started with the failure of the first component, and a landing achieved
in no more than a matter of hours, it is unlikely that the second or third
component failure will occur in this short period of time. For example, loss
of an engine during the boost phase will not prevent continued flight. Remaining
engines will still have an adequate thrust-to-weight ratio (T /W>1) to achieve
staging and orbital flight. In all, the design of the vehicle and thé planning of
appropriate abort modes should make SSV missiohs as safe as engineering

can make them.

In view of the expected level of safety, an airline philosophy has been
adopted with respect to SSV crewmembers and passengers. In the airline
industry, operational and emergenej procedures are prédicated on the assump-
tion that thé crew and passengers are committed to the safety and integrity of

the airframe (McDonnell Douglas, 1969). Whatever happens to the airframe

~also happens to them. Obviously, this philosophy rests on the belief, well

substantiated by operationél experiencé, that a high levél of airframe safety
can be achieved through rigorous deéign and inSpectionvprocedkures for flight
vehicles and .’chrorugh exfensi‘ve fraining of crewmen. Under this philosophy;
inﬂight failures of system componerits are presumed to be either nonéatastrophic

or controllable by appropriate alteration of inflight procedures. This being the

_case, special safety training and equipment for airline passengers has not been
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deemed necessary. The same general philosophy is guiding the design of the
o’pe‘rational space shuttle. For early R&D flights, of course, intensive safety °
training will be given, and all reasonable safety equipment, such as ejeétion

seats, will be provided.

The airline philosophy of safety‘has proven satisfactory and has resulted
in many millions of hours of safe and comfortable flight for air travele‘rs, On
occasion, however, it has been necessary to adjust the philosophy to account
for specific contingencies. For instance, in a landing accident at Denver some
years aigo a number of passengers died from smoke inhalation bec‘ause of their
inability to locate exits and get out of the aircraft promptly. As a conséquence,
the location of emergency exits is now pointed out to passengers before each
flight, and passenger seats must remain upright during takeoff and landing
in order not to impede passenger movement in an emergency. This is an
example of the manner in which training and a‘djustments in procedures, how-
ever minimal, are effected to achieve greatef safety. In this case, a number

of avoidable deaths in an aircraft accident triggered the changes. In the 5SSV,

it is reasonable to supioose that, through extensive study and simulation of

scheduled missions, the appropriate safety training and procedures can be

developed before the fact.

During the SSV development program, test crews will be provided with
escape systems. In all likelihood, these will take the form of ejection seats

for the two crewmembers. The escape rockets used in Mercury and Apollo

’ will not be appropriate since vthei'e is no S8V crew module which can be separa-

ted, as was the case with the earlier vehicles. With the operational SSV it

~appears that only minimal escape capability will be provided.

Specific Human Factors Issues

In normal operation of the SSV, par’ticularly during reentry and landing

modes, the vehicle will be in a horizontal position. During launch preparations,
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however, the vehicle will be vertical. If 'tﬁe passenger-carrying capability

is being utilized fully, occupants will be seated on a number of levels, one
“above the other., Should there be an indication of serious difficulty during launch
preparations, rapid emergency egress from the SSV would be required and pas-
sengers should know exactly what to do a’nd have every possible aid to egress
proﬁded for them. Airline experience indicates that the stress of the mokmer;f:
may degrade performance such that effective egress is impossible. Unless
extensive training can be provided to passengers, it may be necessary to
develop effective performance aids so that egress performance can be guided
quite firmly fhrough each step of the operation. Research is required to define
the exact nature of these performance aids, or of any other techniques which

might be used to insure that evacuation of the vehicle can be accomplished in

an orderly manner and within a specified period of time.

Implications for SSV Human Factors Program

Planning related to the safety of SSV crewmembers and passengers should
pfoceed in two steps. First, there must be a decision as to the exact philosophy
 which will be followed with respect to occupant safety. If automatic escape
Syétems are to be used, passenger training and indoctrination will be straight-
forward and will deal only with the proper utilization of the system. If an air-
line philosophy is to be followed,however, it may be necessary to conduct
fairly extensive simulation studies, using a full?scale mockup of the SSV in
launch position, to determine tﬁe optimum combination of procedures, iraining,
and performance aids to insure that rapid and effectivé egress can be accom-

plished when circumstances warrant.
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Prbblem Area No. 5:
Role of the Crew in Mission Management
and Subsystem Control

Description

Two key SSV developmentk goals underlie the human factors problems
discussed in this section. The first goal is to achieve maximum autonomy
in SSV operations. -Insofar as practicable, all missio;i control and vehicle
control functions will be accomplished onboard the spacecraft, with minimum
support from ground faéilities. The second goal is to achieve a high degree
of automation by means of onboard computers and prelaunch programming of

mission and flight control functions.

. The aim for autonomy will place extensive demands on the SSV crew

and central computer complex for mission management and for ongoing mon-
itoring and control of vehicle subsystem performance. The range of decisions
to be made onboard the vehicle is expected to be considerably greater than '

in previous space flight operations, and the volume of data proceséed onboard
will increase significantly. Unfortunately, with the focus of attention on auto-
mation of mission management functions and increased functional capacity of
‘onboard computers there is a tendency to overlook the question of crew partic-

ipation in these critical functions.

The general pro‘blem’ is illustrated by the frequent reference in SSV plarning
and preliminai‘y design documents to the allocation of all essential control functions
: to a flexible and sophisticated automatic system, principally the Integrated Avi-
onics System. When it is méntioﬂed at all, the role of the crew is most often
characterized by the term "monitor' and the more passive connotation of "'watch-
keeping' is usually implied. The crew is expected to oversee and manage the
automati}c syétems which carry out control functions and regulate system opera-

tion. However, little consideration is given to the complex issue of control
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authority and to definition' of the nature and degree of crew-computer inter-

actions which will have to take place.

A related concern is the extent of SSV autonomy which is feasible and
desirable, i.e., the extent to which mis sion control and flight management
should be retained by ground facilities and personnel. As SSV mission assign-
ments extend beyond that of a transport vehicle to include independent orbital
observations and scientific experiments, additional consideration must be
given to ground-based mission management in direct support of scientists/

observers conducting onboard experiments.

Specific Human Factors Issues

There appear to be four critical human factors issue_s in this area. They
are closely interrelated, and to avoid redundancy no attempt will be made to

treat each separately. The issues are these:

1. To what extent is it realistic and practicable to assign mission
management responsibilities to SSV commanders and control authori’cy to the
central computers without compromising the commanders' ability to carry

out command functions and without limiting system performance ?

2. Given a realistic ass1gnment of m1ss1on management responsibi-
11t1es to the crew, what spec1f1c: data processing and display/control features
are required of the system to support the crew in diagnosing mission-critical

conditions and events and in making timely decisions or taking prompt action?

3.  What levels and modes of override control shduld be available to the
crew for effecting changes in ongoing, computer-—contr'olled system functions?
Selection of operating mode only? Manual augmentation of computer-controlled

processes? Full manual control?
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4. How will limitations and/or constraints on command pilot control

authority (especially in missiom(:i*itical and life support/habitability functions)

influence crew and passenger performance and acceptance of routine SSV op-

erations?

Consideration of the first issue listed above is basic to any meaningful
assessment of designs for the SSV crew station and subsystem interfaces,
especially those now being evolved for the Integrated Avionics System. It is
also basic to the resolution of the other three issues. Traditional approaches
to system‘ design and the allocation of man-machine functions are not adeguate
to deal with the issue of comménd responsibility and control authority in the
SSV. For instance, it is realistic and practical to assign command and manage-
ment responsibility to the SSV crew without giving them the means to exercise
their authority except through‘partially autonomous data processors and auto-

: matic control devices? Comman_d may reside in the crew, but who or what is
really in control? This is probably an overstatement of the problem since, in
even the most fully automated system, it is unlikely that designers will find

it practical and crews will find it acceptable fo delegaté‘to machines the final
~authority for operations critical to mission success and occupant safety. How-
ever, stating the issue in extreme form emphasizes the basic point. The pro-
jected SSV designs call for a fundamental rethinking of the issue of automatic
versus manual control. And as a corollary, careful attention must be given

to the means for supporting the commander in hisrole of mission manager,
including a clear delineation of the limits which the equipment design will place

on his ability to perform.

Crew performance capability will be defined by the way in which issues
two and three are resolved. The trends outlined in Chapter III of this report
are toward the use of multifunction CRT displays, with provisions for flexibility
in the selection of display formats and data content and with crew control of

‘subsystemb functions by means of general purpose keyboardé and reprpgrémmab};e
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control buttons. This epproéch offers considerable latitude to the crew for
system management. However, special attention must be given to the definition
of specific crew tasks and information needs in system management if this

potential is to be realized.

The degree of crew participation in system opefation‘may range from
active to passive. A more active role for‘ the crew would entail such activitiés
as assessing the ongoing flight situation with reference to mission and safety
objectives, judging the character and significance of vehicle operating status, |
 and exercising final authority with respect to subsystem configuration and
‘ operating mode_s. In 2 more passive role, the crew would simply monitor
advisories or survey the consequences of actions commanded by the cokmputers,
and, on occasion, carry out prescribed and ’cighﬂy constrained manual control
actions. An appropriate level of crew involvement, With corresponding display
and control support, should be established for each phase of the SSV booster
and orbiter flight profiles. - |

Implications for SSV Human Factors Program

Definition of the role of the SSV crew in mission management and sub-
system control will entail a careful analysis of how information is used by the
crew in monitoring mission progress, in assessing the effectiveness of com-
puter-controlled system functions, and in making decisions and taking action
when out-of-tolerance conditions develop. This analysis should help to identify
limitations of the crew's ability to process system daté, thereby leading to
more precise definitions of crew task assignments and to formulatlon of specific

requ1rements for dlsplay support

The aim of this analysis Would be to develop an information processing
model of the SSV mission managemen’c function. By means of this model it
w111 be possible to dlstmgulsh crew task requlrements which impose unreahsmc

performance demands and to 1dent1fy creW activities which are especially
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vulnerable to degradation as a result of time stress or limitations in data
avaﬂable’ thfough the‘ system. Analyses based on. thé desc:biptive model of crew
information processmg will disclose specific requlrements for improved display
support and/or crew control of the display function. Ana1y51s will also identify
elements of the mission management function which clearly exceed the crew's

perceptual-cognitive abilities and must be assigned to the computers.

Examining these issues with an initial bias toward assigning system
management responsibilities to the SSV command pilot is all the more important
in view of the apparent readiness of system designers to assign all such functions
to the central computers. This tendency has been noted in the development of
centralized electronic management systems for the advanced jet transport air-
craft (SST) and was summarized by one writer (Richardson, 1963) as follows:

To anyone familiar with the extreme versatility of a digital

computer, it becomes almost a case of self-hypnosis to

allow it to absorb more and more functions until, without

one realizing it, the supersonic transport will seemingly

become a pilotless drone--almost a guided missile with

human passengers. It therefore becomes necessary to

apply judicious restraint to such enthusiasm, realizing

that there must be a reasonabte trade-off between the

exact capabilities of a computer and mterpretatlve ablllty

of the human. ,

In the SSV, the versétility and data processing capacities of the central
computer complex should be fully exploited. However, if this is done in a
- way that unnecessarily limits the crew's capacity to exercise their judgment
and control options, the desired flexibility and safety of SSV operations may be
compromised. An unbalanced assignment of management functions to computers
may also lead to crew acceptance problems, particularly when the SSV emerges
from the developmental and experimental phases and enters routine operational

use. Lack of crew acceptance can lead to underuse and misuse of onboard systems

and become and additional source of stress for the crew.
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. An optimum allocation of maxi—machine a‘uthority in éysterﬁ control and
management can be envisioned as one that would allow crewmen to recognize
and resolve decision problems as they arise during the SSV mission. The
multimode CRT displays and flexible manual control provisions which are
under consideration for the SSV cduld allow the commander to deal with emerging
problems and to act in accordance with both the demands of the situation and his
own problem solving strategies. Human factors analysis and empirical studies
will be needed to determine the extent to which this cohcep’c'of a more active
crew role can be adopted for the SSV and to define the hardware and software

required for its implementation.
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Problem Area No. 6: ;
Pilot Monitoring and Vehicle Control
During Recovery Operations

Description

The flight segment of interest here is the post-reentry descent from ars
altitude of approximately 100, 000 ft and thé subsequent terminal area maneuvering,
approach, and landing. Potential human factors problems addressed in this sec-
tion include determining the primary ﬂight control modes for this flight segment,
~the impact of powered versus unpowered flight on crew task requirements and
acceptance attitudes, and display requiremben’cs for low visibility (IFR) opera-
tions. With certain exceptions which W111 be noted, the discussion is applicable

to both the booster and orbiter vehicles.

To facilitate the discussion, a brief overview of the recovery flight sequence
is given below. For each phasebof this flight sequenée, the general flight condi-
tions are indicated, alternative vehicle control teéhniques are described and the
principal uncertainties in operahonal procedure (e g., the terminal area guidance

scheme to be adopted) are 1dent1f1ed

A generalized recovery flight sequence is shown in Figure 9. For conve-

nience, the recovery sequence is partitioned into four overlapping phases:

Maneuvering Descent - deceleration and energy dissipation maneuvering

down to a preselected "high key'' point for initiating an approach to the

runway.

Initial Approach - continued descent and energy management maneuvering

to position the vehicle on the desired glide path éndk align its direction of

flight with the runway centerline.

Final Approach - maintaining runway alignment and descent on the glide

slope toward a preselected aim point for initiating the landing maneuver.
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Deceleration and Touchdown - initial flare tcg a shallow glide path and

subsecjuent deceleration and execution of the landing maneuver to touch-

down at a desired point on the runway.

The initial conditions for the Maneuvering Descent phase have been
establlshed as a height of 100, 000 ft and a velocity of about Mach 3. These
conditions represent a somewhat arbitrary po1nt defining the completion of
the reentry maneuver and an initiation point for the recovery operation. At the =

outset the vehicle will maintain the very high angle of attack established for

reentry. The maneuvering required for attaining the desired heading toward

the landing site will be accomplished by bank angle modulation at a constant
angle of attack. The vehicle will descent at maximum L/D, continue to de-
celerate and execute a transition maneuver to establish an optimum angle

of attack (stable trim attitude) for subsonic flight.

During the descent, guidance and navigation functions must be integrated

with. energy management to bring the vehicle to a selected offset point for ini-

tiating the approach to the runway. This point will be referred to as the 'high

key, ' and its height and position relative to the intended touchdown point can

be expected to vary as a function of prevailing visibility and wind conditions, the

ground guidance system being used, and the energy management techniques
adopted for the approach. Baseline conditions assumed for this discussion include
power-off flight throughout the recovery profile and unrestricted visibility con-

ditions. The special requirements of power-assisted .operétions and IFR flight

- will be examined as extensions to this baseline situation.

The initial approach will be planned with the primary iobjectivé of dissipating
excess energy in the form of either altitude or airsi)eed and arriving at a
stable "low key' position from which a smooth and consistent approach pattern
can be flown to position the aircraft for the final straight-in approach. éperatiom
of the vehicle on the front side of the L/D curve to provide sufficient excess

energy for good controllability margins is preferable throughout the approach,
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~as indicated by the following comments from a pilot in theAlifting body flight
test program (Dana, 1970):

We want to position the vehicle on a flight path or dive angle

to intercept a preflare aim point on the ground. This task is

minimized by using a relatively steep approach (10° to 259)...

Our whole pattern, then, is just a means of establishing our-

selves on this flight path. Because we generally fly well on '

the front side of the L./D curve, we never plan to be, and

seldom are, short of energy. We modulate this energy by

slowing or accelerating, or we can remain at approximately

the same speed and use speed brakes to alter our flight path

as required.

The latter portion of this statement describes the energy management
technié;ues'employed during unpowered flight. These include flight path
maneuvering, adjustment of airspeed and/or angle of attack, and the judicious
timing of speed brake deflections. Once the vehicle has stabilized on the final
approach, only minor adjustments should be required to maintain the desired

flight path toward the aim point and to compensate for wind effects.

~ The steep initial glide path angle shown in Figure 9 and the high airspeeds
anticipated for approach (250 to 300 K) will necessitate that the initial aim point
to be set sofne distance back from the intended touchdown point on the runway.
In liftix;g body operétions, using indicated airspeeds of 270 to 300 K on final,
this point is approximately 1.5 miles short of the runway. At an altitude of
700 to 1000 ft abové the funway, a flare will be initiated to begin decelerating
to landing speeds and to establish a more conventional glide path of about 3%,
The subseqkuent landing maneuver will be executed by estaiblishing an appropriate
landing attitude, decreasing rate of desceni;, and "flying" the vehicle onto the

runway.

The use of aifbreathing turbojet engines which could be ignited during
this recovery sequence to provide a limited-duration power assist or for a fully

powered approach and go-around capability is a significant unresolved issue.
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As indicated‘in Chapter II, this capabili‘cy has been specified for ‘the SSV and

. is included 1n preliminary vehicle design concepts. It has been suggested that
this requirement be set aside because of the weight and complexity penalties |
associated With incorporation of multiple jet engines and fuel reserves and
because of recent demonstrations of the operational ad\}antages of unpowered

flight operations.

The argument for unpowei-ed recovery operations has been concisely
‘stated in a recent symposmm at the NASA Flight Research Center (Thompson,
197 0):

We are not proposing that you eliminate landing engines or a go-
around capability. ¥ you, as designers, program managers and
users, decide that you can afford landing engines or need them for
any other purpose, you should certainly include them. Even our
experienced pilots would not reject the engines if they were flying
the shuttle; however, they would refuse to rely upon them to make
a successful approach and landing. The shuttle, whether it has
landing engines or not, must be maneuvered, unpowered, to a
point near the destination because the engines cannot be started
until the vehicle is subsonic and only limited fuel will be available.
To us it seems ridiculous to maneuver to a position where power
must be relied upon to reach the runway. Instead, we would
maneuver to a high key position to begin an unpowered approach.
Then, regardless of whether the engines could be deployed,
started, and kept operating, a successful approach and landmg
could be made.

~ Another significant uncertainty in SSV. recovery operations is the type
of terminal area guidance system and landing aids which will be available,
pafticularly the ground-based guidance system for low visibility approach and
landing. Current épecifications call for an automatic landing sys’cem which
will satisfy FAA Category I (1200 ft runway visual range) requirements.
Among the systems under consideration are the conventional Instrument
Landing System (ILS), Advanced Integrated Landing System (AILS), the carrier-
based SPN-42, and the Remote Control Recovery System (RCRS) which was |

developed to guide an unmanned X-20 to an automatic landing. System ccvncep’ce
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AWthh are less dependent on ground facilities, such as a blended radio/inertial
navigation system to synthesize reference flight paths on board the vehmle also

are being investigated.

The terminal area guidance system adbpted for SSV recoveries will be an
inportant factor in determining the pilot's role during this flight segment. At
FRC, integrated energy management and approach patterns have been flown
manually by instrument reference. These guidance schemes have proven
_ feasible with minimum inputs from ground facilities, e.g., onboard processing
of relative position data (VOR, DME), azimuth and elevation angles from ground
| radar, and flight path advisories from precision approach rédar monitors on
the ground (GCA technique) (Schofield, 1970). These techniques entail more
extensive participation of the pilot in vehicle guidance and control tasks. On
the othef end of the continuum, Sperry is investigating an automatic flight
control system (AFCS) that provides full automatic control of energy management
at high altitude and an optimized final approach, flareout and touchdown trajec-
tory (Osder, 19‘7 0). In this system, manual control modes would be of question-
able value except in extreme situations (e. g., multiple AFCS failures or mission

‘ aaﬂoorts)f

Specific Human Factors Issues

'I‘he requifémen’cs for SSV recovery operations bring into focus a number
of ~pofentia1 human factor problems. Unfortunately, the human factor issues are
currently embedded bin a shifting context of uncertainties concerning AFCS mech-
anization concepts, the character and availability of ground guidance, and the
‘extent to which low visibility operations are necessary and practicable. As
a result it should be understood that the issues discussed here, are, in some
mstances based upon preliminary system requlrements and desagn concepts

which may be revised in the near future.
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1. Definition of manual control modes. Fully automatic guidance

and control capabilities have been specified for the S5V throughout the recovery
profile, with the implication that this will be the pr;imary operating mode.
Without minimizing the advantages of providing this capability, there is reason
to believe that manual control méy offer greater flexibility in the application

of high altitude energy management techniques and in the judicious execution s
of initial and. final flareout trajectories. In addition to reducing the severe
demands placed on the airborne system for guidance computations, the adoption
of fnanual control techniques for routine SSV operations may produce more
positive pilot acceptance and insure that critical manual ﬂight control skills

are not lost or degraded through infrequent exercise.

‘Thle suggestion that manual flight control techniques be investigated for
routine recovery operation is based in part on the assumption that, for most
approach and landing sequences, external visibility will be essentially unre-
stricted. However, the feasibility of manual control by instrument reference
has also been demonstrated for Category I IFR conditions. Recovery operations
~ under Category II visibility conditions are clearly not considered to be routine,
and perhaps this capability can be provided by augmenting onboard SSV systems

with appropriate ground-based guidance.

Whether or not manual control is adopted as a primary or routine operating
mode, more explicit definitions of manual 'ibackup” or "override' control modes
are needed. Are mixed automatic-manual control modes (e. g. ,‘ force wheel
steering) or split-axis control techniques necessary or desirable? Should pilot

binterventiorkl in the flight control loop be precluded except in case of multiple
AFCS failure? What are the minimum guidance computations required for
manual execution of. such critical maneuvers as the transition from hypersonié
to subsonic flight or from the steep, high energy approach to a COhvéntional

glide path and landing attitude ?
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2 ~ Manual flight control techniques. In s‘hpport of the manual flight
control capability‘ during the Maneuvering Descent phase, the issue of optimum
control techniques for integrating energy maﬁagemen’c with terminal area nav-

-igation must ,be addressed. As wehicle configuration Specificatiqhs become
more firmly established, such issues as hypersonié maneuvering techniques
for the high cross-range delta configuration and the definition of approach
patterns best suited to the contingencies kof energy management can be resolved.

Lt is ii‘nportant that the fequirement for navigation from the "end-of-reentry

footprint'' area to the high key position be considered at the same time.

The onboard inertial navigation system, operating with radio navigation

aids in the terminal area, can generate glide path commands to any designated
point and provide displays of distance (range), bearing, glide path, and course
deviation relative to a set of ground-reference positions. Flight simulations
of SSV approach patterns have demonstrated the feasibility of a variety of cir-
cular and spiralling descent patterns for executing unpowered approaches
without i)lacing'excessive demands on the pilot (Schofield, 1970). The impli*
cations, in terms of pilot workload and d’iéplay requireinents, arisiﬁg from
this kind of flexibility in approach technique for the SSV should be further

examined.

3. Display requirements for low Visibility operations. The proposeci
set of SSV crew displays, using multiple CRT units and a possible head-up
display, appear to provide the basic devices needed for all phaées of the ap-
proach'and landing sequence. However, careful attentidn to pilot information
| requirements for both situation assessment and flight control tasks will be .
necesséry to assure that thié basic display cépability is properly exploited.
For example, studies of flight management perfofmance during 1ow visibility
operations in jet transp‘ort» aircraft (Gartner, 1970) have shown that conven-
tional display content (including display elements which mightA be reformatted

and presented onelectronic attitude director indicators) is not adequate for
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accurate monitoring and assessment of an automatically controlled approach
under Category II visibility conditions. Additional display support problems
are envisioned when the requirements of transitioning from monitoring to

active, manual flight control are considered.

~ During low visibility operations under automatic control, the SSV pilot
must be able to assess continuously the ongoing flight situation in such a Way
that he is ahead of the vehicle and can anticipate critical events. Moreover,
he must be equipped to exercise control authority over the AFCS on the basis
of his assessment and to take corrective action at any point in the approach.
The critical resource underlying these performance capabilities is the infor-
mation the pilot is able to extract from his flight in‘strumenté. Current studiés
of this problem indicate that special purpose display elements, such as pic-
torial runway perspectives, flight path angle and potential flight path angle,

aiming points, and reference flight path alignment cues, may be needed.

With respect to the head-up display (HUD), additional study is required
to determine its potential utility and application to the SSV recovery operation.
It is being propoéed as an aid for monitoring the low visibility approach, but

| problems Wi’ch field of view limitations, scale factors,and registration of HUD
symbology with elements of the external visual field may argue against this
application, especially for the delta wing vehicle. An important HUD application

; Which should not be overlooked, however, is its potential utility as an aid to
more precise monitoring and control during VFR operations. The HUD concept

~was initially developed to aid flight control by visual re‘ference. It may also
prove to be an excellent aid for assessing the effectivéness of energy manage-
ment throughout the SSV recovery profileand for more fléxible control of the

steep approach and flare maneuver.
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Implications for the SSV Human Factors Program

The foregoing delineation of human factor issues establishes a requiref
ment for an integrated analysis of crew factors in SSV recovery operations -~
an analysis designed to influence the final SSV configuration and design of the
Integrated Avionics System. Separate studies are in progress or being planned
at major NASA research centers to examine flight control and guidance systeln
design requirements. All of these efforts would be directly supported by, and
contribute to, a widely coordinated and integrated effort to resolve the issues
raised here. To guide the individual efforts of the NASA centers and o provide
a frame of reference for evaiuating the SSV design there is a need for a common
understanding of the pilot's role, the implications of powered and unpowered
flight profiles, the guidance schemes for energy management and flight path

control, and the impact of low visibility operations.

The more ambitious aim of this analysis would be to. establish a generally
accepted position regarding crew participation in the flight contirol function.
Designers concerned with the cfew-vehicle interface should not treat this
consideration as a "philosobhical issue" or as an after-the-fact rationale for
~ vehicle and/or subsystem design features adopted on other grounds. It is
anticipated that agreement can be reached on the most effective utilization of
the crew in achieving recbvery operations objectives and thatthé following

goals can be realized:

1. Operational effectiveness in both manual and automatic modes,
- accepting some increase in crew workload and degradation of accuracy in

manual modes.

2. Smooth transitions from fully automatic to semi-automatic and
augmented manual control modes, with minimum disruption to ongoing crew

information processing.
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3. Maximum use by the crew of onboard digital computer flexibility

and diSplay generation capabilities.

4.  Crew and passenger accéptance of routine operating modes and

environmental conditions.
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Problem Area No. 7:
. Man-Computer Interface

Description

- The SSV will be a highly computerized system. The system is so complex
that preprogrammed control of a wide range of operational processes is the only
reasonable approach. This will be accomplished by what is generally referred

' The basic system processes of flight con-

to as a ''data management system. '
trol, guidance and navigation, propulsion, communications, life support, on-
board equipment maintenance, etc. ‘are each carried out by an array of semi-~
independent computers and data processors which themselves must be controlled

by a central management computef.

In contrast to some types of man-machine sy.stems,‘ space vehicles in
general and tke SSV in particular can be characterized as requiring intermittent
rather than continuous con‘tfol over all subsystems. This means that at different
stages of a mission, different functions and, ’C’onsequentl‘ﬁ;, different subsystems,
are the main focus of attention. This charactéris’cic permits some latitude in
_the allocation of control responsibility between man and machine. Specifically,
the responsibilities of the human operator can be concentrated in the domain
of subsystem management rather than direct process control. The concept of
subsystem management then becomes a basic determinant of the design of the

man-computer interface.

Specific Human Factors Issues

The key probleﬁ from a functional Standpoint is data management in an
autonomous, or near-autonomous, mode of operation. The pur,pose of data
management is, of course, system control. Thus, from a human factors stand-
‘poiht, the issue is: who shall control what and how?‘ To the engineering criteria
of Weight, .s'pace, reliability, and cost must be added the human factors criteriz

of performance effectiveness and user acceptance.
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it is recognized, of course, that performénce is a total engineering concern.
At the same time, it is well known that a component that may perform superbly

at the component level can still be a source of degradation to overall system
‘performance. This proposition is certainly frue of man as a functional com-

: ponerﬁ;; even highly competent operators can err. The proposition is also true
when a man-equipment combination is regarded as an assembly since there are
always possible mismatches between the two co_nsti’cuents. Mismatches can .
result, for eXample, when use of the equipment requires responses which ex-

ceed the capabilities of the operator.

How well an equipment item performs quite naturally influences its ac-
ceptability. However, good performance is in itself no guarantee of éccep‘zance‘.
Consequently, de‘sign»for user accep‘tance must also be stressed. Although the
user may be persuaded to revise his vie}kw,‘ it is surely preferable for original
design to preclude this need. Specifically, the data management system for
the SSV should be designed, if possible, so that operators will not only accept
lit but approve it enthusiastically. The computerization of control functions
in conplex systems is a general trend, and the SSV design effort reflects this
| trend. However, not everyone is convinced that the trend is universally bene-~
ficial, and experience in fields such as air traffic control illustrate the ?reva«-

lence of this skepticism.

'Im;jlications for SSV Human Factors Program

Design of Controls and Displays. Displays and controls are the critical

man-machine interface point. Engineering and logistics criteria seem to dé~
mand multipurpose items at this point. That is, a ’single ‘display device such
as CRT can, and probably should, be used to convey a wide variety of infor-;
- mation in as many formats as possible. Similarly, to economize space a
keyboard type control device should be employed such that subsets of keys have

different meanings at different times.
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However, operatbr respon'se to such mulitpurpose assemblies is always
 problematic for several reasons. First, it is easier and quicker to scan an
array of dedicated displays selectively than it is to call up s‘eVeral wanted items
of information in sequence on a single display. Second, there may be instances
when the operator wants to make a simultaneous, direct comparison between
two sets of data that can only be obtained seiquentially on a multipurpose display.
Third, operators believe that there is a greatér probability of error with a ;
multipurp‘ose‘ display than With a dedicated display. Similar opinions are often
expressed regarding multipurpose control. Jacowitz and Poupard (1970) stated
that multiplexing of flight control commands presently exists in at least one
system, the Saturn system. However, they point out, 'there appears to be

reluctance to accept multiplexing of critical commands even though there is

no technical justification for this reluctance. "
Research of the following types seems to be needed:

1.  Task demands and information requirements in all mission phases.

Some ¢ompromises might be possible in the configuration of displays, e.g.,

dual multipurpose displays for side-by-side comparisons. Similarly, keyboards
could be designed so that different modes of operation were s’crorigly differentiated.
A master keyboard might be permanent but each major subsystem could have a

different ke yboard .

2. Operatlonal effectiveness and user acceptance of displays. Trad1—~

1:10na1 human engineering, usually performed after the system has been designed
and the breadboard equipment developed, has been applied as if man were rational
and it were necessary to éonsider only such aspects of man as his perceptual and
motor capabilities. It is, however, equally important to consider man's fears,
anxieties, preferences, and aspirations, as part of the dé sign effort. What is
necessary is the utilization of data on humanvattitudes toward the automation of

specific systems and the development of a{dditional such data where needed.
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This will permit operator acceptance factors to 'be"incorporated as criteria in
trade-off analyses, which customarily inciude only a consideration of perfor- V
mance capabilities, cost, and reliability of man and machine components.

It may bé found, for example, that éutoma’cion of particular system fuctién,

~ justifiable for engineering reasons, would not meet with user acceptance, which

would probably negate the antiéipated advantages.

Software Design. New concepts and applications are on the horizon. The

guiding principle is "'query controlled programming’' which means that the pro-
gram specifications are derived frbm the content of operator queries rather
than from the c'haracteristics of the hardware. In concert with the study of

‘task demands and information requirements suggested above, another Study

task should be to consider the context and syntax of the operator s information
requests in the mlssmn settmg Some variations of conventional mission
simulation method might be an appropriate technique. For example, suppose the
operator were requested to state each item of information he needs or to
indicate each display he consults while he is actually cafrying out a task.
Experimentation Qf this kind would be admittedly artiﬁcial, but it might

bring some otherwise overlooked factors to light.

Remote or Onboard Data Management. A review should be made of effective-

ness and user acceptance of analogous systems employing remote and local data
management. In particular, the use of so-called data-link in air-ground-air
communications should be examined. Anecdotal evidence suggests that the sub-
stantial advantages in economy and reliability attainable through data-link equip-
ment in aircraft were discounted by users. On the other hand, the ground data
management in space flights has proved to be of substantial value in lightening
workload and in solving unanticipated problems. Recent aerospace experience

should be collected and brought to bear in the SSV development program.
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"Problem Area No., 8:
Flight Deck External Vision

Description

- More than any other space vehicle to date, with the possible exception
of the Lunar Module, the spacé shuttle will require extensive external vision
for crewmembers. Morris (1970) stated that ’ché basic mission phases requiring
external vision are launch abor’t (backup), docking, orbital inspection, atmo- |
spheric cruise, and landing. The latter two, according.to Morris, will re-

quire the largest visual envelope.

Proposed configurations for the SSV will provide window areas more like
those of airliners that of other space vehicles. For an aircraft such as the 747
transport, the window surface area is 29.5 square feet. This contrasts with
the 3.2 square feet of window surface area found in the X-15 aircraft and the
2.4 square feet of surface for the two forward windows of the Apollo Command

Module (Carpenter, 1970).

If the window surface area for the orbiter SSV approaches that of the 747,
and initial industry designs indicate that it might, certain problems must be
faced. Paramount among these is the possibility of window failure as a result

of thermal and structural stress encountered during reentry. Failures of this »

type were found in flight of the X-15 aircraft, a vehicle which served as a

prototype for the development of a reusable space shuttle system. In a total
of 199 flights conducted during the X-15 prograin, windowkfailures occurred
in five (Carpenter, 1970). In discussing these failures, Carpenter noted that
for lafger window areas, such as contemplated for the SSV, ‘ greater thermal
expansion and distortion of the retaining structure can be expected, and the
poténtial for glass failure is increased. Therefore, to minimize complexity.

and weight, he recommended that a small viewing surface be used in the shuttle
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vehicle. This, of course, will restrict the external visual field. Carpenter
also noted that the potential for window failure requires a backup method for
outside viewing in case visibility through the windshield is lost or partially

obscured.

Specific Human Factors Issues

For vitually all mission phases of SSV operations, both the piiot and
co-pilot should have out—the-window viewing comparable to that from high
performance aircraft. However, structural factors may preclude the use
of windows large enough to provide the desired external vision. This being
the case, there are two problems which require considerable study to support

design decisions:

Visibility Envelopes. It is generally acei:;ted that the need for external

vision will be greatest during flight through the atmosphere (low altitude cross-

' rénging) and during laﬁding operations. Any reduction in what is considered
normal or necessary visibilityvduring these stages may result in flight control
problems and most assuredly will meet with objections from flight crews.
Therefore, if window area is to be reduced, it must be done so that the critical
visibility envelope remains intact. However, this envelope has not as yet been
defined, although it is known that during the landing phase it must include the
horizon, runway aim point, runway edge surfaces, and threshold lights and
markings. Sufficient visibility must be retained so that these elements, at
a minimum, can be observed during the entire landing approach. It is not known
to what extent rriotion parallax cues (provided by the apparent movement of

| the surface and objects oﬁ either side of the runway) will be required. The
critical character of the SSV landing operation requires that the necessary

visibility envelope be defined with reasonable precision.
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Visibility Backup Syétem. In the event of failure of an SSV window surface,

there may be the option of relying on an automatic mode for many activites.
For instance, rendezvous and docking might be écébmplished by an automatic
system. However, it ‘isl doubtful whether pilots would be willing to rely on a
fully automatic landing system. At least, i:hey would desire éome ‘means for
visually monitoring the iandirig dequence, combined with a manual override '’
capability in the e‘ve‘nt the landing did not appear to be satisfactory. Suggested

methods (Lockheed MSC, 1969) for providing backup visibility systems include:

Porthole

Periscope and Mirror

Cathode Ray Tube Presentations
Projection Display Presentations

Fiber Optics ;Presen'tations

At present, all of these methods must be regarded as candidates. Much
work remains to be done, however, prior to selection of a specific system or
technique. First,‘ the system must be evaluated for its basic effectiveness as
a backup device and problems involved in its use. This evaluation should include
vafiables such as three dimensional presentation quality, image clarity, distortion,
light loss (optical systems only), brightness contrast, glare effects, locations.
in the pilot's work space, field of view, crew acceptance, and general reliability.
Next, the systém must be examined in terms of specific probiems which might

arise in adapting it to the SSV configuration.

- Implications for SSV Human Factors Pré)gr:'am

The problem of defining external Visibility requirement fbr the space
shuttle vehicle is being studied intensively at this time at the NASA Flight
Research Cenfer, Edwards, California. Since this Wdrk is proceeding con-
currently with the development of final shuttle designs, it would seerh the ‘

most important issue is one of maintaining continuous communication channels
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between the FRC prbgram and industry design efforts. ’The FRC Work,, using
test piloté who are candidate SSV crewmembers, will be of great importance
both in developing a quantitative index of the required visibility envelope and
in determining pilot acceptance for reduced visibility or alternative visibility

devices.

Plans at the Flight Research Center call for the development of a scalea
version of the orbiter vehicle (mini-shuttle). It is believed that flight testing
of the subscale space shuttle would aid in the early detection of préblems in
ae:g'odynamic control system design, material s.election, subsystem integration,
and vehicle performance. The flight test program of the mini-shuttle affords
an excellent opportunity to test backup modes for providing external vision for
crewmembers in the event of window failure. A test program of this type should

be pursued vigorously.
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Problem Area No. 9: |
Personnel/Cargo Transfer

Description

‘Two of the important features of the space shuttle are 'utility and economy.
These will be achieved through the reusability of the vehicle and its load-carrying
capability. In all proposed shuttle missions, personnel/cargo transfer is inj
volved to some degree. Figure 10 shows proposed SSV missions and the type
of cargo which will be carried in each. It.can be seen that missions range
from the delivery of cargo and personnel o a Space Station/Space Base to the
placement, ret'rieval,‘ and maintenance of satellites (Beasley & Lewis, 1970).

The cargo will vary from small packages transferred through hatches and
tunnels to bulk liquid transfer to a fuel storage area using techniques similar
to aerial fefuelina. The two most frequent missions are deliVe‘ry of propellant

and logistics support for the space station, which involves the transfer of

s o erayian | Delivery of Short Satellite | Satellite

;M|ss‘|on’ Sp‘acg f}astan prepulsive: | Delivery of |duration Rescue placement | service

€argo ogls “:1 stages and | propellant | orbital | and and

‘ suppo payloads ~ ~|missions retrieval ' maint

.|
¢ Personnel :
Crew X X X X X X X
Passengers o X X X

¢ large equipment X X x X

¢ Specislized use X : X X X X ‘ X
kits :

o Drycontainer X X e X
targ : ‘

o :Liquid and gaseous X X : : X : X
cargo {small ' :
tanks)

e Bulk liquids : X

Mission Frequency % § = 39 9 4 4 - C2 2

Fig. 10. Shuttle personnel and cargo transfer mission and cargo types.
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several types of cargo. Other missions, while significantly less frequent,

are of importance to the overall shuttle usefulness.

: An examination of SSV missions shows that the transfer of personnel
and/or materials is an integral and probably the most important feature of

the shuttle program. In order for the transfer function to be accomplished
effectively and expeditiously, techniques must be developed and perfected

before the operational program begins. Beasley and Lewis‘ (1970) stated

that the required investigations should consider potential cargo sizes and
volume, shuttle and space station configurations, Cargo handling techniques

and aids, éargo module docking and transfer techniques, operational constrainfg

and -- by no means of least importance -- man's capabilities.

Specific Human Factors Issues

Manu‘al\ Cargo Transfer Potential. Plans call for shuttle personnel to

be directly involved in the trasnfer of cargo. Loats and Mattingly (1971)
stated that evidence from human factors experiments and studies indicates
that in weightlessness man's capability for manual cargo transfer is severely
limited. Although information from previous space missions verifies the
capability of man to move around inside a space vehicle and to transfer small
packages, it is obvious that his ability fo move cargo will be degraded as
packages become larger. The major questions to be answered in

support of the cargo transfer portion of the shuttle program are:
1. What are the limits of manual cargo transfer?

2. By what method is this determination to be made ?

Cargo Transfer Aids and Equipment. Since shuttle crewmen transferring

cargo will be operating in a weightless environment, aids to mobility will be

required. Cargo can only be moved if some means is provided for the crewmen
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to exeft the required force. Mobility aids will include hand rails, traction
grips, fasteners, and any other technique by which force may be appliéd.

However, these techniques must be developed and evaluated in terms of the
specific size and shape characteristics of shuttle cargo as well as the con-

figuration of transfer tunnels.

As cargo packages grow in mass or volume, manual handling may no

‘appropriate. Cargo transfer would then have to be effected by powered transfer

devices such as teleoperator systems. Here the need is for work to determine
the optimum type of power equipment and the most effective man- machine

interface to allow for control of the system by a crewmen.

Implications for SSV Human Factors Program

The issue of crew activites in SSV cargo transfer operations is quite

important. Movement of cargo and personnel must be accomplished expedi-

~ tiously if the shuttle program is to be considered successful. NASA manage-

ment personnel are well aware of the importanée of this topic and have begun

 an inténsive program of analysis and experimentation in order to develop

optimized procedures and techniques. The Langley Research Center is
developing full scale mockups for use in the LRC water immersion facility

and the Rendezvous Docking Simulator (Beasley & Lewis, 1970). The initial

 water immersion mockups will include a 15 by 30 ft segment of the cargo

module With all of the various airlocks, :hatches, and tunnels proposed by

 Phase B contractors. Studies in these facilities will evaluate the adequacy of

the proposed sizes and configurations and will help develop operator techniques
and job aids. Subsequent pai'ametric evaluations will examine the effects of
volume, mass, and moments of inertia on cargo transfer and help establish

cargo configuration and sizing criteria.
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The Marshall Space Flight Cén’cer is constructing a representative cargo
trahsfer tunnél mockup for use in a' simulator with air ~beémr*ilrlgs. Cargo pack-
ages attached to any of several proposed transfer devices (such as monorails
aﬁd trollies) can be supported on air bearings and transferred through the tunnel
with minimum friction. Included in thé Marshall studies will be analyses of

man's capability to maneuver large packages in zero gravity (both unaided and

*

- with mechanical assists), crew stability/ mobility requirements, interface

requirements for transfer mechanisms, and similar man-system criteria

(Beasley & Lewis, 1970).

The Langley and Marshall centers have excellent simulation facilities for
comprehensive programs to investigate cargo‘transfer. No additional efforts
of this type appear warranted. The only reasonable extention of these programs
would be in the form of tests which might be conducted in the Skylab program

which would validate the simulation data under conditions of actual weightlessness.
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CHAPTER V

SUMMARY AND CONCLUSIONS

‘The space shuttle vehicle is a new type of spacecraft, one which puts man
in a new operating environment and places new demands on his capabilities, To
insure that man will operate successfully as an element of the shuttle system
one must understand the man-machine interfaces and the human factors issues
posed by each. The objectives of this projecf were to study the man-machine
interfaces in the space shuttle system, to describe potential human factors
problems, and to identify advances deemed necessary in human factors tech-

nology in order to resolve these problems.

Based on a detailed examination of the space shuttle program, combined
with interviews with government and industry personnel, nine major problem
areas were identified. These are listed in brief form below, along with a
. statement of the implications for the SSV human factors programs. In many

instances, these implications take the form of recommendations. However,
~ the term ''recommendation' is not used since for some problems intensive
NASA research efforts are known to be underway and to recommend activities

already in progress would be misleading.

Problem Area No. 1: Reentry Transition

Space shuttle missions could 1est for as long as 30 days, ‘followed by a
reentry during which crewmembers would be exposed to acoeleratiorl forces
of 2 to 3 G's. The reeniry transition may present two problems,‘ First,
there 1s possible cardiovascular deconditioning foilowing exposure to extended
weightlessness. Second, there is the transition from‘a space control system

to an aerodynamic control system as the vehicle is brought to the landing site.
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Imphcatlons Should deconditioning prove to be a serious problem, a

therapeutlc reglmen will have to be developed for use during the space shuttle
mission. The transition from a space to an aerodynamic control system
warrants an examination of the skills involved; the retention of these skills
during stay in orbit, and the adequacy of onboard display systems to support

the confrol transition period.

Problem Area No.’ 2: Manual Control of Booster

Vehicle During Ascent and Reentry

Suggestions have been made for an investigation of the feasibility of pro-
A viding a pilot override control capability during the ascent and reentry phases
Nominally, the vehicle will be controlled by automatic systems during these
phases, but there may be instances when it would be necessary for the pilot

to intervene in the automated control sequence.

Implications. Research is requlred to establish guldelmes for pilot
m’serventlon in automatlc control loops and for insuring that the crew
_is adequately supported by cockpit displays and controls should such intervention
become necessary. Control dynamics and resulting display requirements would
be complicated by several factors: the mated booster-orbiter configuration,

aerodynamic instabilities, wind distrubances, and propellant sloshing.

Problem Area No. 3: Life Support/Habitability

Oné of the first and most important problems to be faced in the space
shuttle vehicle developmeﬁt program is that of maintaining the space traveler
in an environment which falls wifhin very narrow tolerances. Significant
design problems are mvolved in developlng an effective life support system

and in providing for its mating with a space station.
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Implications. In géneral, the basic teéhnology to support human life

in space has already been developed and tested in earlier space ‘programs.
However, new problems arise,A pérticularly in the area of habitability and
comfort, since a number of the space shuttle passengers will be scientists
rather than trained astronauts. The issues of waste management, personal
hygiene, and food service will require considerable development in technology

prior to being acceptable for long term SSV use.

- Problem Area No. 4: Crew and Passenger Safetly

The safety of space shuttle crewinembers and paséengers will be achieved
through careful design, involving multiple redundanci‘es'and drawing on experience
with earlier space vehicles. Failure of system elements may result in mission
abort, but should not result in loss of life. An airline philosophy is being fol-
lowed in ﬁvhich the safety of the crew‘ahd passengers is tied directly to the

safety of the basic vehicle.

Implications. Although normai operation of the SSV should have a high

level of safety, it is conceivable that some emergency during launch preparations
might make it‘ desirable to evacuaté the vehicle as rapidly as possible. Since

the vehicle is vertical at this time, rapid egress by péssengers and crew could
be difficult. It may be necessary to conduct extensive simulation studies using

a full scaie mockup of the SSV in the launch position to determine the optimum
combination of procedures, training, and'performance aids to insure that rapid

and effective egress can be accomplished when circumstances warrant.

Problem Area No. 5: Role of Crew in Mission
Management and Subsystem Control

The SSV will be highly ""computerized. ! Mission control will be accomplished
largely by crewmembers and onboard computers. However, the aim for autonomy

which will place extensive demands on the SSV crew and central computer for

93




mission management and control of vehicle subsystems. The range and num-
~ber of decisions to be made by the crew is expected to be greater than in previous
space flight operations, and the volume of data processed on board is likely to

increase significantly.

Irnplications. There is a need for a cblear delineation of the crew's role

in mission management and subsystem control, i.e., what is the proper role
of man in SSV operations? The answer will entail a careful analysis of infor-
mation used by the crew in monitoring mission progress, in assessing the state
of computer-controlled system functions,and in making decisions and taking
action when out-of-tolerance cdnditions develop. This analysis should identify
 potential limitations of the crew's ability to process data available within the
system and thereby help to isolate requirements for a more precise definition

of crew task assignments or for specific elements of display support.

Problem Area No. 8: Pilot Monitoring and

Vehicle Control During Recovery Operations

The problems in this area are to determine the primary flight control
modes during recovery operations,to assess the impact of powered versus
unpowered flight on crew task requirements and acceptance attitudes, and to

identify display requirements for low visibility operations.

Implications. Crew task requirements in SSV recovery operations will

influence the final SSV configuration and the design of an integrated avionics
system. Studies are in pfogress or aré being plannéd at several NASA centers
to examine flight control and guidance system design requirements. These
studies should contribute to a common undefstanding of the pilot's role. They
will also help to, assess the impact of powered versus unpowered recovery |

flight profiles and to develop a realistic concept of pilot participation in low
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viéibili’cy operations. The ultimate requirement is for the establishment of
 a generally accepted position regarding crew participation in the flight control

function.

Problem Area No, T:. Man-Computer Interface

The SSV will contain a highly sophisticated computer federation. Total
control of this system is so complex that preprogra:mzﬁihg of a wide range of
operational processes, using both ground-based and onboard computers, will
be necessary. Much of the activities of the SSV crew will revolve around

interaction with computers and data processors.

Implications. It is imperative that the man and the computer deal with

each other effectively, taking into account the capabilities and special needs of
each. If not, full computerization can result in a loss rather than a gain of
'system operating capacity and effectiveness. Extensive examinations of the
construction of computer systems and formatting of data, drawing on experience
from comparable systems, must be undertaken to insure that information flow

is not inipeded’ or distorted at this interface point.

Problem Area No. 8: kFlight Deck External Vision

‘More than any previous space vehicle, the SSV will require external
vision for crewmembers. External vision is important in the launch abor’tﬂ,
docking, »orbi‘bal inspection, atmospheric cruise; ~approach,and landing phases.
Proposed configurations of the SSV pI‘OVlde window areas for crewmembers

more like those of airplanes than other space vehicles.

Implications. Con31derable research is underway at the NASA thht

Research Center to establish visibility envelopes for crewmernbers durmg
landing operations. This information is crltlcal for SSV design and should

be transmitted to industry on an ongoing basis. In an extension of this WQI‘k,
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presumablykutilizingk the scaled ldowz“x shﬁttle (mini: shuttle) comtemplated for
FRC, backup methods for pfoviding external vision (possibly'involving peri-
~ scopes, portholes, CRT displays, or projected displays) will be evaluated in
a flight test program. A ‘

Problem Area No. 9: Personnel/Cargo Transfer

-~ The load carrying capability of the space shuttle vehicle is one of its
principal attributes. In all proposed missions, transfer of cargo or personnel
will be involved to some degree. It is importaﬁt that transfer operations be

conducted efficiently‘and safely.

Impjlicétions. NASA management personnel are well aware of the impor-
téncé of the personﬁel/ cargo transfer function and have begun an intensive pro--
gram of analysis and experimentation at both the Langely Research Center and
the Marshall Space Flight Center. A‘clear‘er apprecié'tion of personnel capabilities
and the need for power transfer equipment should be obtained through these two
efforts. A reasonable extension of these programs would be tests conducted in
_ the Skylab Program to validate the simulation data under actual conditions of

weightlessness.
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