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Summary

The work described in this thesis follows the research
methodology of studying human performance with a machine system
in action in the real world. Unfortunately proven
methodologies for man-machine systems research do not exist.
Nevertheless, by modifying the "Meister Taxonomy" a credible
method was achieved for use with the man-machine system model
selected for research.

The intent of the research was to observe and record the
operators' performance whilst they operated a machine system
element of the European Spacelab during its development and
test program, i.e. their performance in terms of attention,
recognition, decision making and responses to the warning
system-signal stimuli presented by out-of-tolerance machine
system conditions.

From the observed and evaluated data several aspects of human
performance were found to be at odds with prior laboratory
research, primarily because such research was fragmented. For
example, although attention is the triggering mechanism of the
perception process,the process per se depends upon stimuli
detection, fields of view and the visual acuity of the
operators themselves.

By comparison recognition is a more complex process. For
example, with a simple machine system, recognition of
signal-stimuli by an operator may be satisfied just by spatial
location of the signal lamps. Whereas for complex machine
systems operators may need to know not only what malfunction
triggered the signal stimulus, but also what the cause of the
malfunction was. Resolution would therefore depend on the
memory storage capabilities of the operators knowledge of the
machine system, which introduces subtleties on data storage
(retention) and recall.

The observed and recorded research data once collated was used
to produce operator performance profiles, indicating on these
both the operators predicted and evaluated performance, in an
attempt to determine which of the two methods is the more valid
for this type of research.

Keywords: Human, Perception, Response, Performance, and Machine
Systems.
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INTRODUCTION

Over the last two to three decades extensive research
covering different aspects of human performance has been
carried out with various types of machines or systems.
This wide range of research to study how humans and
machine systems work together has generally been
accomplished under controlled laboratory conditions at
many different locations throughout the world. The
outcome is that the theories emerging from the research
are equally fragmented. Such research is however
essential if all of those factors that constitute human
performance are to be properly determined and understood.
Thus, to understand how humans perform in the machine
system environment means that a number of theories dealing
with different aspects of human performance must be
studied and, because no single theory exists that can
explain human performance for the machine system

environment in its entirety.

This thesis presents an evaluation of the performance of
humans whilst operating a machine system in action in a
real environment, specifically performance when operating
a complex machine system, namely the "Materials Science
Double Rack" (MSDR), to be used to perform scientific

experiments in a low earth orbit (LEO) space environment.



This complex machine system, the MSDR (Material Science
Double Rack), on completion of its two-year development
cycle will form part of a manned orbiting space
laboratory. The laboratory, or 'Spacelab' as it is known,
is being developed by the European Space Agency as part of
its space research programme. After successful acceptance
testing, Spacelab is to be integrated into the NASA
(National Aeronautics and Space Administration) 'Shuttle'’
(Space Transportation System) cargo bay at Kennedy Space
Centre to provide the essential laboratory feature for the
joint NASA/ESA venture. The European Spacelab Programme

is described in detail in Chapter 2.

The author as the integration and test team 'mission
assurance engineer' was given permission by Messerschmitt
-Bolkow-Blohm GmbH (MBB) Muenchen, West Germany to use the
MSDR as a research model for the study of human

performance with the machine systems in action.

The opportunity to research human performance with machine
systems in a practical, and indeed such an interesting
environment rarely presents itself. However, with the
advent of the MSDR a machine system became available which
permitted research to be performed over a period of
approximately two years, with the added advantage that
during this period it would be manned by engineers from

different disciplines and with differing levels of skill.



The purpose of the research was to observe and record
human attention, recognition, decision making and response
performance. Specifically, the performance of members of
the 'integration and test team' whilst they were engaged
in operating the MSDR. The intent was to use the data
observed on attention and recognition to predict the

probable response performance of the team members.

Such predictions would normally be compared against other
existing research data and those theories that have been
postulated. However, as stated earlier there is no one
theory or combination of approaches describing human
performance in a complex machine system environment. Thus
comparison with other work and theories was not possible.
This study was meant to be self-contained with findings
relevant only to the practical issues of human performance
in the tested environment. It may be hoped, however, that
this work makes a useful contribution to current knowledge

on human performance.



It was planned first to tabulate the raw observed data,
next to predict future performance on the basis of the
earlier observations and finally to compare the predicted
and actual response performance. In addition it was
intended to try and identify from the evaluated raw data
on the team members those mechanisms that lead to human
errors in the machine system environment. Ultimately, it
is believed that this work on human performance will
provide useful informative data for those payload
specialists who will be engaged in operating the machine
system element in the Spacelab environment. It is
intended to provide a report on the findings of a payload
specialist in the conclusions to this thesis. The
findings of the payload specialist, based on his
experience of functionally operating the MSDR in the space
environment could provide insight into alternative areas

of human performance that ought to be researched.



THE EUROPEAN SPACELAB PROGRAMME

Although space scientists in many disciplines have two
decades or more of data from scientific and application
satellites, one ambition remained unfulfilled. They have
for a long time wished to tend and control their own
experiments whilst in a space environment. At the same
time scientists have also wanted to be able to retrieve
and refurbish their experiment equipment and instruments,
and to bring back specimens for further laboratory
examination. However, it was not until the advent of the
post-Apollo programme that such a notion could be given

serious consideration.

With the decision by the government of the United States
of America to concentrate on a reusable Space
Transportation System (STS-Shuttle), it became a real
proposition. Finally, through a joint venture between the
USA and its "Western Partners", as the Western European
countries who support the European Space Agency (ESA) are
known, a laboratory for use in space (Spacelab) became a

reality.

The ESA-Spacelab pressurized module concept consists of a
combination of either one or two cylindrical elements,
each 4 m in diameter and 2.7 m long. The module is closed

at each end by conical sections called end cones.



One configuration, known as the 'short module', consists
of one module segment - the core segment - and the forward
and aft end cones. Two module segments - the core segment
and the experiment segment - together with the end cones
form the 'long module' configuration; this is the combined
core and experiment segments which most people associate
with the name 'Spacelab'. It is these two segments
together, accessed via the Orbiter transfer tunnel, which

form the pressurized, shirt-sleeve laboratory environment.

The interdependence of Spacelab and the Shuttle lies in
the fact that Spacelab can only be used when flown in the
Shuttle Cargo Bay where it can avail itself of the
services the Shuttle Orbiter provides. For the Shuttle
System concept a major milestone will be reached when
together with Spacelab it provides a manned orbiting
laboratory facility. This unique concept, namely the
Space Transportation System (Shuttle) and Spacelab

(long-module configuration) can be seen in Figure 2.1.
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Figure 2.1 : The Space Transportation System/Spacelab

Flight Configuration.



Spacelab thus provides scientists with an answer to their
ambitions, because in this module they can work in a
comfortable environment whilst handling equipment and
performing their experiments. Such real-time
experimentation also enables the scientists to react to
unforeseen developments or data as the experiments
progress, accepting presented targets of opportunity,
changing plans and even changing the direction of the
research in a way which cannot be accomplished with

remotely controlled payload experiments.

Upon completion of the mission profile (the time frame
that the Shuttle System is in its 'Parking Orbit' and
during which period the Spacelab experiments are
performed) the Shuttle System returns to earth so that
experiment equipment and instruments can be removed for
refurbishment, and the Shuttle System readied for future

missions.

Spacelab offers a flexibility which is unique because it
enables several disciplines such as astronomy, physics,
the life and material sciences, engineering, ocean and
land sciences, etc., to be performed whilst the shuttle is

in 'low earth orbit' (LEO).



Additionally, the Spacelab module affords scientists and
engineers unparalleled views of earth and deep space, and
immersion in the earth's magnetic and electric fields,

whilst working in a microgravity environment.

For the 'First Spacelab Payload' (FSLP) the internal
layout of the 'core' and 'experiment' segments are
depicted in Figures 2.2 and 2.3, and were configured in
this manner to permit the following five broad areas of

investigation to be performed:

1. Atmospheric Physics and Earth Observations.
2. Space Plasma Physics.

3. Astronomy and Solar Physics.

4. Material Science and Technology.

5. Life Sciences.
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To operate all the scientific equipments and instruments,
the Spacelab systems, and the Shuttle Orbiter, a crew of
six is needed. In addition to the Pilot and Commander of
the Orbiter there are four scientists on board. Two of the
scientists are 'mission specialists' who are astronauts,
responsible for the management of Orbiter resources for
Spacelab and the operation of Spacelab subsystems in

support of the payloads.

The other two scientists, or 'payload specialists', are
not astronauts but they still have to undergo space flight
training so that they can be acclimatised to floating in
microgravity conditions. The Spacelab module has been
primarily designed to accommodate scientists and engineers

who have received minimal space training.

It is the payload specialists who will operate the payload
experiments on behalf of the investigators, and serve as

test subjects for a number of biomedical experiments.

The 'Shuttle/Spacelab' combination will become a fully
manned orbiting laboratory for use in low earth orbits.
This will be the first time that scientists will have the
opportunity to perform experiments in a retrievable

microgravity environment.

AR




Whilst it is possible to design, develop and test the
Shuttle and Spacelab systems to ensure correctness of
functions and to compensate for those failures that are
most likely to occur, what cannot be readily predicted is
the performance of those scientists when they interface
with the wide range of equipments and instruments whilst

in such an environment.

Launch of the 'Shuttle/Spacelab' combination was
successfully accomplished on the 29th November 1983 and
landed safely back at the Kennedy Space Centre nine days

later.
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THE MATERIAL SCIENCE DOUBLE RACK

The "German Microgravity Laboratory for Material Science
and Space Processing Experiments" is one major piece of
equipment which formed part of the 'first spacelab

payload' and also a subsequent mission.

The following description is derived to a large extent

from the paper by Zimmermann (1979).

In essence the design considerations were to produce a
multi-purpose and multi-use facility which would enable
material science and space processing of experiments to be
performed in a microgravity environment. This
'microgravity laboratory' is located in the 'experiment'
segment of Spacelab on the starboard side and, as shown in
Figure 2.3, it occupies two racks which are identified as

Double Rack No. 8.

The 'microgravity laboratory', usually referred to as
either the "Material Science Double Rack" (MSDR) or the
"Space Processing Laboratory" (SPL), consists of a variety
of experiment facilities and common equipments to provide
general support services, these are identified in Table

3.1.

_.14._



Standard Interface to Spacelab

Table 3.1
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MSDR Industrial Tean.

The make-up of the 'MSDR Industrial Team' is shown in
Figure 3.1, and is presented to show the range of European
involvement for this major scientific space project. For
this program the experiment facility/instrument developers
were responsible for meeting not only the requirements of
the experimenter community in terms of functional design
but also all of the physical, functional and operational

interfaces of the MSDR.

Experiment Facilities

The payload experiment facilities are intended to meet two

main objectives:

A, During the 'first spacelab mission' in November 1983,
to perform a number of significant pilot experiments
in the fields of crystal growth, fluid physics and
metallurgy, and, at the same time, to flight test the
materials science hardware items developed, e.9.,
furnaces, process chambers, etc:;

r 8 To make a significant contribution to the
establishment of a materials science equipment pool,
which will be an important feature in the planning of
future missions.

Figure 3.2 is a front view of the MSDR showing the

majority of the experiment facilities and common support

equipments.

- 16 -
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Figure 3.2 : Material Science Double Rack (Front)
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There are 35 experiments planned most of which will be
performed with the help of multi-user facilities such as
furnaces, etc., six of these experiments are however
performed using their own special equipment and may be

viewed as being quasi-autonomous.

Multi-user Facilities

The following defined equipments are those classified as

multi-user facilities:

Isothermal Heating Facility (IHF)

This facility is to be used for different types of
experiments, including solidification studies, diffusion
fundamentals, casting of metals and composites, and the
preparation of new and/or improved glasses and ceramics.
The material to be investigated must be placed in
cartridges which are inserted into the furnace. To allow
the simultaneous heating and cooling of two different

samples, a cooling and a heating chamber are provided.

- 19 =



The samples contained in the cartridges are attached to a
sample holder which remains stationary during the entire
experiment performance, whereas the cooling and heating
chambers can be withdrawn to the rear of the chamber,
rotated through 180° and then driven back over the

cartridges.

The cartridge which was in the cooling chamber is now in
the furnace chamber, therefore, ready for exchange, and
the cartridge which was in the furnace chamber is now able
to be subjected to the cool-down is now in the cooling

chamber.

A controlled atmosphere of helium or vacuum is provided
for the furnace chamber, and a helium or air atmosphere

for the cooling chamber.

A view of the Isothermal Heating Facility heating and
cooling chamber, motor drives and MSDR interfaces, is
shown in Figure 3.3.
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Figure 3.3 : The Isothermal Heating Facility
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Gradient Heating Facility (GHF)

This facility is classified as a 'low temperature'
equipment, i.e., maximum temperature < 1200°C on the
cartridges. Its functional purpose is to perform different
types of experiments in crystal growth, unidirectional

solidification of eutectics, etc.

The furnace consists of three chambers that allow
cartridges to be heated by three heating elements which
are independently controlled, so that a variety of
temperature profiles, including isothermal, can be

achieved.

Thermal insulation is provided by axial heat shields, a
low conductivity radiation shield, multifoil insulation,
and an outer protective shield. A vacuum and noble gas
supply are provided to the facility, this allows quenching

to be performed by purging the furnace with helium.

The Gradient Heating Facility is shown without its
baseplate and front cover in Figure 3.4.

- 22 -



Figure 3.4

: The Gradient Heating Facility
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Mirror Heating Facility (MHF)

This is an experimental facility which is particularly
suitable for investigating crystal growth using the melt
zone or travelling solvent methods. The facility consists
of an optically heated zone furnace and ancillary devices,

such as vertical and rotational drive mechanisms.

The key elements of the zone furnace are two ellipsoidal
mirrors with coincident optical axes and a common focus.
Halogen lamps acting as heat sources are located in the
other two foci. The space for the samples (the melt zone)
is located at the common focus. Samples are inserted into
this location by two holders which are perpendicular to
the optical axis. Two viewing ports are provided for
optical monitoring and pyrometric temperature measurement

and control.

Figure 3.5 shows the Mirror Heating Facility with the
front cover open ready for cartridge loading.



Figure 3.5 : The Mirror Heating Facility
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Fluid Physics Module (FPM)

This module has been developed to serve a variety of
scientific objectives in the field of fluid phenomena,

i.e., fluid physics in its widest sense.

The module consists mainly of a structure fitted with two
opposing discs which can be individually rotated at the
same or different speeds, and in either direction. A
'floating zone' is then set up either on one of the discs

or between the two.

There are also two 'auxiliary systems' which form an

integral part of Fluid Physics Module, these are :

X Visualization System - detects the shape and size of
the floating zone as well as local speed of the
operative fluid.

For detecting the fluid motion range, a duplicate
filming system has been adopted, i.e., one at right
angles to the lighted meridian plane for recording
the shape and speed in the meridian plane and one
along the axis of rotation for recording speed in a
plane at right angles to the axis.

2y Air-circulation and liquid-recovery system - Cleans
out the test chamber if the floating zone is broken
and also controls temperature and moisture inside the
chamber.

- 26 -



The form and diameter of the end plates may be modified
according to the experiment objectives, special containers
may also be mounted and rotated, etc., with the help of
the end plates. A variety of different fluids with or

without tracers may be used for experimental purposes.

The experiment facility described above is shown in Figure
3.6.
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Figure 3.6 : The Fluid Physics Module
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3.2.2 Quasi-Autonomous Facilities

The following equipments are those defined as

quasi-autonomous facilities:

Cryostat (CRY)

The function of this facility is to investigate crystal
growth by the diffusion of proteins in solutions. Two

pairs of solutions are to be investigated, they are:

- Galactosidase in ammonium sulphate
solution.

- Lysozyme in sodium chloride solution.

Figure 3.7 shows the Cryostat facility with its front
cover plate fitted.
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Figure 3.7 : The Cryostat Facility
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The cryostat hardware consists of two chambers, one of
these is the freezer unit, the other is the stabilizer
unit. Both chambers will house a sample container which
holds four different samples; 2 lysozyme, 2 galactosidase,

with two different contact areas.

In order to prevent diffusion of proteins into solutions
before starting the experiment, a buffer slide is fitted
which divides the sample container into separate

compartments.

The diffusion process is initiated by driving the buffer
slides with a motor into a position which allows the phase

materials and solutions to mix.

Ultra High Vacuum Chamber (UHV)

The UHV Chamber is a device designed to carry out
investigation of the adhesion forces of metals in a

10 torr is

microgravity environment. A high vacuum 10~
required in the chamber to counteract the chemical
contribution to surface energies, this is achieved and

maintained by an ionic pump.

The Ultra High Vacuum Chamber is shown in Figure 3.8.



Figure 3.8 : The Ultra High Vacuum Chamber
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The experiment is performed by accelerating a sphere (~3
mm outside diameter) with an electromagnetic activated
hammer so that the sphere jumps back and forth against the
target. A piezoelectric force transducer is used to
measure the impact forces of the sphere on the target

face.

High Temperature Thermostat (HTT)

The HTT, as shown in Figure 3.9, is designed to measure
the diffusion and contact surface effects in the melting
of tin. This device consists of 8 separate chambers each
one housing its own individual cartridge. These are
processed at different operating temperatures varying

between 250 and 1600 °C.
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: The High Temperature Thermostat

Figure 3.9



The heating profile of the experiment samples is
accomplished by filament windings which are internal to
the cartridges the temperatures of these are monitored by
three thermocouples which form an integral part of each

HTT chamber.

The annealing time of the melted metals will range from
between 1.5 and 10.2 hours with the cooling profile being
achieved by staged power reduction in parallel with

controlled injections of helium.

Common Support Equipment

None of the experimental facilities can fulfil its purpose
without services. Whilst the support services are not
used by all of the facilities they are common to most as

shown by Table 3.2.

Those equipments which provide common support to the

facilities are:

= Accelerometer

= Power Supply

- Vacuum & Gas System

- Instrument Cooling System
= Central Console

- 35 =



Table 3.2

: Allocation of MSDR-Elements to Common
Equipment Services

COMMON FUNCTIONS | ald @ § -
215| |=2| Zlaglz2|.gE8| s
SPL-ELEMENTS HE A A P B B R 1A IR
G|S|5|28|=8|= 8| 8[58[238|558
ACCELEROMETER ® |0 ® |
POWER SUPPLY o | o ) o
VACUUM / GAS e| o o |0 |0 O
INSTRUMENT COOLING o | o i
CENTRAL CONSOLE e | o hd ¥
ISOTHERMAL HEATING FAC eojejo| ® e | ® | ©® ® | O
MIRROR HEATING FAC olojle| o | o | 0o |0 |0 | 0@
CRYOSTAT ® o |o| @ o | @
HIGH TEMP. THERMOSTAT 0|6 ® | 6 | 0 | ® |0 | |
GRADIENT HEATING FAC ole|leo| @ | @® oo | o
FLUID PHYSICS MODULE @ o | o ®
UHV-CHAMBER e | O e | ©

e



It will be these common support equipments of the MSDR
which interface with those resources that are provided by
Spacelab, as indicated in Table 3.2. The functional

purposes to be served by these support equipments are :

The Accelerometer

Because it was not known before the first flight what
quality of microgravity or levels of parasitic
acceleration would be encountered in the Shuttle/Spacelab
environment a dedicated accelerometer package was fitted

into the MSDR.

The package was designed to measure all three axes within
a frequency range of 100 Hz. However, to measure the peaks
in such a range would mean an impracticably high sampling
rate thus a peak detection circuit was incorporated to
detect only the highest peaks received during a given

interval of time.

Power Supply Unit (PSU)

The power supply unit was designed to convert the Spacelab
unregulated main bus voltage of 22 to 32 Volts d.c. into
secondary voltage outputs which were either at fixed or

adjustable levels. This unit is shown in Figure 3.10.
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Figure 3.10 : The Power Supply Unit
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The fixed voltages were to be used to supply electronics,
motors and sensors, etc., whereas the adjustable voltages

were used predominately for heater circuits.

All of the MSDR internal power lines are fuse protected,
whereas protection of the Spacelab main busses to the MSDR

is accomplished via circuit breakers.

Vacuum & Gas System (VGS)

The VGS includes a turbomolecular pump to enable the
various furnaces to achieve high quality vacuum levels
greater than 107 mbar which is higher than currently

foreseen via the Spacelab provided vent line.

The configuration layout of the VGS is shown in Figure

3-11.
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Figure 3.11 : The Vacuum and Gas System



The VGS also contains two gas bottles, each with a volume
of 4 litres pressurized to 200 bar, one containing helium
the other argon, which are planned to be used for the

following functions:

- To flood furnaces in order to reduce sample
cooling times.

- To provide certain experiments with an inert
atmosphere.

- To provide a gas supply for the operation of
electromagnetic valves throughout the MSDR.

Monitoring of furnace vacuum/pressures is performed by a

three-stage measuring system which consists of the

following elements:

- Piezovac - High Pressure 10 bar - 250 bar
- Piezovac - High Pressure 2 bar - 10 bar
- Piezovac - Low Pressure 10 mbar - 2 Dbar
- Thermovac - Prevacuum 102 mbar - 900 mbar
- Ionivac - High vacuum 10° mbar - 102 mbar

These elements of the VGS are shown in Figure 3.12.
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Instrument Cooling System (ICS)

The purpose of the ICS is to collect all of the heat
dissipated within the MSDR and distribute it to the

Spacelab 'environmental control system' (ECS) via:

- The Avionics Air Loop (AAL) of Spacelab.

= The Spacelab experiment heat exchanger (water
loop) .

Figure 3.13 shows the layout configuration of the
Instrument Cooling System (Water Cooling).

Figure 3.13 : The Instrument Cooling System (Water
Cooling)
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The 'avionics air loop' has been designed to fulfill the

following criteria :

- Provide the interface between the double rack and the
Spacelab avionics air loop.

- Utilize the ducted and surface cooling for various
experiment facilities.

- Provide the primary cooling used for electronics
boxes.
The following description of the 'water loop' indicates

those requirements that had to be met:

- Provide a dedicated MSDR closed loop system.

- Provide dedicated furnace cooling for the experiment
facilities.

- Provide 2 pumps with automatic switch over capability
to a 'redundant' pump in the event of a 'prime' pump
failure.

- Provide the redundant pump with power from both a

main and essential bus with automatic actuation to
'essential bus' in the case of a 'main' bus failure.

Central Console

A 'central console' was a feature planned for the MSDR to

enable the following purpose to be fulfilled:

- Firstly, to provide the payload specialist with a
functional interface to the MSDR, thus allowing the
effective monitoring and control of the systemn.

= In addition to managing the command and control
functions of the MSDR it also provides for the
acquisition of experiment facility and support
equipment data.
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The front panel of the Central Console is shown in Figure
3.14.
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Figure 3.14 : The Central Console
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This unit also provides the major communication interface
to the Spacelab CDMS for loading the 'dedicated experiment
programme' (DEP) from the Spacelab mass memory, and the
transfer of data to the CDMS for monitoring or downlink to

the ground.

Material Science Double Rack (Rear)

Those elements and element interfaces to the experiments
described in this dissertation that should be discussed
for purposes of clarity are those contained to the rear of
the MSDR, and these are shown in Figure 3.15, and listed

for convenience as follows:

- Spacelab Vent Line (Turbomolecular Pump)
- Avionics Air Loop (Air Ducts)

5 ICS Pump Package and Coolant Pipes

= MSDR Harness

- Automatic Fire Suppression System.
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Figure 3.15 : The Material Science Double Rack (Rear)
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Spacelab Vent Line (Turbomolecular Pump)

A number of the experiment facilities required high
quality vacuum levels if they were to successfully perform
the experiments and thus meet the investigators
requirements. This meant that these facilities needed the
support of the turbomolecular pump via the facility vent
lines and coupled through a hand-operated control valve to

the Spacelab vent line.

Avionics Air Loop (Air Ducts)

The 'avionics air loop' air ducts were designed to provide
the interface connections between experiment facilities
and common support equipments which required air cooling

via the Spacelab air loop.

ICS Pump Package and Coolant Pipes

The pump package of the 'instrument cooling system'
consisted of both a prime and a redundant pump plus a
delta pressure switch. Both pumps are switched on until
the required pressure is reached, and indicated by the
delta pressure light on the front of the ICS panel, the

redundant pump is then switched off.
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It is the function of the prime pump to maintain pressure
through the coolant lines of the facilities, the heat is

then transferred to the Spacelab/Shuttle heat exchanger.

MSDR Harness

The harness design considerations clearly showed that it

must consist of the following:

- A 'power' harness to carry the various voltage levels
of the 'power supply unit' to the 'experiment
facilities' and the 'common support equipments';

- A 'digital' harness to feed-back housekeeping data
from temperature, vacuum and pressure sensors to the
'central console', and to transfer the data

acquisition from the experiments into the Spacelab
Command and Data Management System (CDMS).

Automatic Fire Suppression System

All of the racks in Spacelab are fitted with Fire
Suppression Equipment. This is because the environment of
Spacelab will probably have an enriched oxygen atmosphere

of approximately 26% during its mission profile.

As fire is most likely to occur to the rear of the racks
it may not be immediately noticed by either of the
specialists. Therefore, detection and suppression of fire

would need to be performed automatically.
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MSDR OPERATING TASKS
The prime contractor responsible for the development,
integration and testing of the machine system (MSDR) was

Messerschmitt-Bolkow-Blohm GmbH, West Germany.

Manual Loading/Operating Tasks

The majority of the planned experiment facility and common
support equipment development, and testing of the

functional and operational modes of both the hardware and
software element interfaces occurred between the beginning

of April 1980 and the end of September 1981.

It is of course common practice with most complex
man-machine systems to have a routine set-up/set-down
procedure thus ensuring that the functional purpose of the
machine can be accomplished and at the same time preclude
the possibility of accidents. 1In this respect the MSDR
was no different. However, what became apparent was that
the MSDR set-up/set-down procedure had to be disciplined
in approach due to two of the functional elements of the

common support equipment, namely:

loading of the 'dedicated experiment programme' (DEP) into
the 'central console' (CCO); and,

the run-up/run-down of the 'turbo-molecular pump' (TMP)
for the 'vacuum and gas system (VGS).
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The cause of concern in the first case was because any
loss of programme during the loading sequence into the
memory banks of the 'central console' could lead to
unforeseen consequences during the operation of the
experiment facilities. Unfortunately what cannot be
predicted is what these consequences will be in a failure

condition or when such a failure is likely to occur.

In the second case the result of inadvertent or accidental
switch-off or loss of power would predictably lead to the
rotor of the turbo-molecular pump dropping from its
magnetic bearings onto its auxiliary bearings. Such an
event could lead to destruction of the rotor blades, but
in a worst case could lead to fragmentation of the stator

and possible penetration of the Spacelab structural skin.

The operation chart which was established for the
set-up/set-down of the common support equipment, and which
needs to be performed by the 'payload specialists' is

depicted in Figure 4.1.

The major physical interfaces which were encountered by
the payload specialist during the set-up/set-down of the
common support equipment are predominantly with the

electrical and mechanical controls of the MSDR, as shown

in Figure 3.2.
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For example the first task indicated in Figure 4.1, is
"Set-up Rack Air Cooling", it can be seen that at the very
bottom of the double rack (Figure 3.2 refers) there are
two white levers, rotation of these levers in the
direction indicated by the arrows permits cooling air to
flow through the various elements connected to the

avionics air loop.

Activation of the "Electrical Power Distribution Boxes"
(EPDBs) 2 and 3 by setting on switches 32 this would be
performed by the 'mission specialist' in his role of

allocating 'Shuttle' resources to the 'Spacelab' module.

All of the remaining tasks, with the exception of the VGS
(Vacuum and Gas System), to be performed by the payload
specialist are generally speaking no more than putting the

switches into the required positions sequentially.

The VGS on the other hand requires that the operator opens
the valves on the Argon and Helium gas bottles in order to
enable the VGS and experiment facility electromagnetic

valves to operate when required to do so.

These two hand valves are located on the left-hand side of

the MSDR as indicated in Figure 3.2.
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Figure 4.1 : The Set-up/Set-down of the MSDR
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Only a relatively small number of the experiment
facilities require a direct physical interface with the

payload specialist, namely:

Isothermal Heating Facility (IHF):;
- Gradient Heating Facility (GHF);

- Mirror Heating Facility (MHF) ;

- Cryostat (Cry):

- Fluid Physics Module (FPM).

For the IHF and GHF the prime interface task is simply one
of cartridge loading for the experiment profile, i.e., the
time domain required to heat-up, maintain the temperature
plateau, and effect the controlled cool-down of the
cartridges and their exchange on completion of the

profile.

This is also true for the MHF, with the added tasks that
during the experiment profiles the furnace may be moved up
and down over the sample cartridges, which can in addition

be rotated at very low speeds.
At given points in the experiment profile the melt zones

can be photographed by the payload specialist using the

MHF-attached camera provided at the viewport.
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For the Cryostat the payload specialist task is a
relatively basic one of opening either the 'Freezer' or
'Stabilizer' chamber, inserting the appropriate sample
container into the chamber, replacing the cover and

securing it tightly with the three clamps.

The FPM operator tasks for the payload specialist consist
primarily of loading the fluid into the test room and
fitting the required discs to suit the experiment needs.
Setting up of the fluid temperatures and the disc speeds,

etc., is achieved via the front panel of the FPM itself.

It should be noted that all of the furnace type of
experiment facilities are connected to the 'Spacelab' vent
line via the vent line valve, this hand valve is located
at the top left hand side of the MSDR as shown in Figure

3'2.

This vent line hand valve is opened by the operator prior
to functional performance of the furnaces and is needed so
that inert gases used for cooling or purging can be

evacuated from the furnace chambers.
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For a more comprehensive description of the experiment
facilities of the MSDR, reference should be made to the

papers by Zimmermann (1979).

It should be noted that the sequence of operations planned
for the various experiment facilities are not generally
known until finalisation of the Spacelab Mission Profile
which occurs only a few weeks prior to the Shuttle launch.
Nevertheless, a probable experiment mission profile for
the MSDR can be suggested as shown in the example given by

Figure 4.2.

Functional Operating Tasks

The functional operation of the experiment facilities,
after set-up of the common support equipment and the
loading of the experiment samples, is accomplished by use
of the MSDR Central Console which provides the following

functional interfaces to the 'payload specialist':

- A Warning System with a field of 61 warning and
status lamps;

- A Numeric Display (Visual Display): and,

- A Keyboard, which is operated to numerically
identify:

81 Stop )

) Mode conditions of the MSDR
72 Fault )
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The locations of the warning and status lamps, numeric
display and keyboard are readily identifiable in Figure
4.3, which is a graphical view of the front panel of the

MSDR Central Console.

The functional purpose of these units can be best
appreciated by reviewing the sequence of actions which
should be taken by an operator (payload specialist) when
either one of the 8 "STOP" or 10 "FAULT" lamps are lit
indicating an equipment or facility failure or

mal function.

These response actions which need to be performed by the
operator to set the MSDR from an out-of-tolerance
condition back to its nominal functional state are shown
in the "Operator/Warning System - Action Flow Chart",

Figure 4.4.

To follow and understand the steps shown in Figure 4.4,
reference should also be made to Figure 4.5 (front panel
layout of the CCO) where all of the features addressed in
the 'operator/warning system-action flow chart' are

indicated.
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In addition Table 4.1 identifies those prefix numbers that
have been assigned to each element of the "Material
Science Double Rack". It is this prefix number which
allows quick access for the operator (payload specialist)
if it is necessary to refer to the "Stop/Fault

Identification Number List", contained in Appendix A.

Table 4.1 : MSDR Element Identification

MSDR Element Name Element Element Prefix
Acronym Number
Vacuum & Gas System VGS 0
Instrument Cooling System ICS 7
Power Supply PWR 7
Isothermal Heating Facility IHF 1
Cryostat CRY 2
Mirror Heating Facility MHF 3
High Temperature Thermostat HTT 4
Ultra High Vacuum Chamber UHV 5
Gradient Heating Facility GHF 6
Fluid Physics Module FPM 7
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The second part of the element identifier is the suffix
number which is used to identify the stop or fault
condition, and it is this list (Stop/Fault Identification
Number List) which establishes for the operator what may
be the probable cause of the stop or fault condition
displayed. The list further identifies those stop
conditions where there is automatic software set-down of
the experiment facility or support equipment when such a

condition is generated by an out of tolerance condition.

This same list also indicates for a few instances possible
remedial actions which should be taken by the operator for
those fault conditions that are displayed by the MSDR
warning system. However, in either case (stop or fault),
the operators' final action must be to reset the facility
and the appropriate element for its experimental run or
re-run. It should be noted that the list only reflects
those Stop/Fault conditions that were determined prior to

any development and testing of the MSDR.
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Division of Tasks

The MBB 'Integration and Test Team' consisted mainly of

the following personnel:

- Integration and Test Manager
= Integration and Test Engineer
- System Engineer

v Software Engineer

- Mission Assurance Engineer

However, before any integration and test tasks could be
established for the MSDR, other important and specific
tasks had to be completed first; these are listed on the

following pages.

Integration and Test Manager (I/TM):

Responsible for the planning, organisation, co-ordination
and scheduling of MSDR Experiment Elements and Support

Equipments with respect to their :

- Phased design reviews
- Phased safety reviews
- Qualification/Acceptance testing

- Delivery schedules to MBB
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- Confidence checks prior to MSDR integration
- MSDR integration

= Experiment or Support Equipment checks of :

a) Physical interface requirements
b) Functional interface requirements
c) Operational interface requirements

d) System test requirements

In addition the planning, organisation, allocation and
control of the necessary resources human or otherwise to

ensure successful accomplishment of the above tasks.

Integration and Test Engineer (I/TE):

Responsible for the implementation and control of MSDR

Experiment Elements and Support Equipment:

- Qualificafion tests
= Acceptance tests
- Confidence checks prior to MSDR integration
- Checks of Experiment or Support Equipment:
a) Physical interfaces
b) Functional interfaces
c) Operational interfaces

d) System tests

to ensure that they meet the requirements.
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An additional parallel task to those listed above for the
I/T Engineer was filling out and evaluating the test/check
protocols. Also the compilation of these into test
reports for the experiment/support equipment 'acceptance

data packages' (ADPs).

System Engineers (SE)

System engineers were responsible for ensuring that the
design and development of the experiment/support equipment
met the requirements. That is those requirements which
govern for example:

- Size of the Experiment/Support

Equipment envelope - Mass, etc.

= Physical interfaces

- Functional interfaces

- Operational interfaces

- MSDR interfaces to Spacelab

- Experiment/Support Equipment nominal

operation parameters/tolerances

These requirements were written into detailed
specifications covering every facet of experiment/support
equipment design. The specifications were imposed on the
developers and their implementation controlled by the

system engineer.
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A further task of the system engineer was to ensure that
developers test procedures/protocols fulfilled their
functional purpose. That is with respect to the types,
sequence and levels of testing to be performed to assure
that experiment/support equipments could safely tolerate

the STS/Spacelab launch/landing environments.

Software Engineer (S/WE)

The functional operation of the MSDR was dependent on
numerous interrelated software programs. For example,
experiment elements were driven by software from a
Central Console (CCO). However, the experiment hardware
could not function correctly without those services
provided by the common support services, such services

being:

- Instrument Cooling

- Power Supplies
- Vacuum and Gas Supplies
= Central Console - Status/Warning System

The production of these individual programs and their
combination into a total MSDR system software program was
the responsibility of the Software Engineer. This final
program when fully proven with the MSDR hardware was used

as an input for the spacelab mission scenario.
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Mission Assurance Engineer (MA)

The term 'Mission Assurance Engineer' was coined to
embrace the disciplines of 'Product Assurance' (PA) and in
addition the discipline of 'System Safety'! Those tasks

covered by the PA discipline are in the main:

- Reliability Engineering

- Quality Assurance Engineering

For the MSDR project the initial MA tasks were to ensure
that experiment/support equipment developers were fully
cognisant with the mandatory PA and safety requirements.
To evaluate design concepts with the system engineer and
advise developers of those recommendations that would

enhance their design in terms of:

- Reliability (incorporation of redundancy strategies)

- Quality Assurance (material, piece part or processes
review change recommendations, etc)

= Safety (review designs, make recommendations for

fail-safe devices for safety critical functions).
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Also liaison with the developers to define the:

- Experiment element or support equipment flight
operations (Spacelab mission) and ground operations

(Kennedy Space Centre pre and post launch activities)

for the safety data presentations at NASA Phased Safety

Reviews.

In addition the review and approval with the I/T Engineer
of all test/check procedures or protocols to ensure that
there are no test or check steps that could bring either
personnel or equipment into a potentially hazardous-mishap

situation.

MSDR Integration and Test

The integration and test of the MSDR experiment elements
and support equipments took place in the 'Cleanroom
Facility' at MBB in Ottobrunn, West Germany. This
integration and test program lasted for a period of almost
two years because of the very complex nature of the
machine system being developed for space application.
Several years prior to the MSDR development, integration
and testing phase personnel were selected and assigned to

carry out those tasks defined in Section 4.3.
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1)

2)

3)

4)

However, it should be noted that there were also many

other engineers and technicians providing a wide range of

support to the test team members.

Those tasks performed by the team members in essence may

be described as follows:

MA
Start day-log in the Logbook
a) Day and Date
b) Time
c) Personnel (team members) present
d) Activity/Task to be performed
e) Procedure: Name and Document Number
f) Enter readings from Atmosphere Control Recorder
(1) Ambient Temperature
(ii) Ambient Pressure
(iii) Humidity Level —~V
Check all ancillary equipment: I/TM-I/TE-MA
Vacuum & Gas Support Equipment
Power Supplies
Cooling simulators, etc. -V
Enter in Logbook MA
Set-up of MSDR-Experiment Test I/TM or I/TE
a) Check that all MSDR switches are set to the
'off' position.
b) Start ancillary support equipment
c) Set-up MSDR support equipments
d) Check experiment element is 'off'
e) Open experiment sample door
E) Check sample - code number
g) Insert sample - close door
h) Switch-on experiment (at CCO)
i) Experiment fault lamp on CCO Panel 'on'
j) Switch-off experiment (at CCO)
k) Open experiment element door - remove sample
1) Close experiment element door —V
Enter in Logbook MA
System engineer checks the experiment hardware SE
Software engineer checks CCO printout from S/WE
off-line printer
Recheck of ancillary/simulation equipments I/TM-I/TE
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5)

6)

7)

8)

10)
11)
12)

13)

14)

15)

Team discussion: probable fault 'vent-line MA
contamination' entered in

Logbook
Set-down MSDR I/TE
Enter in Logbook MA
Disconnect Vacuum pipes from MSDR/Spacelab I/TE-S

ventline

Confirm contamination

Clean pipes - warm dry

Re-assemble vacuum pipes to MSDR/Spacelab

ventline

Switch-on ancillary equipment s

Enter in Logbook MA
Repeat steps: 3a to 3h inclusive I/TE
Enter in Logbook MA

Test running - record voltage
current
temperature
pressure

Parameters in Test procedure. I/TE
Vacuum and Gas System fault lamp on CCO Panel "ON"
Repeat step 3j
Repeat step 4
Repeat step 5. Team discussion: probable fault
out-of-sequence software.
Entered in logbook. MA
Repeat step 3h
Experiment Test continued
a) Experiment status lamp on CCO Panel "ON"

b) Experiment status lamp flashing-experiment ended
c) Switch—-off experiment

d) Check printouts to verify touch temperature of sample
e) Check CCO status

f) Open experiment element door - remove sample

g) Close experiment element door

Enter in Logbook MA
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16)

17)
18)

19)

I/TM decision: test re-run to be performed using
alternative sample

Enter in Logbook MA
Attach CCO off-line printouts to test procedure MA
Obtain a new copy of Test Procedure I/TE

Restart test at step 1la.

What the much simplified test scenario is meant to show is
that successful completion of any development, integration
and test program for any complex machine system involves
many skills and team effort. Therefore, any data gained or
lessons learnt should be used as inputs for the correct
and proper training of those operators who will be
functionally controlling the machine system in its day to

day operation.
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MACHINE SYSTEM AND OPERATOR INDUCED ERRORS

As might be expected with any machine system that is
extremely complex, a number of types of errors were
observed and recorded during the development and testing

of the MSDR.

These errors may be divided into two distinctive

categories, namely:

- Machine system induced errors; and
- Operator induced errors.

Machine System Induced Errors

There is little data available on machine systems in terms
of the type of errors that they may generate. The reason
for this is that when something does go wrong it is
usually attributed to the human elements in the

man-machine system environment.

The lack of recorded and collated machine system error
data has resulted in the situation explained by Norman
(1983) in the following statement:

"Today, proper tools for design do not exist. Thus

the designer who wishes to minimize error in his equipment
has no standard reference to turn to for advice."
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The consequence of this situation is that many machines
being designed and built contain design induced errors and
these in turn could lead to induced error on the part of
the operator. This last statement excludes the range of
human engineering data which is available. However, such
data only provides a solution to part of the problen,
perhaps because human engineering data tends to be more
widely applied to government projects than to commercial
ventures, possibly due to the project development cost

constraints.

Nevertheless, we do know that when any machine system
equipment that has been designed, developed and tested to
stringent specifications, then any out-of-tolerance
conditions that occur should only be those conditions
caused by real disturbances of the system which exceed the

set parameters of the system.

These real system disturbances (RSDs) are mostly
predetermined in the design phase, but on occasion
modified after the development and testing of the machine
system, but before the final system test. In either case
these RDSs are used to trigger a visual warning system -
signal stimuli, to indicate to the operator that his
intervention is necessary to correct the out-of-tolerance

condition.
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However, when the individual hardware elements were fully
integrated into the MSDR configuration, out-of-tolerance
machine system-warning signals were generated that were
not caused by real disturbances of the system. Such
warning system signals being generated by either 'normal
fluctuations of the parameters' (NFPs) or by

'out-of-sequence software' (0SS) conditions.

In essence an NFP occurs when any one of a number of
controlled functions does not react in the manner
prescribed for every case. An example of this situation
was the control of MSDR furnace temperature profiles where
sensors provide temperature data to the 'central console'
(CCO) . The CCO computer uses these sensor inputs to
control the temperatures by regulating the furnace power
consumption. Meanwhile, however, the MSDR Instrument
Cooling System (ICS) is still absorbing the excess heat
being dissipated, so its own temperature continues to
increase until it trips the ICS upper limit parameter
setting. In such an event a warning system signal was
generated thus indicating an '"ICS Over temperature'
condition which did not really exist. This was because
although the furnace was being powered down to lower the
temperature it was still dissipating heat to the MSDR-ICS,
which reacted after and more slowly to controlled changes

in the furnace temperature.
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Out-of-sequence software generally occurred due to either
'timing errors' or 'coding errors' in the MSDR Software
Programs. In the first case it was simply one of the
software trying to control a hardware function at the
incorrect time, such as too early or too late. For the
second case it was where the software was trying to
command, for example,the 'switch-off' of a hardware
function that was not set to the 'on' position, or
conversely trying to command the 'switch-on' of a function
already set to the 'on' position. In either case there
could not be a 'command executed' response signal to the
CCO computer. For such cases the CCO computer flagged
either a 'STOP' or a 'FAULT' signal indicating an MSDR
out-of-tolerance condition which again did not really

exist.

These out-of-sequence software conditions arose because
the software programs for each of the individual
experiment facilities and support equipments had to be
amalgamated to form the total MSDR System Software
Program. The result of this amalgamation of the individual
software programs was that 'timing errors' were introduced
and 'coding errors' created in the MSDR System Software
Program. It should be noted that this was not an
unexpected situation. However, the full extent of such
errors could not be fully anticipated or prevented prior

to the full system testing.
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Operator Induced Errors

The most simple form of operator induced errors observed
and recorded were generally associated with the set-up of
the MSDR for various test sequences. The following list

indicates the most common operator errors:

- Failing to mate or re-mate electrical connectors;

- Forgetting to operate a switch in the set-up/set-down
of the MSDR;

= Forgetting to open gas bottles (Vacuum and Gas
Systems) ;

- Forgetting to open 'Spacelab' vent-line;
- Failing to set up MSDR simulators correctly, e.g.:

a) Power Supply,
b) Space Vacuum Pump,
c) ICS Heat Exchanger;

- Failing to set both ICS water pump switches to the
'on' position (no delta 'P' reached). To achieve the
required water pressure in the instrument cooling
system it was necessary to switch both water
circulation pumps to the 'ON' position. Once the
required pressure in the system was reached a delta
pressure switch initiated a signal light. Perception
of this signal by the operator should result in 'pump
2' being switched to the 'OFF' position, where the
'OFF' position is in effect a 'standby' mode and is
automatically switched back to the 'ON' position in
the event of either a 'pump 1' failure or loss of
main power;

i Forgetting to switch off the ICS standby pump when

the delta 'P' indicator lamp was illuminated (see
above) .
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The Consequence of Errors

In principle the only warning system-signal stimuli that
should be presented to the operator are those generated by
a real system disturbance. However, during development and
testing of the MSDR both machine system induced errors
(NFPs) and operator induced errors (0SS) were found to be

capable of generating warning system-signal stimuli.

The fact that the signal-stimulus presented to an operator
can be generated by a 'true' or 'false' machine condition
places the operator in a precarious position because for
the majority of cases the operator has no option but to

judge them all as true.

The effects that may well result out of this state can be

expressed by means of Table 5.1:

Table 5.1 : Response Truth Table

Machine Operator Responses
Condition

X (correct)| Y (incorrect)| Z (None)

True il 0 0
True 0 1 0
True 0 0 1
False 0 0 2
False 0 1 0
False 1 0 0

Note: 1In some cases no action may be the correct
action

e



This suggests that signal stimuli presented to the

operator, generated by either fluctuation of the machine
system parameters or out-of-sequence software, could lead
to further operator induced errors, with the caveat that

such errors might indeed place the operator at risk.

Study of Errors by Operators

Published work clearly indicates that the man-machine
system environment is not the perfect partnership that it
ought to be. Davis (1958) and Rolfe (1977) tell us that
this is because the human and the machine systems they
operate appear to be in conflict. Such appearances
readily lead us to assume that the apparent conflict may

be attributed to two prime factors:

- The first is concerned with those inter-relationships
which should exist between the human and a machine
system, for whilst such relationships are seldom
trouble free, they seem to be becoming more problem
prone rather than less so.
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- Next is the factor of interdependence; a factor
that we have come to automatically expect as existing
between the human and his machine systen.
Unfortunately this dependence between man and his
machine system is becoming less obvious, and indeed
where it does exist the links are somewhat tenuous.
The above is especially true at a time when the majority
of the functional operations of many machines and machine
systems are performed semi-autonomously. This trend
towards semi-autonomous equipments was highlighted in

those previous texts that described the various elements

of the MSDR.

The implication is that the operator's (payload
specialist's) role in several instances may be viewed as
one which is quasi-passive. The outcome of this only
becomes 'open and obvious' when there is a breakdown in
the human-machine system dependence inter-relationships
and is usually reflected in the form of errors. It is
these errors which can, and often do, lead to the
occurrence of accidents or mishaps sometimes with serious

consequences.
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In addition to the practical importance of studying human
performance in the operation of the 'material science
double rack', it was also an interesting machine system
model with which to study errors by operators. Primarily,
because it permitted in the first instance the opportunity
to observe operator performance in a realistic machine
system environment over a period of almost two years.
Next, as stated earlier, the MSDR was to be manned during
its development, integration and test by personnel from

different disciplines each with varying levels of skill.

It was this study of human performance and those errors

made by operators which forms the theme of this thesis.
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LITERATURE REVIEW

Human Performance in Accident Causation

The most obvious consequences arising out of operator
error in the machine system environment may be to hazard
his own or others safety, especially if the hazard leads
to an accident which results in loss of life or serious

injury.

The subject area of accident causation has been addressed
by Robinson (1977), notably by the following statement

made with respect to accidents in man-machine systems:

"Progress in reducing accidents has been materially
impeded by two problems:

3% the motivation attitude toward the human, as
opposed to the performance limitation view; and,

2 the lack of human performance theory, models and data
applicable to accident causation."

"The first problem is finally receiving due attention,
Swain (1974) is a leader here".

"Safety professionals are beginning to understand the lack
of effectiveness in the "be more careful" approach.
Increased awareness of the error in the motivational
approach, however, places increased demand on the solution
of the second problem - the lack of adequate relevant
human performance information".
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Whilst this statement by Robinson, op cit., may be correct
for skilled operators in the complex machine system
environment, it would be wrong to suggest that such a
statement would necessarily hold true for the traditional
craftsman/operator with less complex equipment or machine

systems.

Human Performance Theory

The statement by Robinson, op cit, to the effect that
there is a lack of human performance theory, models, and
data applicable to accident causation is also misleading.
This is because ample psychophysical research on human
performance in the machine system environment has been
performed in the past; although the purpose of such
research was not directly aimed at accident causation

theory.

This research also tended to be fragmented because it
primarily concentrated on individual aspects of the human
or machine system thus isolating only those features of
interest to the investigator. Such an approach has, on
occasion, failed to take into account the
inter-relationship and interdependence that exist in man's
internal processes which are constantly being mediated by

the environment.
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This suggests that if the results obtained from such
specific but individualistic psychological research are
reviewed it should be possible to determine what the
causal factors might be that lead the human to err. For
example, any insight gained as to how breakdowns occur
when man tries to process information from its perception
through to a subsequent response may identify some
underlying mechanism that is inherent in all humans. The
"Man-Machine System Loop" from Meister (1971) shown in
Figure 6.1, presents in simple form the machine system
interfaces that will be experienced by the payload
specialist whilst operating the MSDR in the Spacelab
module. It may also be readily noted from Figure 6.1,
that a breakdown of any of those functions shown,
especially by the human component, could result in errors
being generated with the probable consequence that an

accident may occur.
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Figure 6.1 : The Man-Machine System Loop. Meister (1971)
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This concept of viewing man and the machine system as a
closed-loop configuration is explained by Meister, op.

cit., as follows :

"This concept says in effect that there is a closed-loop
relationship between the human and his equipment. The
operator receives information (1) from the equipment via
displays (2), makes certain decisions (3), involving that
information and operates controls (4), to affect equipment
status (5). The equipment in turn provides infor