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ABSTRACT

In this paper a review is made of the piloted simulation facilities
commonly used in the United States. An attempt is made to classify these
facilities and to understand how and vhy these facilities are needed and
came into being and how they are used. Some thoughts on the philosophy

of use of simulation are offered and conclusions presented.

INTRODUCTION

In recent years the use of piloted simulators has become more and more
widespread in the research and development process. In this paper a review
is made of the simulation facilities in use in the aerospace industry and
related organizations. An attempt is made to classify these facilities and
to understand how and why these facilities are needed and came into being,
and how they are used. It is hoped that this collection of information,
the codifications, and the conclusions may be of benefit to those who use
and are plenning to use simulstion facilities.

Before proceeding further, it is desirable to discuss the definition of
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the word simulator. As commonly used by various individuals of differing
interests, it has & rather widely vaerying definition. Simulators can be
considered in the most broad sense as facilities which will allow an analog
representation of s particular control element, combination of control
elements or the complete flight control - airframe - pilot system. This
would include simulators to obtain data on control hardware, the human pilot
and his display, the airframe with elesticity, and the complete system. This
peper is perticularly directed at pilotéd simulators, those in which & human
operator performs a control task; however, it is felt thet consideration of
the wide spectrum of simulators under this broad definition is useful in

giving a perspective view of the subject.
CATEGORIZATION AND DESCRIPTION OF SIMULATORS

There are numerous ways in which simulators can be classified or grouped.
Several ways will be discussed briefly. First there is the hazy concept of
compuiation as.differentiated from simulation. Another way of looking at
simulators is by the phase of research end development in which they are
commonly used. It will be observed that this division does not occur very
neatly. Finally, simulators cen be categorized relative to the element or
elements of the flight control system that they are intended to obtain in-
formation on. '

First, let us ’look at the area of simulators versus computation, for a
moment. In 1935, Mueller at Massachusetis Institute of Technology devised an
electrical device for solving the longitudinal stability equations. In
Reference 1.35 in addition to reporting the result of his work, he predicts

the possibilities of extending his device to real time and even to use of
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hand controls and perhaps investigation of pilot training. During World
War II and the years immediately following, repid progress was made in
development and application of differential analyzers. By 1948, electronic
analog computers of significance were beginning to be available. The
availability of these computers made possible the development of flight
control system simulators as we know them today. All major aircraft com-
panies in the United States have large general purpose analog computer
facilities, ranging in size from 200 to 600 operational amplifiers or even
larger. While simulators themselves, in a sense, these asnalog computers
are used both for general computational purposes and also for connection
with a cockpit and/or equipment to form s simulator.

While not & simuletor by any stretch of the word, digital computers
are maeking spectacular progress and have made improvement possible in
sclentific and engineering computations. A number of advanced operafional
flight simulators already use digital computers. It is undoubtedly true
that the availability of these powerful tools will meke possible further
drastic improvements in simulation as they have done elready in computation.

The phase of research and development of aerospace vehicles that you
are concerned with influences considersbly your choice of and use of simule~-
tors. These pheses can be listed as (1) research, (2) preliminary.design,
(3) development, (L) flight test and (5) training and operational use. First
i1s the research phese in which knowledge is gathered on various subjects of
interest. Upon initiation of & program to design and build a vehicle, the
preliminary design phase is encountered followed by detailed development of
the vehicle and all of its components. The flight testing phase has its
special needs for simulation. Finally, the phase is reached where the ve-

hicles are in production and use and the operational commands are faced with
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training and maintaining the proficiency of their crews.

Those using research and development simulators can thank the training
simulator people for providing the motivation for and the development of
many of the techniques and equipments necessary for what is used. Much‘of
the literature on simulation in past years now relates to this area. During
the early years, World War II and somewhat before, various techniques and
devices called trainers were developed to meet the vast training prcblems.
Hundreds of millions of dollars were spent on trainers during World War II
in the United States elone. Expert opinlon is that this expenditure saved
much over actual flight, in fact, that training in flight would have been im=~
possible. With +the aveilebllity of analog computers in the lete forties,
modern training simulators became a possibility. Also a factor was the
development and aveilebility of improved concepts and knowledge about servo
systems and components developed in World War II, especially in Germany.
Modern operational treining simuletors are large expensive devices ’ce.re-
fully designed to simulate as nearly as possible the actual cockpit envir-
onment and the characteristics of the production vehicle. As a matter of
fgct, however, numerous analyses have shown that these trainers can quickly
save far more than they cost in reducing expensive flight time needed to
maintain pilot proficiency particularly in such areas as instrument flight
and simulated emergencies.

There is no sharp line between the first four phases in the kind of
simulators used as will be apperent in later discussions. The operational
trainer because of the special needs and the special economic factors
involved has been essentially a clearly separated category. In view of the
very limited production of future vehicles and the.ir highly specialized and

complicated nature this sharp line of demarcation may not remain.
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Simulators do group themselves, to a degree, with regard to the element
or elements of the flight control system that they are to provide information
about. To illustrate my definition of the flight control system consider
Figure 1. This block disgram has a block representing the human piloct, a
block representing the control equipment needed inside the wehicle, and a
block representing the dynamic characteristics of the airframe. Simulators
a8 used with respect to each of these system elements will be discussed.

Finally and most important of all to the system engineer, simulators
to examine and evaluate the total flight control system consisting of all
these elements will be discussed.

Assemblies of the various components of, for example, the hydraulic or
electrical systems are often made. In some cases, these assemblies and the
test performed tend to become complex and to verge on what could be called
simulation. In general, however, the inclination is to call these bench or
leboratory tests unless combined with the airfreme dynamics and a pilot.

And now for & few words on the block representing the human pilot.

A great variety of simuletors have been and are being used to determine
men's tolerance to one or more of the environmental conditicns that he nay
encounter. There are centrifuges and various other devices to subject men
to accelerations, air bearing platforms and weter tanks td attempt to sim-
ulate zero g, and airplanes to actually demonstrate zero g. Chembers exist
to subject men to intolerable noise and chambers to impose absolute quiet.
Men have been exposed %o extreme cold and roasted to high temperatures in
other tests. Confinement capsules resembling cockpits and space cabins

are being utilized. Simulators have been and are being used to determine

the dynamic characteristies of the human pilot as a servo element.
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These simulators have been of the simple fixed base type and will be
discussed a little later when considering simulators to examine the com-
plete flight control system.

To & great extent, the discussion to this point has been in the nature
of giving perspective to the subject of simulation. This is important, it
is believed, in understanding each other, understanding how the trend to
simulation came about, and making determinations of future trends. At this
point, simulators of the complete flight éont;ol gystem will be discussed.
These, no doubt, are what many first think of when simulation is mentioned.

A bewlldering variety of simulators is being used to analyze the
flight control system as a whole. Figure 2 1s an attempt to break these
facilities down in some logical grouping. The first natural grouping is
between ground besed and flight.

Figure 2 divides the ground besed simulators into groups as to the
motions that can be imparted to the pilot; no motion, rotetions, trans-
letions, and combinations of rotation and translation. In Appendix I are
listed various flight control system simulators that are available. This
listing is undoubtedly not complete.‘ The class of simple cockpit - analog
computer simulator that is so common in the industry and the various re-
search orgenizations has been excluded.

The mejority of the fixed base, end the motion simulators as well, use
instrument displeys, these range from simple scope or dial instrument dis-
pleys to elaborate display simulators. External displey simulstors are be-
coming more common, usuelly for approach and landing studies, VIOL inves-
tigations, and to simulate the space enviromment. The complete mission of an

orbital vehicle can be simulated at a number of facilities.
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In & few cases, an attempt to simulete accelerations hes been made by
pulling on the shoulder straps or exerting pressure on the seat cushions.
This is indicated by the "pseudo G" block of Figure 2. The worth of this
feature in improving correlation of data with actual flight is not known.

It has become standard practice in alrcraft and missile development
to meke use of a cetegory of simulator that is called the “iron bird" or
the "iron monster". This category is of great importance in the design and
development process. The first step in the development of en “iron bird"
is normally the use of a simple cockpit ~ analog computer simulstor.
Simuletors such as this can be quickly built up and adapted to the problems
of the particuler mission and configuration by connection with the analog
computer facilities that are available in all companies.

As the design of the vehicle progresses and components of the control
system are designed and begin to be available, the "iron bird" simulstor
is built. Normally, these simulators go through a continuous refinen'xent
process all through the years of development starting with little actuel
equipment, then insertion of early components and then the production hard-
ware. The cockpit also normally shows such a growth starting with simple.
controls and presentation end finelly, in some cases, & very complete mock
up. In some cases where it is felt necessary, structural elasticity effects
are included to provide adequate simulation. The simulstion of the aero-
dynemic characteristics also undergoes continuous revision as knowledge of
the asirplane grows with analyses end wind tunnel tests performed.

In certain cases of extremely complex systems, a second partial "iron
bird" msy be built to obtain reliability and qualification information on
the system and the components in addition to the system performance informa-

tion normelly sought on the "iron bird".
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In some cases a final stage of simulation would be to connect the
actual airpalne system with analog computers to prove the performance.

Referring back to Figure 2, let us pass on to a brief discussion of
the various motion simulators in use. Very few, if any, simulators are now
available with only one rotational degree of freedom. Depending on the
intended function of the simulator, two or three rotational degrees of
freedom will normally be incorporated. An example of two rotations is the
pitch roll chair used in past years at NASA. A number of three rotational
degree of freedom simulators have recently coame into being, motivated beeic-
ially by interest in space vehicles, VIOL configurations, and reaction con-
trols. Many of these devices utilize air bearings and in some cases they
are quite elaborate. NASA - Lewis has a four gimbal type simulator in which
high spin rates are possible.

The rotation simulators of the Link trainer type have limitations on
the rotational travel. By incorporating initial motion into the simulator and
then "weshing out" the motion in actuality but continuing it on the instruments,
vhat is said to be a very effective simulation of continuous motion is ob-
tained. This cepasbility is incorporated in the Air Force general purpcse
simulator and is referred to in Figure 2 as “pseudo motion".

Centrifuges, as is known, have been used to produce steady g forces on
pllots to determine their tolerance and capabilities while enduring these
forces. At the Naval Air Development Center at Johnsville, Pennsylvanie, &
facility 1s availeble which combines a centrifuge with a piloted capsule with
two rotational degrees of freedom. Much interesting work was done on this
facility with respect to the X-15 program.

An interesting facility to simulate zero g was investigated by lockheed,

Marietta, Georgia. This facility simulates zero g by spinning e man submerged
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in water about his longitudinal axis.

The only simulator that the author knows of that has just one transla-
tional degree of freedom and no rotational freedom is the g seat at G/D,
designed to study turbulence at low altitudes. Normally if translational
degrees of freedom sre included some rotational degrees are also included
such as on the pitch - heaving g seats available at NASA -~ Langley and
North American, Columbus.

Grummen has a unique facility which incorporates pitch, roll, and heave.
It has both external and internsl display and incorporates "wash out" to
simulate large motions. It is especially useful for VIOL, low altitude
flight, and approach and landing studies.

A large simulator is evailable at Bell-Dallas to study VIOL problems.
This simulator has a three degree of freedom cabin mounted on a strut. This
strut can be moved up and down to provide heaving to the cabin and also can
be moved in the other two directions to provide a corrected vertical accelera-
tion as thé cabin is rotated.

NASA - Ames has a six degree of freedam simulator which has a three
rotation cabin able to translate to a limited degree in all three axes.

This would be intended for V/STOL and approach and lending studies.

Another impressive facility is the NASA - Ames facility having a three
rotational degree of freedom cabin able to translate vertically, manted on
a centrifuge.

A number of very elaborate and expensive simulators have been built or
are in construction to simulate various space missions, rendezvoué, docking,
lunar approach, and lunar landing. Expecially worthy of mention are the
several simulators at NASA - Langley, LOLA and the Lunar Landing Facility.

To provide the various motions to the simulators as discussed, results
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in edditional complexity end cost so that, in general, as we move from left
to right on Figure 2 the problems of eonstructing and operating the simula-
tors are increased.

The purpose in adding these motions to the simulastors, of course, is to
add fidelity to the simulation, improving the correlation with actual flight.
Unfortunately, this correlation is in a very imperfect stage and the answer
1o vhat is the minimum motion to provide acqeptable fidelity of simulation
is not available.

It is quite possible for motion of one sort or another introduced into
e simulator, while being impressive to see, to do more harm than good as far
as giving results comparsble to the flight situation. v

About fifteen years ago a8 a result of the newly developed knowledge and
ability in artificia]! stebility and computation, an idea was born of a flight
research facility which has been called the varisble stebility airplane. At
the present stege of edvanced concepts, a better name might be in-flight
a:l.mula.tion.. The latest versions do much more than vary the stability. 1In
Appendix II of this paper are listed all of the variable stability aircraft
of which the author has knowledge, in more or less chronclogical order. The
development of the concept and the increasing complexity aend elso capebility
of these aircraft can be followed by reading through this listing and the
descriptions. The listing starts with the Cornell-Navy FL4U-5 and has reached
its high point with the Air Force-Cornell T-33. The Air Force-Cornell T-33
has the features of varisble stability, control, feel, displey and L/D. It
has the capaebility to vary staebility and control characteristic_:s with time
such as occurs in a re-entry. It does not as yet have the ability to vary
CLu without varying other derivatives. This would be a desirsble addition.
The T-33 can also be used &8 & fixed base ground simulator by connecting it

to an analog computer in its hanger.
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In the area of V/STOL variable stability aircraft, NASA - Ames has &
limited veriable stability installation in an X~1b aircreft and NASA - Langley
has an installation in & helicoptgr. Coming in the future is a new aircraft,
the X-22, vwhich is designed from the beginning as a variable stability ma-
chine.

Being such a realistic simulator when properly done, the variasble sta-
bility eireraft is a most valuable research tool. It is also valuesble in
evaluation of preliminary design concepts and in training and indoctrinating
flight test pilots. The concgpt has been proposed for use in operational
trainers. Enthusiests have even proposed a universasl trainer using variable
stability ideas. Such thinking does not recognize the practical limitations
and difficulties that exist. There may be certain possibilities in this idesa
for the future, however.

Experience has shown that, in common with most flight tests, use of these
airplanes for research and development is expensive and time consuming for
each date point ob@ained. In the opinion of the author the most suitable
usage of these eirplanes is to meke final checks and correlations of data
points that have been explored as well as possible in ground simulators.

See Appendix III for extensive references to variable stability aireraft.

TYPICAL USE OF SIMULATION IN RESEARCH AND DEVELOPMENT

At this point it may be interesting to indicate what would be typical
use of simulators during the research and development cycle.

Figure 3 shows the various phases of this cycee. Relatively simple
fixed base simulators are widely used in research programs involving the

bumen pilot. For research purposes, this simplicity is not necessarily a
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handicep. It is more important to cafefully control the experiment and
specify the controlled element precisely than to come to as exact similitude
as possible.

There are many basic studies yet to be performed on the pilot~vehicle
combination for which extremely simple simulation is entirely adequate. For
example, use is still being made of Dr. Elkind's data, obtained at MIT many
yeears ago, following a target on a scope with an electronic pointer. These
basic studies and the associamted simple simulators are particularly suitable
for the university environment. One university, Princeton, has a variable
stabilit& sircraft, a Navion. It has a simple installstion, however, it is
a very effective tool for demonstrations end reseerch studies either by
thesis students or the faculty. Government facilities, as hes been shown,
have and operate many elsborate simulators for research purposes. There is
tendency for these studies to become oriented to some system under study or
development such as Apollo, SST, CX~HLS, é-th, etc. These studies then
tend to be related to one later phase of the research and develomment pro-
cess.

The three phases of primary importance to an aircraft company are shown
in the center of Figure 3. During the preliminary design extensive use of
the simple cockpit simulstor would be made to firm up design requirements
and to glve information on specific problem areas not sufficiently covered
by general research programs. <Considerable variation in the extent of these
programs would be caused by the mission and configuration. For instance, at
the present tipe this phase of simulation would be considerably higher if a
VIOL fighter were under consideration then if & more conventional fighter were
in design. As is no doubt obvious both the kinds of simulators used and the

types of programs conducted are very similar to those in the research phase.
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Variable stability aircraft can and have been of use in examining particular
problem areas of specific designs not sufficlently understood.

In the detailed development phase, heavy emphasis is laid on the "iroen
bird" simulator. In & not too sophisticated system most of the effort may
be placed on the equipment development and proof testing. Preliminary
exposure of the flight test group to the characteristics of the system will
be provided in order to allow proper planning of the flight test program.

In view of the elaborateness of the "iron bird" simulator, consider-
able expense is involved in both constructing and operating it. However,
its use is universelly endorsed by the industry, with no exceptions to the
knowledge of the author, as a time and money saver. Basically its use is &
function of the complexity of the design, the degree to which the design is
pushing the state of the art, and, related to the first two, the dollar cost
of the system. With the tremendous cost of bringing a design to the flight
test stage, the fantastic cost of flight test time, and the horrendous economic
waste caused by mistakes, miscalculations, and redesign, the "iron bird" is
felt by all to be an essential.

As the aircraft progresses into the flight test stage, increased em-
phasis mey egein be placed on the cockpit simulator. The dust may be brushed
off the simple simulator and it may be improved to demonstrate dangerous
conditions to the pilots and to guide the test program. The “"iron bird" is
utilized in evaluating the final equipment to be used in the production air-
craft.

If the particular design is conventional both in aerodynamic configura-
tion and its control system and is of relatively low performance, simulators
may not be used. A judgment that they are not needed would be based on the

economic factors referred to previously and to what could be called a
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"confidence factor". This “confidence factor" is a function of how sure the
engineers are of their knowledge and theoretical celculations. BSuch cases
with & high "confidence factor" will be very few in the future.

On the other extreme are the designs which push the state of the art
to the extreme such as Dyne Soar, and certainly Apollo. In these ceses
research type information is needed and will be gathered through all the
phases indicated. Extremely complex simulation can be easily jJustified on
the basis of the high cost of the total system. Much of the equipment is
necessarily of high performance or of new design and consequently needs
much simulator evaluation. Pilot training needs are much greater than
normal. In view of the research nature of many such vehicles, the oper-
ational use phase merges into the normal flight test phase with resulting
readjustments in the consideration of flight test and operational training
simulators.

Users of aircraft, the operational commands of the services and the
airlines, .are most concerned with the operational use phase. As has been
discussed, very elaboraée operational trainers have become very common,

The accent has been on procedural training. Exact matching of the dynamic
behavior has not been an essentisl objective and only recently have any
motion cues been considered worthy of providing. There is now interest in
the Air Force in providing motion cues to simulate variqus maneuvers and
emergency conditions. Even the asirlines have become interested as a result
of the recent series of incidents and accidents of jet transports caused by
turbulence initisted maneuvers. There has been c;nsiderable interest by the
airlines and FAA in use of a variable stsbility aircraft as a final operat-

ional trainer for SST operation.
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NEED FOR AND PHILOSOPHY OF USE OF SIMULATION

In the main, the discussion to this point has been concerned with "what"
simulators are availsble and in use. ©Oome of the discussion has been con-
cerned with "where" these simulators are used. Some comments have been made
as to "how" this trend became possible, basically the availability of com-
putation equipment end servo system knowledge and capebility. It may be
interesting to examine briefly some of the underlying reasons "why" this
trend hes become established and is expanding.

Fundementally, simuletors are used where basic knowledge is wesk,
complex interrelationships are not fully understood and celculations,
estimates, or jJudgments are not trusted. In other words the confidence
factor, referred to previously, is low. Also involved are the economic
factors. With a modern complex weapon system, the costs of carrying & de-
sign through the flight test phase may be a billion dollars or more. Shown
on Figure 4 are some facts on system costs. If we were to include systems
such as Apollo, of beyond, on the chart the costs would really go to an
asymptote. When we examine the configuration, the speed regimes to be
traversed, and the complexity of" the wvehicle to perform its mission, the
reaesons for differences in cost between the Wright Flyer and the F-111
become gpparent. These economic "facts of life" underlie any discussion
of the trend to simulation.

Another factor to be considered is the fact that for modern systems
there may be no extensive production, as such, to eliminate "bugs”. Under
such conditions major errors or deficiencies in the design are intolerable.

The use of simulation is &ffected by the philosophy of development of

new aircraft in a country. Rapid exploitation of the state of the art invites
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the "cut and try" approach. Such & philogsophy has been followed in the
United States, exemplified by the research series of aircraft. If the
development of Qev types of eircraft proceeded at a slow steady pace,
research would normally be properly accomplished prior to initiation of
the design and a designer would not have the compulsion to use such ex-
tensive simulation. This repid pace of development application of know-
ledge, however, has become 8 way of life and it is not believed that it
will change under present conditions.

From the sbove factors a continual and increasing trend toward complex
simulation can be predicted. There is a very real danger involved, however.
Simulators are not only costly in dollars to build and operate but more
importantly they are costly in technical talent to operate. Techniewn
talent of high grade is not plentiful and if too much is tied up in w.-u
related to simulation, to the detriment of analytical studies and planning,
the consequences can be serious. Most serious of all is the type of attitude
that sometimes develops, to simulate without thinking. This is deadly. It
results in blind.repetitive programs of little real worth.

This is not to imply opposition to simulation, to the contrary. Rether
it is a plea for their intelligent use.

Ancther thought related to the above is with regerd to the organization
of simulator groups. It is the author's feeling that simulator groups many
times tend to look on the aimulaior_facility as their goal and try to con-
tinually develop and improve it whether it is needed or not. It appears much
prefersble for an organization to be problem oriented, heving and using

simulators as necessary to solve their problems.
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CONCLUSIONS

In the preceding discussion an attempt has been made to give some
perspective to the subject by classificetion of simulators in various ways,
& review of various facilities available in the United States and some
historicai background given. Discussed in more detail were flight control
system simulators, particularly the "iron bird"” type used extensively in
development. An indication of the typical use of simulators in research
and development was madei Final}y some notes on the need for any philosophy
of use of simulstors were made.

In closing, it can be stated that simulation is a tool, use it as such

and do not let it use you.

The assistance of R. Sickeler, P. Pietrzsk and F/L Harris, RCAF in pre-

paring the Appendices following is acknowledged.
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