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PREFACE

This technical report grew out of a short briefing on the same topic. The equation
derivations were condu~ited in support of project 1123 , tas k 112303. Dr. Milton Woo d,
Project Scientist; Mr. Warren Richeson , Task Monitor; and Mr. Michael L. Cyrus , Principal
Investigator. This work was conducted at the Flying Training Division of the Air Force
Human Resources Laboratory.
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I NO INI I RI\ (, .\ ‘xI I.O\Il I RI( ( ( ) \ S I R  \ l \1S~~l \ Sl\  l)l(;Rl~l
0) 1 l RI’ I IX)\l S~ \ I R~~lSTI (  P t  \ I 1o) R \ l  \lO’I ION s’~ sT l \1

I. I~ I’ KOD L t i  IO~\

Ilie .‘\dsance d Sillll i lator for PIlot I raining \Sl’I ) is iI IcJte J if Wi l l i am s All (‘ ice Base . Ai f / I IUJ .

~Sl ’I is a rcoe a rcii .,iIIf ut:I t Ir r 111111cr t h e  IIpeIatiuiral Cl I l i f i l la i l d  (1 I t h e  I Sing 1 ra irIirI ~’ I)wision, A i r I orce
liflIrian R c O t I I i t~~~ ’ ’ I .1htuutoi s \ I  I1RI.), \~i lli a mmis .\l (3 . A rito ,ia. Fhic ,iiial ’1s~s ~I1’scmi t cd  in t h is paper is
has~d oIl the charac te l i s t l l s  III the l,jnL . 60—inch. 6.i T

~~~~ t i i to t ron s s - ,teui ss Inch is part it the ASI~~I. U t , .’

\‘sl ’l r i l I f t i f I n  5 5 0 1 1 1 1 1  iS c ilaracte r is ti l . in tc1n~S It - , e\LursII,n ,.‘a~’.IhIhi t \  . ot I I I I—t hi e— S he lt snnulators
s a itable 111,1:15

II. MOTION S’IS II SI R i S  I R I ( t I I  ) \‘ o

Nor mnahi . ss c think of motion as composed III Iset d c  lien ts I l l  tdri S it and Phase Intensity is
composed of the amplitude and time duration of a aiti1ul :ir m~t ion , while phase I’sse ntia ll\ refers to the
la~ between comman ded inputs and resulting outputs. It is ulotilIn in te n sity with ss I lLi l  this paper is
primarily concerned, s ince phase is easi v CIliIt IohlCd I I I  IIIlldern s ituu iat t i ii ss S I e T T I 5  thi rIluell the use ot
highly responsive Serv o s~ stenrs driven b~ sufficient cuIll T llt ationai i1Il5

~~~
T

In the area of motion intensity , there arc t hree prinnar~ elluat ilins

(~~ 
= R+ I)P. B~ i = 1 .2 . 3 . 4 . ~~. 0t . 1)

• ~~I i C.hi~~c i =  1 . 2 , ~, 4 . 5 . ” (2 )
Ill III I III 10

C ~ TlC.II~~C i 1 . 2 . 3 . 4 . 5 . 0’ ( 3)
II III dt  t r t t . s

l’.xpressed verbally , the fi rst repre sents the gc ii nioei r ieal rdlati ffl ls hip bet sse e li cy l inders  ( C l . platfo rni

controid (R) . platfornr orientation (I)). an d t O l d  p l:IoIo rnt aild base leg :Itt .ILII points (P 1 and B .
respeetivci~ I. This equation is the 11111’ which relate s the serso  iss le i l )  pertorl l ianl1’e Ill t he i se r al l  motion

system performance. Equation 2 sinIpis states t h e  restr ic t ions on t h e  es hnder e\tCilSiuil f rom lull’
ret rac 0~d ((‘fl~jfl ) to fully extended (C .1 I. The “60 inch’’ nomenc lature uscd ss i t i t  respect to the \SI’ I
6—post system re fers to ti re fact that C111 ,~~ C11, II 

= 60 inches . hj uat iomi 3 represe n ts t h e  IIntiit~ tioi~s &ttt  t h e
rate of cylinder movement which is a function of sese r a l  arta bles including t h e  ser v o ss stern . his JI,IIIiIC

pressure , platform payload and the like. For ASPT cylinder velocity Inrits of approx imately ± I ~) inc hes/s ec
are applicable , ~~ rn 

= 103” . and (‘~~ ~ 
= 163 ” ( Martini & Kron . 1974). Ncsver ni(ltlI1II os ste rns hove mituehi

improved cylinder response characteristics. alth ough their gellinetric p I l le r t l es  rentiai nl similar to A SPI

The only additional information required to cornr ple te lv derive all possible motion syst em
relationships is the placement of the base leg and platforni at tach point Vee t I l l s  in their respective planes Ill
reference.

The inertial frame of reference is a righ t-handed coordinate sy stem with origin on t h e  floor , Z-ax is
pointed into the eart h, and X -ax is pointed along the nose-tail u ric of t h e  sin rulated ai rcraf t  when it is in t h e
fully retracted (motion off ) position. At this time . t he platfor m center of g ra v o t s  Ii din ec i ls over t h e  onpn.
The platfornr reference is a right-handed reference plane with the \ a\ is iuit the nose of the simnnt i iated
aircraft and the Y.axis out the right wing. With this convention , and assumption th a t  angles are m easu red

positive from X to Y, then the base leg vectors arc as pr esented in Figur~ I

S

I
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Leg~~ 1 2 3 4 5 6

Coordinate
X 59 .1 3844 5’) I 3844 37 .9808 n7 .l l ’ 2  97 .1192 37. ’su~
Y 78 78 90 .21~ 4 12.215 4 12 ,2 154 ~0.2l~ 4
Z 0 0 0 0 0 0

F igur e 1. Base leg vectors in inches (inertial frame).

Likewise, the platfo rm attach poin t vectors arc stated in Figure 2.

Leg~~ 1 2 3 4 5 (1

Coordinate
X 83.1384 83.1384 -38.97 11 —44.1673 —44.1673 —38 ,9711

Y 3.0 --3.0 —73.5 —70 ,5 70.5 73 5
Z 0 0 0 0 0 0

Figure 2. Platform attach point vectors in inches (Platform reference system).

Each base leg has a fIxed length of 97,8844 inches , while the platform attach point vectors all hiavc a
fixed length of 83,1925 inches. The difference, toge ther with the floor and platform placem ent of these
vectors, provide the geometrical advantage for each degree of freedom (Martin & Krown . 1974).

Derived Relationships

Returning to Equation 1 we see that

(~. 
= R + Op1 (The representations for D and 1) are given in Appendix A) (4)

This equation is the one which is used to determine single axis velocity relationships. Although such
relationships vary with platform position and orientation , normally either the neutral position, or the best
case (maximum geometric advantage), is used. Contractors , in particular , use this latter category.
Representative single dimension position and velocity limits of ASPT are shown in Figure 3.

Description Variable Position Limits Veloc ity Limits

Fore — Aft X —41” to +5 1 ” ~33 ”
~Sec

Left-Right Y —41 ” to +41” ±34 /Sec
Up-Down Z 32 ” to +36” ±24 °/Sc ,

Roll 25 to +25 l9°!S~c
Pitch 0 -24° to +23° ~l7° Sec

Yaw rji 31 0 
to +31 0 + 2 3 ° ‘See

Figure 3~ Single degree of freedom limits.
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Several comments on Figure 3 are appropriate at this point. First, the motion system is dually
constrained by geometric (position) and engineering(velocity) . Improved servutechnohogy will increase the
velocity limits: however , position constra ints will remain uIxed. Additionally, the ASPT geomet ry is
contlgured So that tire most capable degrees (if freedom are X, Y, and ~i : precisely, t hose most useful for a
transport -like device , whereas 0, 0 . and Z are more constrained. Finally, these c hart s ten d to make the
reader believe that the platform can simultaneously move throughout any combination of these single
degree of freedom limits. Actually, the synergistic property of the motion system implies that it takes the
combined motion of all six legs to produce motions along any single degree of freedom , such as heave (Z).
The interactive nature of such motion is clear: if the platform heaves , say, 24 inches , then its capability to
roll is drastically reduced, This property makes proper motion cue coordination dif ficult in many cases , and
impossible in others. Several researchers have conducted extensive analysis to determine the optim um
trade-off between cues for display purposes (Parrish. Dieudonne , Bow les , & Martin. 1973).

In all cases , platform m otion may be divided into three catego ries : m otion due to cueirig, velocity
washout motion, and position washout motion. By cueing we mean the motion of the platform
commanded to represent some force , rotational velocity, or vibration effort. By velocity washout we nìean
the moth~n of the platform commande d to keep the platform from running into the hardware stops. that is,
running out of room. By “position washout” we mean the motion of the platform commanded to return it
to a neutral position ready to display another cue . This analysis ignores the many gravity align techniques
which attempt to tilt the platform in such a way as to induce t he feeling of external force. At the present
time there is considerable controversy in the simulation community over exactly what constitutes motion
cueing. On ‘ d ’ the m ost ambitious research e ffort s being conducted with AFHRL currently is the t~lot
Sens ’ ding approach. This approach could eventually lead to better motion driving algorithms.
Pr ‘n cues are divided into three categories:

.ince cues such as occur in stall, rough air , runway rum ble , speed brake buffet . engine otit.

2. Acceleration cues , primarily along the translational axis (X, Y, Z)

3. Velocity cues , primar ily for rotational cucing (0~ 0 , iv ).

For analysis purposes, we will assume that an acceleration drive is used for translational cueing, and a
velocity drive is used for rotational cueing.

Iii.  ACC ELERATION CUE CAPABILIT Y

Normally, the analysis of acceleration cues is carried out independently along each axis (N . Y . Z) .
Acceleration cues are the most difficult to maintain since their use of the available space is rapid. There are
thre e effective constraints on acce leration cues: the position constraint , tire maximum velocity constraint.
and a time of CUC display constrain t induced by effective washout rate. Washout rates are generally chosen
from .O Ig to .08g. This rate is considered subliminal. Evaluation of cue intensity is likewise diflIcrill. C ic i
(acceleration ) sensing is generally thought to be a function of the product of accelerati on ,amid the time

duration for “small” acce lerations ami d times. Thus .1 g for .2 seconds is roughly equivalent to .2g’s for .1
second. Th erefo re, it suffices to examine the capability of the motion platform to impart accelerat ion s or
t he longest time period prior to washout. Figure 4 represents the scheme we will examine, The “hang-hang”
washout sc heme is t h e  most e fficient one possible from the viewpoint of maximizing cue duration lor a
fixed imi.iximum washout level. (We will omit the derivation, from t he Ilamniltonian . of tire vam lati l irral

so lutmon to this problem. The basic theory of hang’hang controllers can be found in most tc \t s  on (ipti!niah
cI lm i trIll. ) (At hans & FaIb , 1966 : Kirk . 1970).

7



Cue 

Ve locity Washout Position~~~~~~~t

+

I ”igure 4. Acceleration Cue Disp lay /Washout.

If we let

a be the cue acceleration , in g’s.

he the cue duration, in seconds.
0 be the washout acceleration level . in g’s.

be the velocity washout duration , in seconds

he t he position washout duration , in 
seconds8



With these assumptions, we have two constraints:

V~~ V w h e r e V = a t  (5)max  c c

p+ ~L-. ~ 
p where P a t 2 (6)20 m a x  C C

2
implicit in the previous constraint equations is the additonal assumption we have started platform

movement in a sing le degree of freedom (X, Y, Z) froth rest , The 
~~max and Pm~~ terms are the

corresponding lim its taken from Figure 3. At this point , we introduce the variable , a, w hich represents the
ratio of cue height to washout height:

a
a —i- wh e r e a> I  ( ‘7)

0
Wi th this convention we have :

V = a 6 t  ~~v (8)C max

p+V~ = [cr8 +a 2 0]  t 2
, ~~~ m a x  (9)

20 2
The maximum cue presentation time t, is

( v  12 P
t min ~ max 

~~~~ 

max (10)
C 

~o N a(a+ 1)0

The first constraint corresponds to the velocity (or engineering constraint); the latter , to a geometric
conatTam. It is desiT ahie to know what is the trade-off between the two constraints; i.e., which is more
constraining. If it is servosystem techn olo gy, then by improving our servos, we can improve platform
motion intensity. The question may be phrase d, which capability do we run out of first, the velocity
required to supp ort incre ased acceleration , or the room to display that acceleration ? Ideally, a mot ion
system wou ld be well designed from this criterion if the maximum capability of the simulator geometry is
available for use , wit hout being overdesigned in term s of excess velocity capab ility .

Whateve r the time length of the cue presented , the relative washout time durations are functions of
the cue time duration:

= at (11)

t~, ~J 2a( a+ 1) t~ (12)

And since the cue delivered is presumably always above senso ry threshold (a> I), we have

t C — 

1
______ — 

a+..J2a(a+1) 
(13)

which represents the ratio of cue display time to washout display thne.
Equations 10 through 13 completely define the acceleration cueing regime a platfdr m motion system

is capab le of supporting outside gravity align techniques , whose purpose is to rotate the cockpi t
subliminally in such a way as to induce the feeling of long-term X and Y forces. Cue durati on (Equation 10)
is seen to be a function of four variables: effective washout threshold (0), position (

~ m~~x ) and 
velocity9



(Vm ,~ ) constraints, and the ratios of delivered acceleration to washout accelerations (a). Equations 11
through 13 completely defIne the optimum (fastest) washout time durations as a function of a and the
original cue duration-

In the foregoing analysis no mention was made of the effect of the oscillatory nature of aircraft
accelerations. This actiop was deliberate for two reasons: (a) aircraft accelerations are , except for vibration
and buffet effects, too long-term to be simulated even with large scale factors for most maneuvers; (b) drive
schemes differ radically in their method of handling washout, gravity align and the like. This method of
presentation is thought to be general in its application.

IV. VELOCITY CUEING CAPABILITY

Unfortunately, no simple analysis tool exists for examining the rotatioirai degrees of freedom, as is
the case for translational degrees of freedom. Various theories exist for delivering rotational cues; the most
popular among pilots is the velocity cueing drive, This drive attempts to maximize, within a variety of
constraints, the mathematical correlation between simulator platform rotational motion and simulated
aircraft rotational motion. Basic research has not provided, to this date, a clearcut answer to the question of
“optimum” motion drive algorithms. Some of the difficult involved in the development rotational cueing
algorithms is due to the combination of low rotational acceleration and velocity thresholds, together with
very long adaptation times (Gum, 1972). On ASPI, the relative threshold values for rol-~tional cueing are
.5°/sec2 and 1 .5°/sec, respectively, for acceleration and velocity. Adaptation times normally range from 20
to 30 seconds. it is not feasible to use a level of washout this low for rotational cueini since it would be
Impossible to keep the subject from noticing the sensation of excessive tilt. Further, hrniting the washout
rate in a manner similar to the translational cueing would result in a very low rotational cueir b Conversly,
high washout rates axiomatically imply “negative” or “reverse” cueing. That is, the sensation of moving the
wrong way relative to the simulated aircraft motion. Instead, a trade-off between the two extremes is used,
necessarily containing both positive and negative cueing aspects. In Figure 3, it is seen that rotational cueing
lasts from approximately 1.3 to 1.5 seconds up to 15 to 20 seconds, depending upon whether exclusive use
of the channel (roll, pitch, or yaw) is available, the average velocity required, and a variety of other
constraints imposed by the software. For typical contact maneuvers in ASPI’ (loop, aileron roll, etc.)
wherein multiple channel (degree of freedom) use is demanded, virtually all cues except gravity align,
normally terminate in less than one second. That is, the excursion demands placed upon the motion
platform will force it into a position washout situation in under a second. (Velocity washout, whatever its
form, is assumed complete at that time.) it is possible to adjust a motion system ~o be more “responsive”
(and thus cut the “onset” cue time) or less responsive (and lengthen that time). The fmal choices made are
invariably based on a combination of engineering and subjective data, and will remain so until basic research
into the human motion sensory mechanisms establishes and validates a mathematical model the engineer
can u~e to design better motion algorithms.

V. SUMMARY

The key elements of this paper are as follows:

1. ASPI-type motion system response is constrained by the geometric design and hardware
implementation. Newer systems (post-1973) are constrained primarily by their physical (geometric)
limitations.

2. ASPI-type motion systems are not capable of reproducing aircraft motion accurately. This fac t is
deducible purely from geometric considerations, namely equations I and 2 together with Figure 1 and 2.
and the knowledge of the aircraft motion being simulated.

10
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3. ASPI-type motion systems possess most of their motion response capability in the X, Y, and yaw

dimensions, precisely those most compatible with transport-like aircraft, as opposed to fighter-type aircraft.
Further, the roll, pitch and z degrees of freedom interact more heavily than the X, Y, and yaw degrees of
freedom.

At the same time, a motion system, even though it cannot provide realistic motion in an engineering
sense, may still prossess considerable training value. That value must be determined through actual training
research-
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APPENDIX A: ASPI DIRECT IO N COSINE RELATIONS

The ASPI platform to inertial direction cosines are:

co~ costjs , co~ siruSs —ainO
D = sin~ sinO cos* sin~ sin8 sin~ sm~ coaO

—sin~ cosO +cos4i cos4
cosØ cosW sin8 coØsinijisinO cos cosO

4sin~’ sine —sin~ cos~
,

The derivative, D, is composed of three parts ,

-~-sinO cos~ —sinO sin~S’
D .è sin~ co~ cos~j . sin~ cosO sinij’ —sin~ sinO

cosq cos4~ co~ cos sin~P cosO —cos~ sin8

cos~ sinO cos~ cosØ sinO sin~j’ cos cosO
+sin~ sins~ —cosij’ cos

+3 —sin~ cos~ sinO —sinø sin~(’ sinO —sin~ cosO
+51n41’ cos~ —cosø cos*

—cosO sinij# cosO cos~’ 0

+ —sin~ sin8 sin~j ’ sin~ sinO cosil’ 0
—sin I,L’ cos ø

~-~nsØ simP sinO cos cos~’ sinO 0
)sIjl siflø +sifl~ sin~L’
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