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SUMMARY 

This  paper  describes  two  applications  of  a  recent  modification  to  the 
methodology  of  profile  analysis.  The  modification  permits  the  testing  of 
differences  between  two  functions  as  a  whole  rather  than  point  by  point  and 
with  a  single  test  rather  than  multiple  tests.  This  modification  is  applied 
to  separate  examinations of the  effects of two  visual  display  systems  and  two 
sets of force-feel  characteristics on pilot-simulator  performance of transport 
approach,  flare,  and  touchdown. 

The  first  application  was  to  a  flight-simulation  comparison  of  pilot- 
vehicle  performance  with  a  three-element  refractive  display  to  performance  with 
a  more  widely  used  beam-splitter-reflective-mirror  display  system.  The  results 
demonstrate  that  the  refractive  system  for  out-the-window  scene  display  provides 
equivalent  performance to the  reflective  system. 

The second  application  demonstrates  the  detection of significant  differ- 
ences  by mdified profile-analysis  procedures.  This  application  compares  the 
effects of two  sets  of  pitch-axis  force-feel  characteristics on the  sink  rate 
at  touchdown  performance  utilizing  the  refractive  system.  This  experiment 
demonstrates  the  dependence  of  simulator  sink-rate  performance on force-feel 
characteristics. 

INTRODUCTION 

The  purpose  of  most  flight-simulation  experiments  is  to  detect  differ- 
ences  in  the  performance  of  the  man-vehicle  system  under  investigation as 
certain  factors  in  the  experiment  are  varied.  Often  the  performance  index of 
interest  may  be  expressed  as  a  function.  Most  instances  of  statistical  treat- 
ment of such  data  are  in  terms  of  multiple  tests  at  succeeding  values  of  the 
independent  variable. A recent  modification  by Myers (ref. 1) of a  statistical 
methodology  utilized  in  multivariate  analysis  allows  for  the  testing  of  func- 
tions  with  a  single  test  rather  than  multiple  tests. The modification is,made 
to  the  methodology  of  profile  analysis  (ref. 2) and  provides  a  significant  tool 
to  the  simulation  researcher.  Ambiguous  aspects of conventional  techniques, 
such  as  how  many  points  must be significantly  different  to  declare  the  functions 
different,  are  eliminated. 

Myers  develops  the  statistical  procedure in detail and  addresses  the  power 
of  the  test  and  its  implication  on  experimental  design  in  reference 1 .  The 
present  paper  discusses  the  application  of  the  analysis  procedure  to  flight- 
simulation  experiments of current  interest. 

Some  of  the  factors  affecting  the  quality of a  flight  simulator  are  the 
mathematical  model of the  flight  vehicle  and  its  environment,  the  cockpit  hard- 
ware,  the  force-feel  characteristics,  and  the  motion,  aural,  and  visual  cues 
provided  to  the  pilot.  Although  the  general  quality of current  conventional 



take-off and landing (CTOL) simulators is thought to be high, performance defi- 
ciencies  are  present, and particularly  evident, i n  the regime  of f lare and 
touchdown control. The significance of these  deficiencies is increased  as more 
reliance is placed on flight  simulators  for  pilot  training and proficiency 
maintenance . 

The deficiencies i n  the  past have  been attributed  to each of the  previ- 
ously mentioned factors  (ref. 3) , with current emphasis falling on the motion 
factor  (ref. 4) and, more  commonly,  on the visual  factor  (refs. 5 and 6 ) .  A 
portion of this paper addresses  the  visual  factor and w i l l  present  the  objective 
and subjective  data  collected  during  the  fixed-base  evaluation of a refractive- 
lens  display system that is described i n  reference 7 .  The system presented a 
terrain model-board  view  of the out-the-window scene to the pilot  of a 737-100 
simulator during  approach, f lare,  and  touchdown.  The results of this evalu- 
ation s t u d y  w i l l  be  compared via modified profile  analysis  to the results of a 
previous moving-base s tudy u t i l i z i n g  the same simulation model  and pilots, b u t  
w i t h  a different  display system (a  reflective  optics system) and a different 
cockpit  (ref. 6) . 

Differences between the cockpits were minimized i n  order to compare pilot- 
vehicle performance w i t h  the two different  visual  display systems. Static 
viewing of  an airport scene through the two systems had suggested that  differ- 
ent  height cues were provided by the systems. However,  no consistency i n  the 
different  height  estimates made by subjects viewing both systems was found. 
Some subjects gave higher estimates at  certain  altitudes w i t h  one system and 
lower estimates a t  other  altitudes. The only consistency found was that  dif- 
ferences  existed between estimates a t  the same altitude  for the two systems. 

Also, a separate  evaluation was conducted for two sets of  damping  and 
gradient  parameters of the  pitch-axis  force-feel  characteristics, u t i l i z i n g  
the refractive-lens  display system. Modified profile  analysis is also  applied 
to these  force-feel dependent results. 

I n  each of the aforementioned applications of the s ta t i s t ica l  method, the 
s i n k  ra te   a t  touchdown as a function of t r i a l  number (i.e.,  learning  curves) is 
the chosen performance measure for each set  of simulator  characteristics.  After 
describing  the  simulator  characteristics of the two studies, a brief  discussion 
of the methodology  of modified profile  analysis w i l l  be presented. The two 
applications of the procedure w i l l  then be discussed. 

THE FLIGHT SIMULATOR AM) LANDING TASK 

The commonalities and the  differences  existent during both studies  are 
presented i n  the  following  paragraphs. 

Characteristics of the  Airplane Mathematical Model 

The mathematical model  of a 737-100 airplane included a nonlinear  data 
package for a l l   f l i g h t  regions, a nonlinear  engine model, nonlinear models  of 
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servo   ac tua tors ,   and  spoiler mixers. The s imulat ion  of   the basic a i r f rame was 
well va l ida t ed  prior to its u s e   i n  numerous s tud ie s .  

For the   sub jec t   s tud ie s ,   t he   s imu la t ed   a i rp l ane  was in  the  landing-approach 
c o n f i g u r a t i o n   w i t h   t h e   f l i g h t   c h a r a c t e r i s t i c s  as approximated  in   table  I. The 
manual mode was u s e d   f o r   f l i g h t   c o n t r o l   r a t h e r   t h a n  modes such as control-wheel 
s t ee r ing ,   nav iga t ion ,  or autoland.  

C o c k p i t  Configurat ion  in   Previous  Study 

The s tudy  of r e fe rence  6 u t i l i z e d  a moving-base cockpit with a r e f l e c t i v e  
display  system. 

Moving-base cockpit.- The Langley  visual  motion simulator (VMS) cockpit 
was configured as a t r a n s p o r t  cockpit. The pr imary   ins t rumenta t ion   cons is ted  
of an   a t t i t ude -d i r ec to r   i nd ica to r   ( i nc lud ing   s t ee r ing  commands without f lare  
gu idance ) ,   ve r t i ca l - speed   i nd ica to r ,  a ho r i zon ta l - s i t ua t ion   i nd ica to r ,  altim- 
eter, a i r speed   i nd ica to r s   (bo th   i nd ica t ed  and t rue ) ,   ang le s   o f  at tack and s ide-  
s l i p  meters, and a turn-and-s l ip   ind ica tor .  

The c o n t r o l   f o r c e s  for wheel,  rudder  pedals,  and column were provided by 
a hydraulic  system  coupled  with  an  analog  computer.  The system allows f o r   t h e  
u s u a l  v a r i a b l e   f e e l   c h a r a c t e r i s t i c s   o f   s t i f f n e s s ,  damping,  coulomb f r i c t i o n ,  
b reakout   forces ,   and   iner t ia .  The f o r c e   g r a d i e n t s  were provided by t h e   d i g i t a l  
canputer used to so lve   the   a i rp lane   mathemat ica l  model. Se lec t ion   o f   t he  
parameter  values  of  the  control-loading  system was inc luded   in   the   ex tens ive  
v a l i d a t i o n  process f o r   t h e  737-100 f l i g h t  simulator. 

The nonl inear ,   coordinated,   adapt ive  washout  method ( r e f s .  8 and 9 )  which 
was developed a t  Langley was used to provide  motion  dr ive  s ignals  to the   s ix -  
degree-of-freedom  moving base ( r e f s .  1 0 ,  1 1 , and 1 2)  . The adaptive  washout 
f i l t e r s  o f   t h i s  washout  method are based on cont inuous ,   s teepes t   descent ,  
op t imiza t ion   techniques .   Table  I1 presents   the  performance limits of  the  motion 
base,   al though  conservatism m u s t  be e x e r c i s e d   i n   t h e  u s e  o f   t he   pos i t i on  limits, 
s ince   t hese  limits change as t h e   o r i e n t a t i o n   o f   t h e   s y n e r g i s t i c  base va r i e s .  
Motion was r e s t r i c t e d  to five  degrees  of  freedom  because  objectionable  hydrau- 
l i c  noise  is induced  by  the  heave  motion  of  the  synergistic base, and  only a 
small amount o f   v e r t i c a l   c u e  was a v a i l a b l e  anyway.  The small amount o f   v e r t i c a l  
cue   ava i l ab le  is due to  a combinat ion  of   posi t ion limits of the  motion base and 
the  short-per iod  f requency of t h e  737-100 a i rp lane   in   the   l anding-approach  con- 
f i g u r a t i o n .  The c u e  avai lable   for   heave  under   these  condi t ions is less than 
0.059,  which is the   p roduct  of amplitude,  0.4572 m, and  frequency  squared (fre- 
quency is less than  1 rad /sec) .  The heave axis was, the re fo re ,  used only  to 
p resen t  touchdown cues.  

Reflect ive  display  system.-  An out-the-window v i r t u a l  image system  located 
nominally  1.27 m f r a n   t h e  p i lo t ' s  eye  presented a nominal f i e l d  of view 48O wide 
by 36O high  of a 525 t e l e v i s i o n   l i n e  raster system  and  provided a 46O by 26O 
i n s t an taneous   f i e ld   o f  view. 
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The sys tem  suppl ies  a color picture of uni ty   magni f ica t ion   wi th  a reso- 
l u t i o n  on the  order of 9 minutes  of arc. The v i r t u a l  image  system was the  
beam-spl i t te r - re f lec t ive-mir ror   type   i l lus t ra ted   in   f igure  1.  

Cockpi t   Conf igura t ion   in   Present   S tudy  

The p r e s e n t   s t u d y   u t i l i z e d  a fixed-base cockpit with a r e f r ac t ive -op t i c s  
display  system. 

Fixed-base- cockpit.- The Langley  t ransport   s imulator  cockpit was used 
dur ing   th i s   s tudy .  The  pr imary  instrumentat ion was e s s e n t i a l l y   i d e n t i c a l  to  
t h a t  of t h e   p r i o r   s t u d y   ( r e f .  6 )  conducted  in   the VMS. The c o n t r o l   f o r c e s  on 
wheel,  column,  and rudder pedals were provided by a hydraul ic   system coupled 
with  an  analog computer, a system  s imilar  to  t h a t   o f   t h e  VMS. The c o n t r o l  
f o r c e s  were i d e n t i c a l  to those  used  in   the VMS s t u d y   f o r   t h e   f i r s t   p o r t i o n  
of   the  s tudy.  Thus, a n   e f f o r t  was made to make t h e   o n l y   v a r i a b l e s   e x i s t i n g  
between  the two s t u d i e s  be the   d i f fe rences   in   the   v i sua l   d i sp lay   sys tems  and  
motion-no-motion condi t ions .  The results of earlier work on the  VMS with 
the  same a i rp lane   s imula t ion   ( re f .   13)   repor ted  no s i g n i f i c a n t   e f f e c t s  from 
t h e   a d d i t i o n  of  motion c u e s  during CTOL approaches.  (Heave  motion was omitted 
also d u r i n g   t h i s  prior study.)  

- 

Refractive  di~splay-syst .q.-  An out-the-window v i r t u a l  image system, 
u t i l i z i n g   t h e   t r i p l e t - l e n s   d e s i g n  of re ference   7 ,   p resented   the  same approx- 
imate f i e l d  of  view  and r e so lu t ion   o f   t he  525 t e l e v i s i o n   l i n e  color scene  of 
t he   t e r r a in   boa rd  as t h e   r e f l e c t i v e   d i s p l a y   s y s t e m .   T h i s   l e n s   d e s i g n  is 
i l l u s t r a t ed  i n   f i g u r e  2. 

Fo rce - fee l   cha rac t e r i s t i c s . -  The p i t c h - a x i s   f o r c e - f e e l   c h a r a c t e r i s t i c s  
f o r   t h e   f i r s t   p o r t i o n   o f   t h e   c u r r e n t   s t u d y ,  which were i d e n t i c a l  to those 
used i n   t h e  VMS study,  were changed  considerably  for   the  second  port ion  of  
the   s tudy .  The c o n t r a s t  between the t w o  sets of parameters is shown i n  
table 111. 

Visual-Scene  Generator 

The v isua l -scene   genera tor   cons is t s   o f  a te lev is ion-camera   t ranspor t  
system used in   conjunct ion  with a t e r r a i n  model board. The model board, 
7.32 m by 18.3 m, o f f e r s   t e r r a i n  and a i r p o r t  complexes a t  a 750:l scale and 
a 1500:l scale, comple te   wi th   t ax i   l igh ts ,   v i sua l   approach  slope i n d i c a t o r s  
(VASI ) ,  runway end i d e n t i f i e r   l i g h t s  (REILS),  and so fo r th .   P rov i s ion  is 
made for   day ,   dusk ,   and   n ight   scenes ,   inc luding   a i rp lane   l anding   l igh ts   dur ing  
n ight   l andings .   S ince  most of  the data a v a i l a b l e  from the  VMS study was taken 
on  the 0.914 km runway  on a 750:l scale dur ing   day l igh t   ope ra t ion ,  the same 
condi t ions  were used in   ob ta in ing   t he   add i t iona l  data fo r   t he   cu r ren t   s tudy .  

The approximate  second-order  tranfer-function parameters f o r   t h e  camera 
t ranspor t   sys tem are p resen ted   i n   r e f e rence  1 4  and show t r a n s l a t i o n a l   l a g s   o f  
1 0  msec or less and r o t a t i o n a l   l a g s   o f  20 mec or less. 
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Approach,  Flare,  and Touchdown Task  

The s imula t ed   a i rp l ane  was trimmed s t r a i g h t  and l e v e l  a t  an a i r speed   of  
120  knots   on  the  gl ide slope and   loca l izer  a t  a range  of 3.22 km from the  run- 
way threshold.  The aim p o i n t  on the  runway was 305 m beyond the   th reshold .  
The p i l o t ’ s  t a s k  was to e f f e c t  a t r a n s i t i o n  from s t r a i g h t  and l e v e l   f l i g h t  to 
the  3O g l i d e  slope; then ,   whi le   cont ro l l ing   speed ,   the  pi lot  would complete   the 
approach   and   then   f la re   v i sua l ly   and   touch  down. 

P a r t i c i p a t i n g  Pilots 

Four NASA r e s e a r c h   p i l o t s   p a r t i c i p a t e d   i n   e a c h   o f   t h e   l a n d i n g   s t u d i e s .  
Two of the  pilots have  had e x t e n s i v e   e x p e r i e n c e   w i t h   v i s u a l   l a n d i n g s   i n   f l i g h t  
simulators, whereas   the  other  t w o  have  had  only  l imited  experience.  

MODIFIED  PROFILE‘,  ANALYSIS 

The methodology  developed  in  reference 1 was used i n   o r d e r  to test f o r  
s ta t i s t ica l  d i f f e r e n c e s  between  sink rate as func t ions  of t r i a l  numbers f o r  
bo th   the  t w o  d i sp l ays   and   t he  t w o  force- fee l   condi t ions .  The methodology is 
descr ibed   here  as app l i cab le  to only two funct ions ,   a l though  re ference  1 
t reats  t h e   g e n e r a l  case as well. 

Funct ion  Construct ion 

The s ink - ra t e   func t ions  were cons t ruc ted  by obta in ing   the  mean s ink  ra te  
for   groups of f i v e  touchdowns in   chronologica l   o rder  by groups for each con- 
d i t i o n .  Thus, t h e   f i r s t   f i v e   l a n d i n g s  made up t h e   f i r s t   g r o u p  mean, t h e   s i x t h  
through  the  tenth  landings made up the  second  group mean, and so f o r t h .  Each 
cond i t ion  was r e p l i c a t e d  30 times by var ious  numbers of p i l o t s ,   y i e l d i n g   s i x  
group means for   each  funct ion.  

The Methodology 

In  presenting  the  methodology, l e t  

-t 

Y i  = cyij] = 

(. = (““dition 1) 

Condition 2 

( j  = 1 ,  2, . . ., s) 
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where s is  the  number  of  trial  grouping ( 6 )  and  y  is  the  sink  rate.  Thus, 

y1 is  a  vector  consisting  of  the  function  values,  sink  rate,  at  each  trial 

group,  for  condition 1. It is assumed  that  this  vector,  and y2 as  well, 
follows  a  multivariate  normal  distribution  with  common  variance-covariance 
matrix 1, which  is  an s x s matrix. The  practical  implication  here  is  that 
within  each  function,  the  observations  are  correlated  and  the  correlation  struc- 
ture is the  same  for  each of the  two  functions. 

+ 

-+ 

Now  replicate  each  function (or vector) ‘71 and  ‘12  times,  respectively. 
It is desirable  to  test  the  null  hypothesis 

where  pi is the  vector  of  the  true  means  for  the  ith  function. 
+ 

h 

Let 1 be  the  estimate  of  the  variance-covariance  matrix 2 obtained  by 
pooling  the  sample  variances  and  covariances  for  each  function  over  functions, 

and  let Ti be  the  vector  of  means. -f 

Then, the  equation 

where 

follows  Hotelling’s  T2-distribution  with (rll + ‘72 - 2) degrees  of  freedom. 
(See  ref. 1 .) The  statistic T2 follows  an  F-distribution 

with s and (‘71 + ‘72 - s - 1) degrees  of  freedom.  This  fact  allows  testing 
of  the  null  hypothesis  of  equality  of  mean  vectors  by  using  the  upper  tail of 

the  F-distribution.  If l.11 # 1-12,  the  test statistic  follows  the  noncentral 
F-distribution  (ref.  2)  with ( s ,  ?ll + ‘12 - s - 1) degrees  of  freedom  and  with 
the  noncentrality  parameter 

(rll + ‘72 - s - 1) 
(‘71 + ‘72 - 2) s 

+ + 
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Thus, t he   e s t ima ted  power of   the  tes t  may be c a l c u l a t e d   f o r  a specific d i f f e r -  

ence p1 - p2 and f o r  an estimate of C. 
+ -+ 

EXPERIMESTAL  RESULTS 

Comparison of Visual-System Data S e t s  

I n   o r d e r  to  o b t a i n  a subject ive  comparison  between  the  effects   of   the  t w o  
systems on landing  performance,  each of the   four  pilots involved   in   the   p rev ious  
s tudy  was allowed t o  r e fami l i a r i ze   h imse l f   w i th   t he   cha rac t e r i s t i c s   o f   t he   o ld  
system by making severa l   approaches   and   landings   in   the  VMS simulator wi th   the  
r e f l e c t i v e   d i s p l a y .  

Due to scheduling  problems, two of the  pilots were unable to complete t h e  
f u l l  set of   consecut ive   l andings   wi th   the   re f rac t ive   d i sp lay   sys tem.   Thi r ty  
approaches  and  landings were completed by each   of   the   o ther  two p i l o t s .  Sub- 
j e c t i v e   d a t a  were obtained  from a l l  fou r   p i lo t s   bo th   fo r   t he   app roaches  and f o r  
s t a t i c  viewings. The p i l o t s   f e l t   t h a t   t h e r e  was a d i f f e r e n c e   i n   h e i g h t  cues 
between t h e  two systems when viewed s t a t i c a l l y .  However,  none of   the pilots 
f e l t   t h a t   t h e r e  w a s  any  dynamic v i s u a l   d i f f e r e n c e  between  the two disp lay   sys-  
tems or between their   performances  with  each  system. 

F igure  3 depicts t h e  mean s ink  rate a t  touchdown  and the  standard  devia- 
t i o n s   f o r   g r o u p s   o f   f i v e  touchdowns in   ch rono log ica l  order by groups  for   the 
two display  systems.  The known factors involved  in   this   comparison are the  
motion-no-motion cond i t ions   and   t he   r e f l ec t ive - r e f r ac t ive   d i sp l ay   sys t ems .  
Another  factor  could  have  been p i lo t  v a r i a b i l i t y ,   s i n c e   d a t a  f rom  fou r   p i lo t s  
were u s e d   f o r   t h e   r e f l e c t i v e   d i s p l a y .  However, t-test resul ts  ind ica t ed  no 
s igni f icant   d i f fe rences   be tween  the  mean pe r fo rmance   fo r   t he   r e f l ec t ive   d i s -  
p lay  of t h e  t w o  p i lo t s   comple t ing  a l l  runs,   the  t w o  p i l o t s  who completed  only 
t h e   r e f l e c t i v e   r u n s ,  and the  means of a l l  f o u r   p i l o t s .  

A s  ment ioned   prev ious ly ,   the   mot ion   fac tor  was n o t   f e l t  to be a s t rong  
con t r ibu to r ,   e spec ia l ly   s ince  a heave cue (considered to be c r i t i ca l  i n   r e f .  4 )  
was not   presented.   Convent ional  s ta t is t ical  ana lyses  were u t i l i z e d   i n   a d d i -  
t i o n  to  modi f ied   p rof i le   ana lys i s .   Table  I V  p r e s e n t s   t h e  s ta t i s t ica l  ana lyses  
of t h e  means (t-tests) and  standard  deviations  (nonhomogeneity  of  variance 
tests) t h a t   d e t e c t  no cons is ten t ly   s ign i f icant   per formance   d i f fe rences   be tween 
t h e  t w o  s t u d i e s .  

The mul t iva r i a t e   t echn ique  was appl ied  to the  same data .  The H o t e l l i n g ' s  
F - t e s t  s ta t is t ic  ( r e f .  1 )  , f o r  6 and 23 degrees  of  freedom, was ca l cu la t ed  to  
be 1.78,  which is no t   s ign i f i can t   even  a t  the   10-percent   s ign i f icance   l eve l .  
Thus, a l l  of   the s ta t i s t ica l  ana lyses   de t ec t  no d i f f e r e n c e s   i n   t h e   f u n c t i o n s ,  
i n d i c a t i n g   t h a t   t h e   r e f r a c t i v e   d i s p l a y   s y s t e m   y i e l d s  pi lot  performance t h a t  is 
equ iva len t  t o  t h a t   o b t a i n e d  by us ing   the   re f lec t ive   d i sp lay   sys tem.  
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Canparison of Force-Feel Data Sets 

Figure 4 depicts  the mean s i n k  ra te   a t  touchdown  and standard  deviations 
for groups of five touchdowns i n  chronological  order by groups for  the two 
force-feel  cases. Both functions  are  data  sets from the  fixed-base simulator 
w i t h  the  refractive  lens  display. The original  control-loading  parameter-set 
function (4 .44  Hz undamped natural frequency) consisted of the  data from  two 
pilots, whereas the changed parameter-set  function  consisted of data from four 
pilots. Again, t- tests on pilot  variability  across the changed parameter-set 
data  indicated no significant  differences between the mean s i n k  rates of the 
two pilots completing a l l  runs,  the two pilots who completed only  the reflec- 
tive runs, and the means  of a l l  four pilots. 

Table V presents the results from the same conventional s t a t i s t i ca l  pro- 
cedures uti l ized  earlier,  although one-tailed  tests  are used for t h i s  compar- 
ison. The one-tailed  tests  utilize the alternative hypotheses that the means 
and variances of s i n k  rate  are  larger  for  the changed force-feel parameter set  
than for the original  set. The tests determine that the performance w i t h  the 
original  force-feel parameters is superior. The Hotelling's  F-test  statistic, 
for 6 and 23 degrees of freedom, was calculated  to be 2.36. T h i s  is found to 
be significant  at  the 93-percent confidence level. I n  reference 1, Myers cau- 
tions the  user of modified profile  analysis  to be prepared to consider a tes t  
which is s ignif icant   a t  a lower than usual  level due to power considerations. 
Thus, the n u l l  hypothesis that the two functions  are the same ( i .e . ,  force- 
feel  characteristics have no effect) is rejected by the new technique also. 

CONCLUDING REMARKS 

The modification  to  the methodology  of profile  analysis  to accommodate the 
testing of differences between two functions w i t h  a single  test,  rather than 
multiple  tests  at  various values of the abscissa, has been described and  demon- 
strated  for two sets of simulation-performance data. 

There  were no significant  differences i n  objective performance attributed 
to the change  from the beam-splitter-reflective-mirror  display system to the 
three-element refractive-lens  display system. The objective measurements, 
therefore, agreed w i t h  the subjective  opinions of the pilots. 

The second application of the modified prof ile-analysis procedure d id  
detect  significant  differences, as d id  conventional  procedures. These dif- 
ferences were attributed  directly  to  the  differences i n  force-feel  character- 
is t ics  of the column. A s  demonstrated, the  force-feel  characteristics have  an 
effect upon s i n k  ra te   a t  touchdown. 

Langley  Research Center 
National Aeronautics and  Space Administration 
Hampton, VA 23665 
October 11 , 1979 
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TABLE I.- LINEAR APPROXIMATION  OF TLIE FLIGHT 

CHARACTERISTICS OF THE 737-100 AIRPLANE 

Weight. N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  400 341 

Cen te r  of g r a v i t y   0 . 3 1 ~  
. . . . . . . . . . . . . . . . . . . . . . . . . . . .  

F l a p   d e f l e c t i o n .   d e g  . . . . . . . . . . . . . . . . . . . . . . . . . .  40 

Landing  gear . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Down 

Damping ratio for . 
S h o r t p e r i o d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.562 
Long period . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.089 
Dutch r o l l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.039 

Pe r iod .  sec. for . 
S h o r t   p e r i o d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  6.30 
Long p e r i o d  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  44.3 
Dutch r o l l  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  5.12 
S p i r a l   d i v e r g e n c e  . . . . . . . . . . . . . . . . . . . . . . . . . .  24.0 
R o l l  subs idence  . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.53 
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=LE 11.- PERFORMANCE LIMITS OF VISUAL-MOTION  SIMULATOR 

Degree of 
freedom 

Horizontal  

L a t e r a l  

V e r t i c a l  

Yaw 

P i t c h  

R o l l  

Performance limits 

P o s i t i o n  Velocity Acceleration 

Forward:  1.245 m 
A f t :  1.219 m 

fO. 6g k0.610 m/sec 

L e f t  : 1.219 m 
Right :   1 .219 m 

k0 .6g f0.610 m/sec 

up: 0.991 m k0.610 m/sec I +0.8g 
Down : .762 m 

+30° 
-200 I +1 s0/sec +50°/sec2 

TABLE 111.- COMPARISON OF PITCH-AXIS CONTROL  CHARACTERISTICS 

Force required 
Undamped n a t u r a l  

s e t t i n g ,  7.62 cm f r equency ,  
Breakou t  to d e f l e c t  

Hz j o u l e s  from trim, 
N 

4.44 I 115.65 I Fore: 10 .851  I A f t :  1.36 
I 

71 .17 I i;;;: 10.85 I 
1.36 
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TABLE 1V.- STATISTICAL ANALYSES  OF MEANS AND STANDARD  DEVIATIONS EOR 

TWO DISPLAY  SYSTEMS 

- 

I R e f  l ec t ive -d i sp lay  1 Ref r ac t ive -d i sp lay  

Groups 
o f   f i v e  

s i n k  rate, 
m/se c 

t 

Standa rd   dev ia t ion  

0.58 

0.37 

0.39 

0.56 

0.34 

0.30 

Mean 

1.88 

1.56 

1.69 

1.32 

1.15 

1.19 

rq I 20 

*S ign i f i can t  a t  the   5 -percent   l eve l .  
**S ign i f i can t  a t  the   2 -percent   l eve l .  

s ink  rate, 
m/sec 

~~ 

Standard   devia t ion  

0.35 

0.64 

0.46 

0.53 

0.30 

0.48 

10 

r Tabulated  two-tai led  values  

t-test, 
two-  ta i l e d  

2.20* 

2.02 

2.00 

0 

1.50 

0.49 

" 

1 S i g n i f i c a q c e  7: : :fii t, 28 degrees  of freedom 
F(10,20) 
F(20,lO) . . . . . . . . . . . . 3.42 

0.01 
2.76 
3.85 
5.27 

F - t e s t  , 
two-tailed 

. . .  

2.75(20,10) 

1.39(10,20) 

1.12(20,10) 

1.28  (20,lO) 

2.56(10,20) 
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Groups 
o f   f i v e  

1 to  5 

6 to 10 

11 to 15 

16 to 20 

21 to 25 

26 to 30 

rl 

-~ ~~ 

TABLE V.- STATISTICAL ANALYSES  OF MEANS AND STANDARD  DEVIATIONS EDR 

TWD FORCE-FEEL  CHARACTERISTICS 

Mean 

1.88 

1.56 

1.69 
~ 

1.32 

1.15 

1.19 

O r i g i n a l  
s i n k   r a t e ,  

m/sec 
~ 

S t a n d a r d   d e v i a t i o n  

0.35 

0.64 

0.46 
~ 

0.53 

0.30 

0.48 

10  
~~ 

Mean 

2.17 

1.91 

1.83 

1.78 

1.68 

1.74 

~~ 

Changed I I I 
mJsec I one- t a i l ed  o n e - t a i l e d  

s i n k  rate, 
t-test, F - t e s t ,  I 

S t a n d a r d   d e v i a t i o n  I 
0.66  +1.29 3.56* 

0.63 I +1.43 

1.38 +0.70  0.54 

0.97 

0.58 I +2.10* I 1.20 I 

0.86 I +1.87* I 3.21* I 
20 

1 

* S i g n i f i c a n t   a t   t h e   5 - p e r c e n t   l e v e l .  
* * S i g n i f i c a n t   a t   t h e   2 - p e r c e n t   l e v e l .  

I Tabu la t ed   one - t a i l ed   va lues  

S i g n i f i c a n c e   l e v e l  
t, 28 degrees   of   f reedom . . 
F(20, lO) . . 
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5 Cathode ray  tube 

f 
Mirror 

Figure 1.- I l l u s t r a t i o n  of  widely used re f lec t ive- type   d i sp lay   sys tem 
showing beam spli t ter  and r e f l e c t i v e  mirror. 

Cathode  ray 
tube 

Refractive  triplet 

Figure 2.- I l l u s t r a t ion   o f   r e f r ac t ive   v i r tua l - image   d i sp l ay   sys t em.  
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Figure 3.- Sink-rate comparison of the  visual  display  systems. 
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Figure 4.- Sink-rate comparison of the control-loading parameter sets. 
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