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CHAPTER 1, INTRODUCTION 

Backaround 

The frequency of mid-air  col l is ions i s  inc reas ing  a t  

an alarming r a t e ,  There w e r e  38 mid-air  c o l l i s i o n s  i n  

1968 [l], a l l  b u t  four  of which w e r e  between gene ra l  

a v i a t i o n  a i r c r a f t .  The m o s t  c o s t l y  acc idents  by any 

c r i t e r i o n  a r e  those  involv ing  a i r  carrier aircraft .  Two 

approaches have been mapped out  i n  an e f f o r t  t o  a l l e v i a t e  

t h e  c u r r e n t  number of mid-air  c o l l i s i o n s  and t h e  g r e a t e r  

number t h a t  are p red ic t ed  t o  occur i n  t h e  f u t u r e  as a re- 

s u l t  of increased  t r a f f i c .  The r e p o r t  of t h e  so-ca l led  

Alexander Committee [2] presen t s  some suggest ions on how 

t o  a l l e v i a t e  t h e  t r a f f i c  congestion i n  t h e  te rmina l  areas. 

These are d i r e c t e d  toward t h e  improvement of t h e  a i r  t r a f f i c  

c o n t r o l  system as a whole. Another approach involves  on- 

board ins t rumenta t ion  t o  allow a i r c r a f t  t o  maintain proper 

separa t ion .  

There are t w o  classes of onboard systems which are 

used t o  prevent  mid-air  c o l l i s i o n s .  These are t h e  c o l l i s i o n  

avoidance system (CAS) and the PWI system ( P i l o t  Warning 

I n d i c a t o r ,  o r  Proximity Warning I n d i c a t o r )  . A s  descr ibed  

i n  [ 3 ]  I t h e s e  systems are def ined  as follows 
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C o l l i s i o n  Avoidance Systems (CAS) - An a i rbo rne  system 
t h a t  performs a l l  t h e  necessary func t ions  such t h a t  
i t s  output  i s  a s i g n a l  i n d i c a t i n g  o r  i n t i t i a t i n g  an 
appropr ia te  avoidance maneuver a t  a s u i t a b l e  t i m e  e 

P i l o t  Warning Instrument ( P W I )  - An a i rbo rne  i n s t r u -  
ment whose func t ion  it is  t o  warn a p i l o t  and provide 
s u i t a b l e  information t o  assist him i h  eva lua t ihg  a 
c o l l i s i o n  threat. 

A s  can be seen from t h e s e  d e f i n i t i o n s  t h e  major d i f f e r e n c e  

between t h e  two systems i s  t h a t  t h e  CAS system performs the  

func t ions  of d e t e c t i n g  t h e  t a r g e t ,  eva lua t ing  t h e  t h r e a t  

posed by the  t a r g e t ,  and deciding on t h e  appropr ia te  

evasive maneuver. I n  t h e  PWI system only t h e  f i r s t  of these 

func t ions  i s  performed by t h e  system i t s e l f .  The eva lua t ion  

of t h e  threat  and t h e  appropr ia te  maneuver are accomplished 

by the  p i l o t  himself .  

The CAS system c u r r e n t l y  r ece iv ing  t h e  most a t t e n t i o n  

i s  the  time-frequency system be ing  developed by t h e  ATA [ 4 ] .  

These i n s t a l l a t i o n s  are very c o s t l y  (approximately $ 3 0 , 0 0 0 )  

and are designed p r imar i ly  fo r  use aboard a i r  carriers. 

The  cost fo r  a less s o p h i s t i c a t e d  ve r s ion  t o  be used by 

genera l  a v i a t i o n  a i r c r a f t  has  been es t imated  as being no 

l o w e r  than $ 4 , 0 0 0  [ 4 ] .  

PWI systems, because of the g r e a t e r  r e l i a n c e  on t h e  

p a r t i c i p a t i o n  of t h e  p i l o t ,  are considerably less expensive.  

The cost f o r  t h e  system proposed by RCA, which uses r a d i o  

frequencies  ranges f r o m  approximately $500 t o  $ 2 0 , 0 0 0 ,  

depending on system c a p a b i l i t y .  Other systems are under 

development which use xenon s t r o b e  l i g h t s  a s  t h e  t r a n s m i t t i n g  
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source ,  and t h e  cost fo r  t h e s e  i s  approximately $1,500. 

Another system t h a t  i s  c u r r e n t l y  on t h e  market [5]  a t  $395 

i n d i c a t e s  when an a i r c r a f t  w i th  an ope ra t ing  t ransponder  

i s  w i t h i n  a c e r t a i n  range of o n e ' s  own a i r c r a f t .  

The I n f r a r e d  PWI Svstem 

The type  of PWI system c u r r e n t l y  under eva lua t ion  by 

NASA, and t h e  system on which t h e  d i s p l a y  s t u d i e s  w e r e  

based,  i s  an i n f r a r e d  PWI system. This system uses the 

c u r r e n t l y  a v a i l a b l e  xenon s t r o b e  l i g h t s  as a t r a n s m i t t i n g  

source.  The r e c e i v e r s  are b u i l t  around s i l i c o n  d e t e c t o r s .  

T h e  good match between the d e t e c t o r  r e spons iv i ty  and 

xenon lamp energy d i s t r i b u t i o n  i s  shown i n  Figure 1.1 

taken from [ 6 1 .  A s  an a s i d e ,  it i s  i n t e r e s t i n g  t o  note  

the. peaks of energy which match t h e  s i l i c o n  d e t e c t o r  char- 

acter is t ics  are i n  t h e  i n f r a r e d  r eg ion ,  and do n o t  con- 

t r i b u t e  t o  the v i s i b i l i t y  c h a r a c t e r i s t i c s  of t h e  xenon lamp 

f o r  which t h e  lamps w e r e  i n i t i a l l y  intended.  

The t w o  pro to type  systems which are being eva lua ted  

use an a r r ay  of s i l i c o n  detectors a t  t h e  receiver. I n c i d e n t  

l i g h t  i s  focused on t h e  mosaic by a l e n s .  For t h e  Fecker 

system, each i n d i v i d u a l  s i l i c o n  detector covers a f i e l d  of 

view of approximately 20"  by 2 0 " .  The arrangement of t h e s e  

d e t e c t o r s  i s  shown i n  F igure  1 . 2  [ 7 ] .  I t  can be seen  t h a t  

t h e  maximum coverage i n  azimuth i s  approximately 160" and 

maximum coverage i n  e l e v a t i o n  i s  + 6 0 °  a The Lora l  system 
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uses a s i n g l e  row of 8 d e t e c t o r s  and each segment covers a 

f i e l d  of view of *lo" i n  e l e v a t i o n  and 30" i n  azimuth f o r  

a t o t a l  of 240"  coverage i n  azimuth. 

The primary l i m i t a t i o n  i n  t h e  i n f r a r e d  PWI system i s  

t h e  lack of range and range-rate  da ta .  The atmospheric 

condi t ions  can cause the  d e t e c t i o n  range of the  system t o  

vary f r o m  2 t o  5 m i l e s .  Thus one cannot i n f e r  the  range 

of a xenon source when it i s  first de tec ted .  I n  a d d i t i o n ,  

the pulse-to-pulse v a r i a t i o n  i n  received amplitude can be 

on the  o rde r  of 2 or 3 t o  1 [6]. T h i s  precludes the 

e f f e c t i v e n e s s  of t ak ing  d i f f e r e n c e s  of success ive  received 

pulses  t o  o b t a i n  range-rate  infommation. I n  s p i t e  of  these 

l i m i t a t i o n s ,  however, the o p t i c a l  PWI system does provide 

bear ing  and e l e v a t i o n  information about the t a r g e t ' s  posi-  

t i o n .  I n  the  case of the  Fecker system, t h i s  is  done w i t h  

a r e s o l u t i o n  of +11 1 / 4 O .  I n  the  L o r a l  system this i s  done 

w i t h  a r e s o l u t i o n  of rt15" i n  azimuth and +lo" i n  e l eva t ion .  

Displays 

T h e  workload of t h e  p i l o t  i n  t oday ' s  t r a f f i c  environ- 

ment i s  i n c r e a s i n g  r ega rd le s s  of t h e  p i l o t ' s  r a t i n g  o r  

t h e  a i rcraf t  he is  f l y i n g .  T h i s  is  e s p e c i a l l y  t r u e  i n  high 

dens i ty  t r a f f i c  a reas  where the two tasks of maintaining 

v ig i l ance  f o r  o t h e r  a i rcraf t  and fol lowing i n s t r u c t i o n s  

from a i r  t r a f f i c  c o n t r o l l e r s  create a heavy load  on t h e  

p i l o t ' s  a b i l i t y  t o  f l y  h i s  a i rc raf t  i n  a s a f e  manner. A 
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PWI system should n o t  add t o  this workload, b u t  should 

a l l e v i a t e  a p o r t i o n  of it. Therefore,  one of t h e  major 

f a c t o r s  is  t h e  P W I  d i sp l ay ,  t h e  i n t e r f a c e  between the  system 

and t h e  p i l o t .  The d i sp lay  i s  important  no t  only from 

the p o i n t  of  view of t h e  workload, b u t  pr imar i ly  because 

t h e  p i l o t  must qu ick ly  d e t e c t  t h e  t a r g e t  and eva lua te  t h e  

s i t u a t i o n  for  t h e  PWI system t o  work e f f e c t i v e l y .  

I d e a l l y ,  any modality (sensory i n p u t )  can be used i n  

a d i s p l a y  t o  t r ansmi t  information,  although audio,  v i s u a l ,  

and t a c t i l e  are t h e  primary methods t h a t  a r e  used. Only 

audio and v i s u a l  d i sp l ays  are considered i n  t h i s  r e p o r t ,  

even though a tac t i le  d i s p l a y  descr ibed  i n  [ 3 ]  seems 

e f f e c t i v e  i n  conjunct ion w i t h  a command f o r  a CAS type of 

system. 

One experiment w a s  conducted i n  t he  a r e a  of audio 

d i sp lays  by Charles Burr,  and he i n v e s t i g a t e d  the f e a s i b i l i t y  

of c r e a t i n g  a s te reophonic  alarm t o  be used i n  t h e  cockpi t .  

The purpose of t h i s  d i sp l ay  would be t o  create a sound 

which emanated from t h e  d i r e c t i o n  of t h e  t a r g e t .  The use 

of such a d i sp lay  would allow t h e  p i l o t  t o  t u r n  h i s  head 

immediately toward t h e  t a r g e t  and s t a r t  searching  without  

having t o  r e f e r  t o  any v i s u a l  ins t ruments .  The d e t a i l s  are 

descr ibed i n  Chapter 2 .  

Visual  d i sp l ays  f a l l  i n t o  two broad ca t egor i e s :  head- 

up and panel  mounted. The head-up d i sp lay  i s  of i n t e r e s t  

i n  connection wi th  PWI systems because of the  c r i t i c a l  

na ture  of d e t e c t i n g  a target  as quick ly  as poss ib l e .  A s -  
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suming t h a t  t h e  p i l o t  i s  accommodated a t  i n f i n i t y ,  a 

panel  mounted d i sp lay  would r e q u i r e  t h a t  t h e  p i l o t  accom- 

modate t o  t h e  pane l  upon hear ing  an audio alarm and then 

re-accommodate a t  i n f i n i t y  t o  search  f o r  t h e  t a r g e t .  Some 

experimental  work i n  t h i s  regard i s  descr ibed i n  161, and 

the  t i m e  t o  accomplish t h i s  task i s  on t h e  order  of 2 

seconds. On t h e  o t h e r  hand, a head-up d i sp lay  would allow 

t h e  p i l o t  t o  d e t e c t  t h e  t a r g e t  without  accommodation and 

would save m o s t  of t h i s  t i m e .  

Two experiments w e r e  performed with v i s u a l  d i sp l ays .  

B a s i l  Smith i n v e s t i g a t e d  t h e  effects of the f i e l d s  of view 

covered by t h e  i n d i v i d u a l  . s i l i c o n  d e t e c t o r s  on a person ' s  

a b i l i t y  t o  locate t a r g e t s .  T h i s  i s  b r i e f l y  descr ibed  i n  

Chapter 3 ,  and the d e t a i l s  a r e  contained i n  h i s  Master ' s  

t h e s i s  [81.  John Ha t f i e ld  cons t ruc ted  a moving-base simu- 

la tor  and compared t h e  t i m e  t o  d e t e c t  t a r g e t s  using a head- 

up d i sp lay ,  a panel  mounted d i sp lay ,  and a warning-only 

(buzzer) d i sp l ay .  
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CHAPTER 2 ,  FEASIBILITY STUDIES FOR A 

STEREOPHONIC AUDIO ALARM .' 

In t roduc t ion  

The purpose of t h i s  series of experiments i s  t o  

examine t h e  f e a s i b i l i t y  of a s te reophonic  audio alarm. Such 

an alarm could provide bear ing  information and, perhaps 

e l e v a t i o n  informat ion ,  by syn thes i z ing  a p o i n t  source of 

sound i n  the  d i r e c t i o n  of t h e  i n t r u d i n g  a i r c r a f t  using two 

o r  m o r e  speakers ,  

Svnthesis  of an Amarent  Sound Source 

When a person hears a sound from a s i n g l e  source h i s  

a b i l i t y  t o  locate t h e  source  of t h e  sound i s  based on s e v e r a l  

cues.  The i n t e r a u r a l  d i f f e r e n c e s  i n  t h e  i n t e n s i t y  of t h e  

sound and i n  the  t i m e  a t  which t h e  sound reaches t h e  ear 

are very important .  Echoes from the  pinnae a l s o  provide 

important cues such t h a t  people who are deaf i n  one e a r  are 

ab le  t o  determine t h e  d i r e c t i o n  of a sound source ,  although 

n o t  with as g r e a t  accuracy as people w h o  can use both ears. 

One mathematical  model of  t h e  ears i s  simply a p a i r  of 

holes  sepa ra t ed  by a sphere.  For a given sound source l  

which f o r  s i m p l i c i t y ' s  sake i s  a pure tone of  frequency w ,  

t he  ins tan taneous  sound p r e s s u r e  a t  t h e  l e f t  and r i g h t  ears, 

r e spec t ive ly ,  may be w r i t t e n  
Q 

PL = A s i n  u t  L 
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and 

= AR s i n  w ( t  + A t )  pR 

where A t  i s  t h e  i n t e r a u r a l  t i m e  d i f f e rence .  The s p h e r i c a l  

model a l l o w s  a simple c a l c u l a t i o n  of A t  which agrees  

c lose ly  w i t h  experimental  values .  The sound wave must 

t r a v e l  an e x t r a  d i s t a n c e ,  Ad, t o . r e a c h  the  far ear. 

Figure 2 . 1  shows the geometr ical  j u s t i f i c a t i o n  of the  

formula [ 9 ]  

d = r ( 0  + s i n e ) .  

Thus the i n t e r a u r a l  t i m e  d i f f e r e n c e  i s  simply 

t = Ad/c. 

W i t h  a r ad ius  of 8.75 c m  and a speed of sound of 34,300 cm/sec. , 

A t .  = 254(8 + s i n e ) .  v sec 

The i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e  i s  more d i f f i c u l t  

t o  p r e d i c t .  E s s e n t i a l l y  the human head acts as a low pass  

f i l ter .  Thus, the  i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e  v a r i e s  

no t  only w i t h  t he  d i r e c t i o n  of t h e  source  b u t  a l s o  w i t h  

t h e  frequency of the  sound. Values o f  t h e  i n t e n s i t y  d i f -  

ference have been determined experimental ly  by W. E.  Fedderson 

e t  a l .  [lo] and these values  are used i n  t h i s  s tudy.  

Bas ica l ly  t h e  i n t e n s i t y  l e v e l s  are equal  when the  source i s  

d i r e c t l y  i n  f r o n t  of or behind the  head ( e  = 0' or  180') b u t  

the i n t e n s i t y  d i f f e r e n c e  grows as the  source  moves t o  e i ther  

side of t h e  head. The d i f f e r e n c e  i s  g r e a t e s t  a t  6 = + g o o ,  

about 20 db a t  6 , 0 0 0  cps, 11 db a t  2,500 cps, and no t  m o r e  
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Figure 2 . 1  Model for Determining Interaural Time Difference 
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than  1 db a t  200 cps ,  

Man's mechanism f o r  l o c a l i z i n g  sound sources  depends 

mainly on .the i n t e r a u r a l  t i m e  d i f f e r e n c e  f o r  f requencies  

less than  about 1500 cps.  Above 1500 cps ,  the i n t e n s i t y  

d i f f e rence  i s  t h e  primary cue. I t  has  been found i n  other  

s t u d i e s  [ll] t h a t  t h e  i n t e r a u r a l  t i m e  d i f f e r e n c e  becomes 

an almost n e g l i g i b l e  factor i n  t h e  l o c a l i z a t i o n  of h ighe r  

frequency tones e Resul t s  from p a r t s  of  t h i s  experiment 

bear t h i s  o u t ,  

To synthes ize  an apparent  sound source  by varying 

the output  of two speakers ,  sound waves should be  c rea t ed  

a t  t h e  two ears which are nea r ly  t h e  same as would be 

created by a rea l  source  i n  t h e  in tended  d i r e c t i o n .  For 

example, cons ider  Figure 2 . 2 ,  showing two speakers ,  1 and 

2 ,  and t h e i r  r e l a t i v e  p o s i t i o n  t o  the  l i s t e n e r ' s  head. The 

ins tan taneous  sound pressure  a t  each ear i s  t h e  sum of t h e  

components from the  two speakers ,  t h a t  i s  

- 
'R - '1R + '2R 

and 

'L = '1L + '2L 

where PIR i s  the component from speaker  1 a t  the r i g h t  ear,  

P2R i s  the  aomponent from speaker  2 a t  t h e  r i g h t  ear ,  etc. 

I f  w e  cons ider  

PIR = AIR s i n  u t  
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F i g u r e  2 .2  Speaker Layout  
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then 

PIL = AIL s i n  w ( t  - A t l L )  

where 

A t l L  = A t ( e 1 )  A t  ( e  1 vsec. = 2 5 4 ( 8  + s i n e ) .  

I f  w e  know the  i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e  AI , (@)  

f o r  t h e  frequency w, t h e  amplitude AIL can be w r i t t e n  

where 

= exp(-AIdb(e)/20).  

Thus PIL i s  a func t ion  of PIR and el ,  

k(B1) s i n  w ( t  - A t ( e l ) ) .  '1L = %R 

S imi l a r ly  t h e  sound p res su re  components from speaker 2 can 

be w r i t t e n  

P2L = A2L s i n  w ( t  - At , )  

and 

= A2Lk(02) s i n  w ( t  - A t d  - A t ( e , ) )  '2R 

where A t d  i s  any t i m e  delay which might occur between PIR 

and PaL. 

d i s t ances  between speaker 1 and t h e  r i g h t  ear and between 

speaker 2 and the  l e f t  ear o r  by an a r t i f i c i a l l y  induced 

delay a t  t h e  speakers  themselves.  F i n a l l y ,  adding t h e  

var ious components, w e  ob ta in  

Such a t i m e  delay might be caused by unequal 
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and 

V e c t o r  add i t ion  provides  a simple g raph ica l  technique 

f o r  t h i s  add i t ion .  The r e su l t an . t s  of t h e  two add i t ions  can 

be expressed as 

PR = A, s i n  w ( t  + A t , )  

and 

= AL s i n  w ( t  + A t L )  
pL 

W e  are i n t e r e s t e d  i n  t h e  i n t e r a u r a l  i n t e n s i t y  d i f f e r e n c e ,  

A I d b ,  and t h e  i n t e r a u r a l  t i m e  d i f f e r e n c e ,  A t ,  which a r e  

s p e c i f i e d  for  t h e  d e s i r e d  d i r e c t i o n ,  These t w o  parameters 

are def ined  

A I d b  = 20 loglo (AR/AL) 

and 

A t  = A t R  - A t L .  

It i s  ted ious  b u t  p o s s i b l e  t o  determine t h e  appropr ia te  

components given a d e s i r e d  d i r e c t i o n  by i t e r a t i v e  methods a 

Values used i n  t h e  tests w e r e  determined by an i t e r a t i v e  

g raph ica l  method. 
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Problems Caused by t h e  Cockpit  Environment 

Severa l  b a s i c  problems e x i s t  i n  t h e  ope ra t ing  cockp i t  

condi t ions which might l i m i t  t h e  audio system's  c a p a b i l i t y  

t o  create t h e  appropr i a t e  sound p res su res  a t  each of  t h e  

p i l o t ' s  ears or  which might diminish t h e  p i l o t ' s  a b i l i t y  

t o  local ize  a sound source.  

The p i l o t ' s  workload produces a s t r a i n  on h i s  abi l i t ies  

which must no t  be neglected.  I n  t h e  tests discussed i n  

t h i s  r e p o r t  no workload w a s  p laced  on t h e  subject; t h e  

d i s t r a c t i o n  caused by t h e  p i l o t ' s  need t o  c o n t r o l  t h e  

a i rc raf t  w i l l  very l i k e l y  reduce h i s  a b i l i t y  t o  l o c a l i z e  

the  audio alarm. This p o s s i b i l i t y  must be s e r i o u s l y  con- 

s i d e r e d  s i n c e  t h e  m o s t  probable t i m e  t h a t  t h e  alarm w i l l  be 

used i s  when t h e  p i l o t ' s  workload i s  t h e  h e a v i e s t ,  j u s t  

a f t e r  takeoff  and j u s t  before  landing. 

Recent s t u d i e s  of background no i se  i n  p r i v a t e  l i g h t  

a i r c r a f t  show t h a t  no i se  i n  t h e  cockp i t  runs as  high as 

105 db a t  low frequencies  of about 60 cps.  The i n t e n s i t y  

drops o f f  as t h e  frequency i n c r e a s e s ,  b u t  i s  s t i l l  as 

high as  65 db a t  2500 cps [12]. 

By concent ra t ing  t h e  audio alarm i n  t h e  h igher  audio 

f requencies ,  such as 2000 t o  5000 cps,  t h i s  problem should 

no t  be s i g n i f i c a n t  s i n c e  t h e  background no i se  i s  no t  so 

predominant i n  these regions.  

A problem which was neglec ted  i n  t h i s  r e p o r t  u n t i l  

now bu t  which i s  ev iden t  i n  t h e  r e s u l t s  of t h e  tests is  the 
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ques t ion  of t h e  e x t e n t  of t h e  d i s r u p t i o n  of t h e  intended 

sound waves from a mul t i tude  of d i r e c t i o n s  can l i t e r a l l y  

des t roy  t h e  in tended  e f f e c t  of  t h e  t w o  speaker system. 

Very e a r l y  i n  t h e  t e s t i n g  it w a s  found t h a t  a continuous 

alarm c rea t ed  a sound t h a t  seemed t o  come from a l l  d i r e c t i o n s  

even when j u s t  one of t h e  two speakers  was used. However, 

pu l s ing  t h e  alarm a t  about two pulses  p e r  second seems t o  

have l i m i t e d  t h i s  problem. 

The freedom of head movement might s e e m  t o  create a 

problem f o r  t h e  syn thes i s  of an apparent  sound source.  

Since t h e  t i m e  d i f f e r e n c e s  t o  be c r e a t e d  correspond t o  a 

d i s t a n c e  t r a v e l l e d  of only a f e w  cent imeters ,  only a s m a l l  

change i n  t h e  p i l o t ' s  head p o s i t i o n  w i l l  s e r i o u s l y  a f f e c t  

the t iming. However, w i t h  t h e  use of h ighe r  frequency tones 

(above 1 5 0 0  c p s ) ,  which are d e s i r a b l e  because of t h e  lower 

background no i se ,  t h e  e f f e c t  of the  i n t e r a u r a l  t i m e  d i f -  

fe rence  seems t o  be n e g l i g i b l e .  A s  long a s  t h e  p i l o t  is  no t  

r e l a t i v e l y  c l o s e  t o  e i t h e r  speaker ,  a moderate head move- 

ment should n o t  s e r i o u s l y  a f f e c t  the i n t e r a u r a l  i n t e n s i t y  

d i f f e r e n c e  of an alarm with a l a r g e  number of f requencies .  

I n  t h e  tests of t h i s  system, s u b j e c t s  w e r e  l e f t  f r e e  t o  

move t h e i r  heads a t  w i l l .  The only p o s i t i o n  c o n s t r a i n t  

was t h a t  t h e  p i l o t ' s  s e a t  b e l t  be f a s t ened  i n  o rde r  t o  keep 

t h e  s u b j e c t s  i n  approximately the same p o s i t i o n  through 

var ious  tests . 
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T e s t s  and Resul ts  

T h e  tests of t h e  t w o  speaker  alarm system w e r e  h e l d  

i n  t h e  Link GAT-1 t o  eva lua te  t h e  s te reophonic  alarm 

under rea l i s t ic  condi t ions  a The measurement of angles  was 

made d i f f i c u l t  by t h e  cramped a r e a  i n s i d e  t h e  cockpi t  and 

measure of t h e  speaker  output  w a s  complicated by the,  

presence of echoes i n  t h e  cockpi t .  A s  a r e s u l t  t h e  angle  

measurements are only accura te  t o  about + 3 O ,  adequate f o r  

t h i s  experiment. Because of t h e  echoes t h e  speaker  i n p u t  

was measure i n  t h e s e  tests. Test ing t h e  speakers ind iv id-  

u a l l y  ou t s ide  t h e  cockp i t ,  it w a s  determined t h a t  with the  

sound l e v e l s  used t h e  response o f  t he  two speakers  was 

v i r t u a l l y  i d e n t i c a l  and t h e  output l e v e l  increased  pro- 

p o r t i o n a l l y  t o  inc reases  i n  t h e  i n p u t  l e v e l .  

I n  t h e  cockpi t ,  t h e  speakers  w e r e  mounted on both s i d e s  

of  t h e  p i l o t .  Since t h e  p i l o t  warning i n d i c a t o r  system roughly 

scans k6Oo i n  azimuth, it w a s  o r i g i n a l l y  intended t o  mount 

t h e  speakers  a t  + 6 0 °  from t h e  f r o n t  of t h e  p i l o t ' s  head. 

However, because of d i f f i c u l t i e s  i n  measurement and i n s t a l -  

l a t i o n ,  speakers  l and 2 ,  r e s p e c t i v e l y ,  w e r e  xr.ountec? a t  

4 5 O  and -51O €or test  I and a t  SOo and -55O f o r  test  11. 

These tes t  w e r e  designed t o  determine how w e l l .  a sub- 

ject  could l o c a l i z e  an audio s i g n a l  from t h e  two speakers .  

The s u b j e c t  was seated i n  t h e  cockpi t  wi th  t h e  seatbelt 

fas tened  as an approximate p o s i t i o n  c o n s t r a i n t .  When the  

s u b j e c t  heard an alarm he gave t h e  d i r e c t i o n  he thought t h e  
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sound came from by s e l e c t i n g  t h e  apprcp r i a t e  number from 

a numbered t ape  which ran  h o r i z o n t a l l y  across  t h e  middle 

of t h e  windscreen. Using a one way voice  coritmunicatioc 

l i n k ,  t he  s u b j e c t  repor ted  t h i s  number t o  t h e  tester who 

then turned  o f f  t h e  alarm. 

A 2500 cps square wave was chosen as  t h e  waveform of 

t h e  audio alarm. I t s  s i m p l i c i t y  made the measurement of 

i n t e n s i t y  d i f f e r e n c e s  and t i m e  delays convenient.  T h e  

s i g n a l  w a s  a l s o  s u f f i c i e n t l y  above t h e  1 5 0 0  cps regior,  

where a person ' s  a b i l i t y  t o  l o c a l i z e  a sound i s  poor. 

I t  was immediately found t h a t  a continuous alarm was 

impossible t o  l o c a l i z e  s i n c e  echoes gave t h e  impression 

t h a t  the  sound came from a l l  d i r e c t i o n s .  I t  was found t h a t  

one could n o t  even t e l l  when j u s t  one of  t h e  t w c  speakers  

was operat ing.  The e f f e c t  of the  echces was gres.t>y re- 

duced by pu l s ing  t h e  alarm, t h a t  i s ,  t u r n i n g  it on and o f f ,  

a t  t h e  r a t e  of about 2 t i m e s  p e r  second. I n  tests I and 11, 

t h e  waveform was generated by a square wave genera tor  

t r i g g e r e d  by a s i n e  wave gene ra to r  running a t  2 cps t o  

pu l se  the  alarm. The s i g n a l  was d iv ided  between t h e  two 

speakers  by a c e n t e r  tapped potent iometer .  This allowed 

the r e l a t i v e  i n t e n s i t y  d i f f e r e n c e  t o  be  ad jus ted .  N o  t i m e  

delay w a s  used. 

The r e s u l t s  of test  I (two s u b j e c t s )  and I1 ( f i v e  

subjects) show t h a t  t h e  sense  of d i r e c t i o n  responds w e l l  t o  

changes i n  t h e  i n t e n s i t y  l e v e l s .  A d e f i n i t e  bias i s  i n d i -  

ca ted  by t h e  p u l l  t o  the  l e f t  i n  t es t  I and t o  t h e  r i g h t  i n  
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tes t  11 as shown i n  Figures  2,3 and 2 . 4 .  The only d i f f e r -  

ence i n  t h e  two tests w a s  t h e  p o s i t i o n  of t he  two speakers ,  

The  r e s u l t s ,  however, i n d i c a t e  t h a t  t h e r e  i s  no c o r r e l a t i o n  

between t h e  b i a s  and t h e  c l o s e r  speaker (speaker 2 ) .  Evi- 

dence i n  o t h e r  tests leads  one t o  suspec t  echoes wi th in  

t h e  cockpi t  as  t h e  major cause of t h i s  b i a s ,  T h e  s tandard  

dev ia t ion  from t h e  average l o c a l i z a t i o n  value i s  18.9". 

I n  gene ra l ,  t he  s u b j e c t s  found the  alarm somewhat confusing 

t o  l o c a l i z e  e x a c t l y .  The gene ra l  d i r e c t i o n  w a s  f a i r l y  

easy t o  determine b u t  t h e  d i r e c t i o n  seemed t o  s h i f t  s l i g h t l y  

as the subject moved h i s  head. Response t i m e  w a s  n o t  

measured b u t  seemed t o  average about 5 seconds.  

O t h e r  tests w e r e  performed using t h e  i n t e r a u r a l  t i m e  

d i f f e rence  cue t o  c r e a t e  an apparent source ,  A s  expected,  

t h i s  w a s  no t  e f f e c t i v e  because the  fundamental frequency 

was 2500 Hz, above t h e  l e v e l  where t h e  t i m e  d i f f e r e n c e  i s  

an e f f e c t i v e  cue,  S imi l a r  r e s u l t s  are shown i n  [14]. These 

tests w e r e  u s e f u l ,  however, s i n c e  condi t ions  of  one speaker  

only w e r e  in termingled w i t h  t h e  t ime-difference cases  

They showed b i a s e s  of 1 2 "  and 6", and s tandard  devia t ions  

of 2 2 "  and 17" f o r  speakers  1 and 2 ,  r e spec t ive ly .  These 

a re  much l a r g e r  than  similar tests i n  anechoic chambers 

[13, 141 and p o i n t  t o  t h e  f a c t  t h a t  echoes are probably a 

prime source of t h e  d i f f i c u l t y  i n  ob ta in ing  consis tency i n  

perceived hear ing  of t h e  apparent source  of  sound. 
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Conclusions 

The  two speaker  system has been shown t o  be s u b j e c t  

t o  one of the b a s i c  weaknesses of t h e  cockpi t  environment: 

echoes.  I n  t h e  case of t h e  GAT-1 t h e  echoes appeared t o  

bias the  r e s u l t s  t o  e i t h e r  s i d e  depending on t h e  placement 

of t h e  speakers .  Each cockpi t  w i l l  have i t s  own p a r t i c u -  

l a r  echoes which w i l l  make the audio system subject t o  

readjustment i n  each of t h e  cockpi t s .  

I n  the c u r r e n t  form, t h e  system displayed a t  bes t  an 

accuracy which can only be considered bo rde r l ine  i n  con- 

junc t ion  wi th  I R  d e t e c t o r s  whose f i e l d  of view i s  about 

20°. The s t anda rd  dev ia t ion  of t h e  system is  of t h i s  

o rde r  without  t h e  problem of background noise  and p i l o t  

workload. The  r e s u l t s  a r e  more centered  than one would ex- 

p e c t ,  bu t  t h i s  can be a l l e v i a t e d  simply by moving t h e  

speakers  f u r t h e r  a p a r t .  I n  gene ra l ,  the system w i l l  

probably have a t  b e s t  no b e t t e r  than  bo rde r l ine  accuracy 

under ope ra t ing  condi t ions .  

The dependence of t h e  apparent  sound source on only 

the  r e l a t i v e  i n t e n s i t y  l e v e l s  of  t h e  two speakers  m a k e s  t h e  

t w o  speaker  s t e r e o  system r e l a t i v e l y  easier t o  rea l ize  i n  

inexpensive phys ica l  equipment, an important  c r i t e r i o n  of 

the  t o t a l  coopera t ive  P i l o t  Warning I n d i c a t o r  System. 
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CHAPTER 3 .  EFFECT OF DISPLAY RESOLUTION 

In t roduct ion  

The purpose of t h i s  s tudy i s  t o  i n v e s t i g a t e  the  re- 

l a t i o n s h i p  between PWI instrument  r e s o l u t i o n  and the  p i l o t ' s  

e f f i c i e n c y  i n  l o c a t i n g  the t a r g e t ,  I t  was hypothesized 

t h a t  an optimum s i z e d  r e s o l u t i o n  e l emen t  o r  s e c t o r  might be 

found so  as t o  guide t h e  development of the  a c t u a l  PWI 

device.  I t  was, of course,  hoped t h a t  under most condi t ions 

t h e  optimum s e c t o r  s i z e  o r  a r e a  t o  be searched would no t  be  

t h e  t r i v i a l  s o l u t i o n ,  t he  smaller t h e  b e t t e r .  A d e t a i l e d  

d e s c r i p t i o n  of  t h i s  s tudy  i s  contained i n  [ 8 ] .  The 

following f a c t o r s  w e r e  i nves t iga t ed :  

(1) T i m e  t o  l o c a t e  a th rea t en ing  t a r g e t  a g a i n s t  a 

c l u t t e r e d  background. The v a r i a b l e s  w e r e  : 

(a)  Cont ras t  between t a r g e t  and background 

(b) Sec to r  s i z e  t o  be searched. 

( 2 )  T i m e  t o  l o c a t e  a t h rea t en ing  t a r g e t  a g a i n s t  a 

r e l a t i v e l y  less c l u t t e r e d  background. T h e  v a r i -  

ables w e r e  : 

(a) Contras t  between background and t a r g e t  

(b)  Sec tor  s i z e  t o  be searched. 

A l l  tests were conducted using a screen  which covered 

+80° i n  azimuth (0" s t r a i g h t  ahead) and +25"  i n  e l eva t ion .  

N o  at tempt was made t o  reproduce a i r c r a f t  o u t  t h e  window 

scenes with any v i s u a l  f i d e l i t y .  I n s t e a d ,  a con t ro l l ed  
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background w a s  created which w a s  uniform i n  b r i g h t n e s s  

and v i s u a l  c l u t t e r  over  t h e  e n t i r e  s c reen .  T h i s  allowed 

t h e  e s t ab l i shmen t  of reproducib le  b a s e l i n e  data which might 

then  be e x t r a p o l a t e d  t o  i n f l u e n c e  the  design of an a c t u a l  

f l i g h t  instrument .  

Experimental  Design and Procedures 

The b a s i c  o b j e c t i v e  i n  the des ign  of t h i s  experiment 

w a s  t o  provide an e f f i c i e n t  means of o b t a i n i n g  d a t a  on 

s u b j e c t  response t o  a number of i d e a l i z e d  s imula t ions  of 

PWI warnings.  I n  o r d e r  for  t h i s  basic  o b j e c t i v e  t o  be m e t ,  

it w a s  necessary t o  conduct a large number of experimental  

t r i a l s  vary ing  s e v e r a l  parameters .  A h igh ly  automated 

means of perfootming t h i s  t a s k  w a s  devised .  With t h i s  

technique,  r a p i d  d a t a  c o l l e c t i o n  and r epea ted  and v a r i e d  

t r ia l s  w e r e  p l aced  under computer c o n t r o l  and combined 

wi th  data r educ t ion  and a n a l y s i s .  

Computer c o n t r o l  allowed f o r  the  r a p i d  manipulations 

of several parameters e The parameters so c o n t r o l l e d  w e r e  

as follows: 

Hor izonta l  p o s i t i o n  of t h e  sea rch  sector on 

the screen .  This s imula ted  warnings from d i f -  

f e r e n t  azimuths a 

Sector s i z e ,  T h e  area t o  be searched could 

be v a r i e d  i n  s i z e  s imula t ing  d i f f e r i n g  r e s o l u t i o n  

PWI ins t rumenta t ion .  

Background q u a l i t y .  The amount of v i s u a l  c l u t t e r  
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o r  no i se  i n  t h e  background could be varied. 

( 4 )  Target c o n t r a s t  a g a i n s t  t h e  background. The 

conspicuousness of t h e  t a r g e t  a g a i n s t  t h e  back- 

ground could be v a r i e d  by adjustment.  

(5)  P o s i t i o n  of t h e  t a r g e t  w i t h i n  a given sector. 

The hybrid computer and t h e  experimental  s e t u p  i s  

shown i n  Figures  3 . 1  through 3 . 3 ,  

A s i n g l e  t r i a l  of the  experiment followed a s p e c i f i c  

series of events .  

F i r s t ,  t he  s e c t o r  s i z e  and t a r g e t  p o s i t i o n  w i t h i n  t h e  

s e c t o r  are s e l e c t e d ,  This i s  done by t h e  s e l e c t i o n  of a 

s i n g l e  s l i d e  from t h e  s l i d e  t r a y .  Both t h e  t a r g e t  and t h e  

s e c t  o r  i n d i c a t i o n  a r e  p ro jec t ed  from the  same s l i d e .  The 

s e c t o r  i n d i c a t i o n  i s  a whi te  box which encloses  t h e  a rea  

t o  be searched. The t a r g e t  i s  a t r i a n g l e  w i t h i n  t h a t  box. 

I t  i s  elongated and p o i n t s  e i t h e r  upr downl l e f t  o r  r i g h t .  

Because t h e  t a r g e t  p o s i t i o n  w i t h i n  a s e c t o r  on a given 

s l i d e  i s  f i x e d ,  it i s  necessary t o  have s e v e r a l  sl ides w i t h  

i d e n t i c a l  s i z e  sectors i n  o rde r  t o  vary t a r g e t  p o s i t i o n i n g  

wi th in  a s e c t o r .  Once t h e  s l i d e  has been chosen, it is  

loaded v i a  t h e  p r o j e c t o r  s l i d e  changing mechanism i n t o  a 

p o s i t i o n  ready f o r  projection.,  S l i d e  s e l e c t i o n  i s  done 

automatical ly  on command from the  hybrid computer. 

A f t e r  s l ide  s e l e c t i o n  and loading ,  the  p r o j e c t o r  i s  

moved t o  p o i n t  toward a p a r t i c u l a r  p o r t i o n  of t h e  screen. 

The p r o j e c t o r  i s  mounted on a t u r n t a b l e  t o  f a c i l i t a t e  t h i s  

and a feedback p o t  measures p r o j e c t o r  p o s i t i o n  allowing 
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F i g u r e  3.1 PDP-8 D i g i t a l  C o m p u t e r .  

F igu re  3 . 2  GPS 2 9 0 T  Analog C o m p u t e r .  

E 
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Figure 3 . 3  Subject  Rela t ive  t o  Screen and Target P r o j e c t o r .  



c losed  loop con t ro l .  P r o j e c t o r  p o s i t i o n i n g  i s  done by 

the computer under program c o n t r o l  a 

When t h e  s l i d e  i s  ready and t h e  p r o j e c t o r  c o r r e c t l y  

pos i t i oned ,  an alarm i s  sounded and t h e  p r o j e c t o r  lamp is  

lit p r o j e c t i n g  the  t a r g e t  and s e c t o r  i n d i c a t i o n s  onto  the  

screen.  Then when the  s u b j e c t  l o c a t e s  t h e  t a r g e t  w i th in  

r, he p res ses  a hand h e l d  but ton .  Both t h e  alarm 

and p r o j e c t o r  lamp a r e  s h u t  o f f  on t h i s  s i g n a l .  The com- 

p u t e r  records t h e  t o t a l  e lapsed  t i m e  from the  onse t  of t h e  

alarm u n t i l  t he  but ton  i s  pressed .  

The s u b j e c t  i s  then r equ i r ed  t o  i d e n t i f y  which d i r e c t i o n  

the  t a r g e t  was po in t ing .  H e  i n d i c a t e s  t h i s  response by 

p res s ing  one of four  but tons .  Data f r o m  t h e  t r i a l  i s  com- 

p i l e d  i n t o  running s t a t i s t i c a l  sums i f  he c o r r e c t l y  i d e n t i -  

f i e d  t h e  t a r g e t .  I f  he cannot ,  an e r r o r  i s  recorded. I f  

t h e  s u b j e c t  i s  unable t o  l o c a t e  the  t a r g e t  w i th in  32 

seconds,  t h e  alarm and lamp are s h u t  o f f  and an e r r o r  i s  

recorded. While t h e  computer i s  wa i t ing  t o  receive the  

t a r g e t  i d e n t i f i c a t i o n  from t h e  subject, the next  s l ide  i s  

s e l e c t e d  and t h e  p r o j e c t o r  p o s i t i o n i n g  i n i t i a t e d .  

The s u b j e c t  i s  a l s o  r equ i r ed  t o  work on a secondary 

t a s k  during s l a c k  moments between t r i a l s .  T h i s  t a s k  in -  

volves t h e  marking of a t a b l e  of random numbers i d e n t i f y i n g  

s p e c i f i c  number p a t t e r n s .  

Data from each t r i a l  i s  c o l l e c t e d  by the  computer. 

A t  t h e  end of each t r i a l ,  t h i s  d a t a  i s  analyzed and com- 

bined w i t h  d a t a  from previous t r ia l s .  I n  t h i s  f a sh ion ,  
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d a t a  a n a l y s i s  and reduct ion  takes  p l ace  as  t h e  experiment 

i s  running. 

B r i e f l y ,  each s t a t i s t i c a l  a b s t r a c t i o n  of  d a t a  f o r  one 

p a r t i c u l a r  grouping o r  sector s i z e  inc ludes  the  fol lowing 

da ta :  

(1) Number of  t r i a l s ' m a k i n g  up t h i s  group. 

( 2 )  Number of v a l i d  t r i a l s  included wi th in  t h i s  

group. A v a l i d  t r i a l  i s  one i n  which t h e  sub- 

ject  located t h e  t a r g e t  w i t h i n  32 seconds and w a s  

able t o  c o r r e c t l y  i d e n t i f y  it. 

( 3 )  Mean response t i m e .  T h i s  is  t h e  mean o r  average 

t i m e  r equ i r ed  t o  locate t h e  t a r g e t .  T h i s  i s  t h e  

mean of t h e  v a l i d  t r i a l s .  

(4) Variance.  This i s  t h e  square of t h e  s tandard  

dev ia t ion  among t h e  response t i m e s  of the  v a l i d  

t r ia ls .  

(5 )  Histogram of da t a ,  T h i s  i s  a simple compilation 

of a number of  t r i a l s  w i t h  r e a c t i o n  t i m e  l y i n g  

i n  cer ta in  t i m e  i n t e r v a l s .  The t i m e  i n t e r y a l s  

w e r e  broken down i n t o  h a l f  second segments from 

0 t o  27  seconds.  The l a s t  segment inc ludes  the 

d a t a  for  a l l  r eac t ion  t i m e s  i n  excess of 27  

seconds 

Subjec ts  w e r e  run under var ious  background and c o n t r a s t  

condi t ions Bas i ca l ly ,  c o n t r a s t  between background and 

t a r g e t  was ad jus t ed  by means of t h e  double po la r i zed  l e n s  

on the  t a r g e t  p r o j e c t o r ,  Cont ras t  w i th in  t h e  background, 
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t h a t  i s ,  d i f f e r e n c e  between m a x i m u m  b r i g h t  s p o t s  and maxi- 

mum dark s p o t s ,  w a s  ad jus t ed  by changing the  ambient l i g h t  

l eva1  i n  t h e  room. This w a s  done by changing the  wattage 

of a s i n g l e  l i g h t  source mounted jus t  above t h e  t a r g e t  pro- 

j e c t o r .  

A series of about 20 s u b j e c t s  w a s  used and an at tempt  

was made t o  l i m i t  t h e  number of repeated s u b j e c t s  so  as 

t o  e l imina te  any l ea rn ing  which might take p lace  during 

repeated exposure t o  t h e  mechanization of t h i s  experiment. 

Each series of runs was about 30 minutes long and included 

about 80 events .  

Conclusions 

This s tudy provided b a s e l i n e  d a t a  ,see 8 f o r  numeri- 

c a l  r e s u l t s )  concerning s e v e r a l  important  f a c t o r s  which w i l l  

a f f e c t  t he  performance of a PWI device.  Because t h i s  ex- 

periment i s  an a b s t r a c t i o n  of a r e a l  l i f e  s i t u a t i o n ,  some 

of t he  conclusions tend t o  Se somewhat more q u a l i t a t i v e  

than  q u a n t i t a t i v e .  T h e  d a t a  does p o i n t  t o  some primary 

design cons idera t ions  and provides  a b a s i s  f o r  a prel iminary 

PWI design. Fu r the r ,  more r e f i n e d  work should be done on 

a prototype instrument  with more rea l i s t ic  s imula t ion  o r  

actual  f l i g h t  tests. 

The most unexpected conclusion which can be drawn 

from t h i s  s tudy concerns the d i f f i c u l t y  s u b j e c t s  encountered 

i n  l o c a t i n g  t a r g e t s  a g a i n s t  t h e  uniform background. An 

i n i t i a l  guess on a poss ib l e  cost sav ing  t r i c k  f o r  PWI might 
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have been t o  t i e  s e v e r a l  sectors toge the r  s o  t h a t  only 

a f e w  l a r g e  s e c t o r s  covered t h e  sky. Smaller ,  more 

r e f ined  s e c t o r s  might then have been employed t o  cover 

t h e  ground c l u t t e r e d  f i e l d  of view. T h i s  s tudy i n d i c a t e s  

t h a t  a p i l o t  may have a g r e a t  d e a l  of d i f f i c u l t y  l o c a t i n g  

a plane i n  t h e  blank sky. Reasonable PWI r e s o l u t i o n  

would t h e r e f o r e  be  requi red  both above and below t h e  

hor i z on. 

Since the s a m e  sector s i z e  w a s  optimum under a wide 

range of conditions,  design of the PWI with i d e n t i c a l  above 

and below t h e  horizon r e s o l u t i o n  i s  ind ica t ed .  This optimum 

s e c t o r  s i z e  was around 10" t o  15' on a s i d e .  P i l o t  per- 

formance w a s  gene ra l ly  h igher  a t  somewhat smaller values  of 

s e c t o r  s i z e .  However, it is  l i k e l y  t h a t  t h e  e x t r a  c o s t  

incur red  t o  reduce the s e c t o r  t o  below t h e  10" t o  15" s i z e  

would n o t  be j u s t i f i e d  by t h e  marginal increases i n  perform- 

ance. P i l o t  performance with a l a r g e r  s e c t o r  s i z e  i s  

markedly worse than  wi th  t h e  optimum. The 11" s e c t o r  would 

t h e r e f o r e  appear t o  be t h e  most cost e f f e c t i v e  s i z e ,  

al though t h i s  should be v e r i f i e d  i n  a cockpi t  environment. 

Without a c o s t  c o n s t r a i n t ,  a 6 O  sector i s  t h e  more idea l  

s i z e ,  bu t  t h i s  would r ep resen t  a doubling of s e c t o r s  f o r  

only s l i g h t  performance inc reases .  

The absolu te  optimum of 6" nea r ly  corresponds t o  t h e  

c e n t r a l  v i s ion  s i z e .  Therefore,  t h e  s i z e  judged most c o s t  

e f f e c t i v e  can be covered i n  about four  f i x a t i o n s  of  t h e  eye.  

The s u b j e c t  would seem t o  be capable of  conducting such a 
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smal l  t e r m  scan  e f f i c i e n t l y .  When t h e  s e c t o r  i s  a s  l a r g e  

as  2 2 O ,  r equ i r ing  on t h e  o r d e r  of twenty w e l l  p laced f ixa -  

t i o n s ,  h i s  e f f i c i e n c y  drops d rama t i ca l ly ,  A c l o s e r  s tudy 

of t h e  e x a c t  r e l a t i o n s h i p  between scan procedures and 

search  e f f e c t i v e n e s s  might develop a means of en la rg ing  

t h e  optimum sea rch  a rea  t o  a more economical s i z e .  Such 

techniques might inc lude  d i f f e r e n t l y  shaped s e c t o r s ,  

p i l o t  t r a i n i n g ,  o r  scan guides w i t h  a s i n g l e  sector. I f  

such a technique could be employed e f f e c t i v e l y ,  a con- 

s i d e r a b l e  sav ings  i n  PWI c o s t  might be r e a l i z e d .  

I n  summary, t h i s  s tudy concludes t h a t  a PWI instrument  

should probably have t h e  fol lowing f e a t u r e s  : 

(1) Equal a r e a  s e c t o r s  throughout t h e  f i e l d  of view. 

( 2 )  Sectors of between 1 0 °  and 1 5 O  on a side ( s u b j e c t  

t o  f u r t h e r  v e r i f i c a t i o n ) .  

I t  a l s o  recommends t h a t  f u r t h e r  work be devoted t o  a 

more c a r e f u l  stucly of the  exac t  r o l e  of t h e  central  v i s ion  

i n  a d e t a i l e d  sea rch  t a sk .  
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CHAPTER 4, MOVING-BASE SIMULATOR AND DISPLAY EVALUATION 

In t roduct ion  

One of t h e  requirements necessary f o r  a PWI system t o  

be e f f e c t i v e  i s  t h a t  the information output  of t h e  system 

be t r ansmi t t ed  t o  the  p i l o t  i n  a way t h a t  enables  h i m  t o  

l o c a t e  t h e  i n t r u d e r  a s  soon as p o s s i b l e ,  without  appreciably 

impairing h i s  performance i n  c o n t r o l l i n g  h i s  a i r c r a f t .  A 

PWI system i s  in tended  pr imar i ly  f o r  use under VFR cond i t ions ,  

i . e . ,  under condi t ions  i n  which t h e  p i l o t ' s  a t t e n t i o n  w i l l  

be d i r e c t e d  mostly ou t s ide  t h e  cockpi t .  A head-up PWI 

d i sp lay  has  obvious advantages under t h e s e  condi t ions .  

It w a s  important  t o  eva lua te  t h e  d i sp lays  i n  a 

r e a l i s t i c  cockpi t  environment, so  a GAT-1, a s i n g l e  s e a t  

t r a i n e r ,  w a s  used f o r  t h e  experiment.  No at tempt  was made 

t o  s imula te  rea l i s t ic  views of i n t r u d i n g  a i r c r a f t  a g a i n s t  

r e a l i s t i c  backgrounds, as t h i s  r e q u i r e s  a complicated 

expensive s imula t ion .  However, an at tempt  w a s  made t o  make 

t h e  degree of d i f f i c u l t y  i n  loca t ing  the  s imulated t a r g e t  

about t h e  same as t h a t  t h a t  might be encountered i n  a r e a l  

s i t u a t i o n .  The cons t ruc t ion  of t h i s  moving-base s imula tor  

c o n s t i t u t e d  a major p o r t i o n  of t h e  e f for t .  I n  t he  s h o r t  

remaining t i m e  a s imula t ion  program was undertaken t o  evalu- 

a t e  a head-up d i sp lay ,  a panel  mounted d i s p l a y ,  and a 

"warning only" d i sp lay  t h a t  cons i s t ed  merely of an audio 

alarm without  any azimuth o r  e l e v a t i o n  information.  

.. 
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Displays Evaluated 

I t  was assumed t h a t  t h e  d i sp lays  being evaluated 

w e r e  fo r  use w i t h  a d e t e c t i o n  system s i m i l a r  t o  the 

Fecker system. The d e t e c t i o n  system contained t h i r t e e n  

sectors,  each s e c t o r  being 22  1/2" by 22 1/2" arranged as 

shown i n  Figure 4 .1 .  

The head-up d i sp lay  cons i s t ed  of s t r i p s  of 1 inch  wide 

Sylvania  green Panelescent  Tape-Lite , mounted j u s t  above 

the  windshield and t h e  s i d e  windows I each s t r i p  correspond- 

i n g  t o  one of t h e  seven c e n t r a l  s e c t o r s .  Also, t h r e e  1 / 2  

inch wide s t r i p s  of Tape-Lite w e r e  mounted on t h e  top  of 

t h e  dash, each s t r i p  corresponding t o  one of t h e  t h r e e  

f r o n t  sectors. Some of t h e s e  s t r i p s  can be seen  i n  Figure 

4 . 2 .  I f  an i n t r u d e r  w a s  de t ec t ed  i n  one of the  side s e c t o r s ,  

the s t r i p  above t h e  r e l e v a n t  sector would l i g h t .  I f  an 

intrudel :  was de t ec t ed  i n  one of  t h e  three f r o n t  c e n t r a l  

sectors, t h e  pane ls  above and below the appropr ia te  

sector would l i g h t .  

t h e  i n t r u d e r  w a s  i n  a f r o n t  upper sector,  and only t h e  low- 

er panel  would l i g h t  i f  the  i n t r u d e r  w a s  i n  a f r o n t  lower 

sector. 

Only the  upper panels  would l i g h t  if 

I n  Figure 4 . 3 ,  t h e  e lec t ro luminescent  s t r i p s  are 

l e t t e r e d  A through K. The l e t t e r  i n  each s e c t o r  i n d i c a t e s  

t h e  s t r i p  t h a t  w a s  energized when an i n t r u d e r  was i n d i c a t e d  

i n  t h a t  s e c t o r .  

Sylvania  Panelescent  Tape-Lite i s  f l e x i b l e  I and thus  

easy t o  mount on the  curved s u r f a c e s  i n s i d e  a cockp i t ,  and 
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Figure 4 .1  Projection of Windshield and Side Windows on Detection Sectors. 
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Figure 4 . 2  V i e w  of Panelescent T a p e - L i t e  S t r i p s  
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Figure 4 . 4  Panel  Mounted Display 
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uses very  l i t t l e  power (approximately 0 . 3  w a t t s / f t  a t  120v, 

6OHz). Tape-Lite has t o  be energ ized  by an AC source .  The 

b r i g h t n e s s  of t h e  pane l  i s  a func t ion  of both t h e  app l i ed  

voltage and t h e  frequency. ( I t  i s  thought t h a t  a simple 

device  could be cons t ruc ted  t o  vary t h e  app l i ed  frequency, 

so  t h a t  t h e  b r igh tness  of t h e  pane ls  could be made a 

func t ion  of t h e  l i g h t  i n t e n s i t y  i n s i d e  t h e  cockpi t .  A t  1 2 0  

v o l t s ,  t h e  b r igh tness  of t h e  green Tape-Lite i s  5 foot- lamberts  

a t  60Hz, and 30 foot- lamberts  a t  400Hz . )  

The pane l  mounted d i s p l a y  w a s  a modified Fecker d i s p l a y .  

I t  i s  c l e a r l y  shown i n  Figure 4.4. 

Figure 4.5 shows t h e  arrangement of t h e  lamps. The 

o r i g i n a l  d i s p l a y  had t h r e e  m o r e  lamps mounted o u t s i d e  t h e  

t h r e e  c e n t r a l  ones,  and thus  there  was a one-to-one cor- 

respondence between lamps and sectors. However, t o  use t h e  

same r e l a y  l o g i c  t h a t  w a s  used f o r  t h e  head-up d i s p l a y ,  t h e  

t h r e e  o u t e r  l a m p s  w e r e  n o t  used. Thus, i f  an i n t r u d e r  w a s  

i n  an upper f r o n t  sector,  t h e  ou t s ide  l i g h t  would be ener-  

g ized ,  i f  t h e  i n t r u d e r  was i n  a c e n t r a l  f r o n t  sector  both 

lamps on t h e  same rad ius  would l i g h t ,  and if an i n t r u d e r  was 

i n  a lower f r o n t  s e c t o r  only t h e  i n n e r  lamp would l i g h t .  

The d i s p l a y  as used w a s  n o t  as " n a t u r a l "  a s  t h e  o r i g i n a l  

d i s p l a y  and t h e  performance obta ined  wi th  t h e  modified 

d i s p l a y  may no t  have been q u i t e  as good as would have been 

obta ined  wi th  t h e  o r i g i n a l  d i s p l a y .  However, it i s  f e l t  

t h a t  i f  t h e r e  was any degradat ion i n  performance, it w a s  

very s m a l l .  The lamps used i n  t h i s  d i s p l a y  w e r e  energ ized  
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Figure 4 . 5  Lamp Arrangement i n  Panel  Mounted Display 

Figure 4 . 6  The GAT-1,  P r o j e c t i o n  Apparatus, and Screen 

E 
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... 

by a 6v DC supply.  

An audio s i g n a l  w a s  used wi th  both d i sp lays  whenever 

an i n t r u d e r  w a s  de t ec t ed .  T h i s  s i g n a l  w a s  1 5 0 0  Hz square 

wave, and w a s  loud enough t o  be e a s i l y  heard above t h e  

engine n o i s e .  The speaker  w a s  mounted under t h e  dash. To 

o b t a i n  b a s e l i n e  d a t a  t o  e v a l u a t e  both t h e  head-up and t h e  

pane l  mounted d i s p l a y s ,  tests w e r e  a l so  conducted w i t h  j u s t  

t h e  audio s i g n a l  enabled. 

Experimental  Setup 

Figure 4.6 shows a view of t h e  GAT-1,  t h e  t a r g e t  pro- 

j e c t i o n  system mounted above t h e  t r a i n e r ,  and t h e  s c r e e n  

on which the targets were p ro jec t ed .  

The sc reen  w a s  cons t ruc t ed  of Masonite. I t  formed a 

180"  arc ,  a t  a r ad ius  of approximately 6 feet  f r o m  t h e  

p i l o t ' s  normal head p o s i t i o n .  The s c r e e n  w a s  6 feet  i n  

h e i g h t ,  enabl ing  t a r g e t s  t o  be p r o j e c t e d  t h a t  w e r e  between 

e l e v a t i o n s  of approximately +30" and - 2 5 " .  T h e  s c reen  had 

a m a t t e  w h i t e  p a i n t e d  s u r f a c e .  

T h e  p r o j e c t i o n  system, which w a s  suspended above t h e  

t r a i n e r ,  c o n s i s t e d  of a v e r t i c a l l y  mounted p r o j e c t o r ,  

equipped wi th  a 6 inch  focal  length  l e n s ,  and a m i r r o r  t h a t  

w a s  gimballed about t h e  yaw and e l e v a t i o n  axes.  F igure  4 . 7  

i s  a view of t h e  p r o j e c t i o n  system. D.C.  motors w e r e  used 

t o  d r i v e  t h e  mirror  about t h e  t w o  axes .  Potent iometers  

measured t h e  r o t a t i o n  about each a x i s ,  enabl ing  complete 

c o n t r o l  of t a r g e t  l o c a t i o n .  The t a r g e t  c o n s i s t e d  of a s p o t  
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F i g u r e  4 . 7  P r o j e c t i o n  Sys tem 

F i g u r e  4 . 8  A r e a s  i n  Which T a r g e t s  Were P r e s e n t e d  
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of l i g h t  , approximately 0 e 25 inches i n  diameter subtending 

an a r c  of approximately 1 0  arc minutes a t  t h e  p i l o t ' s  eye,  

The experiment was conducted wi th  normal labora tory  l i g h t i n g ,  

g iv ing  a screen background b r igh tness  of  2 3  foot-lamberts e 

Two t a r g e t  b r igh tnesses  w e r e  used dur ing  t h e  experiment,  

one of 46 foot- lamberts ,  and t h e  o t h e r  of 34.5 foot- lamberts ,  

g iv ing  c o n t r a s t  r a t i o s  of 1 . 0  and 0.5 r e spec t ive ly .  Spot 

b r igh tness  was c o n t r o l l e d  by using poloar ized  f i l t e r s  i n  

f r o n t  of t h e  p r o j e c t o r .  The experiment  was con t ro l l ed  by 

a hySrid GPS 290T/PDP-8 computer. Relay l o g i c  was imple- 

mented t o  c o n t r o l  t h e  motors d r i v i n g  t h e  mirror,  t h e  

switching on and o f f  of t h e  p r o j e c t o r  lamp, t h e  audio alarm, 

and t h e  switching of t h e  d i sp lay  l i g h t s .  

The GAT-1 was instrumented t o  enable  t h e  measurement 

of i t s  a t t i t u d e  and the  measurement of i n d i c a t e d  a l t i t u d e .  

These d a t a  w e r e  used t o  compute t a r g e t  p o s i t i o n  i n  body- 

f i x e d  coord ina tes ,  and t h e  appropr ia te  p o r t i o n  of t h e  d i sp lay  

could be a c t i v a t e d  r ega rd le s s  of t r a i n e r  a t t i t u d e  o r  t a r g e t  

p o s i t i o n .  

Method of Condustincr Experiment 

Eight  subjects w e r e  used during t h e  experiment. All of 

them w e r e  f a m i l i a r  with f l y i n g  the t r a i n e r .  Five had ex- 

per ience  f l y i n g  genera l  a v i a t i o n  a i r p l a n e s  The following 

procedure was adopted f o r  t h e  t e s t i n g  of each d isp lay  with 

each t a r g e t  b r igh tness .  

The p i l o t  w a s  asked t o  climb t o  an a l t i t u d e  of 1 0 0 0  
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fee t ,  and t o  maintain t h a t  a l t i t u d e  a t  an i n d i c a t e d  a i r -  

speed of approximately 9 5  knots .  T h e  engine noise  was 

ad jus ted  t o  t h e  l e v e l  of t h a t  of a t y p i c a l  l i g h t  plane.  

The rough a i r  c o n t r o l  on t h e  t r a i n e r  w a s  ad jus t ed  t o  i t s  

mid-posit ion.  ( N o  a t tempt  was made t o  make a q u a n t i t a t i v e  

measurement of the  s imulated g u s t s . )  The p i l o t  w a s  asked 

t o  f l y  a heading corresponding t o  t h e  c e n t e r  of the  sc reen .  

When the  t r a i n e r  had been trimmed f o r  l e v e l  f l i g h t  a t  

1 0 0 0  feet ,  t h e  experiment began. Each experiment cons i s t ed  

of d i sp lay ing  a sequence of 40 t a r g e t s ,  A s  soon as a 

t a r g e t  was p ro jec t ed  onto the  sc reen ,  t h e  audio alarm would 

sound and t h e  appropr ia te  d i sp l ay  would l i g h t  up. When 

t h e  p i l o t  had loca ted  t h e  t a r g e t ,  he  depressed a s w i t c h  

mounted on t h e  l e f t  s i d e  of t h e  c o n t r o l  yoke. The t i m e  

i n t e r v a l  between t h e  t a r g e t  appearing on t h e  screen  and the  

p i l o t  f i nd ing  i t s  l o c a t i o n  was thus  measured. The audio 

alarm and t h e  p r o j e c t o r  lamp w e r e  tu rned  o f f  when t h e  p i l o t  

depressed the  switch.  

The computer used a random number genera tor  t o  p o s i t i o n  

each t a r g e t .  Thus, there w a s  no c o r r e l a t i o n  between the  

p o s i t i o n s  of s e q u e n t i a l  t a r g e t s .  Each t a r g e t  w a s  as  l i k e l y  

t o  be i n  any p o s i t i o n  i n  any sector as i n  any o t h e r  p o s i t i o n ,  

except  t h a t  no t a r g e t s  w e r e  p r o j e c t e d  on t h e  a reas  shown 

shaded i n  Figure 4 . 8 ,  The t i m e  i n t e r v a l  between a t a r g e t  

and the  p r o j e c t i o n  of t h e  next  t a r g e t  w a s  a random pe r iod ,  

equal ly  l i k e l y  t o  be anywhere f r o m  0 t o  20 seconds i n  

l e n g t h ,  p l u s  the  t i m e  t o  r o t a t e  t h e  mir ror  t o  t h e  next  
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l o c a t i o n  

Figure 4,l shows t h a t  t h e  only conple te  s e c t o r s  t h a t  

could be seen by the  p i l o t  wi thout  moving h i s  head w e r e  t h e  

three f r o n t  c e n t r a l  ones. The complete s i d e  s e c t o r s  could 

be scanned by t h e  p i l o t  by moving h i s  head, a s  could the  

po r t ions  of t h e  upper f r o n t  s e c t o r s  onto which t a r g e t s  

w e r e  p ro j ec t ed .  However, i f  a t a r g e t  w a s  p ro j ec t ed  onto 

t h e  l o w e r  f r o n t  p a r t  of the  sc reen ,  then t h e  p i l o t  could  

n o t  see the t a r g e t  by moving h i s  head. ( I t  i s  d i f f i c u l t  

t o  raise t h e  head much when i n  a s i t t i n g  p o s i t i o n ,  and 

even i f  one could,  the  nose of  t h e  t r a i n e r  prevented one 

f r o m  s ee ing  t a r g e t s  p ro jec t ed  onto the  lower f r o n t  p a r t  

of t h e  sc reen . )  I n  t h e  event  of a t a r g e t  being below t h e  

nose of the  t r a i n e r ,  t h e  p i l o t s  w e r e  i n s t r u c t e d  t o  make a 

t u r n ,  e i t h e r  l e f t  o r  r i g h t ,  u n t i l  the t a r g e t  was loca ted ,  

and then  r e t u r n  t o  the nominal heading. 

The d i f f e r e n c e  between t h e  maximum and m i n i m u m  a l t i -  

tudes flown during each run was a l s o  measured. 

The o rde r  i n  which the d i sp lays  w e r e  t e s t e d  w a s  changed 

f o r  each subject. 

Resul t s  

The r e s u l t s  obtained from a l l  t h e  runs a r e  recorded i n  

Tables 1 through 7.  I n  Tables 1 through 6 a r e  recorded the  

means, t h e  medians, and t h e  s t anda rd  dev ia t ions  of t h e  t i m e s  

t o  locate t a r g e t s  i n  each s e c t o r  f o r  each s u b j e c t .  T h e  

9 th  column i n  each of t h e s e  tables g ives  t h e  r e s u l t s  f o r  

n 
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each s e c t o r  f o r  a l l  subjects. The expected number of 

events  i n  each c e n t r a l ,  lower and upper sector f o r  each 

s u b j e c t  wi th  each d i sp lay  i s  3.57, 2.10 and 2.90 respec t ive-  

l y .  These values  became 28.56, 16.80 and 23.20 r e s p e c t i v e l y  

when a l l  s u b j e c t s  are considered. (The random v a r i a b l e  

(x - p ) f i / s ,  w h e r e  x is  t h e  es t imated  mean, s i s  the  

est imated s tandard  dev ia t ion ,  p i s  t h e  t r u e  mean, and n i s  

t h e  number of samples, has a t - d i s t r i b u t i o n .  Thus if 

s = 0 . 5  sec, -- a '  t y p i c a l  va lue  f o r  t h e  c e n t e r  sectors w i t h  

t h e  head-up d i s p l a y  o r  t h e  panel  mounted d i sp lay  -- and 

n = 28, there is  a 90% p r o b a b i l i t y  t h a t  t h e  est imated mean 

i s  wi th in  k0.17 seconds of t h e  t r u e  mean. The above assumes 

t h a t  t h e  i n d i v i d u a l  samples are independent and normally 

d i s t r i b u t e d .  ) 

There do n o t  appear t o  be any outs tanding  d i f f e r e n c e s  

i n  t h e  performances of t h e  e i g h t  s u b j e c t s ,  so  a l l  f u r t h e r  

remarks w i l l  be confined t o  d iscuss ion  of t h e  r e s u l t s  ob- 

t a i n e d  by combining those of a l l  s u b j e c t s .  T h e  mean t a r g e t  

l o c a t i o n  t i m e s  f o r  t a r g e t  c o n t r a s t  ratios of  1 . 0  and 0 . 5  

have been p l o t t e d  i n  Figures  4.9 through 4.14. Inspec t ion  

of  t h e s e  f i g u r e s  b r ings  ou t  t h e  fol lowing p o i n t s .  

1. There w e r e  no s i g n i f i c a n t  d i f f e r e n c e s  i n  performance 

w i t h  t h e  t w o  d i f f e r e n t  b r igh tnesses  of  t a r g e t s .  

Apparently,  t h e r e  was no more d i f f i c u l t y  i n  l o c a t i n g  

t h e  less b r i g h t  t a r g e t  than  t h e  b r i g h t e r  one. 

2. The azimuth and e l e v a t i o n  information i n  t h e  head- 

up and panel  mounted d i s p l a y s  was of cons iderable  

c 
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3 .  

4 .  

5. 

h e l p  t o  t h e  p i l o t  i n  l o c a t i n g  the  t a r g e t .  This 

w a s  p a r t i c u l a r l y  so when t h e  t a r g e t  w a s  o u t  of 

t h e  normal f i e l d  of view of t h e  p i l o t  and a man- 

euver  w a s  r equ i r ed  t o  enable  t h e  harge t  t o  be seen. 

Performance wi th  t h e  head-up d i sp lay  w a s  cons i s t en t -  

l y  b e t t e r  than wi th  t h e  pane l  mounted d i sp lay .  

The average d i f f e r e n c e  between the  mean t a r g e t  

l o c a t i o n  t i m e s  over  all sectors f o r  these two 

d i s p l a y s  was approximately 0 . 4 5  seconds. 

The t a r g e t  l o c a t i o n  t i m e s  f o r  t h e  two s e c t o r s  con- 

t a i n i n g  t h e  p i l l a r s  on each s i d e  of t h e  windshield 

tended t o  be h ighe r  than  f o r  the other c e n t r a l  

sectors. 

There w e r e  no g r e a t  v a r i a t i o n s  i n  a b i l i t y  t o  main- 

t a i n  a l t i t u d e  w i t h  t h e  d i f f e r e n t  d i s p l a y s ,  although 

performance wi th  t h e  head-up d isp lay  w a s  s l i g h t l y  

better. 

Conclusions 

Azimuth and e l e v a t i o n  information i n  a PWI system 

appreciably reduces the t i m e  r equ i r ed  t o  l o c a t e  an in t rud -  

i n g  a i r c r a f t  f o r  the  very l i m i t e d  range of viewing condi- 

t i o n s  used. One would expect  t h e  discrepancy between t h e  

warning-only d i sp lay  and t h e  d i r e c t i o n a l  d i sp l ays  to be 

reduced as t h e  t a r g e t  became larger and more v i s i b l e .  On 

t h e  o t h e r  hand, t h e  advantage of t h e  head-up d i sp lay  should 

become m o r e  pronounced as t h e  t a r g e t  becomes more d i f f i c u l t  
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t o  detect, Q u a n t i t a t i v e  r e s u l t s  can e a s i l y  be obtained 

w i t h  the  use of t h e  moving-base s imula tor .  
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A B C D E F G H A l l  

0149 0175 0376 0290 0116 0284 0213 
0276 0153 0231 0186 0154 0222 8211 c9322 
0193 8242 0182 0338 0086 0098 0101 0343 
0093 a182 0207 0148 0130 0149 0137 0238 
0511 0135 0174 0280 0102 0204 0098 0306 
0116 0248 0372 0195 0250 0394 0251 0248 
0280 0471 0275 0225 0301 0478 0266 0235 
1632 0822 0220 0595 0192 1015 0616 0408 
0985 63783 0436 0864 0458 0606 1303 0840 
a561 0342 1710 0743 0628 0991 1163 0700 
0474 0626 0662 1704 0416 8258 0290 0491 

0168 0094 0248 0954 0132 
0297 8269 B260 0165 0729 0367 0191 0222 

MEAN 

0226 
0215 
0187 
0160 
0225 
0248 
0306 
0798 
078 1 
0793 
0506 
0284 
0316 

0136 0144 0482 8328 0094 0322 8214 
0204 0138 0216 0174 0130 0302 0250 0322 
0238 p1138 0178 0328 0086 0094 0112 0520 
0088 0229 0288 0108 0106 0086 0104 0178 
06341 0156 0'214 0238 0094 0110 0104 0306 
0140 0240 0372 0156 8260 0450 0274 0222 
0132 03417) 0266 0214 0308 0536 0272 0230 
244@ 0822 0220 0984 0192 1266 0736 04'08 
1332 0872 0512 0944 $3582 0624 1796 0840 
0540 0342 1710 0794 0732 1012 1608 0836 
0474 0452 0196 1704 0394 0312 0234 0294 

8184 0094 0248 1802 0120 
1 0 3 1 2  0280 0230 0172 0462 0288 0214 0222 
I MEDIAN 
I 

0194 
0186 
01  14 
0106 
0140 
0240 
0272 

0784 
0792 
0312 
0134 
0236 

0 w 6  

0044 
0155 
0123 
0016 
e245 
0033 
a110 
1142 
(8490 
0668 

092 1 

00 59 
0028 
0217 
0875 
0029 

0303 

0.204 

0500 
@a67 
0022 

0157 0129 
0069 0113 
0022 0229 
0118 €3080 
13063 0227 

0089 
0040 0Q92 

0549 
0 l n 6  0113 

0348 
0875 

0181 0046 

0043 
0092 
OB02 
0098 
0023 
8014 
0009 

0174 
0147 
0301 
1199 
0694 

0096 
0087 
0144 
0186 
0078 
0264 
0530 
13825 
0029 
0896 

0303 

0108 0025 
0108 
0014 0249 
0091 0196 
0012 
0032 0072 
0104 0087 
0169 
0696 
0629 0286 
0179 0410 

0030 
0059 

STANDARD DEVIATION 

0121 
0107 
0150 
0109 
0191 
0092 
0187 
0628 
035 1 
0386 
0474 
8480 
0292 

-57-  

C e n t e r  

Lower  

Upper 

L t o  R 

C e n t e r  

L t o  R 

L o w e r  

L t o  R 

Upper 

L t o  R 

C e n t e r  

L t o  R 

Lower  

L t o R .  

Upper 

L t o  R 
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T a b l e  3 A u d i o  Only ,  C o n t r a s t  R a t i o  = 1.0. 



-5  8- 

A B C D E F G H A l l  

0154 
0 247 
0106 
8115 
0088 
0171 
0210 

0828 
0364 
0136 
a118 
0150 

0144 
0225 
01 19 
0139 
0136 
0162 
0143 

0301 
0376 
0128 
0134 
0152 

0145 
0113 
0123 
0128 
0158 
0174 
0202 
0274 
0218 
0177 
0106 
0108 

0106 
0144 0127 
0095 0096 
0102 0085 
0096 0073 
0109 0133 

01 14 
0392 8408 
0550 0299 
0182 0350 
0105 0255 
0102 
0093 0168 

MEAN 

0114 
0167 
0087 
0089 
0086 
0100 
01 12 
0180 
0669 
0144 
0132 

0147 

0085 
0120 
0123 
0077 
0079 
01 i2 

0342 
0483 
0160 
0107 
0103 
0105 

0192 
0144 
0097 
0089 
0086 
0150 
0142 

0293 
0186 
0140 
0083 
01 14 

0138 
0179 
0104 
0103 
0098 
0136 
0137 
0294 
0387 
0258 
0152 
0106 
0132 

0138 
0314 
a100 
0118 
0084 
0 178 
0210 

0828 
8 382 
0124 
a130 
0158 

0132 
0170 
a126 
El142 
0122 
0178 
0162 

0434 
8438 
0128 
0156 
0170 

0100 0108 
0170 0130 0136 0130 
0110 0106 0096 0882 
0140 0102 0090 0090 
0134 0094 0a72 0080 
8158 0132 0146 0096 
8130 0122 0108 
0310 0392 0420 0162 
0300 0550 0404 0752 
0202 0B84 0374 0154 
0154 0116 0162 0118 
0086 0106 
0108 0094 0140 0158 

MEDIAN 

0086 0230 
0120 0206 
0086 0120 
0086 0102 
0078 0090 
0142 0200 

0154 
0424 
0558 0320 
0246 0186 
0118 0116 
0102 0088 
g118 0116 

0132 
0140 
0100 
0098 
0090 
0142 
0124 
0262 
0342 
0246 
0124 
0102 
0126 

0027 
0 127 
0039 
8004 
a087 
00p19 

0094 
0023 
0033 
0B19 

0048 
01 13 
G3009 
0023 
0047 
00128 
8026 

8187 
0162 

8031 
0025 

0034 
0015 
0030 
0044 

0111 
0152 
0035 
0102 
0084 
0414 1 

0018 003 1 
0071 0025 0137 
0019 0018 0027 

@010 0012 
0018 0002 0014 
0032 0017 8014 

0023 0023 
0248 0074 
0148 0116 

0176 0033 0014 
0014 0212 0034 
a015 
PI022 0866 13018 

0001 

0080 
0012 
0014 
8042 

01 15 
0105 
0121 
GI037 
0026 
0020 

STANDARD DEVIATION 

0048 
0087 
0032 
0019 
0005 
0070 
0028 

0103 

0069 
0009 
0007 

0047 
0102 
0037 
0027 
0033 
0037 
0Q58 
0166 
0187 
0136 
0098 
0027 
0038 

C e n t e r  

L t o  R 

Lower  
L t o  R 

U p p e r  

L t o  R 

C e n t e r  

L t o  R 

L o w e r  

L t o  R 

Upper 

L t o  R 

C e n t e r  

L t o  R 

L o w e r  

L t o  R 

U p p e r  

L t o  R 

A l l  en t r ies  i n  hundredths of a second. 

c 

T a b l e  4 H e a d - u p  D i s p l a y ,  C o n t r a s t  R a t i o  = 0 . 5 ,  
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11136 (71132 0111 0146 0113 0261 @142 
0166 m197 0214 41255 0106 0214 0159 0206 0199 
0140 8181 41136 0163 014@ 0129 0137 0150 0150 
0155 m133 Pi175 0167 0128 0179 0109 0143 8151 
0156 8187 (3106 0144 0127 0144 0172 0125 0145 
0182 0183 0233 11261 0159 0163 0132 0135 0185 
0196 0167 0177 0184 0lp17 0154 0127 0157 
0594 0367 0272 0377 0335 0400 
0972 El509 41206 g596 e428 g34l 0454 0630 055Q 
0676 Q831 0271 63312 11256 0290 0252 0177 0287, 
0177 0228 0147 8162 0231 0138 0289 0143 0195' 
@ 1411 0156 8168 0166 0175 0137 a122 0147 
0124 0387 Q165 a150 0356 0183 0242 0120 0218 

I MEAN 

Center 

to 

Lower  

L t o  R 

Upper 

to 

I- I I 

MEDIAN 
I 

0136 
0174 0192 
0138 0194 
0164 0136 
012c3 0180 
Bl98 0196 
0156 0154 
8504 03B8 
0976 0514 
0676 0266 
0178 0180 
0 140 
0124 0252 

0132 
0186 

0146 

0132 
8228 
0136 
0162 
Qlm6 
0196 
91166 
0330 
0206 
'2294 
a148 
0152 
0170 

Center  

L t o  R 

0360 
B204 
0 164 
0144 
0302 
0192 
6422 
0648 
0330 
0134 
0168 
0150 

0126 
0172 
0142. 
a360 
0514 
0266 
0164 

0170 
0150 

0110 0156 0118 
0106 0170 0198 
0146 0132 0144 
0126 0124 0112 
0154 0132 0234 
0172 0178 0136 
0108 0176 0130 

Lower  

L t o  R 

Upper 

L t o R  I 

0492 @482 0484 
0256 0280 0252 
0278 0130 0326 
0176 0196 0152 
0210 0204 0212 

0056 
0071 
0031 
0041 
0057 
0073 
0058, 

0241 
0133, 
0094. 

0223 

0030 

Center  

L t o  R 

Lower  

L t o  R 

Upper 

0360 
0206 
0130 
0146 
01 16 
0152 

0368 
0846 
0234 
0148 
0124 
0122 

0015 0016 0025 0004 0139 
8025 0032 0043 0124 0000 0077 0054 
8023 0828 0000 0055 0008 0004 0009 0036 
0032 pJ011 0037 0025 0023 0101 0004 0004 
e096 8027 0018 0038 0067 0087 0036 
0022 0017 0134 0057 0017 0032 0005 0024 
0088 0046 0084 0039 0015 0031 0014 
0413 0232 0082 0095 0034 
0114 0006 0095 0204 0199 0067 0304 

0049 0072 0025 0150 0080 
Q1c133 0107 0017 0068 0081 0186 0009 

0017 0041 0029 0025 0020 
0184 0011 8332 0k138 0128 0011 

S TANDARD DEVIATION 
'16' I L t o  R I 

A l l  en t r ies  i n  hundred ths  of a second.  

Table  5 P a n e l  D i s p l a y ,  C o n t r a s t  R a t i o  = 0.5 .  
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I S u b j e c v  
A B C D E F G H All 

0182 
0156 
0 125 
r? 186 

0377 
8198 
2 191'2 
8788 
0865 
e986 
0428 
63393 

026t-3 
022# 
c34 56 
8316 
0387 
n147 
63438 
0795 
Q1916 

91462 

63345 

63224 
R527 
0 2 w  
0100 
8193 
8270 
B2G56 
8616 
@638 
@368 
@438 
0836 
03a4 

03@2 91149 1145(3 
6354g 0258 (3274 
0413 '2136 0117 
0166 8315 €3191 

11231 
n447 F1211 037c1 
t3377 @I368 

0387 0498 
0626 0737 Q398 
0861 6375B 0621 
@238 02163 91246 
0241 0373 0439 
G5232 G5543 G5198 

0282 
0296 
0204 C e n t e r  

a214 
0106 
0134 
p1c192 
(3282 
0332 
g684 
1058 
1734 
0136 

8249 

0266 
912 17 
8367 
0554 
@215 
41325 
8574 
08 15 
0910 
9507 

p1221 

03141 
0329 
0818 
a801 
c1871 

Lower 
to 

MEAN 

(2164 0186 
Gi192 @232 
(3152 @700 
f i g 9 8  11286 

8596 
g 4 l h  0146 
0244 0436 
2216 Q1864 
0788 @902 
(3694 
GI826 (4596 
64370 
0374 8230 

@244 
OS44 
0230 
8 l 0 @  
(3208 
81348 
0216 
BG16 
0638 
0368 
8526 
0232 
0356 

e266 
p15491 
0502 
01 12 

0654 
6372 

0626 
04663 
8310 
023m 
41222 

0190 
11169 
0128 
0518 
11224 
63232 

GI676 
0816 
1066 
0216 
0228 
(2826 

0432 
n274 0246 
0122 0104 
(2098 @87@ 

0092 
0362 0388 
R352 R318 
0498 11580 
0398 11634 
91946 1856 
g140 0124 
0160 
G5198 0196 

9244 

f4152 
Q112 

C e n t e r  

to 

0262 
11272 
0465 
635663 
(3262 
Q346 
8652 
09 34 
1 lG58 
0218 

B132 

0282 

0222 

8222 

MEDIAN 

GI9187 81153 
E353 
0le)Glr 0125 

11092 
9m52 
PI118 Q 2 6 6  
0Ol4 (31112 

mu57 
8203 
0035 
0286 
(irl26 
0@29 

01238 0172 
€3204 
0141 
a177 
0235 
G3187 
0134 
0589 
m193 
0 5 3 0  
I3444 
n34l 
9243 

C e n t e r  

L t o  R 

r 

Lower  

L t o  R 

U p p e r  

L t o  R 

OF191 0119 
91018 a069 
0150 0184 
U@06 0472 
8149 0065 
0146 On93 
0270 G3261 
no54 0167 
91172 0278 
8@31 6373R 

(3086 
@176 

G1286 
no7  3 
!3 163 

8131 
(3188 

0408 
Q l l l l  
044 6 
9a94 
G363 
84 54 

878 1 
0192 U156 
RGi84 631@5 
0130 @147 

8462 
B 2 2 4  
6629 

Q127 1 

!2;)329 @157 4269 

STANDARD DEVIATION 

A l l  en t r ies  i n  hundredths  of a second. 

T a b l e  6 A u d i o  O n l y ,  C o n t r a s t  R a t i o  = 0 . 5 .  



-61- 

B 

65 

104 

10 4 

156 

221 

- 

C 

234 

- 

117 

78 

10 4 

104 

D 

10 4 

- 
260 

169 

19 5 

29 9 

E 

182 

325 

299 

156 

117 

143 

F 

208 

156 

156 

130 

130 

156 

G 

143 

273 

130 

130 

221 

15 6 

H 

130 

65 

10 4 

143 

117 

78 

Mean 

15 1 

184 

169 

140 

16 3 

16 9 

. 
HU Head-up 

P Panel 

A Audio only 

#1 Contras t  R a t i o  = 1 .0  

#2 C o n t r a s t  R a t i o  = 0.5 

Table 7 T a b l e  of  Di f fe rences  B e t w e e n  Maximum 
and M i n i m u m  A l t i t u d e s ,  i n  Fee t  
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