
https://ntrs.nasa.gov/search.jsp?R=19700023544 2020-03-11T23:22:48+00:00Z



1. Report No. 

NASA CR-1643 

Cornell Aeronautical Laboratcry, Inc. 
Buffalo, New York 14221 

~ 

2. Government Accession No. 3. Recipient's Catalog No. 

2. Sponsoring Agency Name and Address 
National Aeronautics and Space Administration 
Washington, D.C. 20546 

4. Title and Subtitle 
A STUDY OF RFIATIONSHIFS BETWEEN AIRCWT SYSTEM F'ERFORMANCE 
AND PILOT RATINGS 

7. Author(s) 
W. C. Schultz, F. D. Newell, and R. F. Whitbeck 

9. Performing Organization Name and Address 

11. Contract or Grant No. 

NAS 1-8765 
13. Type of Report and Period Covered 

Contractor Report 

5. Report Date 

July 1970 
6. Performing Organization Code 

8. Performing Organization Report No. 

EI-2748-B-1 
10. Work Unit No. 

14. Sponsoring Agency Code 

7. Key Words (Suggested by Author(s) ) 
Aircraft longitudinal control 
Pilot ratings 
Landing performance 

I 
5. Supplementary Notes 

18. Distribution Statement 
Unclassified - Unlimited 

6. Abstract 

This study examines the relationship between man-machine system performance and pilot evaluation 
data. Pilot ratings and pilot evaluation comments have been the only consistent means for 
evaluating the physical characteristics of the pilot-aircraft system. 
efforts have been made to develop analytical predictors of man-machine performance, such as 
the pilot transfer functions or quadratic performance indices. Analytical predictors of 
performance must be validated by experiments and the results reconciled with the evaluation 
pilot's comments. 
concerning the possible relationships that may exist between analytical performance predictors 
and pilot evaluation data for a complete pilot task. 

On the other hand, 

The intent of this experiment is to add to the library of knowledge 

9. Security Classif. (of this report) 

Unclas s if ied 
20. Security Classif. (of this page) 21. NO. of Pages 22. Price* 

Unclassified 62 $3.00 



Section 

CONTENTS 

Page 

TABLE OF FIGURES . . . . . . . . . . . . . . . . . . . . . .  fV 

I . 
I1 . 

LIST OF TABLES . . . . . . . . . . . . . . . . . . . . . .  V 

SYMBOLS . . . . . . . . . . . . . . . . . . . . . . . . . .  ViP 

INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . .  
APPROACH USED I N  THE EXPERIMENT . . . . . . . . . . . . . .  
1. Simulation of Ai rcraf t  Configurations . . . . . . . . .  
2 . The P i l o t  Task . . . . . . . . . . . . . . . . . . . . .  
3 . P i l o t  Comment Card and Rating Scale . . . . . . . . . .  

1 

I11 . EXPERIMENTAL DATA OBTAINED . . . . . . . . . . . . . . . . .  11 

1 . Analog Records . . . . . . . . . . . . . . . . . . . .  11 

IV . 

V . 

2 . 
3 . 

Digi ta l  Tape Records . . . . . . . . . . . . . . . . . .  
P i l o t  Comment Tape Records . . . . . . . . . . . . . . .  

4 . Frequency Response Data . . . . . . . . . . . . . . . .  
5 . P i l o t  Ratings . . . . . . . . . . . . . . . . . . . . .  
ANALYSIS OF DATA AND RESULTS . . . . . . . . . . . . . . . .  
1 . Analysis of  Variance . . . . . . . . . . . . . . . . . .  
2 . 
3 . Linear Combination of RMS Errors . . . . . . . . . . . .  

RMS Glide Slope Error and Its Relationship t o  the 
Frequency Responses of the  A i r c r a f t  . . . . . . . . . .  

CONCLUSIONS . . . . . . . . . . . . . . . . . . . . . . . .  

19 

19 

23 

23 

29 

29 

36 

36 

44  

V I  . RECOMMENDATIONS . . . . . . . . . . . . . . . . . . . . . .  45 

Appendix . 
A APPLICATION OF THE SPEARMAN RAYK TEST TO PILOT DATA . . . .  46 

B TURBULENCE MODEL . . . . . . . . . . . . . . . . . . . . . .  51 

REFERENCES . . . . . . . . . . . . . . . . . . . . . . . .  54 

iii 



Figure 

TABLE OF FIGURES 

Page 

1 

2 

3 

4 

Sa 

5b 

6a  

6b 

7a 

7b 

8a 

8b 

9a 

9b 

10a 

10b 

1 l a  
1 lb 

1 2  

13  

14 

15 

16 

17 

18 

Landing Simulator,  . . . . . . . . . . . . . . . . . . . . . .  5 

Landing Simulator Instruments. . . . . . . . . . . . . . . .  5 

P i l o t  Comment Card . . . . . . . . . . . . . . . . . . . . .  9 

Handling Qua l i t i e s  Rating Scale.  . . . . . . . . . . . . . .  10 

Longitudinal Mode Data - Nominal Airplane j" = 0.6. . . . .  1 2  

Latera l -Direc t iona l  Mode Data - Nominal Airplane usp= 1 . 2  . SP 
1 2  

rsp=0; rcl = 0 . 5 .  . . . . . . . . . .  13 Longitudinal Data - 
Longitudinal Data - 3sp = 0;  13 

gsp = 0;  ur = 3.0 . . . . . . . . . . .  14 Longitudinal Data - 
14 

Longitudinal Data - 4, = 0 ,  
Practice Run . . . . . . . . . . . . . . . . . . . . . . . .  15 

15 
Longitudinal Data - bs. = 0 ,  
P r a c t i c e R u n .  . . . . . . . . . . . . . . . . . . . . . . .  
Longitudinal Data - f S p  = 0.6, dSp = 1 .O . . . . . . . . . .  16 

16 Longitudinal Data - 
17  

17 

18 

18 

h /Se Bode Plo t .  . . . . . . . . . . . . . . . . . . . . . .  24 

6 /Se Bode P lo t .  . . . . . . . . . . . . . . . . . . . . . .  25 

oc/Se Bode P lo t .  . . . . . . . . . . . . . . . . . . . . . .  26 

P i l o t  Rating vs.  Glide Slope Error  . . . . . . . . . . . . .  38 

39 

40 

41 

SP 

dSp = 1.0 . . . . . . . . . . .  
SP 

Longitudinal Data - lSp = 0.3; w s p  = 3.0 . . . . . . . . . .  
wsp= 3.0 - F i r s t  

= 3.0 - Second 
wsP 

= 1.0,  &ISP = 1.0 . . . . . . . . . .  
Longitudinal Data - fSp = 0 ,  uSp = 6.0 . . . . . . . . . . .  
Longitudinal Data - xs. = 0.3,  d S p  = 6.0 . . . . . . . . . .  
Longitudinal Data - S, = 0.6, dSp = 6.0 . . . . . . . . . .  
Longitudinal Data - J S p  = 1.0, ~ 3 , ~  = 6.0 . . . . . . . . . .  

rsP  

Phase S h i f t  a t  3 Rad/Sec vs .  Glide Slope Error  f o r  h/S, . . .  
Phase S h i f t  a t  3 Rad/Sec vs .  Glide Slope Error;  a/6,  . . . .  
Phase S h i f t  a t  3 Rad/Sec vs. Glide Slope Error  f o r  e/s, . . .  

iv 



LIST OF TABLES 

Tab l e  

6 

7 

8 

9 

10 

11 

1 2  

13 

S t a b i l i t y  Derivat ives .  . . . . . . . . . . . . . . . . . . .  6 

A l l D a t a . .  . . . . . . . . . . . . . . . . . . . . . . . .  27 

A l l  Data Longitudinal Only . . . . . . . . . . . . . . . . .  28 

Input Data f o r  Analysis of.Variance Case I 3 x 5 ~ 3 ~ 3  . . . . .  30 

Case I (Normalized Data) (For Each P i lo t :  Mean = 0,  
Std.  Dev. = 1) . . . . . . . . . . . . . . . . . . . . . . .  31 

Input Data f o r  Analysis of  Variance Case I1 3 x 5 ~ 2 ~ 4  
Design . . . . . . . . . . . . . . . . . . . . . . . . . . .  32 

Case I1 (Normalized Data). . . . . . . . . . . . . . . . . .  33 

Analysis of Variance f o r  P i l o t  Rating ... Case 1, 
N o r m a l i z e d ; .  . . . . . . . . . . . . . . . . . . . . . . .  34 

Analysis of Variance f o r  P i lo t  Rating ... Case 2 ,  
Normalized . . . . . . . . . . . . . . . . . . . . . . . . .  34 

Analysis of Variance f o r  P i l o t  Rating ..... Case 1 . . . . .  35 

Analysis o f  Variance f o r  P i l o t  Rating ..... Case 2 . . . . .  35 

Analysis of Variance f o r  Glide Slope Error  .... Case 1 . . .  37 

Analysis of Variance f o r  Glide Slope Error  .... Case 2 . . .  37 





SYMBOLS USED I N  THIS REPORT 

Angle of attack 

Rate of  change of angle of a t tack  

T r i m  angle o f  a t tack  

G u s t  angle o f  attack 

Sides l i p  angle 

Rate of change of s i d e s l i p  

S i d e s l i p  gust 

Aileron displacement 

*Elevator displacement 

Elevator s t i c k  displacement 

Rudder displacement 

Thro t t le  displacement 

F 1 ap displacement 

Short period damping r a t i o  

Phugoid damping r a t i o  

Lateral accelerat ion 

Normal accelerat ion 

vii 



B 

e 

6 

w 

SYMBOLS USED I N  THIS REPORT (Cont.) 

P i tch  angle 

Pi tch rate 

Pi tch accelerat ion 

T r i m  p i t c h  angle 

RMS i n t e n s i t y  o f  s i d e  gust 

RMS i n t e n s i t y  of v e r t i c a l  gust  

Roll  angle 

Roll  r a t e  

Roll  accelerat ion 

a Gust spectrum 

p Gust spectrum 

Yaw angle 

Yaw rate 

Phugoid n a t u r a l  frequency 

Short period na tura l  , frequency 

Frequency radians /second 

Elevator s t i c k  force 

Gravity 

A 1 ti tude 

viii 



SYMBOLS USED I N  THIS REPORT (Cont.) 

A l t i t u d e  r a t e  

Moment of i n e r t i a  about x axis 

Moment of i n e r t i a  about y axis 

Moment of i n e r t i a  about z axis 

Product of i n e r t i a  

- -  F J  
7M v7- - 

Scale f a c t o r  

Scale  f a c t o r  
q sc 

%lL 
= -  

I 
YY 

ix 



SYMBOLS USED I N  THIS REPORT (Cont.) 

Yaw rate 

Yaw acce lera t ion  

Thrust 

Subs c r i p t  t r i m  

Velocity 

Rate of  change of ve loc i ty  

X 



Io INTRODUCTION 

This study examines t h e  r e l a t i o n s h i p  between man-machine system 
performance and p i l o t  eva lua t ion  data .  
comments have been t h e  only cons i s t en t  means f o r  p r a c t i c a l  eva lua t ion  of  t h e  
physical  c h a r a c t e r i s t i c s  o f  open- and closed-loop aircraft  and p i l o t - a i r c r a f t  
systems. Analy t ica l ly  determined p r e d i c t o r s  o f  performance must be va l ida t ed  
by experiment, and i n  some way must be reconci led  with t h e  evaluat ion p i l o t ' s  
comments obtained i n  t h e  experiment. The complete na ture  of  a p i l o t s s  t a s k ,  
including mental work load and dec is ion  making, has never been descr ibed 
e x p l i c i t l y  i n  any form of  a n a l y t i c a l l y  determined p i l o t  t r a n s f e r  func t ion  o r  
performance index. However, it is  usua l ly  assumed t h a t  t h e r e  e x i s t s  an 
a n a l y t i c a l  r e l a t i o n s h i p  between p i l o t  comment, o r  r a t i n g  \data,  and a i rp l ane  
performance. 
l i b r a r y  of  knowledge concerning q u a n t i t a t i v e  a n a l y t i c a l  measures o f  p i l o t -  
a i rp l ane  performance f o r  a complete t a sk .  

P i l o t  r a t i n g s  and p i l o t  eva lua t ion  

The i n t e n t  o f  t he  experiment descr ibed he re in  i s  t o  add t o  t h e  

Previous t o  t h i s  s tudy,  Cornel1 Aeronautical  Laboratory, Inc. (CAL), 
conducted a research s tudy involving syn thes i s  methods f o r  manual cont ro l  
systems, Under Contract NAS1-7141. In  t h e  course of t h a t  s tudy,  descr ibed i n  
Reference 1, two s imula t ion  experiments were performed. Performance measures 
were used t o  obta in  ob jec t ive  measures o f  ove ra l l  system performance, f o r  
d i f f e r e n t  parameter s e t t i n g s  i n  t h e  closed-loop a i r c r a f t  dynamics e Subject ive 
p i l o t  eva lua t ion .da ta  were a l s o  taken f o r  each parameter s e t t i n g .  A non- 
parametr ic  Spearman rank c o r r e l a t i o n  c o e f f i c i e n t  was computed between measured 
man-machine performance values  and p i l o t  evaluat ion data .  
ob jec t ive  performance measures appeared t o  be h ighly  cor re la ted .  
f o r  example, t h a t  f o r  a measure of p i t c h  e r r o r ,  o r  p i t c h  e r r o r  and s t i c k  
motion, very high c o r r e l a t i o n  values were obtained. 
performed t h e r e  appeared t o  be a s t rong  correspondence between man-machine 
system performance and p i l o t  r a t ing .  
preliminary s ince  t h e  scope of  e f f o r t  a l l o t t e d  t o  t h a t  s p e c i f i c  t a s k  did not  
allow a thorough examination of  t h e  r e l a t i o n s h i p  between man-machine perform- 
ance and p i l o t  evaluat ion.  

The sub jec t ive  and 
I t  was found, 

Thus, i n  the  experiments 

The above experiments were only 

The inves t iga t ion  he re in  repor ted  is  an expansion of  t h e  e a r l i e r  s tudy,  
conducted t o  look i n  depth i n t o  ob jec t ive  and sub jec t ive  p i l o t  performance 
measures. A fixed-base ground s imula tor  was used. Care was taken t o  obta in  a 
r e a l i s t i c  s imula t ion  by us ing  r e a l  cockpi t  d i sp lays ,  experienced eva lua t ion  
p i l o t s  and comprehensive equations of motion. 

The f irst  t a s k  undertaken was t o  examine t h e  nonparametric Spearman 
rank t e s t  t o  determine i t s  e f f i c i ency  as a t o o l  f o r  providing a b a s i s  from 
which a f i r m  judgment can b e  made. 
p i l o t  r a t i n g  da ta ,  was used t o  s tudy t h e  Spearman rank t e s t  and t h e  r e s u l t s  
ind ica ted  t h a t  extremely high c o r r e l a t i o n  c o e f f i c i e n t s  (=5 0.95) should be 
obtained €or modest sample s i z e s  (10 t o  15).  
p i l o t  r a t i n g  da ta  i n  which two p i l o t s  had r a t e d  t h e  same.configurations.  

Hypothetical  da t a ,  chosen t o  be t y p i c a l  of 

The t e s t  was then used on real 
For 



a sample s ize  o f  15, t he  computed c o r r e l a t i o n  c o e f f i c i e n t  was 0.942 which i s  
extremely s i g n i f i c a n t  and well above the  values  genera l ly  accepted as 
s t a t i s t i c a l l y  meaningful. Therefore, t h e  c o r r e l a t i o n  c o e f f i c i e n t  requi red  f o r  
phys ica l  s ign i f i cance  is  g r e a t e r  than  t h a t  requi red  for s ta t i s t ica l  s i g n i f i -  
cance. That is ,  if a hypothesized performance measure i s  t o  be  a t  l e a s t  as 
r e l i a b l e  as p i l o t  r a t i n g ,  then  t h i s  performance measure must c o r r e l a t e  with 
p i l o t  r a t i n g  t o  t h e  same ex ten t ,  o r  more s t rongly ,  than  r a t i n g s  among p i l o t s  
w i l l  c o r r e l a t e ,  o r  it w i l l  obviously not  be g iv ing  as cons i s t en t  d a t a  as p i l o t s  
themselves do give.  I t  is  a l s o  t r u e  t h a t  a high c o r r e l a t i o n  between p i l o t  
r a t i n g s  and a hypothe t ica l  performance index does not  c o n s t i t u t e  proof t h a t  
t h e  performance index exp la ins ' t he  data .  
an examination of  t h e  physical  meaning o f  t h e  performance index. 

This kind of  proof canxcome only from 

The above considerat ions were made i n  t h e  determination of  t h e  experi-  
ment design used i n  the  research descr ibed he re in .  
i s  t o  obta in  s u f f i c i e n t  p i l o t  r a t i n g  da ta  t h a t  t he  s t a t i s t i c s  o f  t h a t  d a t a  can 
be well examined. Then hypothe t ica l  performance ind ices  a r e  chosen and 
p rec i se ly  the  same s t a t i s t i c s  a r e  examined. If the  performance index has  t h e  
same s ta t i s t ics  as the  p i l o t  r a t i n g  da ta  then t h e  two s e t s  of  d a t a  can be  
considered t o  be s t a t i s t i c a l l y  s e n s i t i v e  t o  t h e  same degree. I t  then becomes 
necessary t o  phys i ca l ly  determine why t h e  performance index works. 

The g i s t  o f  t h e  approach 

* 
Refer t o  Appendix A f o r  an i l l u s t r a t i v e  example t h a t  demonstrates t h e  use of  
t h e  Spearman Rank Test on ac tua l  p i l o t  r a t i n g s .  

2 



11. APPROACH USED I N  THE EXPERIMENT 

To seek a r e l a t i o n s h i p  between sub jec t ive  p i l o t  r a t i n g s  and system 
performance t h a t  can be appl ied  t o  real-world s i t u a t i o n s ,  it i s  c l e a r l y  
necessary t h a t  experienced handl ing q u a l i t i e s  eva lua t ion  p i l o t s  b e  used as 
sub jec t s  i n  t h e  experiment. 
be  presented t o  t h e  p i l o t  o r  he w i l l  feel  t h a t  he  i s  involved i n  a game t h a t ,  
no matter  how i n t e r e s t i n g ,  i s  not  r e l a t e d  t o  f l y i n g  an a i rp lane .  
he cannot be expected t o  perform as  a p i l o t  would i n  a r e a l  s i t u a t i o n .  

For such an experiment a f u l l - t a s k  s i t u a t i o n  must 

Therefore,  

The task chosen was t o  f l y  an ILS approach from ou te r  marker t o  middle 
To proper ly  load t h e  p i l o t ,  both longi tudina l  and l a t e r a l - d i r e c t i o n a l  marker. 

dynamics were used as wel l  as a f u l l  instrument p re sen ta t ion  which included 
t h r o t t l e ,  s t i c k ,  e l eva to r  t r i m ,  a i l e ron ,  and rudder as t h e  operable con t ro l s .  
Side gusts  were provided i n  t h e  l a t e r a l - d i r e c t i o n a l  modes through s i d e s l i p  i n  
the  equations of motion. Moreover, t h e  l a t e r a l - d i r e c t i o n a l  dynamics were 
purposely chosen t o  b e  poor. 
t a s k ,  p lus  t h e  coupling from t h e  lateral  mode i n t o  t h e  longi tudina l  mode 
through t h e  p i l o t  presented a complex o v e r a l l  f l y i n g  task.  
were not  i n j e c t e d  i n t o  t h e  longi tudina l  equat ions,  t h e  a c t i v i t y  and concentra- 
t i o n  requi red  o f  t h e  p i l o t  t o  maintain heading caused him t o  introduce no i se  
i n t o  t h e  long i tud ina l  motions, mainly by h i s  having t o  r e a l i s t i c a l l y  divide h i s  
a t t e n t i o n  among t h e  many f l y i n g  sub-tasks.  Thus, t h e  approach taken was based 
on a r e a l  and complete t a s k ,  which should make it more meaningful t o  r e l a t e  
t he  r e s u l t s  t o  r e a l  f l y i n g  tasks. Moreover, t he  usua l  d i f f i c u l t y  i n  r e l a t i n g  
s impler  laboratory experiments involving s ing le -ax i s  tasks t o  a i r c r a f t  system 
i s  g rea t ly  reduced, 

Thus, t he  a t t e n t i o n  requi red  f o r  t h e  l a t e r a l  

Although gus ts  

In  r a t i n g  each configurat ion t h e  p i l o t s  r a t e d  t h e  longi tudina l  mode 
only,  t he  l a t e r a l - d i r e c t i o n a l  mode only,  t he  t o t a l  o v e r a l l  a i rp l ane ,  and 
whether o r  no t  t h e  a i rp l ane  could be landed. 
accomplishing t h e  mul t i - r a t  ing o f  each configurat ion.  

They were very successfu l  i n  

Five p i l o t s  performed t h e  experiment. Four p i l o t s  performed each s e t  
of configurat ions t h r e e  t imes and t h e  f i f t h  p i l o t  performed each s e t  twice. 
The configurat ions were performed i n  a random order;  no p i l o t  had t h e  same 
random order  twice,  and no p i l o t  had a random order  t h a t  had been assigned 
another p i l o t .  Each p i l o t  was given a t r a i n i n g  per iod  o f  one t o  two hours 
before  d a t a  was taken. Then, f o r  every da t a  run with a s p e c i f i c  configurat ion 
the re  were two prel iminary p r a c t i c e  runs i n  which t h e  p i l o t  was f r e e  t o  make 
maneuvers, inc luding  g e t t i n g  off g l i d e  s lope ,  and/or making l a rge  co r rec t ions ,  
t o  he lp  him determine t h e  c h a r a c t e r i s t i c s  of  t h e  configurat ion.  

The only t a s k  t h a t  was r a t e d  was the  a b i l i t y  t o  maintain t h e  g l ides lope  
and l o c a l i z e r  acceptably well for t h e  ILS task .  For example, although t h e  
a i rp l ane  could be o s c i l l a t i n g  extremely i n  p i t c h ,  t h e  main t a s k  of  holding 
g l ides lope  and l o c a l i z e r  could be  accomplished. The r a t i n g s  a r e  t o  be  under- 
s tood i n  t h i s  context .  
i n  the  s imula tor .  

There was no sensa t ion  of "g" and no "g" meter was used 

3 



1, Simulation o f  Aircraft Configurations 

A f ixed-base aircraft s imulator  was used i n  t h e  s tudy.  (See Figure 1,) 
The cockpit  instrumentat ion included: a i rspeed,  a l t i t u d e ,  p i t c h  angle,  bank 
angle, heading, g l i d e  s lope  and l o c a l i z e r ,  ou te r  marker, f l a p  pos i t i on ,  t u r n  
r a t e ,  s i d e s l i p  b a l l ,  r a t e  of climb (VSI), and % RPM. .(See Figure 2 , )  Aircraft 
dynamics were introduced through a set of s i x  degree-of-freedom equations.  
analog computer was used t o  s imulate  t h e  aircraft  equations of  motion and t o  
d r ive  t h e  aircraft  instruments,  

An 

Six degree-of-freedom equations of motion were s e l e c t e d  f o r  t he  s tudy.  
Small per turba t ions  were permit ted,  s o  t h a t  a i rspeed,  a l t i t u d e ,  bank angle,  
and heading could be  changed. 

The equations used a r e  t h e  following: 

These equations provide cont ro l  through e l eva to r ,  a i l e ron ,  rudder and t h r o t t l e  
( 3 )  and changes i n  f l a p  s e t t i n g  ( S ) .  Elevator  t r i m  was a l s o  provided. 

The emphasis i n  t h e  program was on t h e  longi tudina l  short-per iod 
t 

undamped n a t u r a l  frequency* and damping r a t i o  combinations. 
emphasis, and because t h e  phugoid can a f f e c t  t h e  instrument landing approach, 
it was des i r ab le  t o  attempt t o  keep the  phugoid reasonably constant .  
phugoid is  cont ro l led  by t h e  terms M,, MQ, and Dv, and was e s t ab l i shed  a t  a 
damping r a t i o  of 0.05 and a per iod of 35 seconds. 

Because of  t h i s  

The 

Latera l -d i rec t iona l  c h a r a c t e r i s t i c s  were se l ec t ed  t o  be  r ep resen ta t ive  
of a t y p i c a l  l a rge  a i rp lane .  
per iod c h a r a c t e r i s t i c s  made it necessary t o  attempt t o  keep t h e  lateral- 
d i r ec t iona l  c h a r a c t e r i s t i c s  r e l a t i v e l y  constant ,  
t o  s imulate  t h e  approach t o  landing t a sk  f o r  ILS condi t ions.  
i n  Table 1, 

Again, t h e  emphasis on t h e  longi tudina l  shor t -  

Coef f ic ien ts  were determined 
They a r e  shown 
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Figure 1 - Landing Simulator 

Figure 2 - Landing Simulator Instruments 
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A constant  s t i c k  f o r c e  p e r  ltgtt was used f o r  each configurat ion and 
then, f o r  a smaller s e t  of configurations,  it was var ied.  
t h e  procedure was t o  keep Mg e 
L3 nsp ("Ma). 

To vary Fes/nz 
constant and l e t  Fes/hZbe proport ional  t o  

2 A simple steady- s ta te  expression f o r  exemplifying con t ro l  

ove rF  / n z i s  es 

o r  

Th s t ick  p r ing  ra t  ( F , , / J e s )  and t h e  s t i c k  gearing (Se,/Se) 1 s r e  constan 
The fourteen conditions (I/ o r  x)  were done with t h e  same Fe,/nz chosen t o  be 
t y p i c a l  f o r  t h e  Lcr sp = 0.60 case. = 1 .O, The two conditions marked ( X )  

nSP 
were run holding M i e  constant and allowing Fes/nz t o  vary with 14,. 
t h e  base condi t ion was f o r &  = 1.0 a n d 3  = 0.60. 

Again, 

nsP SP 

2. The P i l o t  Task  

The t a s k  was an ILS approach t o  landing i n  l i g h t  t o  moderate turbulence.  
The p i l o t  was given t h e  a i r p l a n e  a t  t h e  g l i d e  s l o p e  i n t e r c e p t  a l t i t u d e  of  
approximately 1500 fee t ,  approximately one mile out from t h e  o u t e r  marker. 
The a i r p l a n e  was trimmed and on t h e  l o c a l i z e r .  
outer-marker (g l ide  s lope  i n t e r c e p t )  a t  1500 feet  and then t o  follow t h e  
l o c a l i z e r  and g l i d e  s lope  down t o  200 feet  a l t i t u d e .  
A l l  p i l o t s  were c u r r e n t l y  a c t i v e  t e s t  p i l o t s ,  who were experienced i n  handling 
q u a l i t i e s  evaluat ions,  

The task was t o  f l y  i n t o  t h e  

A f lare  was not made. 

Simple turbulence models were introduced as a s i d e s l i p  per turbat ion.  
Details o f  t h e  turbulence model are found i n  Appendix B. 

7 



The p i l o t  w a s  t o l d  t o  f l y  a minimum-deviation ILS approach as he 
would do i n  a l a r g e  a i rp lane .  
f e e t ,  although da ta  was used down t o  only 200 feet. 
p i l o t  was paying maximum a t t e n t i o n  t o  t h e  task  through t h e  end of each da ta  
run. The minimum devia t ion  aspect  of t h e  approach was a l s o  s t r e s s e d ,  because 
not a l l  p i l o t s  a c t u a l l y  f l y  a minimum devia t ion  approach. 
path more l ike t h e  one a f l i g h t  d i r e c t o r  would compute. However, by giving 
t h e  minimum devia t ion  c r i t e r i a  each p i l o t  would be f l y i n g  by t h e  same r u l e .  

He was t o l d  t o  t ake  t h e  a i rp l ane  down t o  f i f t y  
This assured t h a t  t h e  

Some p i l o t s  f l y  a 

The e l eva to r ,  a i le ron ,  rudder and t h r o t t l e  were a c t i v e  con t ro l l e r s ,  and 
t h e  p i l o t s  were permit ted t o  use a l l  of them, 
made 

Provision f o r  f l a p s  was a l s o  

P i l o t  Comment Card and Rating Scale  

The p i l o t s '  understanding of  t h e  s p e c i f i c  task  t o  be  done and t h e  

The importance of  t h e  p i l o t  comment card 

- 3,  

purposes of t h e  comment card a r e  c r u c i a l  t o  obtaining cons i s t en t  and i n t e r -  
p re t ab le  p i l o t  eva lua t ion  data .  
d i c t a t e s  t h a t  it be devised with care ,  and the re fo re  it i s  discussed i n  d e t a i l  
here  e 

Some prel iminary remarks a r e  i n  order  t o  put i n  proper perspec t ive  
t h e  need f o r  and use of  t h e  card. 
an a i r c r a f t  performance index t h a t  i s  as s e n s i t i v e  ii measure as i s  p i l o t  
r a t i n g ,  and one t h a t  reflects t h e  reason f o r  t h e  r a t i n g  given. This was 
c l e a r l y  a t a sk  of  making t h e  math f i t  t h e  problem r a t h e r  than making t h e  
problem f i t  t h e  math. 
guidance as poss ib l e  from t h e  p i l o t  t o  understand why t h e  p i l o t  does what he 
does and how he r e a c t s  t o  what he is doing. 
choosing t h e  important va r i ab le s  and r e l a t i v e  weighting of them i n  devis ing a 
performance index. 
of t h e  important va r i ab le s  changes with d i s t ance  inbound from t h e  ou te r  
marker. Perhaps some new v a r i a b l e  en te r s  as a l t i t u d e  becomes low. The only 
person who descr ibe  these  occurrences i s  the  p i l o t ,  and the re fo re  it was 
necessary f o r  him t o  make comments. However, since comments can be given 
i n  many d i f f e r e n t  ways, consistency i n  them i s  required f o r  comparative and 
ana lys i s  purposes. Therefore,  a card t h a t  educes s u f f i c i e n t  consistency i n  
t h e  comments without overconstraining the  p i l o t  w a s  des i r ab le .  If the  comment 
card i s  too cons t ra in ing ,  then d a t a  w i l l  be l o s t .  
maximum a t t e n t i o n  t a s k  and the  p i l o t  cannot recall,  a f t e r  t h e  t a s k ,  a l l  of t h e  
s u b t i l i t i e s  he not iced  during performance of it, 
f o r  t h e  p i l o t  To record t h e i r  comments, t h e  
p i l o t s  were given a hot  mike while they performed t h e  t a s k ,  ye t  t h e  concen- 
t r a t i o n  on t h e  t a s k  was s o  high t h a t  none of them commented while performing 
t h e  t a sk .  In  f a c t ,  they found t h a t  t o  do s o  a f f e c t e d  t a s k  performance. There- 
fo re ,  p i l o t  comments were obtained immediately a t  t h e  conclusion of each 
approach e 

The ob jec t ive  of t h e  study was t o  devise  

For t h i s  reason it was necessary t o  obta in  as  much 

This knowledge is necessary i n  

I t  is considered very probable t h a t  t he  r e l a t i v e  weighting 

Yet t he  ILS t a sk  is a 

I t  was the re fo re  necessary 
t o  memorize t h e  comment card. 
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The va r i ab le s  t h e  p i l o t  perceives  may not be exac t ly  t h e  physical  
but  they are manifestat ions of  t h e  phys ica l  parameters o f  t h e  experiment 

parameters. 
perceived va r i ab le s  as  well as  t he  physical  oness 
which we be l i eve  t o  be successfu l  i n  achieving these  objec t ives ,  is  shown i n  
Figure 3. 

The comment card m u s t  t he re fo re  be general  enough t o  cover t h e  
The comment card used, and 

Task - Large Transport ,  Minimum Error  ILS 

P i  l o t  Comments 

P i l o t  

Comment On : 

Forces 

P i tch  Respqnse. 

Control of  P i t ch  At t i t ude  

Control of P i t ch  Rate 

Al t i t ude  Control 

A l t i t ude  Rate Control 

Control of Glide Slope - 
Glide Slope Rate 

T h r o t t l e  Technique 

Late-Dir. Comments: 

Rate: 

1 e Longitudinal Only 

2. L a t e - D i r .  Only 

3.  Overall  Airplane 

4. Is Airplane Landable? 

Run No. 

Figure 3 PILOT COMMENT CARD 

Date - 

The r a t i n g  s c a l e  used was t h e  Cooper-Harper, t e n  po in t  s c a l e  shown i n  Fig.  4. 
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111. EXPERIMENTAL DATA OBTAINED 

Data were taken f o r  a l l  f i v e  p i l o t s  f o r  each of the  four teen  configura- 
t i o n s  used. These d a t a  ex i s t  i n  t h r e e  forms: analog records on two ten-channel 
recorders;  d i g i t a l  t a p e  recordings were made on 22 channels; p i l o t  comments 
were recorded a f t e r  each run. Thus, a v a s t  amount o f  da t a  was recorded, i n  
s eve ra l  forms, during t h e  experiment. These da t a  a r e  descr ibed below. 

1. Analog Records 

One o f  t h e  ten-channel recorders  was used t o  record e igh t  channels of 
da t a  from t h e  longi tudina l  mode. These included e l eva to r  inputs ,  t h r o t t l e  
inputs ,  p i t c h  r a t e ,  p i t c h  a t t i t u d e ,  a i rspeed,  r a t e  o f  change of a l t i t u d e ,  
a l t i t u d e ,  and g l i d e  s lope.  Time markers were recorded, as were t h e  ou te r  
and inne r  marker s igna l s .  A second recorder  was used t o  record e i g h t  channels 
of  da t a  from t h e  l a t e r a l - d i r e c t i o n a l  mode. These included rudder and a i l e r o n  
inputs ,  s i d e s l i p ,  bank angle ,  heading and heading r a t e ,  v e r t i c a l  acce le ra t ion ,  
and t h e  l o c a l i z e r .  

Samples of t h e s e  d a t a  a r e  shown i n  Figures 5 through 11. Figure 5 
shows a complete set of longi tudina l  and l a t e r a l - d i r e c t i o n a l  da t a  as recorded 
on analog records.  The f i g u r e  i s  included t o  i l l u s t r a t e  t h e  na ture  and scope 
of  t h e  recordings and behavior of  t h e  va r i ab le s .  

Figures 6 through 11 show longi tudina l  da t a  only,  f o r  p i l o t  1, and 
the  t h i r d  s e t  of  runs.  
frequencies o f  0.5 and 1.0 radians.  
f i gure . 

Figure 6 shows r e s u l t s  f o r  zero damping and n a t u r a l  
The p i l o t  r a t i n g s  a r e  a l s o  given i n  t h e  

Figure 7 i n d i c a t e s  r e s u l t s  obtained f o r  an a i rp lane-having  a n a t u r a l  

This e f f e c t  is 
frequency of  t h r e e  radians and damping r a t i o s  o f  zero and 0 . 3 .  I t  i s  pointed 
out here  t h a t  p r a c t i c e  may have a marked e f f e c t  on t h e  data .  
dramatical ly  i l l u s t r a t e d  i n  Figures 7a and 8,  a l l  t h ree  of which show r e s u l t s  
f o r  t h e  same p i l o t  and the  same configurat ion.  Figure 8 shows da ta  f o r  t h e  
two p r a c t i c e  runs and Figure 7a shows t h e  r e s u l t s  f o r  t he  t h i r d  run which was 
the  da t a  run. 
and t h i s  conf igura t ion  should not  be confused with t h e  f a c t  t h a t  a l l  t h r e e  a r e  
i n  t h e  t h i r d  s e t  of a l l  configurat ions f o r  t h i s  p i l o t . )  

(The f a c t  t h a t  Figure 7a represents  t h e  t h i r d  run f o r  t h i s  p i l o t  

Figure 9 shows longi tudina l  d a t a  f o r  t h e  one rad ian  a i rp l ane ,  f o r  two 
damping r a t i o s .  Figures 10 and 11 show da ta  f o r  t h e  s i x  rad ian  a i rp l ane  f o r  
fou r  d i f f e r e n t  damping r a t i o s .  

Note t h a t  f o r  a l l  cases except t h e  0.5 and 1.0 rad ian  a i rp l ane  a t  zero 
damping (Figure 6 ) ,  t h e  g l i d e  s lope  e r r o r s  do not  vary s i g n i f i c a n t l y .  Note 
a l s o  t h a t  f o r  t h e s e  e igh t  configurat ions p i l o t  r a t i n g  i s  not  r e a d i l y  apparent 
from records of g l i d e  s lope  e r r o r ,  I t  is pointed out  here  t h a t  g l ide  s lope  
e r r o r  i s  computed over t h e  i n t e r v a l  from the  outer  mark.er t o  the  middle marker, 
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PILOT RATING 9-1/2 PILOT RATING 10 

Figure 6 a  LO - ggp= 0; Sp= 0.5 
- Y = 0; J = 1.0 SP SP 
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PILOT R A T I N G  9 PILOT R A T I N G  2-112 

Figure 7 a  LONGITUDINAL DATA - gcp= 0; wp= 3.0 
Figure 7 b  LONGlTUDl Ah. DATA - GP.= 0.3; %p= 3.0 
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6. 

e 

(a )  

Figure 8 a  LONGlTUDl 

Figure 8b LO 

( b )  

gSp = 0, LJ = 3.0 - FIRST PRACTICE RU 9 
SP 

= 0, 4) = 3.0 - SECOND PRACTICE RU 
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PILOT RATING 5 
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(a) 
PILOT RATING 8-1/2 PILOT RATING 2-1/2 

Figure IQa LONGITUDINAL DATA .. GF = 0, “.p = 6 . 0  

Figurelob ~ONGITUDINAL DATA - ZaF = 0.3, dJP = 6.0 
17 



18 

(a)  

Figure lla LO 

PILOT R A T I N G  3 PILOT R A T I N G  5 

AL DATA - S p =  0.6, dsp = 6.0 



ind ica ted  by t h e  pulses  on t h e  top  channel of t h e  analog reading. Although 
the  case wi th  the  l a r g e s t  g l i d e  s lope  e r r o r  (Figure loa)  was r a t e d  8 1 / 2  by 
the  p i l o t ,  a case with a much smal le r  g l i d e  s lope  e r r o r  (Figure 7a) was r a t e d  
9. Two conf igura t ions  with g l i d e  s lope  e r r o r s  very near ly  t h e  same as t h a t  
r a t e d  9 were r a t e d  2 1 / 2  and 3 (Figures 10b and l l a ) .  These examples suggest  
t h a t  g l i d e  s lope  e r r o r  and p i l o t  r a t i n g s  a r e  no t  co r re l a t ed .  

2 ,  D i g i t a l  Tape Records 

Real-time d i g i t a l  recordings were a l s o  made f o r  a l l  runs o f  t he  
experiment. An o f f - l i n e  ana log- to-d ig i ta l  converter  mult iplex d i g i t a l  re- 
cording system was used t o  record twenty-two channels of da ta .  These included 
a l l  those shown on t h e  analog records p lus  e l eva to r  t r i m ,  angle-of-at tack,  and 
gust d i s turbance  input .  
d i r e c t l y  on d i g i t a l  t ape ,  f o r  ana lys i s  i n  t h i s  study. Such a s t o r e  of  da t a  
w i l l  a l s o  be  of  g rea t  p o t e n t i a l  use f o r  f u t u r e  analyses  which a r e  beyond t h e  
scope of t h i s  p a r t i c u l a r  s tudy.  

Thus, a s i g n i f i c a n t  amount of  da t a  were recorded 

3.  P i l o t  Comment TaDe Records 

.As mentioned e a r l i e r  i n  t h i s  r e p o r t ,  p i l o t  eva lua t ion  comments contain 
what previous experience has shown t o  be  t h e  most r e l i a b l e  means f o r  p r a c t i c a l  
evaluat ion of  phys ica l ly  s i g n i f i c a n t  a i r c r a f t  f l y i n g  q u a l i t i e s .  Thus, i n  t h i s  
experiment p i l o t  comments were recorded a f t e r  each run. 
o f  t hese  runs i s  included below, f o r  t h e  0.3 damping t h r e e  rad ian  a i rp lane .  

An excerpt from one 

"I d id  not f i n d  time t o  make any comments (during t h e  
run) e 

run. Did much b e t t e r  with t h e  configurat ion.  I t h ink  it is  
j u s t  another example with what was run (before) .  
t h ings  get  very far (o f f )  i n i t i a l l y .  A l o t  of it got out  of  
hand b r i e f l y ,  and it kind of upse ts  th ings .  
with making gross  maneuvers. 
down t o  small e r r o r s  s o  you can use small p r e c i s e  cont ro l  inputs  
t o  do t h e  job. I kind o f  worry when I s e e  these  ( th ings)  happen 
when I know people a r e  measuring some s o r t  o f  performance index. 
I once again do not l i k e  t h e  cont ro l  forces ,  
t h e r e  was a s l i g h t  tendency t o  overshoot with any kind of  abrupt 
input ,  s o  t h e  general  cont ro l  technique was t o  f l y  t h i s  (a i rp lane)  
smoothly and c a r e f u l l y ,  bu t  not  r e a l l y  d r ive  it with any kind of  
high p i l o t  gains .  If you d id  put  i n  r ap id  inputs ,  you would run 
i n t o  a small  o s c i l l a t i o n ,  
f l y i n g  - no d i f f i c u l t y .  
shoot  on occasion. A l t i t ude  con t ro l  and a l t i t u d e  r a t e  cont ro l  - no 
problems, no complaint's. (The) cont ro l  (of )  t h e  gl idepath I 
thought would be good. T h r o t t l e  techniques - once again I set  t h e  
t h r o t t l e  t o  i n i t i a l  r a t e  of  descent ,  and I t r i e d  t o  make small 

I wasn't  t oo  happy with my performance i n  the  p r a c t i c e  

I never l e t  

You can be content  
You j u s t  don't  seem t o  ge t  back 

(In) p i t c h  response 

Control of p i t c h  a t t i t u d e  i n  normal 
There d id  seem t o  be a tendency t o  over- 
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changes about t h e  gl idepath with p i t c h  a t t i t u d e .  
d i r e c t i o n a l  - once again I am not very happy - i t ' s  a cont inual  
r o l l  o s c i l l a t i o n  exc i ted  by the  l a t e r a l  gust ,  I th ink  ( the)  
l a t e r a l - d i r e c t i o n a l  was t h e  source of  problem i n  doing t h e  job 
properly,  and i n i t i a l l y  t h e r e  was a l i t t l e  i n a t t e n t i o n  i n  t h e  
lateral. This was allowed t o  b u i l d  up with subsequent l a rge  
e r r o r s  i n  t h e  loca l i ze r ,  s o  t h a t  from then on 'the performance 
was poor as I t r i e d  t o  ge t  back on t h e  l o c a l i z e r  and gl idepath.  
I do not l i k e  t h e  l a t e r a l  c h a r a c t e r i s t i c s  - I cannot t u rn  
quickly enough i n  heading. I cannot be  p rec i se  enough i n  
heading. 
s o r t  o f  heading change, and t h e  tendency i s  t o  l e t  t h a t  b u i l d  
up t o  l a r g e r  bank angles and s t a r t  scur ry ing  back and f o r t h  
across  t h e  loca l i ze r .  Longitudinal comments and longi tudina l  
cont ro l  - c e r t a i n l y  con t ro l l ab le  and adequate f o r  t h e  mission. 
Don't r e a l l y  th ink  it i s  s a t i s f a c t o r y .  Small tendency t o  
overshoot. I th ink  it makes it unsa t i s f ac to ry ,  I consider  
t h a t  def ic iency minor and coupled with t h e  cont ro l  forces  ( i s )  
annoying. I t  ge ts  a 4. Latera l -d i rec t iona l  - do not l i k e  
it - con t ro l l ab le ,  bu t  it requi res  too much a t t e n t i o n  t o  con- 
t r o l ,  s o  I am going t o  say it required improvement and is  a 
major def ic iency.  I t  is going t o  get a 7.  Overall  a i rp l ane  
is a 7 and I do th ink  you can land t h i s  airplane." 

Lateral- 

I have t o  use 10 degrees i n  bank i n  order  t o  get some 

General comments on t h e  e n t i r e  experiment were a l s o  given by two of  
t h e  p i l o t s .  Some excerpts  of  t hese  a r e  given below. 

"I f ind  t h a t  as fa r  as explaining, maybe, some of the  
performance d i f fe rences  o r  s i m i l a r i t i e s  between d i f f e r e n t  
configurat ions you use d i f f e ren t  techniques i n  f l y i n g  - both 
f l y i n g  techniques and scan p a t t e r n  (of)  instruments you monitor. 
(For t h e  very highly o s c i l l a t o r y  ones, and t h e  very, very 
s luggish ones, you don't  t r y  and manhandle t h e  s t i c k  too much; 
you use t r i m  o r  you use t h r o t t l e ,  you use very smooth, gen t l e  
inputs .  In one case you do i t  f o r  t h e  o s c i l l a t o r y  one, s o  as 
not t o  e x c i t e  t h e  s h o r t  per iod,  (you have it o s c i l l a t i n g  on you). 
In t h e  l a t t e r  it doesn' t  do you any good; i t v s  j u s t  so i n e r t  
it doesn@t  do you any good t o  push much on t h e  s t i c k .  
l o t  o f  t hese  runs, even though t h e  longi tudina l  sho r t  per iod 
does vary, t h e  p i l o t  has t o  e x c i t e  it before  it w i l l  a f f e c t  h i s  
r a t ing .  Now, t h i s  las t  one, I would guess the  damping r a t i o  was 
. 3 ,  ( t h a t  area)  moderate frequency - while most of t h e  time I 
flew it, I was ab le  t o  put  my inputs  smooth enough so  I don ' t  
r e a l l y  th ink  I exc i ted  t h e  longi tudina l  s h o r t  period. If I 
don ' t  r e a l l y  e x c i t e  it, then poss ib ly  my r a t i n g  o r  my performance 
might be very similar t o  t h a t  (which) I gave for t h e  same frequency 
with a h igher  damping r a t i o .  I t  wasnst  u n t i l  t h e  very end when 
th ings  got  away from me t h a t  t h e  o s c i l l a t o r y  na ture  o f  t h i s  a i rp l ane  
became evident t o  me, and it was only the  las t  few seconds of 
t he  las t  run t h a t  t h e  r e l a t i v e l y  low damping of  t h e  longi tudina l  

( In)  a 
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f o r  t h e  s h o r t  per iod  would affect my r a t i n g ,  and it did,  and I 
downrated i t  f o r  t h a t .  
t h e  longi tudina l  s h o r t  per iod has changed t h e  way the  p i l o t  f l i e s  
it, he  very o f t e n  doesn i t  e x c i t e  t h e  sho r t  per iod,  o r  he does h i s  
bes t  no t  t o .  On t h e  o the r  hand, t h e r e  a r e  some o t h e r  va r i ab le s  
i n  t h i s  t h i n g  t h a t  I t h ink  I can sense,  s o  on t h i s  when you a r e  
t r y i n g  not  t o  e x c i t e  t h e  s h o r t  per iod  you a r e  not  f l y i n g  it 
a c t i v e l y  through t h e  s h o r t  per iod,  you are not  f l y i n g  p i t c h  
a t t i t u d e .  
f l y  p i t c h  a t t i t u d e  t o  c lose  t h a t  loop t h a t  t i g h t l y ,  then what you 
do, is you probably c lose  on r a t e  o f  descent,  and you do t h a t  
through t h r o t t l e ;  yes - a l s o  through e l eva to r s  of  course. 
t h a t  t hose  c h a r a c t e r i s t i c s  change, t h a t  sometimes t r i m  seems very 
e f f e c t i v e ;  sometimes t h e  s t i c k  f o r c e  pe r  knot seems g r e a t e r  than 
o the r  t imes;  sometimes power seems t o  r e a l l y  a f f e c t  t he  t r i m .  
t h e  ones where I don ' t  want t o  e x c i t e  t he  sho r t  per iod,  I in ten-  
t i o n a l l y  do not  pu t  i n  high frequency responses; I t r y  t o  put  i n  
these  gen t l e  responses,  and i n  t h i s  case I am monitoring maybe 
pr imar i ly  t h e  rate o f  climb i n d i c a t o r ,  and not sweating p i t c h  
a t t i t u d e  too  much. 
e l e v a t o r  motion, r a t h e r  lower frequency and poss ib l e  f a i r l y  low 
amplitude. Now, t h i s  i s  what I t r y  and do, but  very o f t en  by t h e  
middle marker everything s tar ts  t o  become unglued and as much as 
you want t o  t r y  and f l y  it smoothly, you have t o  ge t  i n  t h e r e  and 
r e a l l y  s ta r t  moving t h e  e l eva to r  around. So, I would guess t h a t  
maybe t h e  kind of  technique and performance you s e e  around t h e  
middle marker might be  more r ep resen ta t ive  of  a p i l o t  r e a l l y  g e t t i n g  
i n  t h e r e  and f l y i n g  aggressively.  In  o t h e r  words, I th ink  ( tha t  
when) he has l e s s  opportuni ty ,  he f l i e s  more l i k e  a simple s o r t  of  
a mechanism. 
apply a l l  s o r t s  of t r i c k s  and s u b t i l i t i e s  t o  suppress o r  circumvent 
t h e  de f i c i enc ie s  t h a t  you know t o  e x i s t  i n  t h e  a i rp l ane ,  whereas 
by t h e  middle marker sometimes when everything starts t o  (come 
apa r t )  on you, you have t o  r e v e r t  back t o  t h e  c los ing  (of) very 
simple €oops, and c lose  them i n  a very simple way, j u s t  probably 
with very high gain,  and I don ' t  know how much lead  o r  l ag ,  
t h ink  t h e r e  you probably a c t  more l i k e  t h e  kind of  p i l o t  models 
we can th ink  about. A t  t h e  ou te r  marker t he  p i l o t  can j u s t  do an 
awful l o t  of t h ings ,  (and) t h e r e  r e a l l y  a r e  a l o t  of t r i c k s  he  
can do t h a t  gives him good performance and maybe even small 
e l e v a t o r  inputs .  t h a t  he is  having t o  
adopt t hese  very p a r t i c u l a r  techniques t h a t  he has t o  work 
very hard  not  t o  e x c i t e  t h e  s h o r t  per iod.  
bad a i rp l ane ;  he knows t h a t  when h e ' s  i n  turbulence he w i l l  have 
a real bag of t ende r  worms on h i s  hands. 
s o  I t h i n k  i n  some o f  those  th ings  it might be p r e t t y  hard t o  
c o r r e l a t e  performance, depending o f  course what performance 
measure you use,  (For) some of  t h e  more obvious one, I would 
th ink  it would be  kind of hard  t o  c o r r e l a t e  some o f  t h e  perform- 
ance parameters with t h e  p i l o t  ra t ing ."  

So, sometime on performance, even though 

When you t ake  the  approach t h a t  you are not going t o  

I t  seems 

With 

So i n  t h a t  case  you might not  s e e  high frequency 

I th ink  when you a r e  out  a t  t h e  ou te r  marker you 

I 

And y e t ,  because he 

He knows t h a t  i t v s  a 

He w i l l  downgrade it, 

I___ 

_I 
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. "These a r e  f u r t h e r  comments on t h e  d e f i n i t i o n  of  t h e  task 
t h e  r a t i n g  s c a l e  given not  while I s m  f l y i n g  down the  ILS, which 
i s  d i s t r a c t i n g ,  bu t  separa te ly .  
genuine ILS approach i n  r e a l  weather, over r e a l  ground i n  a r e a l ,  
l a r g e  a i rp l ane ,  and t h e  t a s k  is not j u s t  t o  p lay  games with t h e  
s imulator .  The t a s k  includes more than j u s t  keeping t h e  needle 
centered. 
c lose  as you can, p lus  having t h e  a i rp l ane  approach t h e  bottom 
of the  ILS t h a t  is  the  minimum (which i s  i n  t h i s  case 200 f e e t )  
i n  a s t a b i l i z e d  f l i g h t  condi t ion,  s o  t h a t  you have the  p i t c h  
angle,  t h e  r o l l ,  and t h e  r o l l  r a t e  and a l l  t h a t ,  such t h a t  t h e  
a i rp l ane  i s  reasonably s teady  and it would be sens ib l e  and 
f e a s i b l e  f o r  t h e  p i l o t  t o  t ake  over a t  t h a t  po in t  and land 
v i sua l ly .  I am not r a t i n g  t h e  a i rp l ane  f o r  t he  landing. Some 
o f  t hese  a i rp l anes  couldn ' t  poss ib ly  be landed, but  I am w i l l i n g  
t o  admit t h a t ' s  a sepa ra t e  problem and not what I ' m  r a t i n g  the  
a i rp l ane  on. I ' m  r a t i n g  it on whether I can b r ing  t h e  a i rp l ane  
down t h e  ILS and present  it t o  t h e  p i l o t  i n  a condi t ion t h a t  
would g ive  him confidence t h a t  he  could land. I am a l s o  taking 
i n t o  account t h a t  t h i s  i s  not  a one time proposi t ion.  
i n t e r e s t e d  t h a t  maybe I can do it on t h i s  approach, o r  gee, I 
happen t o  h i t  t h a t  approach very n i ce ly ,  s o  I can do it on t h i s  
approach. Instead,  I am i n t e r e s t e d  i n  whether it i s  good enough 
so  t h a t  I can do t h i s  thousands and thousands of times without 
r i s k  of  bus t ing  the  a i rp l ane ,  and another  way I look a t  it is 
whether I a m  w i l l i n g  r o  r i d e  i n  t h e  back while t he  minimum 
competence p i l o t  on t h e  whole a i r l i n e  f l i e s  it. 
is no I don ' t  want t o  do t h a t ,  then  I say  you cannot f l y  t h i s  
a i rp l ane  t o  wi th in  t h e  to le rances  you need. 
The r a t i n g  s c a l e  I am i n t e r p r e t i n g  i n  t h i s  way, The t a s k  requi res  
t h a t  I cont ro l  t he  a i rp l ane  t o  wi th in  the  limits t h a t  I j u s t  
described. In  o ther  words, t h e  a i rp l ane  must be brought out  a t  
t h e  bottom end o f  t h e  ILS with t h e  a i rp l ane  f l y i n g  s t e a d i l y  and 
with t h e  p i t c h  and t h e  l o c a l i z e r  and g l i d e  path e r r o r  small enough 
t o  be t o l e r a b l e .  I ' m  more w i l l i n g  t o  t o l e r a t e  a small e r r o r  i n  
t h e  displacement of t h e  c ross  po in t e r s  than I am w i l l i n g  t o  
t o l e r a t e  wobbliness i n  t h e  a t t i t u d e  of  t h e  a i rp lane .  In  o the r  
words, i f  I were o f f  a q u a r t e r  of  an inch o r  s o  on t h e  cross-  
po in t e r  meters,  but  everything was s teady  I would consider  t h a t  
an acceptable  approach, 
centered exac t ly ,  bu t  t h e  a i rp l ane  is wobbling then t h a t  i s  a 
completely unacceptable approach. 
one of  f l y i n g  wi th in  these  r a t h e r  s t r i n g e n t  l i m i t s ,  and i f  I can ' t  
do i t ,  t r y i n g  as hard as I can - i f  I cannot keep the  a i rp l ane  
s teady,  then I say I cannot control  t he  a i rp l ane  wel l  enough t o  
do t h e  t a s k ,  s o  therefore  i t ' s  10 by d e f i n i t i o n .  That ' s  uncon- 
t r o l l a b l e .  Now, I do not mean t h a t  a 10 means I ' m  f a l l i n g  out  of 
t h e  sky. 
t h a t  I have seen,  t h e r e  has been no quest ion of  f a l l i n g  out o f  

I ' m  def in ing  tbe t a s k  a s  a 

The t a s k  includes keeping t h e  needle-centered  as 

I ' m  not  

If t h e  answer 

So t h a t ' s  t h e  t a s k .  

But i f  t h e  c ross  po in t e r  meter bars  a r e  

So t h e  t a s k  then becomes t h e  

Except f o r  a few very bad longi tudina l  c h a r a c t e r i s t i c s  
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t h e  sky. I am def in ing  my task  as bringing t h e  a i rp lane  down 
t o  200 fee t ,  which i s  mighty low, o r  even 100 feet ,  s t e a d i l y ,  
aimed r i g h t ,  and i n  the  r i g h t  pos i t i on  i n  space,  and do it every 
t i m e .  Tha t s s  my t a sk , . and  t h a t  i s  t h e  task  t o  which I have t o  
cont ro l  . I 1  

4. Frequency Response Data 

The phase s h i f t  of  t he  open-loop a i rc raf t  a t  3 rad/sec,  f o r  the  four- 
teen confinurat ions s t u d i e s ,  i s  l i s t e d  below. Several  t yp ica l  frequency 
response curves,  from which t h i s  da t a  was excerpted, are given i n  Figures 1 2  

P h a s e s  hift  A t  
3 rad/sec 

5. 

Conf igura t ion  
Damping /  F r eq. 

0. O/Q. 5 

0 . 0 / 1 . 0  

0 . 0 / 3 . 0  

0 . 0 / 6 . 0  

0. 3 / 3 . 0  

0 . 3 j 6 .  o 
0. 6 / 0 . 5  

0. 6 / 1 . 0  

0.  6 / 3 . 0  

0.  6 / 6 . 0  

l . O / O .  5 

1 . 0 / 1 . 0  

1 . 0 / 3 . 0  

1. 0 / 6 . 0  

P i l o t  Ratings 

- 540 " 
-540" 

-510" 

-360" 

-460" 

-380" 

-527" 

-527" 

-470" 

-400" 

-515" 

-510" 

-480" 

-412" 

- 13" 

- 10" 

-345" 

-190" 

-280" 

-215" 

-360" 

-350" 

-280" 

-232" 

-355" 

-337" 

-280" 

-245" 

-355" 

-355" 

-330" 

-180" 

-265" 

-200" 

-343" 

-328" 

-265" 

-220" 

-335" 

-346" 

-265" 

-233" 

P i l o t  Ratings are given i n  Table 2 and Table 3. Table 2 shows a l l  da ta  
f o r  a l l  runs,  including r a t ings  f o r  t he  longi tudinal  mode, t h e  la teral-  
d i r ec t iona l  mode, t h e  ove ra l l  a i rp lane  and whether o r  not  the  a i rp l ane  could 
be landed. 

Table 3 shows r a t ings  f o r  longi tudina l  d a t a  only. 
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I V .  ANALYSIS OF DATA AND RESULTS 

1. Analysis o f  Variance 

The da ta  format of  t h i s  experiment i s  d i r e c t l y  amenable t o  use of t he  
ana lys i s  o f  var iance.  
s t a t i s t i c s  o f  t h e  p i l o t  r a t i n g  da ta .  
orthogonal as it s t ands ,  because not each of t h e  frequencies  was examined f o r  
every damping r a t i o  t h a t  was used. Therefore,  two d i f f e r e n t  sub-sets  of t h e  
da ta  which gives  orthogonal comparisons a r e  used i n  t h e  ana lys i s  of var iance.  

This  ana lys i s  technique i s  used t o  determine t h e  
The e n t i r e  format of d a t a  i s  not  

The first sub-set  of p i l o t  r a t i n g  t o  be analyzed i s  f o r  undamped 
n a t u r a l  f requencies  f o r  t h e  s h o r t  per iod  of 1, 3 and 6 radians/second, each 
at  damping r a t i o s  of 0 ,  0.6 and 1.0.  
t h ree  t imes,  a test  f o r  learn ing  may be  made. The main f a c t o r s  i n  t h e  
ana lys i s  a r e ,  t he re fo re ,  l earn ing ,  frequency and damping r a t i o .  The input  da ta  
a r e  shown i n  Tables 4 and 5. 

Because each p i l o t  d id  each s e t  of runs 

The second sub-set  of  p i l o t  r a t i n g  d a t a  t o  be analyzed was f o r  un- 
damped n a t u r a l  f requencies  f o r  t h e  s h o r t  per iod of 3 and 6 radians/second each 
a t  a damping r a t i o  of  0 ,  0 .3 ,  0 .6  and 1.0.  
Tables 6 and 7 .  

These input  d a t a  a r e  shown i n  

Resul ts  of the  ana lys i s  o f  var iance ca l cu la t ions  f o r  p i l o t  r a t i n g s  a re  
shown i n  Tables 8 through 11. 

In  Case I ,  t he  ana lys i s  shows t h a t  se t  ( o r  learning)  i s  not  s i g n i f i -  
cant ,  and t h a t  both frequency and damping r a t i o  a re  s i g n i f i c a n t  a t  t he  5% 
leve l .  This sub-set  of the  d a t a  was analyzed i n  both the  raw and normalized 
form, and t h e  r e s u l t s  a re  the  same f o r  both ana lyses ,  

For Case 11, both i n  t h e  normalized and raw forms, t he  r e s u l t s  a r e  
t h a t  both set  ( learning)  and damping r a t i o  a r e  s i g n i f i c a n t  a t  t he  5% l e v e l  and 
frequency i s  not  s i g n i f i c a n t .  

In  each of t he  analyses of  var iance  none of t he  i n t e r a c t i o n s  between 
o r  among s e t ,  frequency, o r  damping r a t i o  a r e  s i g n i f i c a n t .  The model f o r  
t hese  analyses  inc lude  t h e  p i l o t s  i n  t h e  e r r o r  term, and the re fo re ,  t h e r e  i s  
no measure of s i g n i f i c a n t  d i f fe rences  among the  p i l o t s  + 

The ana lys i s  of var iance using rms g l i d e  s lope  error shows r e s u l t s  
which agree with the  similar ana lys i s  o f  t he  p i l o t  r a t i n g  d a t a  f o r  the  main 
e f f e c t s  of  frequency and damping. However, it a l s o  adds t h e  i n t e r a c t i o n  
between frequency and damping r a t i o  as s i g n i f i c a n t  a t  t he  5% l e v e l ,  f o r  
Case I ,  t h e  sub-se t  of da t a  with s h o r t  per iod frequencies  1, 3 and 6 rad ians /  
second each a t  a damping r a t i o  o f  0,  0.6 and 1.0.  

29 



TABLE 4 

INPUT DATA FOR ANALYSIS OF VARIANCE 

CASE I 3 x 5 ~ 3 ~ 3  

P i l o t  Set 0 

1 3 6 
b 10 10 8 

1 2 10 9 9 

3 10 9 8 e 5  

2 

1 8 7 7 

2 1 0  6 6 
3 1 0  6 5 

1 9 7 9 

3 2 8 8 7 , s  

3 8 7,5 8 

1 8 7 8 

4 2 3 7 3 3 

5 2,5 3 4 0 5  2 4 

5 3 2 5 4 3 

7 2 4 8 4 2 

5 4 3 4 4 4 

5 6 4,5 6 6 6 

3 5 4 6 4,5 7 

7 3 4,5 7 4 4 

5 6 4 6 5 8 

8 5 3 5 4 4 

4 3 2 6 5 3 

7 5 e5 6 0 5  5 

9 5 9 6 

5 5 4 4 
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P i l o t  Set  

1 

0 

2 

1 
2 
3 

3 

1,68 1,68 , 98  

1.68 1,33 1.33 
la68 1.33 le12 

4 

1 
2 
3 

5 

~~~~ 

1.43 e97 e97 
2,35 .51 '51 
2.35 ,5b ' 0 5  

* 

1 . 
2 
3 

TABLE 5 
CASE I (NORMALIZED DATA)* 

(FOR EACH PILOT: MEAN = 0, STD. DEV. = 1) 

1.83 ,61 1,83 
1.22 1.22 e91 
1*22 091 1.22 

I 1  3 6 

1.21 475 1421 
2.15 075 a75 
2,15 ,75 ,75 
la19 le19 le19 
1.19 1.19 1819 
1.19 le19 la19 

Normalized data is computed by taking the mean pilot rating, subtracting 
the particular pilot rating to be normalized, and then dividing this 
difference by the standard deviation of the pilot ratings. 
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TABLE 6 

INPUT DATA FOR ANALYSIS OF VARIANCE 

CASE I1 3 x 5 ~ 2 ~ 4  DESIGN 
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TABLE 7 
CASE I1 (NORMALIZED DATA) 

Pilot Set 0 063 
3 6 3 6 

1 
2 2 

3 
1 

3 2 

3 
1 

4 2 
3 
1 

5 2 
3 

3 6 

- 077 - e77 

- l a 1 2  - % 7 7  
- e 9 5  - e77  

-1814 alr34 
-1034 e41 
- a 4 1  -le14 

0,oo - e 9 1  
e e 6 1  -1622 

~ a 2 8  - e65  
- e19  -le12 
-le12 -1.59 
- % 7 9  - e79 

~ a , 7 9  - l e 1 9  
e 7 9  0800 

l e 0  

3 6 

m42 - e77 
a77  .- e77 

-1812 - 842  

041 -le14 
- 841 -le34 

d41 - e41 
o s 0 0  o e o o  

" 6 9 1  e 6 1  
-1022  - l a 2 2  
- a19  l e 2 1  

e65  - e 6 5  
- e19 - 1 0 1 2  
- e20 - .79 

e79  - a40 
I - l e 1 9  -le19 
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TABLE 8 

Source of 
Variation 

ANALYSIS OF VARIANCE FOR P I L O T  RATING CASE 1, NORMALIZED 

sums of Degrees of 
Squares Freedom 

Levels of Factors 

A 3 Set  
B 5 P i l o t  
C 3 Frequency 
D 3 Damping Ratio 
Grand Mean 0.14474 

Mean 
Squares F 

A 
B 
AB 
C 
AC 
BC 
ABC 
D 
AD 
BD 
ABD 
CD 
ACD 
BCD 
ABCD 
TOTAL 

1.40985 2 
0.66065 4 
1.87874 8 

18.94722 2 
0.92741 4 
2.86780 8 
6.60028 16 

79.85873 2 
0.54489 4 
1.50145 8 
8.76978 16 
0.53472 4 
0.63825 8 
5.13030 16 

10.98097 32 
136.24602 134 

0.70493 
0.16516 
0.23422 
9.47361** 
0.23185 
0.35848 
0.41252 

39.92937** 
0.13622 
0.18768 
0.23561 
0.13368 
0.07978 
0.32064 
0.34316 

Sums o f  
Squares 

3.05 

27.10 

210.00 

Degrees o f  
Freedom 

1 

3.53584 
0.58577 
2 e 15884 
0.00217 
0.22306 
0.85694 
1.45463 

65.15251 
0.78591 
3.90481 
6.84927 
0.54124 
1.34937 
2.74368 
5.83815 

95.98212 

TABLE 9 

2 
4 
8 
1 
2 
4 
8 
3 
6 

12 
24 

3 
6 

12 
24 

119 

ANALYSIS OF VARIANCE FOR P I L O T  RATING ... CASE 2 ,  NORMALIZED 

Levels of Factors 

A 3 Set  
B 5 P i l o t  
C 2 Frequency 
D 4 Damping Ratio 
Grand Mean -0.25858 

Source of 
Variation 

A 
B 
AB 
C 
AC 
BC 
ABC 
D 
AD 
BD 
ABD 
CD 
ACD 
BCD 
ABCD 
TOTAL 

Mean 
Squares 

1.76792** 
0.14644 
0.26986 
0.00217 
0.11153 
0.21424 
0.18183 

21.71750** 
0.13098 
0.32540 
0.28539 
0.18041 
0.22490 
0.22864 
0.24326 
0.24326 

- F 

6.55 

67.8 
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TABLE 10 
ANALYSIS OF VARIANCE FOR PILOT RATING CASE 1 

Levels of Factors 
A 3 Set  
B 5 P i l o t  
C 3 Frequency 
D 3 Damping Ratio 

Grand Mean 6.06296 

Source of 
Variation 

A 
B 
AB 
C 
AC 
BC 
ABC 
D 
AD 
BD 
ABD 
CD 
ACD 
BCD 
ABCD 
TOTAL 

sums of 
Squares 

7.24815 
94.71481 
7.47407 

98.27036 
4.36296 
15.22963 
28.74814 
405.71460 
3.08519 
26.95 184 
17.02592 
3.26296 
3.77037 
29.07036 
48.28517 
793.21387 

Degrees of 
Freedom 

2 
4 
8 
2 
4 
8 
16 
2 
4 
8 
16 
4 
8 
16 
32 
134 

Mean 
Squares 

3.62407 
23.67870 
0.93426 
49.1351&** 
1.09074 
1 .go370 
1.79676 

202.85730** 
0.77130 
3.36898 
1.06412 
0.81574 
0.47130 
1.81690 
1 .SO891 
1.50891 

F 

3.87 

25.80 

60.3 

TABLE 11 
ANALYSIS OF VARIANCE FOR PILOT RATING ..... CASE 2 

Levels of Factors 
A 3 Set 
B 5 P i l o t  
C 2 Frequency 
D 4 Damping Ratio 

Grand Mean 5.13333 

Source of 
Variation 

A 
B 
AB 
C 
AC 
BC 
ABC 
D 
AD 
BD 
ABD 
CD 
ACD 
BC D 
ABCD 
TOTAL 

sums of 
Squares 

16.05415 
78.61665 
8.69583 
0.00833 
0.80417 
2.99167 
7.94583 

338.58325 
4.12917 
47.83333 
30.70416 
2.47500 
6.21250 
14.69167 
22.62082 
582.36572 

Degrees of 
Freedom 

2 
4 
8 
3 
6 
12 
24 
3 
6 
12 
24 
119 

Mean 
Squares 

8.02708** 
19.65416 
1.08698 
0.00833 
0.40208 
0.74792 
0.99323 

112.86108** 
0.68819 
3.98611 
1.27934 
0.82500 
1.03542 
1.22431 
0.94253 

F 

7.5 

29.7 
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For Case 11, the sub-set  of 3 and 6 radians,  f o r  four  damping r a t i o s ,  
the  r e s u l t s  are very much d i f f e r e n t .  
main e f f e c t s  or in te rac t ions .  The r e s u l t s  f o r  these cases a r e  shown i n  
Tables 12  and 13, 

In  t h i s  case t h e r e  were no s i g n i f i c a n t  

I t  i s  i n t e r e s t i n g  t h a t  t h e  Case I g l i d e  s lope rms data  shows s i g n i f i -  
cant t rends,  espec ia l ly  s ince  t h e  g l i d e  slope rms does not c o r r e l a t e  with 
p i l o t  r a t i n g  as i s  shown i n  Figure 15. An investigat'ion of the d a t a  shows a 
s t rong i n t e r a c t i o n  f o r  the zero damping r a t i o ,  one radian/second poin t  and 
it i s  t h i s  s i n g l e  point  t h a t  gives rise t o  the  s ignif icance shown. 
s ign i f icance  can therefore  be considered spurious.  

The 

2. - RMS Glide Slope Error and Its Relationship t o  the Frequency 
Responses of  the  A i r c r a f t  

I t  w a s  hypothesized t h a t  the Bode p l o t s  which character ize  the air- 
craf t ' s  responses could be r e l a t e d  t o  an increase o r  decrease i n  the FWS 
g l i d e  s lope e r ror .  Spec i f ica l ly ,  it was f e l t  t h a t  an increase i n  the  phase 
lag of the  
exhibi t  a high cor re la t ion  with an increase i n  the RMS gl ide  slope e r ror .  

@/de and d/de t r a n s f e r  functions a t  3 radians/second might 

To t e s t  t h i s  hypothesis, t h e  frequency responses f o r  these t r a n s f e r  

Representative 
functions ( i . e . ,  h/6 ,  , @/J', and "/de ) were p l o t t e d  and the phase s h i f t  a t  
3 radians/second recorded f o r  the  14 configurations tes ted .  
Bode p l o t s  are given i n  Figures 12, 13 and 14 of Section 111. 

Plots  of t h e  phase lag versus g l i d e  s lope e r r o r  are given i n  
Figures 16, 17 and 18 of t h i s  sect ion.  Since many of the configurations had 
e s s e n t i a l l y  the same phase s h i f t  a t  3 radians/second, it became necessary t o  
code t h e  data.  For example, i n  t h e  data ,  severa l  configurations had t h e  
same phase s h i f t  of 264" - hence t h e  necessi ty  of coding t h e  &,= .6,  
dnJP = 3 radians/second data  with X ' s  and s o  on. 

"scat ter"  diagrams does not reveal  any s o r t  of obvious cor re la t ion  ( l i n e a r  
o r  nonlinear) between the phase lag'and the RMS gl ide  slope e r r o r ,  

The r e s u l t s  of  the  test  are r a t h e r  c l e a r ,  s ince  an inspection of these 

3. Linear Combinations of RMS Errors 

Since i n  t h i s  experiment such a large body of da ta  of  rms er rors  was 
avai lable ,  e .g . ,  f i v e  p i l o t s  doing fourteen configurations and each repeating 
these runs, a set  consis t ing of a r a t h e r  la rge  number of mean square e r r o r s  
i s  avai lable .  This suggests t h a t  comparisons of these e r r o r  scores might 
reveal some addi t ional  insight  i n t o  re la t ionships  of  p i l o t  ra t ings  and 
ana ly t ica l  performance measures. 
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TABLE 1 2  

ANALYSIS OF VARIANCE FOR GLIDE SLOPE ERROR .... CASE 1 

Degrees of 
Freedom 

2 
4 
8 
2 
4 
8 
16 
2 
4 
8 
16 
4 
8 
16 
32 
134 

Levels of Factors 

A 3 Set 
B 5 P i l o t  
C 3 Frequency 
D 3 Damping Ratio 

Grand Mean 0.10661 

Mean 
Squares 

0.01621 
0.02313 
0.00535 
0.08280** 
0.02440 
0.01608 
0.01169 
0.13530** 
0.00780 
0.02528 
0.00651 
0.08528** 
0.00536 
0.01683 
0.00636 

Source of 
Variation 

A 
B 
AB 
C 
AC 
BC 
ABC 
D 
AD 
BD 
ABD 
CD 
ACD 
BCD 
ABCD 
TOTAL 

- ~~ 

sums of 
Squares 

0.06242 
0.09250 
0.04277 
0.16559 
0.09759 
0.12863 
0.18708 
0.27059 
0.03120 
0.20221 
0.10422 
0.34114 
0.04290 
0.26927 
0.20851 
2.21161 

F 

3.01 

5.18 
2.08 

6.75 
1.20 

5.07 
0.85 

TABLE 13 
ANALYSIS OF VARIANCE FOR GLIDE SLOPE ERROR .... CASE 2 

Levels of Factors 

A 3 Set 
B 5 Pilot 
C 2 Frequency 
D 4 Damping Ratio 

Grand Mean 0.07636 

Source of 
Variation 

A 
B 
AB 
C 
AC 
BC 
ABC 
D 
AD 
BD 
ABD 
CD 
ACD 
BCD 
ABCD 
TOTAL 

Degrees of 
Freedom I sums of 

Squares 

0.06586 
0.03790 
0.06571 
0.00481 . 
0.01599 
0.06547 
0.06750 
0.02679 
0.03432 
0.07410 
0.10464 
0.02135 
0.03953 
0.06466 
0.09453 
0.78316 

2 
4 
8 
1 
2 
4 
8 
3 
6 
12 
24 
3 
6 
12 
24 
119 

Mean 
Squares 

0.03293 
0.00947 
0.00821 
0.00481 
0.00799 
0.01637 
0.00844 
0.00893 
0.00572 
0.00618 
0 a 00436 
0.00712 
0,00659 
0.00539 
0.00394 

F 

4.0100 

0.2938 
0.9467 

1.4450 
1.3120 

1.3210 
1.6730 
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An i n i t i a l  attempt was made t o  determine whether any such re la t ionship  
ex is t s  f o r  these data .  The approach used was t o  wri te  the  matrix equation 

AK = R,  

where A i s  a 7 x 7 matrix of  known constants (rms e r ro r s ) ,  

K is  a 7 x 1 column vector of unknown constants,  and 

R is a 7 x 1 column vector of known p i l o t  ra t ings .  

and solve f o r  t he  unknown K vector 

Y = 4 %  

where A - l  i s  the inverse of A. 

An attempt w a s  then made t o  r e l a t e  the  K thus obtained with other  s e t s  of 
rms errors , ,A,  t o  estimate the  actual  R vector f o r  t ha t  s e t  of runs. In  t h i s  
way an attempt t o  estimate p i l o t  ra t ings  as a l i n e a r  combination of mean 
square e r rors  of the var iables  which appear i n  the equation of motion was 
made. 

A comparison of K vectors obtained f o r  f i v e  configurations and 
associated A and R matrices i s  shown below. No trend o r  consistency can be 
observed i n  these data ,  shown below. 

21 .49  5. 23 -11.06 2 .23  - 3.47 -26.76 - 4. 58 

66 .84  6 . 9 5  -26.82 -1.85 -11.795 7 .82  8:183 

- 2.06  - 0 .23  - 2 .89  13 .73  4.88 4 . 0 9  -21.85 

92.78 - 1 .44  - . 137 6.98 - 7. 17 10.74 -10.88 

170.29 -10.62 18 .39  1 .79  5. 27 63.65 1. 62 

One of these K vectors,  the  first one, w a s  multiplied by A matrices 
f o r  th ree  d i f f e ren t  runs ( se t s  of configurations).  The r e su l t s  a r e  shown 
below (R is  the  ac tua l  p i l o t  r a t ing  while f? is the  estimated r a t ing ) .  
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R1 R2 R3 R4 R 5  R6 R7 

R 10 10 10 5 5 8 4 
A 

R 30 - 0 .2  9 . 3  -2 .6  8 . 6  18.8 2 

4 , 5  R 10 9 6 6 6 5 

A 4 . 9  -17.9 7 .6  6 . 7  8 -0. 14 R 11 

R 9 . 5  10 9 6 4 . 5  5 2 . 5  

R 5 -15 31 -5 5 .9  - 9 . 5  0 .7  
A 

Here, as before ,  it i s  evident t h a t  no r e l a t ionsh ip  e x i s t s  among t h e  l i n e a r  
combination of rms e r r o r s  and p i l o t  r a t ings .  
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V CONCLUSIONS 

From t h i s  experiment i t  is  concluded t h a t :  

1. Glide s lope  rms e r r o r  score does not  correJate  with p i  l o t  
r a t i n g  f o r  the ILS t a s k .  

2.  There i s  no apparent l i n e a r  combination of rms e r r o r  scores 
t h a t  cor re la tes  with p i l o t  r a t i n g  f o r  the ILS t a s k .  

3. There i s  no cor re la t ion  between g l i d e  slope rms e r r o r  and 
phase s h i f t  a t  3 radians/second f o r  h l s , ,  
The analyses o f  variance of g l ide  slope rms e r r o r  do not 
i n d i c a t e  t h a t  t h i s  measure is  as s e n s i t i v e  as p i l o t  r a t i n g ,  

and "/s, e 

4. 
. 

5. P i l o t s  frequently give a lower r a t i n g  because of r e l a t i v e l y  
poorer performance as they approach the  middle marker. 

6 .  P i l o t  r a t i n g  i s  not readi ly  apparent from records of g l i d e  
s lope e r ror .  
t i g h t l y  then a good one because they are a f r a i d  of "losing it." 
With a r e l a t i v e l y  well behaved configuration, they w i l l  t o l e r a t e  
more e r r o r  s ince recovery i s  eas ie r .  

The p i l o t s  f l y  a poorer configuration more 
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VI, RECOMMENDATIONS 

I t  i s  expected tha t  t he  lack of cor re la t ion  between the p i l o t  r a t ing  
data  and the  numerical data  r e f l e c t s  the i n a b i l i t y  of the numerical da ta  t o  
account fo r  p i l o t  technique and f o r  t he  p i l o t ' s  mental processes. 
recommended tha t  a more thorough examination of the  data ,  with' a broader scope 
of performance indices ,  be car r ied  out.  

I t  is 

In addition, it i s  recommended t h a t  the data  generated on the  present 
project  be used t o  compute p i l o t  t r ans fe r  functions f o r  the mult i -control ler ,  
multi-loop ILS t a s k .  
s ince vector representations of the  p i l o t  t r ans fe r  functions have never before 
been attempted. 

The existence of t h i s  data presents a unique opportunity, 
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Appendix A 

APPLICATION OF THE SPEARMAN RANK TEST TO PILOT DATA 

Item 

A 

The Spearman rank t e s t  re fe r red  t o  i n  the  introduction involves the  
judging of a s e t  o f  objects by two judges, After t h e -  judges have performed 
t h e i r  du t ies  and some items a r e  judged d i f f e r e n t l y  by them, one wishes t o  
know i f  these differences a r e  real o r  i f  they represent a reasonable chance 
e f f e c t  with high probabi l i ty  of occurrence. For the problem depicted there  
is  no knowledge of t h e  underlying d i s t r i b u t i o n  functions and a nonparametric 
t e s t  i s  desirable .  
following way. 

The Spearman t e s t c i s  such a t e s t  and is  used i n  t h e  

rudge 1 Judge 2 

1 2 

Suppose t h e r e  are  e ight  items t o  be judged and l e t  them be A through 
H. The sample s ize ,  N ,  i s  e ight .  
s c a l e  of h i s  own choice. Further,  allow them t o  r a t e  with plus  and minus 
suf f ixes  t o  d i f f e r e n t i a t e ,  say, a 2+ from a 2 from a 2-. Suppose the r e s u l t s  
are  as follows: 

Let each judge give a r a t i n g  on a numerical 

H 8 2 3  

~ E 7t 20 

I F I 7 I 22 I 
G 5 14 

I t  appears t h e  two judges used very d i f f e r e n t  r a t i n g  schemes, but s o  
The question i s ,  do they give the same information? be it. 

assigning ranks t o  each judge's ra t ings .  The da ta  then becomes: 
Proceed by 
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Ranks f o r  
J u d g e  1 I Itern 

Difference Ranks for 
J u d g e  2 

A 

B 
C 

F 

1 1 0 

5 5 0 

3 3 0 

7 

D 
E 

7 

2 2 0 

6 6 0 

0 .  

G 
H 

4 4 0 

8 8 0 

I t  i s  obvious t h a t  t he  rank co r re l a t ion  i s  p e r f e c t ,  bu t  t o  make t h i s  
example complete it is  a l s o  computed. The formula i s  

Item 

A 

B 
C 
D 

E 

F 
G 

H 

where p i s  t h e  co r re l a t ion  c o e f f i c i e n t .  

4 i s  the  d i f f e rence  between ranks i n  t h e  i f 4 r o w .  

Ranks for  
J u d g e  1 

1 

8 

7 

3 

5 7 2 4 
4 2 -2 4 
2 4 2 4 

6 8 2 4 

4 i s  the  sample s i z e .  
6 (0) - I - -  = . I  P -  8 (b4-7) 

and for  the  example 

which means t h a t  t h e  two judges gave us the  same information. 

An example wherein t h e  rankings are d i f f e r e n t  i s  given next.  
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Tkere a r e  two forms of  t ab le s  i a a  use from which t h e  ex ten t  of  
c o r r e l a t i o n  can be judged. 
s ize  and the  o the r  i s  based on t h e  value 6f p and sample s ize .  
hypothesis t h a t  i s  t e s t e d  is t h a t  the two judges' r a t ings  are not co r re l a t ed .  

One form of t a b l e  is based upon E d f  and sample 
The n u l l  

2 
For t h e  purpose of t h e  first type of t a b l e  mentioaed c A; = 32 and 

t h e  sample s i ze  i s  8 .  
t he re  may bare ly  be  a s i g n i f i c a n t  co r re l a t ion  a t  t h e  8% leve l .  
t h e r e  is  not s t r o n g  evidence t h a t  t he  judges r a t ed  t h e  same way. 

From such a t a b l e  it is  found *at t h i s  i nd ica t e s  
That i s ,  

For  t he  purpose o f  t h e  co r re l a t ion  coe f f i c i en t  t a b l e  
L, (32) p '  I -  - = 0,619 
8 (63) 

and t h i s  i s  not s i g n i f i c a n t  at t h e  5% l e v e l  according t o  t h e  t ab le .  

I t  is of i n t e r e s t ,  from a knowledge of p i l o t  r a t i n g  data,  t o  es t imate  
what values of t h e  co r re l a t ion  coe f f i c i en t  should be  expected i f  p i l o t s  are 
considered t o  be the  judges. 

I t  is  usua l  t h a t  two p i l o t s  w i l l  rate t h e  same a i rp lane  configuration 
within p&us o r  minus one r a t i n g  u n i t  of each o ther .  
the  rankings r e f l e c t  t h i s  d i f f e rence  of plus o r  minus one r a t i n g  u n i t  as p lus  
o r  minus one ranking, then we w i l l  have a maximum C d Z  of N d," Nand the  
formula f o r  t h e  minimum p becomes 

If  we hypothesize t h a t  

L L N  
=. I - -  

Nf- I 
P ' I  - 

N (NZ- 7) 

This ind ica t e s  t h a t  we need t o  obta in  values o f p  versus sample s i z e  as 
ind ica ted  i n  t h e  following t a b l e .  

N 

8 

10 

15 

20 

25  

P 
0 .9046  

0 .9394  

0 .9432 

0 .9850 

0 .9904  

The ind ica t ed  value off' .  must be obtained f o r  comparisons between a 
p i l o t  and any o t h e r  form of  judging (such as performance ind ices )  i f  t h e  o the r  
judgment form is  t o  be as s e n s i t i v e  as a p i l o t  can be. 

Having d e a l t  with these  pre l iminar ies ,  it becomes i n s t r u c t i v e  t o  
i n v e s t i g a t e  r e a l  da t a .  The r a t i n g s  given a re  f o r  two d i f f e r e n t  p i l o t s  who 
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ra ted f i f t e e n  configurations 
any other  one. 

Each of t h e  configurations is  d i f f e r e n t  from 
The r a t i n g s  are  on a one t o  ten s c a l e .  

Configuration Rating by  
Pilot One 

A 

B 
C 

D 
E 
F 

i 4  7 
i 

G 
H 
I 
J 
K 
L 
M 
N 
P 

5 

7 
1.5 
6 
7 

5 
4 

4.5 

7 

4 

From the ranking da ta  the  computed p = 0.9421, which i s  extremely s i g n i f i c a n t  
(even a t  t h e  0.0005 level)  and s i g n i f i e s  t h a t  t h e  n u l l  hypothesis ( i . e . ,  the 
p i l o t s  ra ted  independently) must be rejected.  The Pearson product moment 
cor re la t ion  coef f ic ien t  has a l so  been computed and i ts  value i s  0.896 which is 
a l s o  extremely s i g n i f i c a n t .  These coef f ic ien ts ,  obtained from real data,  
indicate  the  values of t h e  coef f ic ien ts  t h a t  should be a t ta ined  f o r  a 
comparison between a p i l o t  and any other  r a t i n g  scheme i f  t h i s  o ther  r a t i n g  
scheme i s  t o  be as s e n s i t i v e  as the  p i l o t ,  Mere s t a t i s t i c a l  s ign i f icance  i s  
not a s u f f i c i e n t  ind ica tor .  

I t  may be noticed from the actual p i l o t  data  t h a t  there  are repeated 
rat ings by each p i l o t .  
applies t o  each l i k e  r a t i n g  t h e  average of the  rank posi t ions t h a t  these 
rat ings would take.  For instance P i l o t  One ra tes  configurations F and K the  
same and these  would take ranking posi t ions 8 and 9.  Therefore, the rank 
applied t o  these two configurations is  8.5. 

To determine ranks f o r  these repeated ra t ings  one 

The other c h a r a c t e r i s t i c  t o  be noticed from the  t a b l e  of p i l o t  d a t a  i s  
t h a t  the maximum di f fe rence  i n  p i l o t  ra t ings  (between p i l o t s )  i s  1.5 r a t i n g  
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u n i t s  f o r  configuration M.  There are seven d i f fe rences  of one r a t i n g  u n i t ,  
t h r e e  d i f fe rences  of  one-half a r a t i n g  u n i t ,  and four  r a t ings  t h a t  are a l i k e .  
However, i n  terms dif ranks the re  i s  one d i f f e rence  of t h ree  and a h a l f ,  one 
d i f fe rence  of two and a h a l f ,  four  d i f fe rences  of  one-half and one p a i r  of 
rankings t h a t  are a l i k e .  Therefore, t h e r e  i s  g r e a t e r  d i spers ion  among the  
ranks than the re  is  among t h e  p i l o t  r a t ings  and t h i s  cont r ibu tes  t o  the  
reason why the  pred ic ted  p f o r  N = 15 i s  0.973 whereas t h e p  computed f o r  
t h e  d a t a  i s  0.942. 

Because values of p on t h e  order of 0.94 t o  0.97 are ind ica ted  as 
necessary t o  obta in  (but on t h e  o the r  hand are s t a t i s t i c a l l y  very improbable) 
then t h e  impl ica t ion  i s  t h a t  a s t a t i s t i c a l l y  s e n s i t i v e  and s u f f i c i e n t  program 
design must be used. 
define with s t rong  s ign i f i cance  t h e  p i l o t  v a r i a b i l i t y  s o  t h a t  reasonable 
conclusiorrs about comparisons of p i l o t  r a t i n g  s c a l e s  and o the r  r a t i n g  proce- 
dures can be made. 

A l a rge  enough program should be  used t o  be ab le  t o  
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Appendix B 

TURBULENCE MODEL 

The gus t  model i s  the  Dryden s p e c t r a l  form. A d i s t i n c t i o n  is ,made i n  
the  model f o r  turbulence c h a r a c t e r i s t i c s  above 1000 feet above ground l e v e l  
and below 1000 f e e t  above ground l e v e l .  Turbulence above 1000 f e e t  is assumed 
t o  b e  i s o t r o p i c ,  while  below 1000 f e e t  turbulence is  assumed t o  be aniso- 
t r o p i c .  
tude v a r i a t i o n s  from 2500 f e e t  t o  ground l eve l ,  a d  t h e  1000 foot  assumption 
l i e s  midway i n  t h e  r e s u l t a n t  a l t i t u d e  p r o f i l e .  
model v a l i d  below 1000 feet was used f o r  the  e n t i r e  a l t i t u d e  range. 

A s l i g h t  problem occurs he re ,  s i n c e  t h e  cu r ren t  study involved a l t i -  

For t h i s  present  s tudy  t h e  

The model accounts f o r  t h e  an i so t rop ic  charac te r  of t he  turbulence by 
providing an rms i n t e n s i t y  f a c t o r ,  bw, and a s c a l e  f a c t o r ,  /,for the  v e r t i c a l  
gust  components i n  the  hor izonta l  d i r e c t i o n .  
and s c a l e  f a c t o r s  a r e  a func t ion  of  a l t i t u d e ,  t h e s e  f ac to r s  w i l l  be determined 
f o r  an average a l t i t u d e  and used over t h e  e n t i r e  range of  a l t i t u d e  i n  t h e  
s imulat ion.  

Although the  i n t e n s i t y  f a c t o r s  

The philosophy used i n  t h e  development of  the  model i s  t o  seek t h e  
t r a n s f e r  func t ions  of  a f i l t e r ,  such t h a t ,  wi th  a white  no i se  s igna l  i npu t ,  
t h e  f i l t e r e d  output has t h e  same s p e c t r a l  c h a r a c t e r i s t i c s  as t h e  turbulence.  
Thus, an appropr ia te ly  f i l t e r e d  white  no ise  s i g n a l  can be used t o  s imulate  
random gust  i npu t s .  

Gust models f o r  gus t  s i g n a l s  which a f f e c t p  were used i n  our simula- 
Other gus t  s igna l s  w i l l  be neglected;  ( i . e . ,  u, v ,  w ,  p ,  q ,  r, d: gus t  t i o n ,  

s i g n a l s ) .  
a r e  included i n  t h i s  discussion.  

Although only t h e p  gust  i npu t  was used, both a a n d a  gus t  s igna l s  

The Dryden s p e c t r a  formulas f o r  CL a n d p  gust  s igna l s  a re :  

/ L w  .\z 

and 

These can b e  s impl i f i ed  t o  
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and 

V i s  t r u e  airspeed, i n  feet/second 
L i s  i n  f e e t  
c i s  i n  feet/second 

Scales and i n t e n s i t i e s  are r e l a t e d  by 

and 

L,= R 

and 

L,= 100 Jzr 

(3)  

(4) 

(7) 

An estimate of the  rms i n t e n s i t y  o f  t he  v e r t i c a l  gus t ,  cw, is obtained 
s t a t i s t i c a l l y ,  and i s  given i n  t h e  form of a Rayleigh Dis t r ibu t ion .  A value 
of fw = 2.7 feet/second w i l l  be assumed f o r  t h i s  study. 

- 
If  t h e  average a l t i t u d e  is used, /leu- 1250 feet ,  then 

Aw = 1250 

and 

and 
.C, = 1077 

rv = 3.13 
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Thus 

and 

I t  i s  assumed t h a t  these  two gus t  s i g n a l s  are s t a t i s t i c a l l y  
independent. 

The t ransfer  func t ion  f o r  t h e  white no ise  f i l t e r s  t o  be used t o  
obta in  t h e  gust s i g n a l s  a r e  

and 

The gust s igna l s  e n t e r  t h e  equation of motion i n  the  aerodynamic 
terms; ( i . e . ,  not i n  t h e  i n e r t i a l  o r  g rav i ty  terms). Thus, t he  equations of  
motion a r e  appropriately modified as follows : 

- 0s 
6 A c r  

57.3 x 57.3 b 
- =s, Longitudinal 

N =  - Da! (-8) 6 +  ?+ Dv v f  - J-T. 3 57.3 
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(Wand r O), each of which -2 4 d and ,43 are t h e  outputs of t h e  f i l t e r s ,  
haf  a white noise  source input .  
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