
TH
E 

EF
FE

CT
 O

F 
A 

V
IS

U
A

L/
W

IT
lO

I 
D

IS
PL

AY
 A

S
W

\T
Q

I 
IN

 A
 S

1K
Gl

.E
 

AX
IS

 
tM

W
(S

A
T0

R
Y

 T
W

IN
6

 T
AS

K 

BY
 

D
ou

gl
as

 1
. 

S
h

ln
c

h
l 

a
ld

 

R
ic

ha
rd

 5
. 

S
h

ir
le

y 

P
ra

o
.r

td
 m

d
e

r 
C

on
tr

ac
t 

-
r
-
 
- 

NO
. 

~
ns

n-
7a

os
 by

 
CO

W
UT

ER
 S

CI
EN

CE
S 

CO
RP

OR
AT

IO
W

 
M

ou
nt

ai
n 

V
ie

*.
 

C
a

lif
o

rn
ia

 

fo
r 

NA
TI

O
NA

L 
AE

R
O

IIA
U

rIC
S 
AN

D 
SP
m
 

LS
nI

N
IS

TR
nT

lO
n 

&
nt

s 
R

es
ea

rc
h 

C
en

te
r 

lb
ff

e
tt

 F
ie

ld
. 

C
a

li
fo

rn
ia

 
94

03
5 

In
tm

d
u

ct
io

n
 

It
 I

s
 p

o
ss

lb
le

 f
o

r 
r 

p
il

o
t 

to
 '

fl
y'

 
a 

s
iu

la
tt

d
 a

ir
c

ra
ft

 w
hi

ch
 h

p
ll

a
tc

r
 

th
a 

se
ns

at
io

ns
 o

f 
fl

ig
h

t 
w

it
h

o
u

t 
le

a
vi

n
g

 t
h

e
 g

ro
un

d.
 

Th
e 

ke
ys

 t
c 

su
ch

 a
 

re
a

li
s

ti
c

 s
im

la
tf

o
n

 a
re

 t
h

e
 s

im
u

la
to

r 
c&

 
an

d 
co

rp
u

te
n

. 
Th

e 
si

m
u

la
to

r 
cr

b
. 

as
 s

ke
tc

he
d 

in
 F

ig
ur

e 
1

. 
pr

ov
fd

es
 t

h
e

 p
il

o
t 

w
it

h
 t

h
e

 p
h

ys
ic

a
l 

se
ns

e-
 

ti
o

n
s 

o
f 

a
ir

c
ra

ft
 f

li
g

h
t.

 
In

cl
u

d
e

d
 a

re
 u
b
 m

ot
io

ns
, 

o
p

e
n

ti
a

n
a

l 
in

s
tn

rn
ts

 

n
o

rm
a

lly
 f

ou
nd

 i
n

 th
e 

a
ir

c
ra

ft
 b

e
fn

g
 c

ia
u

la
tt

d
. 

co
n

tr
o

ls
 w

rth
 t

h
e 
s
u
 f
-r
& 

fe
e

l 
as

 t
h

e
 s

im
il

a
te

d
 a

f r
c

ra
ft

. 
N

 a
nd

/o
r 

co
m

pu
te

r 
p

rr
p

h
ic

s 
d

is
p

la
ys

 o
f 

th
e 

o
u

ts
id

e
 v

is
u

a
l 

s
e

n
. 

an
d 

si
m

u
la

ti
o

n
 o

f 
th

e
 e

ng
in

e 
an

d 
lm

d
in

g
 w

a
r 

so
lm

br
. 

Th
e 

cp
a

p
u

tt
rs

 c
o

n
tr

o
l 

th
e

 s
fn

u
la

ti
o

n
 h

m
b

a
re

 *
h

ic
h

 p
ro

vt
de

s 
th
tw
 s

m
u

- 
ti

o
n

s 
to

 th
e

 p
il

o
t.

 
m

o
n

it
o

r 
p

il
o

t 
re

sp
on

se
s 

m
d

 co
nt
ro
l 

m
d

s
.

 an
d 
u
 

a 
u

th
tm

a
ti

c
a

l 
m

od
el

 o
f 

th
e

 a
ir

c
ra

ft
 
to

 c
a

lc
u

la
te

 I
ts

 re
sp

on
se

 t
o 
th
a 

p
il

o
t 

co
lu

rd
s.

 

Th
e 

si
m

u
la

ti
o

n
 o

f 
vi

su
a

l 
an

d 
m

ti
o

n
 c

ue
s 

fo
r 

th
e
 p

il
o

t 
is

 b
a

si
c 
to
 r
a
t 

si
m

u
la

ti
o

n
s 

~
t N

A
S

A
-A

R
s 

R
es

ea
rc

h 
C

en
te

r.
 

Th
e 

n
w

t 
c

a
r

n
ly

 u
se
d 

vi
su

a
l 

d
is

p
la

y 
Is

 a
 T

V 
p

ic
tu

re
 o

f 
a 

te
rr

a
in

 r
ro

de
l. 

A
 s

ix
-d

tg
m

-o
f-

fm
e

d
m

 
se

rv
o-

 

sy
st

em
, 

un
de

r 
d

ig
it

a
l 

cw
np

ut
er

 c
o

n
tr

o
l.

 
d

ri
ve

s 
th

e
 T

V 
c

v
e

ra
 t

o
 s

iu
la

te
 

tb
e

 p
il

o
t'

s
 v

ie
* 

o
u

t 
th

e
 c

o
ck

p
it

 w
in

do
r 

as
 
i
f
 he

 e
r
e

 f
ly

ln
g

 t
hc
 u

tm
l 

a
ir

c
ra

ft
. 

S
im

ila
rl

y,
 

a 
si

x-
de

gr
ee

-o
f-

fr
ee

do
m

 
se

rv
o-

sy
st

am
 

is
 u

se
d 

to
 m

vt
 

th
e 

e
n

tf
re

 s
im

u
la

to
r 

cr
b

 i
n

 o
rd

e
r 

to
 g

iv
e

 t
h

e
 p

il
o

t 
m

tf
o

n
 c

ue
s.

 
M

ot
io

n 
cc

w
s 

h
e

lp
 t

h
e

 p
il

o
t 

co
n

tr
o

l 
th

e
 ;

lu
la

tt
d

 
a

ir
c

ra
ft

, 
an

d 
en

ha
nc

e 
th
e 

re
a

lis
m

 

o
f 

th
e

 s
iu

u
la

ti
o

n
. 

Th
e 

a
tl

o
n

 s
im

u
la

to
r 

ca
b 

ha
s 

s
ig

n
if

ic
a

n
tl

y
 g

re
a

te
r 

.r
s

s
 t

h
m

 t
he
 W

 c
am

er
a,

 

an
d 

co
ns

eq
ue

nt
ly

 r
eq

ui
re

s 
co

ns
id

er
ab

ly
 m

re
 p
o
n
r 

to
 r

o
le

n
t

e
 t
ha
n 

th
e

 T
Y 

ca
m

er
a.

 
C

on
se

qu
en

tly
. 

on
e 

o
ft

e
n

 f
in

d
s 

a 
d

l f
fe

re
nc

e 
in

 p
er

fo
rm

an
ce

 b
et
we
en
 

th
e

 s
er

vo
-s

ys
te

m
 

d
rl

v
in

g
 t

he
 c

ab
 m

ti
o

n
 m

d 
th

a
t 

d
ri

v
in

g
 U

a 
v

f
s

~
~

~
l

 
di

sp
la

y.
 

Th
e 

fr
eq

ue
nc

y 
re

sp
on

se
 o

f 
vi

su
a

l 
sy

st
em

s 
is

 t
y

p
ic

a
ll

y
 m

lt
y

 f
ro

m
 0

 t
o

 2
0 

ra
d

ls
u

, 
w

h
ile

 t
h

a
t 

o
f 

m
tf

m
 sy

st
em

s 
ty

p
ic

a
lly

 f
a

ll
s

 o
ff

 I
n

 th
e
 v

ic
in

it
y

 

o
f 

6 
ra

dl
se

c.
 

Th
e 

qu
es

t' 
rr

 a
ri

se
s 

as
 t

o
 w

)H
t 

ef
fe

ct
, 

i
f
 m
y.
 

su
ch

 a
 d

if
fe

r-
 

en
ce

 i
n

 s
e

w
a

c
h

m
is

m
 p

er
fo

rm
an

ce
 h

as
 o

n 
th

e 
s

fm
la

tf
o

n
. 

Is
 p

il
o

t 
pe

rf
om

an
cc

 

rc
du

ct
d 

by
 t

he
 c

o
n

fl
ic

t 
be

tw
ee

n 
d

is
p

la
ys

?
 

U
ou

ld
 a

 l
o

re
 r

e
a

li
s

ti
c

 s
iu

la
ti

o
n

 
oc

cu
r 

if
 th

e
 v

is
u

a
l 

se
rv

o
rr

ch
m

is
m

 w
er

e 
de

gr
ad

ed
 t

o
 m

at
ch

 t
he

 m
ot

io
n 

se
rv

o-
 

rc
h

m
is

m
s

?
 

DD
cs

 t
Je

 p
il

o
t 

ne
ed

 a
nd

 u
se

 t
h

e
 h

ig
h

e
r 

fv
eq

ue
nc

y 
in

fo
rr

rt
im

 

https://ntrs.nasa.gov/search.jsp?R=19790009340 2020-03-20T18:08:33+00:00Z





s
h

a
d

 la
rc

r 
u

p
li

tu
d

e
 r

a
ti

o
s

 f
o

r 
fix

ed
-b

as
e,

 
in

s
tr

u
e

n
t-

o
n

ly
 s

iw
la

ti
o

n
s

 
w

d
 in

s
tr

u
~

e
n

t-
o

n
ly

 fl
ig

h
t 

co
n

d
iti

o
n

s 
th

an
 f

o
r 

in
-f

li
g

h
t 

vi
su

a
l 

co
nd

iti
on

s.
 

N
ew

el
1 

an
d 
M

th
 (

re
fe

re
nc

e 
4)

 
v

e
ri

fi
e

d
 t

he
se

 r
e

su
lt

s 
an

d 
a

ls
o

 o
b

se
rw

d
 

th
a

t 
vi

su
a

l 
fl
i*

t 
co

n
d

iti
o

n
s 

an
d 

fix
ed

-b
as

e 
vi

su
a

l 
si

n
u

la
ti

o
n

s 
pr

od
uc

ed
 

s
lu

il
a

r 
p

il
o

t 
de

sc
ri

bi
ng

 
fu

nc
tio

ns
. 

In
 a

dd
1 t

io
n

. 
fix

ed
-b

as
e 

vl
su

a
l 

si
m

u-
 

la
ti

o
n

s
 s

ho
w

ed
 p

il
o

t 
pe

rf
or

m
an

ce
 w

hi
ch

 w
as

 
cl

o
se

r 
to

 t
h

a
t 

fo
r 

in
-f

li
g

h
t 

v
ls

u
rl

 c
o

n
d

iti
o

n
s 

th
an

 t
h

a
t 

fo
r 

in
st

rr
a

cn
t-

o
n

ly
 

co
n

d
iti

o
n

s 
(e

it
h

e
r 

fl
ig

h
t 

o
r 

fix
ed

-b
as

e 
si

n
u

la
ti

o
n

s)
. 

In
 o

th
e

r 
w

or
ds

, 
th

e 
ab

se
nc

e 
o

r 
pr

es
en

ce
 o

f 
a 

fi
s

u
a

l 
sc

en
e 

in
 a

d
d

it
io

n
 t

o
 t

h
e

 i
n

st
ru

n
e

n
ts

 h
ad

 l
o

re
 e

ff
e

c
t 

on
 p

il
o

t 
p

e
rf

o
r-

 
u

n
c

t 
th

an
 t

he
 a

bs
en

ce
 o

r 
pr

es
en

ce
 o

f 
n

o
ti

o
n

 c
ue

s.
 

I
t
 s

ho
ul

d 
be

 n
ot

ed
 t

h
a

t 
th

es
e 

re
su

lt
s 

w
er

e 
ob

ta
in

ed
 i

n
 th

e 
ab

se
nc

e 
o

f 
tu

rb
ul

en
ce

. 

In
 1

95
9 

C
m

r.
 e

t.
 

al
. 

(r
ef

er
en

ce
 5

) 
us

ed
 s

lm
u

lr
to

r 
an

d 
in

-f
li

g
h

t 
st

u
d

ie
s 

to
 d

e
fin

e
 t

h
e

 e
ff

e
c

ts
 o

f 
ro

ll
 w

i
n

g
 an

d 
ro

ll
 c

o
n

tr
o

l 
po

w
er

 o
n 

th
e 

p
il

o
t 

by
 r

ec
or

di
ng

 p
il

o
t 

op
in

io
n 

ra
ti

n
g

s 
fo

r 
th

e 
d

if
fe

re
n

t 
p

a
ra

m
tr

lc
 c

on
di

 ti
m

s
. 

B
as

ed
 k

po
n 

th
es

e 
p

il
o

t 
ra

ti
n

g
s,

 
th

e
ir

 r
e

su
lt

s 
sh

cw
ed

 t
h

a
t 

th
e

re
 w

as
 

w
d

 

co
rr

e
la

ti
o

n
 b

e
tw

e
n

 m
vi

ng
-b

as
e 

si
m

u
la

to
r 

an
d 

in
-f

li
g

h
t 

p
il

o
t 

o
p
in

io
n
s.

 
Th

e 
fix

ed
-b

as
e 

s
ir

u
la

to
r 

re
su

lt
s 

ag
re

ed
 w

it
h

 m
vi

ng
-b

as
e 

si
n

n
ila

to
r 

an
d 

in
-f

li
g

h
t 

co
nd

iti
on

s 
o

n
ly

 f
o

r 
m

a
ll

 r
o

ll
 a

cc
el

er
at

io
ns

. 
F

or
 l

a
rg

e
r 

ro
ll

 
ac

ce
le

ra
tio

ns
. 

th
e 

no
vi

ng
-b

as
e 

si
m

ul
at

io
ns

 a
nd

 a
ct

u
a

l 
fl

ig
h

ts
 p

ro
du

ce
d 

s
fa

il
a

r 
Q

ta
. 

w
h

ile
 t

he
 f

ix
ed

-b
as

e 
si

m
u

la
tlc

n
 l

e
d

 t
o

 s
ig

n
if

ic
a

n
tl

y
 d

if
fe

re
n

t 
p

il
o

t 
o

p
in

io
n

 r
a

ti
n

g
s.

 
B

ec
au

se
 o

f 
tir

e 
rc

su
lt

s 
o

f 
C

n
e

r 
an

d 
ot

he
rs

, 
w

hi
ch

 
in

d
lu

te
d

 t
h

a
t 

a 
m

ov
in

g-
ba

se
 s

im
u

la
to

r 
w

ou
ld

 b
e 

ne
ce

ss
ar

y 
fo

r 
re

a
li

s
ti

c
 

gr
ou

nd
-b

nc
d 

si
m

u
la

tio
n

 o
f 

fl
ig

h
t.

 
fu

rt
h

e
r 

si
n

u
la

to
r 

re
se

ar
ch

 p
ro

ce
ed

ed
 i

n
 

t
.

 d
fn

c
ti

o
n

 o
f 

e
va

lu
a

tin
g

 v
ar

io
us

 m
ot

io
n 

d
is

p
la

y 
sy

st
em

s.
 

Th
e 

m
et

ho
Q

lo
gy

 p
ur

su
ed

 b
y 

sr
rb

se
qu

en
t 

re
se

ar
ch

 e
ff

o
rt

s
 w

as
 

to
 c

ha
ng

e 
th

e 
d

yn
m

lc
 ~

h
a

r
~

c
te

r
i~

ti
a

 
o

f 
th

e 
lo

ti
o

n
 s

in
u

la
ir

r,
 

vi
su

a
l 

d
is

p
la

y 
a

n
d

lo
r 

a
ir

c
ra

ft
 p

la
n

t.
 

an
d 

m
ea

su
re

 t
he

se
 e

ff
e

ct
s 

up
on

 p
il

o
t 

p
e

rf
o

m
n

ce
. 

S
h

ir
le

y 
an

d 
Yo

un
g 

(r
ef

er
en

ee
 6

) 
st

u
d

ie
d

 t
k 

e
ff

e
ct

s 
o

f 
vi

su
a

l 
an

d/
or

 
nm

tlo
n 

cu
cs

 o
n 

p
il

o
t 

d
e

sc
ri

b
in

g
 f

un
ct

io
ns

 
in

 r
 r

o
ll

 c
or

pe
rs

at
or

y 
tr

a
ck

in
g

 t
as

k.
 

T
h

e
ir

 

co
nc

lu
si

on
s 

w
er

e 
th

a
t 

th
e 

e
ff

e
c

t 
o

f 
ad

di
ng

 s
im

u
la

to
r 

n
o

ti
o

n
 t

o
 t

he
 v

is
u

a
l 

d
is

p
la

y 
wa

s 
to

 in
cr

ea
se

 p
il

o
t 

ph
as

e 
le

ad
 a

bo
ve

 3
 r

ad
ls

ec
 a

nd
 t

o
 i

nc
re

as
e 

p
il

o
t 

ga
in

 b
et

w
ee

n 
0.

1 
ra

dl
se

c 
an

d 
10

 r
ad

ls
ec

. 
Th

ey
 a

ls
o

 o
bs

er
ve

d 
th

a
t 

1 
:* 

s
ti

c
k

 g
ai

n 
o

r 
ve

ry
 s

lw
 p

la
n

t 
Q

n
d

a
 te
nd
ed
 t

o
 a

ln
id

z
e

 t
lM
 r

h
n

tr
g

a
 

o
f 

ro
ll

 m
ti

o
n

 a
s 

a 
cu

e 
to

 t
h

e
 p

il
o

t.
 

S
ch

m
id

t 
an

d 
C

on
ra

d 
(r

e
fe

m
c

c
 7

) 
us
ed
 a

 s
lx

-d
tg

re
e-

of
-f

m
ed

om
 

s
iu

la
t~

o
n

 
in

 th
e

ir
 i

n
ve

st
ig

a
ti

o
n

 o
f 

a 
fo

m
ti

o
n

 f
ly

in
g

 t
as

k 
w

lt
h

 n
rl

o
u

r 
ch

oi
ce

s 
o

f 
a

ir
c

ra
ft

 d
yn

am
ic

s.
 

Th
ey

 s
M

 
th

a
t 

w
th

n
 c

ue
s 

d
c

c
rw

rt
d

 t
hc
 s

ca
tt

a
r 

of
 

th
e 

1 a
te

ra
l 

an
d 

v
e

rt
ic

a
l 

d
e

vi
a

ti
o

n
 e

rr
o

r 
s

c
o

rn
 a
s 

c
o

n
p

a
d

 t
o

 a
 f

lr
a

b
-b

a
se

 
co

n
d

iti
o

n
. 

Th
e 

sc
a

tt
e

r 
o

f 
th
e 

fix
ed

-b
as

e 
e

rr
o

r 
sc

or
ns

 I
nc

re
as

ed
 a

s 
th
e 

s
iu

- 
ls
te
d 

a
ir

c
ra

ft
 d

y
n

u
io

 b
ec

am
 l

e
ss

 a
cc

tp
tr

b
le

. 
Th

ey
 a

ls
o

 o
bs

er
ve

d 
th

at
 

w
ith

o
u

t 
m

ot
io

n 
cu

es
, 

p
il

o
ts

 w
er

e 
m

a
b

le
 t

o
 d

m
p 
ou
t 

th
e

 d
ut

fh
 r

o
ll

 m
de

. 

k
c

e
n

tl
y

. 
Ju

nk
er

 a
nd

 R
ep

ol
gl

e 
(r

ef
er

en
ce

 8
) 

h
a

w
 i

n
ve

st
ig

a
te

d
 t

h
e

 e
ff

e
ct

s 
o

f 
n

o
ti

o
n

 s
im

u
la

ti
o

n
 f
o
r 

a 
l

a
w

 rp
li

tu
d

e
. 

ro
ll

 c
o

n
tr

o
l 

ta
sk

  
pa

n 
p

il
o

t 
p

er
fo

r-
 

u
n

c
e

 a
s 

a 
fu

nc
tf

on
 o

f 
in

cm
a

sl
n

g
 p

la
n

t 
c

o
q

le
x

it
y

. 
T

h
tl

r 
da
ta
 s

h
a

d
 th

rt
 

si
m

u
la

to
r 

m
ti

o
n

 h
ad

 t
h

e
 e

ff
e

c
t 

o
f 

re
du

ci
ng

 t
as

k 
le

a
rn

in
g

 t
ir

 a
nd

 i
q

ro
rl

n
g

 
tr

a
ck

in
g

 a
b

il
it

y
 a

s 
co

lp
ar

ed
 t

o
 f

ix
ed

-b
as

e 
M

S
. 

Th
e 

e
rr

o
r 

sc
or

es
 l

n
cr

ro
re

d
 

as
 

p
la

n
t 

o
rd

e
r 

In
cr

ea
se

d.
 

as
 

d
id

 th
e 

p
il

o
t 

e
ff

o
rt

 
rq

u
lr

e
d

 t
o 

u
ln

h
ri

n
 s

ta
b

le
 

co
n

tr
o

l 
o

f 
th

e 
p

la
n

t.
 

D
iff

er
en

ce
s 

b
e

b
m

n
 f

ix
e

d
-b

a
st

 u
rd

 m
vi

ng
-b

as
e 

s
h

u
la

to
r 

e
rm

r 
sc

or
es

 b
ec

aa
e 

m
or

e 
pr

on
ou

nc
ed

 a
s 

th
e

 o
rd

e
r 

o
f 
th
e 

pl
rn

t 
fn

cr
e8

se
d.

 

A 
pr

ev
io

us
 s

t*
 

cl
o

se
ly

 r
e

la
te

d
 t
o 

th
e

 r
es

ea
rc

h 
de

sc
rib

ed
 i

n
 th

is
 r

cp
or

t 
w

as
 

th
a

t 
o

f 
S

ta
pl

ef
or

d,
 

e
t.

 
a

l.
 

(r
ef

er
en

ce
 9

).
 

wh
o 

d
et

em
lm

d
 r
a
p
.r

rl
 p

il
o

t 
d

e
sc

ri
b

in
g

 f
u

n
ct

io
n

s 
fo

r 
th

e
 v

ls
u

~
l M

d 
lo

tl
a
, 

d
is

p
la

y 
s

y
s

h
a

. 
T

h
e

ir
 

sh
ar

cd
 t

h
a

t 
th

e
 m

w
t

 s
p

e
c

tr
u

 w
as

 
fl

a
t 

th
ro

ug
ho

ut
 t

he
 b

rn
M

d
th

 I
n

v
c

rt
i-

 
ga

te
d 

(1
-2

0 
ra

dl
se

c)
 w

it
h

 a
 f

ix
ed

-b
as

e 
ta

sk
 p

ro
du

el
ng

 M
c
t 
as
 u
c
h
 r

a
m

t 
as

 a
 m

vi
ng

-b
as

e 
ta

sk
, 

an
d 

th
a

t 
th

e
 e

rr
o

r 
sc

or
e 

w
as

 
lo

w
er

 *
en
 

m
ti

o
n

 c
uc

s 
w

cm
 a

dd
ed

 t
o 

th
e

 s
im

ul
 a

ti
 on
. 

Th
ey

 c
om

lu
dc

d 
th

a
t 
w

tl
m

 c
ue

s 
b
c
u
r 

m
re

 
I 

ir
p

o
rt

a
n

t 
as

 
th
e 

ne
ed

 f
o

r 
th

e 
p

il
o

t 
to

 g
en

er
at

e 
lc

rd
 r

s
 in

cr
su

e
d

. 
Y

it
h

 
th

e 
lo

ti
o

n
 d

ls
p

ll
y

, 
th

e 
p

il
o

t 
d

e
sc

rf
b

ln
g

 h
n

c
ti

o
m

 s
ho

w
ed

 t
h

rt
 t

he
 c

m
ss

- 
1 

ov
er

 f
re

qu
en

cy
 i

nc
re

as
ed

 b
y 

1
 ra

d/
se

c,
 

m
d 
th
e 
t
ir

 d
el

ay
 k

b
ra

a
 i

n
p

u
t 
n
d
 

p
il

o
t 

co
n

tr
o

l 
m

p
o

m
e

 w
as

 
re

du
ce

d 
by

 0
.1

5 
se

co
nd

s.
 

Th
ey

 a
ls

o
 c

on
cl

d
ad

 t
h

a
t 

.. 
th
e 

vi
su

a
l 

d
is

p
la

y 
cu

es
 w

er
e 

do
m

in
an

t 
a

t 
lc

u
 fr

eq
ue

nc
ie

s,
 

an
d 

th
a

t 
at

io
n

 
d

is
p

l~
 

cu
es

 w
er

e 
Q

ar
in

an
t 

a
t 

th
e 

h
i$

w
 

fr
e

q
u

e
n

cl
s.

 

B
cr

ge
m

n 
(r

ef
er

en
ce

 
10

) 
pe

rf
or

ae
d 

an
 i

n
s

tn
m

n
tt

d
. 

lo
vl

ng
-b

as
e 

tr
a

ck
in

g
 t

as
k 

st
ud

y 
in

 a
 s

in
g

le
-a

xl
s 

m
de

 (
ro

ll
) 

an
d 

a 
du

al
-a

xi
s 

w
de

 (
p

lt
c

h
 a

d
 m

ll
, 
d

 



p
it

c
h

 a
nd

 y
w

).
 

W
it

h
 th

e 
re

la
ti

v
e

ly
 s

la
. 

th
ir

d
 o

rd
e

r 
Q

n
u
fo

 u
se

d,
 

Ei
er

ge
m

n 
fo

m
d 

th
a

t 
th

e 
a

d
d

it
io

n
 o

f 
m

ti
m

 c
ue

s 
to

 t
he

 v
is

u
a

l 
cu

es
 m

du
ce

d 
e

rr
o

r 
s

c
o

rn
 f

o
r 

th
e 

d
w

l-
a

x
is

 t
as

k,
 

b
u

t 
n

o
t 

fo
r 

th
e 

si
n

g
le

-a
xi

s 
ta

sk
. 

In
 

o
th

e
r 

w
or

ds
 m

ti
o

n
 c

ue
s 

w
er

e 
iq

m
rt

a
n

t 
fo

r 
th

a 
h

ig
h

e
r 

w
or

kl
oa

d,
 

du
al

-a
xi

s 
U

.
 b

u
t 

n
o

t 
fo

r 
th

e
 l

o
n

e
r 

bm
rk

lo
ad

. 
si

n
g

le
-a

xi
s 

ta
sk

. 
F

ur
th

em
om

. 
B

ct
ye

m
n 

fo
u

rd
 n

o 
d

jf
fe

m
c

e
 i

n
 e

rr
o

r 
sc

or
es

 f
o

r 
b

l-
a

x
is

 t
ra

ck
in

g
 

(p
it

c
h

 a
nd
 y

m
) 

&
 

th
 
q

li
tu

h
 o

f 
th

e
 s

ia
u

la
to

r 
m

ti
o

n
 w

as
 

sc
al

ed
 b

y 
fa

ct
o

r,
 

as
 s

w
ll

 a
s 
on
e 

fw
+
th

. 

R
u

a
a

lr
h

 r
e

la
te

d
 t

o
 th

e 
e

ff
s

c
t 

o
f 

m
ti

o
n

 s
ys

te
m

 c
o

n
fig

u
ra

tio
n

s 
on

 s
iu

la
ti

o
n

s
 

w
as

 
p

e
rf

o
n

td
 b
y 

R
in

gl
an

d,
 

e
t.

 
a

l.
 

(r
e

fe
rw

c
 1

1)
. 

Me
 

ra
nk

ed
 s

iu
la

to
r 

m
ot

io
n 

co
n

d
it

io
m

 i
n

 th
e

 o
rd

e
r 

o
f 

th
e

ir
 a

dv
er

se
 e

ff
e

c
t 
u
p
m
 

p
il

o
t 

p
rf

o
rm

n
c

e
 (

be
gl

n-
 

n
in

g
 w

it
h

 t
h

e
 l

e
a

s
t 

ad
ve

rs
e)

 a
s 

(1
) 

an
gu

la
r 

m
ti

o
n

, 
(2

) 
an

gu
la

r 
p

lu
s 

li
n

e
a

r 
m

ti
o

n
 a

nd
 (

3)
 
no
 m

ot
io

n 
(f

ix
cd

-b
as

e)
. 

M
ll

e
r 

an
d 

R
ile

y 
(r

ef
er

en
ce

 
12

). 
In

ve
st

ig
a

ti
n

g
 a

 f
ou

r 
de

gm
-o

f-
fr

ee
do

m
 

tr
a

ck
- 

in
g

 t
as

k 
an

d 
u

si
n

g
 e

rr
o

r 
s

c
o

rn
, 

sh
ow

ed
 t

h
a

t 
in

cr
e

a
si

n
g

 t
he

 t
as

k 
d

if
fi
c
u

lt
y
 

d
K

m
a

se
d

 t
he

 a
o

m
t 

o
f 

ac
ce

pt
ab

le
 d

el
ay

. 
W

ith
 c

o
q

le
te

 m
ti

o
n

 c
ue

s,
 

th
e 

p
il

o
t 

co
ul

d 
to

le
ra

te
 l

on
ge

r 
de

ad
 t

i-
 

&
la

ys
 

in
 th

e
 d

yn
m

ic
s 

th
an

 w
it

h
 a

 
li

d
ta

d
 m

u
n

t 
o

f 
a

ti
o

n
..

 
T

hi
s 

is
 m

s
o

n
&

le
. 

as
 

a 
de

ad
 t

l
r

 d
el

ay
 c

an
 b
e 

v
ie

d
 as

 
a 

ph
as

e 
la

g
 w

hi
ch

 i
nc

re
as

es
 w

it
h

 f
re

q
u

n
cy

. 
Th

us
 

in
cr

ea
se

d 
ti
a
 

L
la

y
 r
eq

u
!m

 
th

e
 p

il
o

t 
to
 g

em
ra

te
 a

m
 le

ad
. 

w
hl

ch
 m

ti
o

n
 c

u
a

 f
a

c
il

it
a

te
. 

In
 s

m
y

.
 m

~
lr

h
 

to
 d

at
e 

in
d

ic
a

te
s 

th
a

t 
p

il
o

te
d

 a
ir

c
ra

ft
 s

iw
la

tl
o

n
s

 c
ar

. 
be

 u
se

d 
fa

r 
tr

a
in

in
q

 a
nd
 t

o
 o

b
ta

in
 v

a
li

d
 d
rt
a 

fo
r 
us
e 

in
 th

e 
h

w
lo

p
c
n

t 
o

f 
a

ir
c

ra
ft

 a
nd
 a

lr
c

ra
ft

 s
ys

te
m

s.
 

A
d

d
it

io
n

a
lly

. 
ur

de
r 

r
~

q
y

 fl
ig

h
t 

d
it

io
n

s
. 

lo
ti
a
 c

ua
s 

ar
e 

d
d

 
to

 p
ro

du
ce

 a
 v

a
li

d
 s

lm
la

ti
o

n
. 

C
on

sq
ue

nt
ly

, 
n

u
-

 
si

m
u

la
tio

n
 f

a
c

il
it

ie
s

 h
a

m
 t
he
 c

a
p

rb
ii

iv
 f

o
r 

pr
od

uc
in

g 
m

ot
io

n 
cu

es
. 

B
ec

au
se

 
o

f 
th

e 
m

la
ti

v
e

ly
 l

a
rg

e
 m

as
s 

to
 b

e 
m

ov
ed

, 
th
e 

fr
eq

ue
nc

y 
re

sp
on

se
 o

f 
m

t 
m

ot
io

n 
sy

st
sm

 d
ro

ps
 o

ff
 I

n
 th

e
 v

ic
in

it
y

 o
f 

6
 r

aQ
se

c.
 .

in
 c

o
n

tr
a

st
 t

o 
th

e
 v

is
u

a
l 

cu
es

 
w

hi
ch

 u
su

a
lly

 h
av

e 
a 

fm
qu

m
cy

 
nr

sg
om

e 
w

hi
ch

 i
s

 f
la

t 
p

a
st

 2
0 

ra
U

se
c.

 
T

hi
s 

p
.p

r 
re

po
rt

s 
on

 a
n 

e
q

e
ri

lc
n

t 
d

e
s

i~
~

e
d

 
to
 i

n
w

cs
tig

a
te

 t
he

 e
ff

e
ct

s 
o

f 
s

u
d

~
 a 

d
s

w
tc

h
 b

et
w

ea
n 

th
e

 v
is

u
a

l 
an

d 
m

ti
o

n
 c

ue
in

g 
sy

st
a

a
. 

F
ig

ur
e 

2 
$h
a6
 t
he
 r

o
p

c
m

rt
o

iy
 r

o
ll

 t
ra

ck
in

g
 t

8s
k 

us
ed

 f
a

r 
th
. 

ex
pe

ri
m

t.
 

Th
e 

p
il

o
ts

 w
er

e 
rb

le
 t
o 

pe
rc

ei
ve

 t
hc

 r
o

ll
 e

rr
o

r 
th

ro
ug

h 
8 

vi
su

a
l 
an
d 

8 
u

o
ti

a
~

 
s

iu
la

to
r,

 
m

d
 wa

re
 r

eq
ue

st
ed

 t
o 

m
a

in
ta

in
 l

e
v

e
l 

fl
lg

h
t 

in
 t
he
 p

m
m

n
w

 o
f 

tu
rb

ul
en

ce
 d

u
rl

n
g

 e
ac

h 
ru
n.
 

In
 o

th
e

r 
w

or
ds

, 
w

h
ile

 s
it

ti
n

g
 i

n
 th
e 

c
l

o
d

 
m

ti
o

n
 s

iu
la

to
r 

w
it

h
 a

 T
V 

p
ic

tu
re

 i
n

 fr
o

n
t 

o
f 
th
sl
l,
 t
he
 p

il
o

ts
 a

t- 
to
 k

ee
p 
th
e 

ca
b 

an
d 

th
e 

TV
 p

fc
tu

re
 a

t 
a 

ze
ro

 d
eg

m
es

 r
o

ll
 n

g
le

. 
P

e
rf

e
ct

 
p

er
fo

m
m

a 
r

s
 n
o

t 
p

o
ss

ib
le

 b
ec

au
se

 o
f 

tu
rb

ul
en

ce
. 

Th
e 

dy
na

m
ic

s 
o

f 
th
e 

vi
su

a
l 
an
d 

m
ot

io
n 

s
iu

la
to

n
 rr

n
r 

n
o

t 
id

e
n

ti
ca

l,
 

p
m

d
w

ln
g

 
a 

s
li

g
h

t 
d

s
a

a
td

~
 be
tw

ee
n 

th
e 

in
fo

rm
ti

e
m

 p
re

se
nt

ed
 t

o
 t
he
 p

il
o

t 
th

ro
llg

b 
th
es
e 

*.: 
4
' 

tw
o 

d
is

p
la

ys
 o

f 
ro

ll
 e

rr
o

r.
 

In
 o

rd
er

 t
o

 m
.r

ur
t 
th
e 

e
ff

e
c

ts
 o

f 
sv

cb
 r
 .

fm
tc

h
 

1 
' 

(o
r 

c
o

n
fl

ic
t 

o
f 

cu
ss

) 
on

 p
il

o
t 

p
e

rf
o

rr
m

r.
 t

he
 v

is
u

a
l 
u
d
 m

ti
o

n
 M

a
 

w
em

 
sm

.a
m

a
ti

ca
lly

 c
or

pc
ns

at
ed

 o
r 

de
gr

ad
ed

 (
se

e 
F

ig
u

re
 2

) 
to

 c
m
t
t
 f

o
v

r 
d

is
p

lw
 

c
o

lb
in

a
ti

a
u

 (
se
e 

F
ig

ur
e 

3)
: 

r 
C

as
e 

A 
- n

o
m

l 
vi

su
a

l 
m

d
 lo

ti
o

n
 d

ls
pl

8y
s,

 
co

ns
eq

ue
nt

ly
 a

 
a

n
fl

ic
t 

o
f 

cu
es

 

r 
C

as
e 
B 

- v
is

u
a

l 
d

is
p

lw
 &

gr
ad

ed
 t

o
 v

tc
A

 t
h
e
 m

tl
o

n
 d

ls
p

lg
, 

no
 

c
o

n
fl

ic
t 

o
f 

C
U

E
S

 

r 
C

as
e 

C
 - m

ot
io

n 
d

ls
p

lw
 c

or
pa

ns
rt

ed
 t
o 

m
e 

vi
su

a
l 

di
sp

la
y.

 
m

 
c

o
n

fl
ic

t 
o

f 
cu

es
 

r 
C

as
e 

0 
- v

is
u

a
l 

d
is

p
la

y 
(
r
 
to
 m

to
 u

rc
a

p
c

rr
a

td
 lo

ti
o

n
 d

is
p

lg
. 

m
d 

m
tl

on
 d

is
p

la
y 

w
a

h
d

 to
 m

tc
h
 u

nd
eg

ra
hd

 r
ls

u
a

l 
d

ts
p

l8
y.

 
pl

rD
du

ci
ng

 a
 s

li
g

h
t 

co
n

fl
ic

t 
o

f 
cu

es
 (

o
p

p
o

rl
te

 o
f 

C
as

e 
A)

 

Th
e 
w
am

ia
 

sh
am

 i
n

 F
lg

ur
e 

3 
a

m
 d

is
cu

ss
ed

 l
a

te
r 

in
 t
he
 p

rp
a

r 
&

r 
O

a
cr

lP
- 

ti
a

r 
o

f 
E

q
u

ip
a

n
t.

 

Tt
m

 d
if

fe
ra

n
t 

a
ir

c
ra

ft
 r

o
ll

 m
a

 
w

en
 u

se
d 

M
n

g
 th

e 
e

a
p

e
ri

ra
t.

 
m

d 
t
h
~
 

&t
a 

an
al

yz
ed

 s
ep

ar
at

el
y.

 
Th

e 
Q

n
rl

c
s

. 
de

sc
ri

be
d 

in
 t
he
 n
ex
t 

se
ct

io
n.

 
w

er
e 

ty
p

ic
a

l 
o

f 
a

d
i

u
 tr

ln
rp

o
rt

 a
ir

c
ra

ft
. 

D
ur

in
g 

th
e 

nm
s 
th
e 

m
ll

 e
rr

o
r 

n
d

 p
il

o
t 

co
n

tr
o

l 
o

u
tp

u
t 

w
er

e 
s

r
q

ld
 em

ry
 

.0
5 

se
w

n&
. 

Th
es

e 
da

ta
 w
ar
e 
us
ed
 t
o 

a
lc

u
lr

tr
 p

il
o

t 
q

m
i-

li
n

e
a

r 
b

a
r

r
l

b
i

~
 







s.
01
 

AR
 +

 

n
o

ru
l 

-9
8
 

-9
8
 

.9
7 3
C

 
.-

- 
.9
L 

-6
8

 

.7
S 

.5
8 

P
ha

se
 

n
o

llm
l 

(d
eg

-1
 

-4
 

-8
 

-1
2 -
a
 

-2
8 

-3
8 

-6
0 

P
ha

se
 

co
lp

cn
sr

te
d

 
(d

c
g

m
s

) 

AR
 

de
gr

ad
ed

 

.9
9 

.9
8 

.9
7 

-
9
3
 

.8
?

 

.8
0 

-
6
0
 

.4
2 

P
ha

se
 

de
gr

ad
ed

 
(b

eg
-) 

-5
 

-9
 

-1
4 

-2
2 - 32
 

-4
1
 

a
0

 

-7
9 

*A
n:

 
m

lit
u
h
 R

a
tio

 

R
o

ll
 F

q
u

m
c

y
 R

es
~o

ns
e o

f 
th

e
 5

.0
1 

M
o

tio
n

 S
lu

la
to

r 
an

d 
th
e 

V
is

u
a

l 
'll

g
h

t 
A

tt
a

&
m

t 
(V

FA
) 

U
se

d 
fo

r 
th
e 

E
x

p
c

ri
m

t.
 

*r
e 

+, 
is

 th
e 

ro
ll

 m
g

le
 o

f 
th

e 
vi

su
a

l 
s

iu
la

to
r,

 
d

 I
s

 t
hc
 r

o
ll

 r
o
la

n
d
. 

m
d

 s
 i

s
 t

ke
 L

a
p

la
ct

 o
p
e
ra

to
r.

 
Th

e 
m

ea
su

re
d 

.q
li
tu

d
r 

n
ti

o
c

, 
an

d 
ph

as
es

 

fo
r 
th
e 

no
-1

 
an

d 
de

gr
ad

ed
 v

is
u

a
l 

d
is

p
la

ys
 a

re
 s

!m
m

 i
n

 T
d

le
 I

. 

R
D

ll 
u

ls
 c

m
n

d
s

 r
e
re

 m
a&

 
by

 r
u

e
 o

f 
la

te
ra

l 
m

v
a
a
n

ts
 o

f 
th
e 

sp
ri

n
q

- 

lo
d

e
?

 p
e

n
ci

l 
c

o
n

tr
o

l 
s

ti
c

k
. 

Ih
c 
u
ri
u
 

a
lla

,*
le

 
s

ti
c

k
 m

v
lm

t 
ua

s 
?
a
*
.
 

Th
e 

c
o

n
tr

o
ll

e
r 

wa
s 

m
rn

te
d
 o

n 
r 

r
t

a
l

 b
ox

 a
nd

 c
on
nt
ct
ad
 t

o
 a

n
a
lo

g
 s

lp
ru

i 

li
n

e
s

 b
y 

m
s

 
o

f 
a

 f
le

xi
b
le

 
ca

b
le

. 
Th

e 
p

il
o

t 
ha

d 
th
e 

o
p

ti
o

n
 o

f 
ch

o
o
si

n
g
 

e
it

h
e

r 
h

is
 l

e
ft

 s
r 

ri
g

h
t 

ha
nd

 t
o

 o
p
e
ra

te
 t

h
e

 c
a

rt
ro

ll
e

r.
 

Th
e 

co
rp

u
te

rs
 u

se
d 

to
 i

lp
le

m
n

t 
th

e
 s

tr
ia

ti
o
n
 w

er
e 

a
 M

u
-

s
iz

e
 d

ig
it

a
l 

an
d 

a
 r

d
lu

-s
iz

e
d

 
m

a
lo

g
 c

w
u

te
r.

 
Th

c 
d

ig
it

a
l 

cc
rp

u
te

r 
*u

s
 
eq

ui
pp

ed
 w

it
h

 
64

K 
o

f 
co

re
 r

ro
ry

. 
Th

e 
a
n
a
lo

g
 c

rp
u

te
ru

a
s

 t
h
e
 i

n
te

rf
a

c
e

 k
b

rc
n

 th
c 

d
ig

it
a

l 

c-
u
te

r 
a

d
 th
c 

m
a

lo
g

 e
q

u
lp

e
n

t.
 

Th
c 

o
n

ly
 a

n
a
lo

g
 c

a
p

a
rn

ts
 o
f 

th
e

 s
y

s
ta

 
w

er
e 

th
e

 d
s

u
a

?
 a

nd
 m

ti
r

r
 s

iu
la

to
n

, 
th

e
 p

il
o

t 
m

d
 th

e
 s

t+
%

 
c

o
n

tr
o

ll
e

r.
 

A
ll

 o
th

e
r 

co
lp

m
e

n
ts

 w
er

e 
il

p
la

n
te

d
 a

s 
p

a
rt

 o
f 
th
e 

d
ig

it
a

l 
c

o
q

u
te

r 
p

ro
st

g
l.

 

Th
e 

e
x

p
e

ri
~

n
ta

l rh
je

c
ts

 w
er

e 
a1

1 
c

o
~

c
rc

ia
l a

ir
c

ra
ft

 p
il

o
ts

 u
lt
h
 2

,0
00

 
to
 

10
.1

30
 

h
o
u
rs

 o
f 

fl
ig

h
t 
tl
d
. 

T
h

e
ir

 e
x

p
e

ri
s

.i
l 

in
cl

u
d

e
d

 s
in

g
le

 n
d

 w
lt

i-
 

en
gi

ne
 p

ro
p

e
lle

r 
a

ir
c

ra
ft

, 
sf

n
g

le
 m

d 
rl

ti
-e

n
g

ln
e

 j
e

t 
a

ir
c

ra
ft

, 
an

d 
p

c
c

p
te

n
. 

A
11

 h
ad

 e
xp

er
ie

n
ce

 w
it

h
 m

d
 r

e
re

 c
u

m
t

ly
 q

u
a

li
fi

e
d

 
to
 f

ly
 o

ne
 o

r 
m

re
 t

ra
n

s-
 

p
o

rt
 a

ir
c

ra
ft

. 
E

la
t 

p
il

o
t-

 p
ar

. 
:o

ot
ed

 I
n

 th
e 

e
lr

p
c

ri
rn

t:
 

fi
v

e
 f

le
w

 b
o

th
 

d
y

n
b

c
s

 
1
 m

d
 2

. 
tw

o 
fl

ew
 o

n
ly

 t
&

u
rr

fc
s 

1,
 m

d
 o

ne
 f
ln

 o
n

ly
 m

a
 

2.
 

O
nc

e 
se

a
te

d
 i

n
 th

e
 c

lo
se

d
 c

o
ck

p
it

 o
f 
th
e 

a
ti

m
 s

lu
la

to
r.

 
w

it
h

 t
h

e
 T

ll 
vi

su
a

l 

d
is

p
la

y 
in

 f
ro

n
t 

o
f 

h
i#

, 
th
e 

p
il

o
t'

s
 h

s
k

 u
s

 t
o

 m
a

in
ta

in
 z

e
ro

 &
g
re

a
 r

o
ll

 

w
rg

le
 i

n
 t
he
 p

rr
s

e
n

a
 o

f 
th

e
 s

u
-o

f-
s

lm
 

d
is

tu
th

n
a

. 
T

b
re

 w
a

 a
 t

cn
-s

ec
on

d 
t

n
m

i t
io

n
 p

ha
se

 a
t 

th
e

 b
e
g
in

n
in

g
 o

f 
ea

ch
 a

n
 t
o 

g
ra

d
u

a
lly

 i
n

tr
o

d
u

ce
 t

h
t 

d
ls

tu
rb

o
n

u
 

m
d 

m
in

ld
z

e
 t

ra
n

s
ie

n
t 

e
ff

e
c

ts
 o

n 
th

e
 p

il
o

t 
an

d 
s

iu
la

tf
o

n
 e

q
u
ip

- 

. 
In

 a
d

d
it

io
n

, 
a

 f
ift

e
e
n
-s

e
co

n
d
 

w
a

m
p

 p
er

lo
d

 f
o

ll
a

d
 ~

J
K

 tn
n

s
lt

io
n

 

, 
ie

. 
Th

e 
w

nn
up

 
p

e
ri

o
d

 a
ll

o
n

d
 l

o
n

g
e

r 
tr

a
n

si
e

n
ts

 t
o

 d
ie

 w
t 

m
d 

th
e 

p
il

o
t 

to
 k

c
a

 r
c

u
s

ta
d

 to
 t

h
e
 t

a
sk

. 
Th

e 
w

a
rm

q
 p

e
ri

o
d

 w
as

 
th

e
n
 f

o
l

l
d

 b
y 

10
8 

se
co

nd
s 

o
f 

s
lu

lr
tl

o
n

 ~
t

l
r

 
d

u
ri

n
g

 d
lc

h
 c
kt
a 

w
er

e 
ta

ke
n.

 
Tb

e 
tr

a
n

s
it

io
n

 

@
ar

e.
 w

a
v

 p
e

ri
o

d
 a

nd
 d

a
ta

-t
a

ki
n

g
 

p
e

ri
o

d
 c

o
m

ci
tu

te
d

 o
ne

 r
u
n
. 



E
ac

h 
p

il
o

t 
w

as
 

as
si

gn
ed

 a
 p

a
rt

ic
u

la
r 

d
is

p
la

y 
ca

se
 s

eq
ue

nc
e,

 
an

d 
th

e
 o

rd
e

r 

o
f 

p
re

se
n

ta
ti

o
n

 f
o

r 
on

e 
su

b
je

ct
 w

as
 

ba
la

nc
ed

 b
y 

th
e 

re
ve

rs
e

 o
rd

e
r 

o
f 

a
n

o
th

e
r 

s
a

je
c

t 
to

 e
li

m
in

a
te

 p
o

ss
ib

le
 l

e
a

rn
in

g
 e

ff
e

ct
s.

 
D

u
ri

n
g

 t
ra

in
in

g
 e

ac
h 

s
b

jc
c

t 

aa
s 

p
re

se
n

te
d

 w
it

h
 h

is
 f

ir
s

t 
d

is
p

la
y 

ca
se

. 
an

d 
w

ou
ld

 r
e

p
e

a
t 

ru
ns

 f
o

r 
th

a
t 

ca
se

 u
n

ti
l 

h
is

 e
rr

o
r 

sc
or

es
 

re
m

ai
ne

d 
n

e
a

rl
y 

co
n

st
a

n
t 

an
d 

ad
 m

re
 t

h
a

n
 t

h
re

e
 

d
a

ta
 p

o
in

ts
 w

er
e 

re
je

ct
e

d
. 

Th
e 

tr
a

in
in

g
 t

h
e

n
 c

o
n

tin
u

e
d

 w
it

h
 t

h
e

 n
e

xt
 d

is
- 

p
la

y 
ca

se
. 

D
at

a 
p

o
in

ts
 w

er
e 

re
je

ct
e

d
 i

f
 t

h
e

 r
es

po
ns

e 
p

a
re

r 
a

t 
th

e
 d

is
tu

rb
a

n
ce

 

fr
eq

ue
nc

y 
w

as
 

le
ss

 t
h

a
n

 f
o

u
r 

tim
es

 
th

e
 p

a
w

 o
f 

th
e

 o
u

tp
u

t 
re

sp
on

se
 a

t 
th

e 

G
o

 m
a

n
t

 fr
eq

ue
nc

ie
s 

a
d

ja
ce

n
t 

to
 t

h
e

 d
is

tu
rb

a
n

ca
 

fr
eq

ue
nc

y 
(s

ee
 T

ab
le

 1
1)

. 

R
es

t 
p

e
ri

o
d

s 
of

 
a

t 
le

a
s

t 
te

n
 m

in
ut

es
 w

er
e 

p
ro

vi
d

e
d

 b
et

w
ee

n 
tr

a
in

in
g

 s
es

si
on

s.
 

T
ra

in
in

g
 s

es
si

on
s 

ra
ng

ed
 f

ro
m

 t
h

ir
ty

 m
in

ut
es

 t
o

 a
n 

ho
ur

 d
ep

en
di

ng
 u

po
n 

th
e

 

p
il

o
t.

 
T

o
ta

l 
tr

a
in

in
g

 t
im

e
 f

o
r 

ea
ch

 p
il

o
t 

ra
ng

ed
 f

ro
m

 t
w

o 
to

 e
ig

h
t 

ho
ur

s.
 

w
it

h
 a
n 

av
er

ag
e 

o
f 

s
li

g
h

tl
y

 o
ve

r 
fo

u
r 

ho
ur

s.
 

D
at

a 
ru

ns
 w

er
e 

m
ad

e 
in

 g
ro

up
s 

of
 

s
ix

 a
t 

ea
ch

 d
is

p
la

y 
ca

se
. 

A 
d

a
ta

-t
a

ki
n

g
 

se
qu

en
ce

 s
ta

rt
e

d
 w

it
h

 t
w

o 
w

a
m

p
 r

un
s.

 
an

d 
w

as
 

im
m

ed
ia

te
ly

 
fo

llo
w

e
d

 b
y 

th
e

 

s
ix

 d
a

ta
 r

un
s.

 
A

 r
e

s
t 

br
ea

k 
w

as
 t

a
ke

n
 b

e
fo

re
 a

n
o

th
e

r 
d

a
ta

-t
a

ki
n

g
 s

eq
ue

nc
e 

w
as

 m
ad

e 
a

t 
th

e
 n

e
xt

 d
is

p
la

y 
ca

se
. 

T
o

ta
l 

el
ap

se
d 

tl
rr

 
fo

r 
th

e
 t

w
o 

w
an

nu
p 

an
d 

s
ix

 d
a

ta
 r

un
s 

w
as

 
ty

p
ic

a
ll

y
 t

h
ir

ty
 m

in
u

te
s.

 

A
n

a
ly

si
s 

T
ec

hn
iq

ue
s 

Th
e 

a
n

a
ly

si
s 

p
o

rt
io

n
 o

f 
th

e
 e

xp
e

ri
m

n
t 

in
cl

u
d

e
d

 c
a

lc
u

la
ti

o
n

 o
f 

p
il

o
t 

d
e

sc
ri

b
- 

in
g

 f
u

n
ct

io
n

s,
 

p
il

o
t 

pe
rf

or
m

an
ce

 s
co

rn
s,

 
a

w
rr

g
e

 r
e

su
lt

s 
an

d 
an

 a
n

a
ly

si
s 

o
f 

va
ri

an
ce

, 
as

 w
e

ll
 a

s 
us

e 
o

f 
tw
o 

ty
pe

s 
o

f 
p

il
o

t 
ra

ti
n

g
s.

 

Th
e 

u
e

th
o

d
 u

se
d 

to
 c

a
lc

u
la

te
 d

e
sc

ri
b

in
g

 f
u

n
ct

io
n

s 
is

 d
e

sc
ri

b
e

d
 b

y 
S

h
ir

le
y 

(r
e

fe
re

n
ce

 
14

) 
. an

d 
is

 s
u

m
a

ri
n

e
d

 b
y 

A
pp

en
di

x 
A.

 
Th

e 
d

is
tu

rb
a

n
ce

 f
u

n
ct

io
n

 

us
ed

 i
n

 th
e

 e
xp

er
im

en
t 

w
as

 
a 

su
m

-o
f-

si
ne

s 
w

ho
se

.'r
eq

ue
nc

ie
s 

an
d 

a
n

p
lit

u
d

e
s 

a
m

 g
iv

e
n

 o
n 

T
ab

le
 

11
. 

Th
e 

si
n

lr
so

id
s 

w
e

n
 s

ca
le

d
 w

it
h

 f
re

qu
en

cy
 t

o
 a

pp
ro

x-
 

im
at

e 
tu

rb
u

le
n

ce
. 

Th
e 

m
a

x
im

 a
n

p
lit

u
d

e
 f

o
r 

th
e

 s
w

n-
of

-s
in

es
 

fu
n

ct
io

n
 w

as
 

9'
, 

an
d 

th
e

 W
6

 v
a

lu
e

 w
as

 4
.5

.. 
In

 a
d

d
it

io
n

 t
o

 t
h

e
 p

il
o

t 
a

n
p

lit
u

d
e

 r
a

ti
o

 

an
d 

ph
as

e 
ca

lc
u

la
te

d
 a

t 
th

e
 d

is
tu

rb
a

n
ce

 
fr

e
q

u
e

n
ci

e
s,

 
p

il
o

t 
re

m
na

nt
 w

as
 

u
lc

u
la

te
d

 a
t 

th
e

 "
re

am
an

t"
 

fr
e

q
u

e
n

ci
e

s 
s

h
m

 o
n 

T
a

b
le

 X
I.
 

T
ob

lr 
1X 

P
a

ra
m

h
rs

 f
o

r 
S

M
f-

S
ln

e
s

 a
nd

 R
em

m
t 

F
rq

u
a

n
c

la
 

k 
In

pu
t D

ls
tu

rb
rn

ce
 

fr
e

p
u

a
n

 
(r

rd
Is

a
3

 

8 
D

lr
tu

h
m

ce
 =

 d
 (
nd
t)
 =

 6
 t
 

Itl,
 s

in
 (t

ik
 w

it
) 
uh
rr
r 

6 
- 2. a

d
 

A
t 

= 
.iM

 s
ec

on
ds

. 
k*

l 











r
y
 n

o
t 

be
 c

ri
ti

c
a

l 
to

 o
w

ra
ll

 t
u

k
 p

er
fo

m
m

ce
, 

th
e 

rx
p

rr
lm

t 
cl

e
a

rl
y 

sh
m

 t
h

a
t 

p
il

o
t 

p
e

rf
o

n
u

n
ce

 c
an
 k

 c
ha

ng
ed

 b
y 

vi
su

a
l 

an
d/

or
 m

ti
o

n
 c

u
r 

a
t 

fr
cg

ue
nc

ie
s 
as
 h

i*
 

as
 1

C 
ra

d/
se

c.
 

Th
us

 m
ti

a
 a

nd
 v

ls
u

a
l 

si
a

u
la

to
r 

fr
cg

u
n

cy
 r

es
po

ns
e 

rc
g

u
ir

c
~

tt
 my
 

ha
ve

 t
o

 b
e 

ex
te

nd
ed

 t
o
 1

0 
ra

d/
se

c 
fo

r 
so

rc
 t

as
ks

, 
e

sp
e

ci
a

lly
 f

o
r 
th
e 

ro
ta

ti
o

n
a

l 
ax

es
. 

E
qu

at
io

ns
 U

se
d 

to
 C

al
cu

la
te

 P
il

o
t 

D
es

cr
ib

in
g 

F
un

ct
io

m
 

Th
e 

p
fl

o
t 
m

&
l 

us
ed

 f
o

r 
th

e 
e

x
p

e
ri

m
t 

Is
 th

e 
q

u
a

si
-l

in
e

a
r 

&
sc

ri
bi

ng
 

fu
nc

tio
n 

sh
ow

n 
in

 F
ig

ur
e 

6 
an

d 
rr

fe
m

u
 1
. 

I
t
 I

s 
. .

ed
 

in
 th

e
 c

o
at

rx
t 

o
f 

a 
sl

n
g

le
-u

is
, 

ca
pc

ns
at

or
y.

 
ro

ll
 t

ra
ck

in
g

 t
lt

k
 a

 s
ho

rn
 i

n
 F

ig
ur

e 
2.

 
Th
e 

tu
 o

f 
sf

nu
so

id
s 

di
st

ur
bm

ce
, 

d
(t

) 
us

ed
 t
o 

d
ri

ve
 t
he
 s

ys
te

m
 (
as
 i

n
d

ic
a

te
d

 
in

 F
ig

ur
e 

2)
 

Is
 d

ig
it
a

lly
 c

a
lc

u
la

te
d

 u
:
 

w
he

re
 A

t
 i

s
 .0

5 
se

co
nd

s,
 

an
d 
Kk
, 

G 
m

d
 ul
, 

ar
e 

gi
ve

n 
in

 T
a

le
 1

1.
 
Ih
c 

fo
ll

a
- 

in
g

 c
h

rr
a

c
k

ri
s

ti
c

s
 o

f 
th

e
 d

is
tu

tt
m

ce
 t

h
w

ld
 b

e 
no

te
d:

 

M
 e

xa
ct

 t
n

te
g

~
r n

ld
c

r 
of

 
cy

cl
es

 o
f 

ea
ch

.fr
eq

ue
nc

y.
 
%

. 
oc

cu
r 
ea
ch
 

36
 s

m
Q

 

0
 

a
ll

 t
he

 s
in

us
ol

ds
 p

as
s 

th
ro

ug
h 

e
it

h
e

r 
f

o
r

 1
08

'a
t 

th
e 

s
ta

rt
 m

d 
en
d 

o
f 

ea
ch

 d
at

a 
ta

ki
n

g
 p

e
ri

o
d

 

0
 

th
e
m

 i
s

 a
 p

ha
se

-in
 p

e
ri
o
d
 k

fo
rr

 t
h

e 
dr

ta
 t

a
ki

n
g

 p
a

rl
o

4
 d

ur
in

g 
rh

fc
h

 
W

e 
d

is
tu

&
m

ce
 

is
 g

ra
du

al
ly

 i
nt

ro
du

ce
d 

0
 

th
er

e 
is

 r
 w

ar
au

p 
p

e
ri

o
d

 a
ft

e
r 

ph
as

e-
in

 t
o
 e

ns
ur

e 
th

a
t 
tk
c 

p
il

o
t 

is
 

in
 a

 s
te

ad
y 

st
a

te
 c

o
n

d
iti

o
n

 f
o

r 
da

ta
 t

a
ki

n
g

 

0
 

ea
ch

 d
at

a 
ru

n 
is

 1
0V

se
co

nd
s 

lo
ng

 (
3

 t
f

m
 36

 s
ec

on
ds

) 

D
ur

in
g 
th
e 

da
ta

 t
ak

in
g 

p
e

ri
o

d
 t

he
 p

il
o

t'
s

 i
n

p
u

t 
u

td
 o

ut
pu

t.
 e

(t
) 

an
d 

c
(t

).
 

a
n

 re
co

rd
ed

 e
ve

ry
 b

t.
 

A
 F

o
u

ri
e

r 
an

al
ys

is
 i

s
 th

en
 p

a
rf

o
n

rd
 a

t 
th

e 
d

rl
vi

n
g

 
fre

qu
en

ci
es

 
(i

.e
. 

a
t 

th
os

e 
fr

eq
ue

nc
ie

s 
rr

hi
ch

 c
oa

pr
ls

e 
th

e
 d

is
tu

rb
m

o
) 
a
 

fo
ll

o
n

: 
N

 
Ae

k 
=:, 

e
(n

~
t)

 si
n

 (
ok

nb
t)

 



asl-Ltnear Describtng Functton 
combined Yp(4 and dnn(w)) k I 

n(tIl dnn(d 
remnant I 
(conttnuous power 
spectrum) I 

I 

c(t). C(o) 

-41 pilot tr!:%;~:%" p+q+ pflot output 

Flgum 6: Pllot Quasi-Lincar Descrfblng Functton 



w
he

re
 I

 
is

 d
e

fin
e

d
 I

n
 e

qu
at

io
n 

3,
 
~

t i
s

 -
05

 s
ec

on
r?

~ ,
 an

d 
th

e 
r
j
 a

re
 s

ha
m

 
in

 T
ab

le
 1

1.
 

N
ot

e 
th

a
t 

th
e

 U
, 

fr
e

q
u

e
n

cl
a

 l
ie

 b
et

w
ee

n 
th

e 
d

ri
v

tn
g

 f
re

qu
en

ci
es

, 
J
 

w
k.

 
Th

e 
m

m
m

t 
is

 th
en

 c
a

lc
u

la
te

d
 a
s 

w
he

n?
 K,,, 

Is
 r
 s

ca
le

 f
a

ct
o

r 
w

hi
ch

 n
o

rr
a

liz
e

r 
th

e 
m

a
n

t
 w

it
h

 r
es

pe
ct

 t
o

 t
he

 
in

p
u

t 
di

st
ur

ba
nc

e 
p
a
r,

 c
o

rr
e

ct
s 

fo
r 

th
e 

ru
n 

tim
e.

 
an

d 
co

rr
e

ct
s 

fo
r 

th
e 

ba
nd

- 
w

id
th

 o
f 

th
e 

F
o

u
ri

e
r 

an
al

ys
is

. 
K,,, 

is
 d

e
ri

ve
d

 a
s 

fo
llo

w
s:

 
w

it
h

 r
ef

er
en

ce
 

to
 

T
ab

le
 1

1. 
th

e 
to

ta
l 

In
p

u
t 

p
o

m
r 

T
IP

. 
is

 g
iv

en
 b
y 

Th
c 

b
a

n
b

id
th

 o
f 

th
e 

s
iy

~
a

ls
 In

 t
he
 d

ig
it

a
l 

ca
rp

ut
er

. 
BY

. 
Is

 d
tt

e
d

n
e

d
 b
y 

t
.

 N
yq

ui
st

 f
re

qu
en

cy
 a

s 

k
r

u
s

e
 t
he
 A

d 
an

d 
Bc

j 
a

m
 c

rl
c

u
lr

te
d

 a
cc

or
di

ng
 t
o 

e
q

rt
io

m
 6

, 
r 

fa
c

to
r 

of
 

I
P

A
t

 I
s

 n
cc

de
d 

to
 c

o
rm

ct
 f

o
r 
th
e 

n
d

r
 o
f 

sr
p

le
s 
ta
ke
n.
 

Th
is

 f
ac

to
r 

oc
cu

rs
 i

n
 b

o
th

 A
 C j

 a
nd

 B
as

 
an

d 
Is

 s
qu

ar
ed

 i
n

 e
qu

at
io

n 
7. 

HL
na
 I
(,
 ~

6
t

 
co

nt
ai

n 
fa

ct
o

r 

Th
e 

F
o

u
ri

e
r 

an
al

ys
is

 
re

pr
es

en
te

d 
by
 e

q
w

tio
m

 6
 h

as
 m

 e
ff

e
c

ti
r 

b
W

id
th

 
o

f 
2/

nA
t 

H
z. 

F
or

 t
he

 m
m

t
 to

 b
e 

In
 te

rn
 o

f 
w

*a
rm

s K,,, 
u
r
t
 I

n
cl

u
d
e
 

th
e 

fa
ct

o
r 

K3
 =

 

to
d

ln
in

g
 t
he
 f

a
ct

o
rs

 

sl
lb

st
it

u
tf

n
g

 f
o

r 
BY

 u
sl

ng
 q

u
rt

lo
n

 9
. 

1 
S

n 
= 

T
IP

 *
(A

t)
? 

an
d 

th
e

re
fo

re
 t
he
 t

o
ta

l 
in

p
u

t 
po

w
er

 p
e

r 
H

z, 
TI

P
H

, 
Is

 g
iv

en
 b
y 

W
tem

 T
IP

 I
s

 g
iv

en
 I

n
 q

u
rt

lo
n

 B
. 

I$
,, 
m

t 
In

cl
ud

e 
a 

fa
ct

o
r.

 
K1

. 
to

 w
tm

ll
z

e
 f

o
r 

th
e 

in
p

u
t:

 

1
 

K
1

=
m

 
= 

(1
1
) 






