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CONTROLS 

OPTIML COKTROL 
NEUROMlSCULAR CONTROL COmOL RATE COmROL FORCE SURFACE S F  

CONTROLLER FREQUENCY FREQUENCY PENALTY (RINV) !4TD DEVIATION DEVIATION 

PITCH STICK 10.MH)OOO 10.314665 9.8533666 .31868657 .31868657 

OBSERVED QUANTITIES 

OPTIIUL 
OBSERVED TASK PERCEPTUAL lh'l, 1 F FERENCE ATTENTION STANDARD 
Q U ~ I ~  UNITS VECTOR THRESHOLD I'HKtSHnLD ALLOCATION DEVIATION 

PITCH ANGLE DEC .10000000E-01 .80000000 .8OOW@OO .30604225E-01 4.7593264 
PITCH RATE DECISEC .100n0000E-02 1.6000000 1.6~00000 .30604225E-01 1.9888165 
VERTICAL VELOCITY ZTISEC .10000000E-01 .27000000 .270M)000 .36939577 10.666126 
VERTICALACCEL M/SEC**2 .10000000E-02 .!A000000 ,54000000 .36939577 26.346301 

FIGURE 3. OPTIMAL PILOT WDEL PERFORWNCE PREDICTIONS POR 
LONGITUDINAL F-16 BARE AIRFRAME ATTITUDE HOLD TASK (2 of 2)  

CASE DESCRIPTIOll 

LATERAL DYNAMICS. BARE AIRFRAME. b.8 
PRECISION CONTROL WITH ROLL STICK AND PEDALS 
LATERAL DYNAMICS 

ALTITUDE - 1.0000WE+04 FEET 
NOMINAL ATQSPEED 0 8.6169338+02 FEETISECOND 
NOMINAL ANGLE OF ATTACK - 1.528500E+00 DECREES 
TURBULENCE CONDITIONS 

SIC U GUST - 5.000000E+00 FEETISECOND 
SIC V GUST - 5.000000C+00 FEETISECOND 
SIC W GUST - 5.000000E+00 FEPT/SECOND 

AIRFUME EICENVALUES 
(0. )+J(O.) 
(-2.5341997)+5(0) 
(- .18760888E-01)+J (0) 
(-. 25919919)+J(3.62908U) 
(-. 25919919)+J(-3.6290849) 

PILOT UODEL PARAMETERS 

TOTAL ATTENTION ALLOCATION TO PRIMARY PLIGHT TASK (ATTN) - .400000E+00 
PURE TIUE DELAY (TAU) - .200000E+M) SECONDS 
UOTOR NOISE TO SIGNAL RATIO (RI) 3.000000E-03 
UUSOREUENT NOISE TO SIGNAL RATIO (PY) 1.0000003-02 
TOTAL COST (COST) - 1.8023678-01 

FIGURE 4. OPTIFIAI, PILOT MODEL PERFORIIANCE PREDICTIONS FOR LATERAL 
F-16 BARE AIRFRAME ATTITUDE HOLD 'CASK (1 of 2) 



CONTROL: 

CONTROLLER 

ROLL STICK 
PEDALS 

OPTIMAL 
NEUROWSCULAR CONTROL CONTROL RATE CONTROL FORCE CONTROL SURFACE 
FREQUENCY FREQUENCY PENALTY (RINV) STD DEVIATION STD DEVIATION 

OBSERVED QUANTITIES 

OBSERVED 
OPTIUAL 

TASK PERCEPTUAL INDIFFERENCE ATTENTION STANDARD 
QUANTITY UNITS VECTOR THRESHOLD THRESHOLD ALLOCATION DEVIATION 

ROLL ANGLE DEC .10000000E-01 .90000000 ,90000000 ,30351583 3.1144329 
ROLL RATE DECISEC .10000000E-02 1.8MH)OOO 1.8000OOO .30351583 7.8006640 
YAW ANGLE DEG .10000M)OE-01 .90000000 .90000000 .96484172E-01 .a2409736 
YAW RATE DEGlSEC .10000000E-02 1.8000000 1.8000000 .96484172E-01 1.6599728 

FIGURE 4. OPTIMAL PILOT WDEL PERFORHANCE PREDICTIONS FOR UTERAL 
F-16 BARE AIM ATTITUDE HOLD TASK (2 of 2) 
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b
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c
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in
te
rr
ia
l 
m
~
d
e
l
 h
a
v
e
 
t
h
e
 
s
a
m
e
 d
i
m
e
n
s
i
o
n
s
 
a
s
 
t
h
e
 
c
o
r
r
e
s
p
o
n
d
i
n
g
 

v
e
c
t
o
r
s
 o
f
 
t
h
e
 s
y
s
t
e
m
.
 

I
t
 
i
s
 
n
o
w
 a
s
s
u
m
e
d
 
t
h
a
t
 
t
h
e
 
h
u
n
a
q
 
w
i
l
l
 
p
e
r
f
o
r
m
 
"
o
p
t
i
m
a
l
l
y
"
 

f
o
r
 h
i
s
 
i
n
t
e
r
n
a
l
 s
y
s
t
e
m
.
 
T
h
e
s
e
 
a
s
s
u
m
p
t
i
o
n
s
 l
e
a
d
 
t
o
 
a
 
s
e
t
 o
f
 

c
o
u
p
l
e
d
 d
e
l
a
y
-
d
i
f
f
c
r
e
n
t
~
a
l
 e
q
u
a
t
i
o
n
s
.
 
I
n
 t
h
e
 s
p
e
c
i
a
l
 c
a
s
e
,
 w
h
e
r
e
 

xJ 
=

 
Z 

a
n
d
 
C
l
=
C
l
,
 t
h
e
 
f
o
l
l
o
w
i
n
g
 e
q
u
a
t
i
o
n
s
 d
e
s
c
r
i
b
i
n
g
 c
l
o
s
e
d
-
l
o
o
p
 

p
e
r
f
o
r
m
a
n
c
e
 a
r
e
 o
b
t
a
~
n
e
d
 [

2
]

 

- 
w
h
e
r
e
 
e
(
t
)
 
i
s
 t
h
e
 
s
t
a
t
e
 e
s
t
i
m
a
t
i
o
n
 e
r
r
o
r
 
a
n
d
 
K
 
i
s
 t
h
e
 K
a
l
m
a
n
 

g
a
i
n
 
f
o
r
 t
h
e
 
s
y
s
t
e
m
 d
e
s
c
r
i
b
e
d
 
b
y
 
E
q
u
a
t
i
o
n
s
 
(3
)-
(6
).
 

E
q
u
a
t
i
o
n
 

(7
) 
i
s
 a
l
s
o
 a
 
"
c
o
u
p
l
e
d
"
 s
e
t
 o
f
 
d
e
l
a
y
-
d
i
f
f
e
r
e
n
t
i
a
l
 e
q
u
a
t
i
o
n
s
.
 

- 
N
o
t
e
,
 h
o
w
c
v
e
r
,
 t
h
a
t
 
i
f
 

A
1

 =
 
A
l
 
t
h
e
 
e
q
u
a
t
i
o
n
 f
o
r
 t
h
e
 e
r
r
o
r
 

"
d
e
c
o
u
p
l
e
s
"
 f
r
o
m
 
t
h
e
 
s
t
a
t
e
 e
q
u
a
t
i
o
n
 a
n
d
 
t
h
e
 e
s
t
i
m
a
t
i
o
n
 e
q
u
a
t
i
o
n
.
 

M
o
r
e
o
v
e
r
,
 t
h
e
 
s
y
s
t
e
m
 
r
e
d
u
c
e
s
 t
o
 a
 
s
e
t
 o
f
 o
r
d
i
n
a
r
y
 d
i
f
f
e
r
e
n
t
i
a
l
 

e
q
u
a
t
i
o
n
s
.
 
?
e
r
f
o
r
r
n
a
n
c
e
 
c
o
m
p
u
t
a
t
i
o
n
s
 a
r
e
 
t
h
e
r
e
b
y
 
s
i
m
p
l
i
f
i
e
d
 

e
n
o
r
m
o
u
s
l
y
 
r
e
q
u
i
r
i
n
g
 e
v
a
l
u
a
t
i
o
n
 o
f
 n
x
 

x 
n
x
 m
a
t
r
i
c
e
s
 o
n
l
y
.
 

T
h
i
s
 
i
s
 
t
h
e
 c
a
s
e
 
e
v
e
n
 
i
f
 W
1
 

# 
W
1
.
 

U
n
f
o
r
t
u
n
a
t
e
l
y
,
 t
h
e
 
a
s
s
u
m
p
t
i
o
a
s
 

r
c
q
u
l
r
e
d
 t
o
 
a
c
h
i
e
v
e
 
t
h
i
s
 
s
~
m
p
l
i
f
l
c
a
t
i
o
r
,
 a
r
e
 t
o
o
 
s
t
r
i
n
g
e
n
t
 
f
o
r
 

m
o
s
t
 
c
o
n
s
i
d
e
r
a
t
i
o
n
s
.
 

"t. ,
,
,
c
 d
e
l
i
?
y
-
d
i
f
f
e
r
e
n
t
i
a
l
 c
h
a
r
a
c
t
e
r
 o
f
 
t
h
e
 a
b
o
v
e
 e
q
u
a
t
i
o
n
s
 

c
a

n
 

J
C
 
c
~
.
r
c
u
~
n
v
e
n
t
c
d
 

b
y

 
a
p
p
r
o
x
i
n
n
t
i
n
g
 t
h
e
 
h
u
m
a
n
'
s
 
d
e
l
a
y
 
v
i
a
 
a
 
P
a
d
6
 

a
?
p
r
o
x
l
m
a
t
i
o
.
-
.
 
T
h
e
 d
e
l
a
y
 
i
s
 
t
h
e
n
 
c
o
n
s
i
d
e
r
e
d
 p
a
r
t
 
o
f
 
t
h
e
 s
y
s
t
c
a
 

d
y
n
a
m
i
c
s
 
(
e
x
c
e
r
)
t
 f
o
r
 c
o
m
p
u
t
a
t
i
o
n
 u
f
 
h
u
m
a
n
 d
e
s
c
r
i
b
i
n
g
 
f
u
n
c
t
i
o
n
s
)
;
 

i
t
 
i
s
 a
 p
a
r
t
 
t
h
a
t
 i
~
 
a
s
s
u
m
e
d
 k
n
o
w
n
 t
o
 
t
h
e
 h
u
m
a
n
 o
p
e
r
a
t
o
r
 s
o
 

th
er
e 
w
i
l
l
 
b
e
 
s
o
m
e
 c
o
m
p
e
n
s
a
t
i
o
n
 
fo
r 

t
h
e
 d
e
l
a
y
.
 
T
h
e
 r
e
s
u
l
t
i
n
g
 

c
l
o
s
e
d
-
l
o
o
p
 e
q
u
a
t
i
o
n
s
 a
r
e
 
l
i
n
e
a
r
 a
n
3
 t
i
m
e
 i
n
v
a
r
i
a
n
t
.
 
H
o
w
e
v
e
r
,
 

t
h
e
i
r
 s
t
a
b
i
l
i
t
y
 i
s
 n
o
t
 
a
u
t
o
m
a
t
i
c
a
1
;
y
 
g
u
a
r
a
n
t
e
e
d
 a
s
 i
n
 t

h
e
 c
a
s
e
 

w
h
e
n
 
a
l
l
 m
a
t
r
i
c
e
s
 
a
r
e
 k
n
o
w
n
 
t
o
 t
h
e
 o
p
e
r
a
t
o
r
;
 
i
n
s
t
e
a
d
,
 s
t
a
b
i
l
i
t
y
 

d
e
p
e
n
d
s
 o
n
 t
h
e
 p
a
r
t
i
c
u
l
a
r
 i
n
t
e
r
n
a
l
 !
n
o
d
e
l
 s
e
l
e
c
t
e
d
.
 
T
h
e
 n

c
c
e
s
r.

a
ry

 

m
o
d
i
f
i
c
a
t
i
o
n
s
 
a
r
e
 g
i
v
e
n
 
i
n
 

1
2

1
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p
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i
g
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r
e
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p
r
e
s
e
n
t
s
 
s
i
m
i
l
a
r
 
r
e
s
u
l
t
s
 
f
o
r
 
a
 m
o
r
e
 
c
o
m
p
l
e
x
 
p
l
a
n
t
 

w
h
i
c
h
 
r
e
p
r
e
s
e
n
t
s
 
t
h
e
 
r
o
l
l
-
s
y
n
e
m
i
c
s
 
o
f
 
a
n
 
a
i
r
c
r
a
f
t
.
 

R
e
s
u
l
t
s
 a
r
e
 

s
h
o
w
n
 
f
o
r
 
t
h
c
 
c
a
s
e
 
i
n
 w
h
i
c
h
 
t
h
e
 
o
p
e
r
a
t
o
r
 
h
a
s
 
t
h
e
 
c
o
r
r
e
c
t
 
i
n
t
e
r
n
a
l
 

m
o
d
e
l
 
a
n
d
 
f
o
r
 
t
h
e
 
c
a
s
e
s
 w
h
e
r
e
 
t
h
e
 m
o
d
e
l
 
i
s
 a
 
g
o
o
d
 
a
p
p
r
o
x
i
m
a
t
i
o
n
 

t
o
 e
i
t
h
e
r
 
t
h
e
 
l
o
w
 
f
r
e
q
u
e
n
c
y
 
o
r
 h
i
g
h
 
f
r
e
q
b
e
n
c
y
 
p
l
a
n
t
 
r
e
s
p
o
n
s
e
.
 

f
r
e
q
u
e
n
c
y
 
c
h
a
r
a
c
t
e
r
i
s
t
i
c
s
 
o
f
 
t
h
e
 
t
h
r
e
e
 
v
e
h
i
c
l
e
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o
d
e
l
s
 
a
r
e
 p
l
o
t
t
e
d
 

i
n
 
F
i
g
u
r
e
 
4.
 

A
g
a
i
n
 
t
h
e
 
r
e
s
u
l
t
s
 
s
h
o
w
 
t
h
a
t
 w

e
 
c
a
n
 e
x
p
e
c
t
 
m
e
a
s
u
r
e
-
 

m
e
n
t
s
 
of
 
t
h
e
 
p
i
l
o
t
'
s
 
d
e
s
c
r
i
b
i
n
g
 
f
u
n
c
t
i
o
n
s
 t

o
 b
e
 
s
i
g
n
i
f
i
c
a
n
t
l
y
 

d
i
f
f
e
r
e
n
t
 
i
f
 
o
p
e
r
a
k
i
n
g
 
w
i
t
h
 
a
i
f
f
e
r
e
n
t
 
i
n
t
e
r
n
a
l
 m
o
d
e
l
s
.
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n
 t

h
i
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c
a
s
e
,
 
t
h
e
 r
e
m
n
a
n
t
 
i
s
 
s
o
m
e
w
h
a
t
 
l
e
s
s
 
r
e
v
e
a
l
i
n
g
.
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o
d
e
l
 
r
e
s
u
l
t
s
 w
e
r
e
 
a
l
s
o
 o
b
t
a
i
n
e
d
 
f
o
r
 
t
h
e
 c
a
s
e
 w
h
e
r
e
 
t
h
e
 

pi
lo
t'
s 

i
n
t
e
r
n
a
l
 
m
o
d
e
l
 
o
f
 t
h
e
 a
i
r
c
r
a
f
t
 
r
o
l
l
 
d
y
n
a
m
i
c
s
 
d
i
f
f
e
r
e
d
 

o
n
l
y
 
s
l
i
g
h
t
l
y
 
f
r
o
m
 
t
h
e
 
a
c
t
u
a
l
 
d
y
n
a
m
i
c
s
 
o
v
e
r
 
t
h
e
 e
n
t
i
r
e
 
f
r
e
q
u
e
n
c
y
 

r
a
n
g
e
 o
f
 
i
n
t
e
r
e
s
t
.
 

In
 
t
h
i
s
 
c
a
s
e
 
(
n
o
t
 s
h
o
b
n
)
,
 
d
i
f
f
e
r
e
n
c
e
s
 i

n
 

t
h
e
 
a
b
o
v
e
 
m
e
a
s
u
r
e
m
e
n
t
s
 w
e
r
e
 
n
o
t
 
d
i
s
t
i
n
g
u
i
s
h
a
b
l
e
 
f
r
o
m
 
t
h
o
s
e
 t
h
a
t
 

m
i
g
h
t
 
b
e
 
d
u
e
 
t
o
 o
t
h
e
 .
p
a
r
a
m
e
t
e
r
 c
h
a
n
g
e
s
.
 

O
n
 
t
h
e
 b
a
s
i
s
 
o
f
 t
h
e
s
e
 p
r
e
l
i
m
i
n
a
r
y
 
r
e
s
u
l
t
s
,
 
w
e
 b
e
l
i
e
v
e
 

t
h
a
t
 m
a
j
o
r
 
s
t
r
u
c
t
u
r
a
l
 
e
r
r
o
r
s
 
i
n
 
t
h
e
 
o
p
e
r
a
t
o
r
V
s
 i
n
t
e
r
n
a
l
 
m
o
d
e
l
 

o
f
 
t
h
e
 p
l
a
n
t
 
d.
:n
am
ic
s 

c
a
n
 
be
 
i
n
f
e
r
r
e
d
 
b
y
 
c
o
m
p
a
r
i
n
g
 
t
h
e
 m
e
a
s
u
r
e
d
 

d
e
s
c
r
i
b
i
n
g
 
f
u
n
c
t
i
o
n
 a
n
d
 
r
e
m
n
a
n
t
 w
i
t
h
 
t
h
a
t
 
p
r
e
d
i
c
t
e
d
,
 
by
 
t
h
e
 O

C
n

, 

f
o
r
 
a
 
t
r
a
i
n
e
d
 
o
p
e
r
a
t
o
r
.
 

M
o
r
e
o
v
e
r
,
 
t
h
e
 
f
o
r
m
 o
f
 
t
h
e
 o

p
e
r
a
t
o
r
e
s
 

i
n
t
e
r
n
a
l
 m
o
d
e
l
 
m
a
y
 
a
l
s
o
 b
e
 
d
e
d
u
c
e
d
 
u
s
i
n
g
 
t
h
e
 O
CM
. 

M
a
j
o
r
 

p
a
r
a
m
e
t
e
r
 
e
r
r
o
r
s
 
a
r
e
 
a
l
s
o
 
p
r
o
b
a
b
l
y
 
d
i
s
c
e
r
n
i
b
l
e
.
 

H
o
w
e
v
e
r
,
 
t
h
e
 

f
i
n
e
-
t
u
n
i
n
g
 
p
r
o
c
e
s
s
 
o
f
 
m
o
d
e
l
 
i
d
e
n
t
i
f
i
c
a
t
i
o
n
 m
a
y
 
n
o
t
 b
e 

d
i
s
t
i
n
-
 

g
u
i
s
h
e
d
 
r
e
a
d
i
l
y
 
f
r
o
m
 
o
t
h
e
r
 
f
a
c
t
o
r
s
 
s
u
c
h
 
a
s
 g
e
n
e
r
a
l
 n
o
i
s
e
-
 

r
e
d
u
c
t
i
o
n
.
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f
f
e
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e
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i
a
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r
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a
l
 
M
o
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e
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o
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R
e
g
u
l
a
t
i
o
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o
f
 
R
o
l
l
 
D
i
s
t
u
r
b
a
n
c
e
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e
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o
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n
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R
o
l
l
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u
y
n
a
m
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c
s
 

T
h
e
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s 

ex
ar
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d
e
s
c
r
i
b
e
d
 
a
b
o
v
e
 w
a
s
 
a
l
s
o
 e
x
a
m
i
n
e
d
 
t
o
 

s
e
e
 
i
f
 
t
h
e
 
e
f
f
e
c
t
s
 
o
f
 
i
n
c
a
r
r
e
c
t
 
k
n
o
w
l
e
d
g
e
 
o
f
 
t
h
e
 
i
n
p
u
t
 c
h
a
r
a
c
-
 

t
e
r
i
s
t
i
c
s
 w
o
u
l
d
 
b
e
 
e
v
i
d
e
n
t
.
 

F
i
g
u
r
e
 
5
 g
i
v
e
s
 
r
e
s
u
l
t
s
 
f
o
r
 t

h
e
 

c
a
s
e
 
i
n
 
w
h
i
c
h
 
t
h
e
 
o
p
e
r
a
t
o
r
 
c
i
v
e
r
e
s
t
i
m
a
t
e
s
 t
h
e
 i
n
p
u
t
 
b
a
n
d
w
i
d
t
h
 

by
 
a
 
f
a
c
t
o
r
 
o
f
 

2
. 

I
t
 
c
a
n
 b
e
 
s
e
e
n
 
t
h
a
t
 
t
h
e
s
e
 r
e
s
u
l
t
s
 d
i
f
f
e
r
 

s
i
g
n
i
f
i
c
a
~
t
l
y
 f
r
o
m
 
t
h
e
 
s
i
t
u
a
t
i
o
n
 
i
n
 w
h
i
c
h
 
t
h
e
 
i
n
p
u
t
 b
a
n
d
w
i
d
t
h
 

i
s
 k
n
o
w
n
 
c
o
r
r
e
c
t
l
y
 
o
n
l
y
 
i
n
 
t
e
r
n
s
 o

f
 
l
o
w
 
f
r
e
q
u
e
n
c
y
 
g
a
i
n
.
 

I
f
 v
e
 

r
e
f
e
r
 
t
o
 F
i
g
r
e
 
2
,
 
w
e
 
s
e
e
 
t
h
a
t
 
t
h
e
 
e
f
f
e
c
t
 
i
s
 a

l
s
o
 d
i
f
f
e
r
e
n
t
 
f
r
o
m
 

t
h
a
t
 
o
f
 
h
a
v
i
n
g
 
a
n
 
i
n
c
o
r
r
e
c
t
 
mo
-'
el
 
o
f
 
t
h
e
 
v
e
h
i
c
l
e
 
d
y
n
a
m
i
c
s
.
 

P
e

rc
e

p
tu

a
l 

E
ff

ic
ie

n
c

y
 

A 
m
a
j
o
r
 
a
p
p
l
i
c
a
t
i
o
n
 
o
f
 
t
h
e
 w
r
o
l
q
 
i
n
t
e
r
n
a
l
 
m
o
d
e
l
 
c
o
n
c
e
p
t
 
w
o
u
l
d
 
be
 

t
o
 t
h
e
 
s
t
u
d
y
 
o
f
 
l
e
a
r
n
i
n
g
 
o
f
 
c
o
n
t
r
o
l
 
s
t
r
a
t
e
g
i
e
s
.
 

I
n
 a
d
d
i
t
i
o
n
 

t
o
 
l
e
a
r
n
i
n
g
 
t
h
e
 p
l
a
n
t
 
d
~
n
a
~
c
s
,
 

i
t
 
i
s
 
b
e
l
i
e
v
e
d
 
t
h
a
t
 
s
k
i
l
l
 

d
e
v
e
l
o
p
m
e
n
t
 
i
n
v
o
l
v
e
s
 
l
e
a
r
n
i
~
t
g
 t
o
 u
s
e
 
t
h
e
 
a
v
a
i
l
a
b
l
e
 
c
u
e
s
 m
o
s
t
 

e
f
f
i
c
i
e
n
t
l
y
.
 

We
 
c
a
n
 
e
n
v
i
s
i
 

3
 
t
h
i
s
 
a
s
 
a
 
p
r
o
c
e
s
s
 
o
f
 p
r
o
p
e
r
 
c
u
e
 

s
e
l
e
c
t
i
o
n
 a

s
 w
e
l
l
 
a
s
 
n
o
i
s
e
 
r
e
d
u
c
t
i
o
n
.
 

F
o
r
 e
x
a
m
p
l
e
,
 
t
h
e
 

p
r
o
g
r
e
s
s
i
o
n
-
r
e
g
r
e
s
s
i
o
n
 
h
y
p
o
t
h
e
s
i
s
 

(3
1

 
s
u
g
g
e
s
t
s
 
a
n
 
i
n
c
r
e
a
s
i
n
g
 

u
t
i
l
i
z
a
t
i
o
n
 
o
f
 
d
e
r
i
v
a
t
i
v
e
 
i
n
f
o
r
m
a
t
i
o
n
 w
i
t
h
 
l
e
a
r
n
i
n
g
.
 

I
t
 
i
s
 

t
h
e
r
e
f
o
r
e
 o
f 

i
n
t
e
r
e
s
t
 
t
o
 c
o
m
p
a
r
e
 
t
h
e
 
e
f
f
e
c
t
s
 
o
f
 i
n
e
f
f
i
c
i
e
n
t
 

c
u
e
 
u
t
i
l
i
z
a
t
i
o
n
 
a
n
d
 
a
n
 
i
n
c
o
r
r
e
c
t
 
i
n
t
e
r
n
a
l
 
m
o
d
e
l
.
 

F
i
g
u
r
e
 
6
 

c
o
m
p
a
r
e
s
 
p
r
e
d
i
c
t
e
d
 
d
e
s
c
r
i
b
i
n
g
 
f
u
n
c
t
i
o
n
s
 
a
n
d
 
r
e
m
n
a
n
t
 
f
o
r
 

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

T
h
e
 

r
e
s
u
l
t
s
 
a
r
e
 
f
o
r
 
t
h
e
 
r
o
l
i
 
d
y
n
a
m
i
c
s
 
d
e
s
c
r
i
b
e
d
 
e
a
r
l
i
e
r
 a
n
d
 
i
t
 
i
s
 

a
s
s
u
m
e
d
 
t
h
a
t
 
t
h
e
 
o
r
r
r
a
t
o
r
 
h
a
s
 
l
e
a
r
n
e
d
 
t
h
e
 
p
l
a
n
t
 
d
y
n
a
m
i
c
s
.
 

I
t
 

c
a
n
 
b
e
 
s
e
e
n
 
t
h
a
t
 
f
a
l
l
u
r
c
 
t
o
 u
t
i
l
i
z
e
 
r
a
t
e
 
i
n
f
o
r
m
a
t
i
o
n
 
h
a
s
 
a
 

d
i
s
t
i
n
c
t
 
i
m
p
a
c
t
 
o
n
 
t
h
e
 -
2
a
s
u
r
e
s
 
o
f
 
c
o
n
t
r
o
l
 
s
t
r
a
t
e
g
y
 
a
n
d
 

p
e
r
c
e
p
t
u
a
l
 
e
f
f
i
c
i
e
n
c
y
.
 

M
o
s
t
 
of
 
t
h
l
s
 
i
m
p
a
c
t
 
i
s
 
a
t
 
h
i
g
h
 
f
r
e
-
 

q
u
e
n
c
i
e
s
,
 
a, 

e
x
p
e
c
t
e
d
.
 

F
u
r
t
h
e
r
m
o
r
e
,
 
c
o
m
p
a
r
i
s
o
n
 
w
i
t
h
 
F
i
g
u
r
e
 
3
 

r
e
v
e
a
l
s
 
t
h
a
t
 
l
a
c
k
 
o
f
 
r
a
t
e
 
i
n
f
o
r
c
a
t
i
o
n
 p
r
o
d
u
c
e
s
 
a
 
d
e
c
i
d
e
d
l
y
 

d
i
f
f
e
r
e
n
t
 
r
e
s
u
l
t
 
f
r
o
m
 
t
h
a
t
 
o
b
t
a
i
n
e
d
 
w
i
t
h
 
a
 
l
o
w
 
f
r
e
q
u
e
n
c
y
 

a
p
p
r
o
x
i
m
a
t
i
o
n
 
t
o
 
t
h
e
 
v
e
.
,
i
c
l
e
 d
y
n
a
m
i
c
s
.
 

T
h
u
s
,
 
i
t
 
s
h
o
u
l
d
 b

e
 





p
c

s
s

~
h

l
c

 t
o
 d
i
f
f
e
r
~
n
t
l
a
t
e
 b
e
t
w
e
e
n
 
l
e
a
r
n
i
n
g
 v
e
h
i
c
l
e
 d
y
n
a
m
i
c
s
 a
n
d
 

l
e
a
r
n
i
n
g
 
t
o
 
u
s
c
 
ti
-?
 
d
v
a
l
l
a
h
l
e
 
c
u
c
s
 
f
r
o
n
 t
h
e
s
e
 m
e
a
s
u
r
e
s
 
o
f
 
o
p
e
r
a
t
o
r
 

p
e
r
f
o
r
m
a
n
c
e
.
 

4
. 

C
o
n
c
l
u
s
i
o
n
 

I
n
 
c
o
n
c
l
u
s
i
o
~
~
,
 

w
e
 w
i
s
h
 
t
o
 p
o
i
n
t
 
o
u
t
 
t
h
a
t
,
 w
h
i
l
e
 
t
h
e
 n
o
t
i
o
n
 

o
f
 
a
 d
e
v
i
a
t
e
 i
n
t
e
r
n
a
l
 m
o
d
e
l
 
i
s
 a
p
p
e
a
l
i
n
g
 
i
n
t
u
i
t
i
v
e
l
y
,
 i
n
 
t
h
e
 

a
u
t
h
o
r
s
'
 
o
p
i
n
i
o
n
,
 i
t
s
 u
s
e
 
f
o
r
 
t
r
a
i
n
e
d
 o
p
e
r
a
t
o
r
s
 e
v
e
n
 i
n
 c
o
m
p
l
e
x
 

t
a
s
k
s
 s
h
o
u
l
d
 b
e
 
c
o
n
s
i
d
e
r
e
d
 w
i
t
h
 
c
a
u
t
i
o
n
 f
o
r
 t
h
e
 f
o
l
l
o
w
i
n
g
 
r
e
a
s
o
n
s
:
 

(1
) 
t
h
e
 a
s
s
u
m
p
t
i
o
n
 o
f
 a
 p
e
r
f
e
c
t
 m
o
d
e
l
 w
o
r
k
s
 q
u
i
t
e
 w
e
l
l
 
f
o
r
 

t
r
a
i
n
e
d
 
o
p
e
r
a
t
o
r
s
 p
e
r
f
o
r
m
i
n
g
 w
e
l
l
 
d
e
f
i
n
e
d
 
t
a
s
k
s
;
 

(2
) 
t
h
e
 o
b
s
e
r
-
 

v
a
t
i
o
n
 
a
n
d
 
m
o
t
o
r
 
n
o
i
s
e
s
 
i
n
c
l
u
d
e
d
 
in
 
t
h
e
 o
p
t
i
m
a
l
 c
o
n
t
r
o
l
 m
od
e;
 

a
l
r
e
a
d
y
 a
c
c
o
u
n
t
 f
o
r
 s
o
m
e
 m
o
d
e
l
 
i
m
p
e
r
f
e
c
t
i
o
n
s
;
 
(
3
)
 
w
h
e
n
 
t
h
e
r
e
 

i
s
 
s
i
g
n
i
f
i
c
a
n
t
 p
r
o
c
e
s
s
 n
o
i
s
e
,
 s
t
a
t
e
 p
r
e
d
i
c
t
i
o
n
 
a
n
d
 
e
s
t
i
m
a
t
i
o
n
 i
s
 

d
i
f
f
i
c
u
l
t
 a
n
d
 
t
h
e
 
c
o
n
t
r
i
b
u
t
i
o
n
 t
o
 p
e
r
f
o
r
m
a
n
c
e
 
d
e
g
r
a
d
a
t
i
o
n
 o
f
 

d
e
v
i
a
t
e
 
i
n
t
e
r
n
a
l
 m
o
d
e
l
s
 
i
s
 
l
i
k
e
l
y
 
t
o
 
b
e
 
r
e
d
u
c
e
d
 
s
i
g
n
i
f
i
c
a
n
t
l
y
;
 

(4
) 
c
o
m
p
u
t
a
t
i
o
n
a
l
 r
e
q
u
i
r
e
m
e
n
t
s
 
f
o
r
 p
r
e
d
i
c
t
i
n
g
 
c
l
o
s
e
d
 
l
o
o
p
 

p
e
r
f
o
r
m
a
n
c
e
 m
a
y
 
w
e
l
l
 
i
n
c
r
e
a
s
e
 u
n
d
e
r
 
t
h
i
s
 a
s
s
u
m
p
t
i
o
n
;
 a
n
d
 

(
5

)
 

m
o
s
t
 
i
m
p
o
r
t
a
n
t
l
y
,
 i
n
 o
r
d
e
r
 t
o
 a
v
o
i
d
 
h
a
.
~
i
n
g
 t
o
 c
h
o
o
s
e
 a
m
o
n
g
 
a
n
 

i
n
f
i
n
i
t
y
 o
f
 
p
o
s
s
i
b
l
e
 
i
n
t
e
r
n
a
l
 m
o
d
e
l
s
,
 r
u
l
e
s
 f
o
r
 p
i
c
k
i
n
g
 
a
 

s
p
e
c
i
f
i
c
 i
n
t
e
r
n
a
l
 m
o
d
e
l
 a
r
e
 n
e
e
~
e
d
,
 a
n
d
,
 p
r
e
s
e
n
t
l
y
,
 n
o
 s
u
c
h
 

r
u
l
e
s
 e
x
i
s
t
.
 
O
n
 
t
h
e
 o
t
h
e
r
 h
a
n
d
,
 
t
h
e
 p
r
o
g
r
a
m
s
 d
e
v
e
l
o
p
e
d
 h
e
r
e
 

a
n
d
 
t
h
e
 
i
n
s
i
g
h
t
s
 p
r
o
v
i
d
e
d
 
by
 
t
h
e
 
s
e
n
s
i
t
i
v
i
t
y
 a
n
a
l
y
s
e
s
 s
h
o
u
l
d
 

p
r
o
v
e
 
v
e
r
y
 
u
s
e
f
u
l
 
i
n
 
s
t
u
d
y
i
n
g
 a
n
d
 
a
n
a
l
y
z
i
n
g
 t
h
e
 p
e
r
f
o
r
m
a
n
c
e
 

o
f
 u
n
t
r
a
i
n
e
d
 
o
p
e
r
a
t
o
r
s
.
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R
o
n
 A
. 

v
a
n
 U
i
j
k
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. 

Ja
n 

J
. 
K
o
k
 

M
a
n
-
M
a
c
h
i
n
e
 
S
y
s
t
e
m
s
 G
r
o
u
p
,
 
L
a
b
o
r
a
t
o
r
y
 
f
o
r
 H
e
a
s
u
r
e
m
m
t
 
a
n
d
 
C
o
n
t
r
o
l
.
 

D
e
p
a
r
t
m
e
n
t
 o
f
 M
e
c
h
a
n
i
c
a
l
 E
n
g
i
n
e
e
r
i
n
g
.
 
D
e
l
f
t
 
U
n
i
v
e
r
s
i
t
y
 o
f
 
T
e
c
h
n
o
l
o
g
y
.
 

De
lf
t,
 
N
e
t
h
e
r
l
a
n
d
s
.
 

0
. 

su
m

m
ry

. 

T
h
e
 
i
d
e
n
t
i
f
i
c
a
t
i
o
n
 o
f 

t
h
e
 p
a
r
a
m
e
t
e
r
s
 
o
f
 
t
h
e
 o
p
t
i
m
a
l
 c
o
n
t
r
o
l
 m
o
d
e
l
 

(R
ar
on
. 

K
l
e
i
n
m
a
n
,
 
L
e
v
i
s
o
n
 
rl

l)
 
f
r
m
 i
n
p
u
t
-
o
u
t
p
u
t
 
d
a
t
a
 
of
 
t
h
e
 h
u
m
a
n
 

o
p
c
r
a
t
o
r
 i
s 
c
o
n
s
i
d
e
r
e
d
.
 
A
c
c
e
p
t
i
n
g
 
t
h
e
 b
a
s
i
c
 
s
t
r
u
c
t
u
r
e
 o
f
 t
h
e
 m
o
d
e
l
 
a
s
 

a
 c
a
s
c
a
d
e
 o
f 

a
 
f
u
l
l
-
o
r
d
e
r
 
o
b
s
e
r
v
e
r
 
a
n
d
 
a
 
f
e
e
d
b
a
c
k
 l
aw
. 

an
d 

s
u
p
p
r
e
s
s
i
n
g
 

t
h
e
 i
nh
er
en
t 

o
p
t
i
m
a
l
i
t
y
 o
f 

t
h
e
 h
u
m
a
n
 
c
o
n
t
r
o
l
l
e
r
.
 
t
h
e
 p
a
r
a
m
e
t
e
r
s
 t
o
 b
e 

i
d
e
n
t
i
f
i
e
d
 a
r
e
 
th
e 

f
e
e
d
b
a
c
k
 m
at
ri
x.
 
t
h
e
 o
b
s
e
r
v
e
r
 g
a
i
n
 m
a
t
r
i
x
 
a
n
d
 
t
h
e
 

i
n
t
e
n
s
i
t
y
 m
a
t
r
i
c
e
s
 o
f 

t
h
e
 o
b
s
e
r
v
a
t
i
o
n
 
n
o
i
s
e
 
a
n
d
 
t
h
e
 m
o
t
o
r
 
n
o
i
s
e
.
 

T
h
e
 
i
d
e
n
t
i
f
i
c
a
t
i
o
n
 o
f 

t
h
e
 p
a
r
a
m
e
t
e
r
s
 
i
s
 a
 
s
t
a
t
i
s
t
i
c
a
l
 p
r
o
b
l
e
m
,
 
b
e
c
a
u
s
e
 

o
f
 
th
e 
fa
ct
 
th
at
 
t
h
e
 s
y
s
t
e
m
 a

d
 o
u
t
p
u
t
 
a
r
e
 
c
o
r
r
u
p
t
e
d
 b
y 

n
o
i
s
e
,
 
an
d 

t
h
e
r
e
f
o
r
e
 

t
h
e
 s
o
l
u
t
i
o
n
 m
i
s
t
 
be
 
ba
se
d 

o
n
 
L
h
e
 
s
t
a
t
i
s
t
i
c
s
 
(
p
r
o
b
a
b
i
l
i
t
y
 d
e
n
s
i
t
y
 
f
u
n
c
t
i
o
n
)
 

h
)
 

of
 
t
h
e
 
in
pu
t 
a
n
3
 o
u
t
p
u
t
 
d
a
t
a
 o
f 

t
h
e
 h
u
m
a
n
 
o
p
e
r
a
t
o
r
.
 
H
o
w
e
v
e
r
.
 
ba
sc
d 

o
n
 t
h
e
 

v
 

s
t
a
t
i
s
t
i
c
s
 o
f
 
t
h
e
 
i
n
p
u
t
w
u
t
p
u
t
 d
a
t
a
 
o
f
 
t
h
e
 
h
u
m
a
n
 
op
er
at
or
. 

n
o
 
d
i
s
t
i
n
c
t
i
o
n
 

c
a
n
 b
e 
m
a
d
e
 
b
e
t
w
e
e
n
 t
he
 
o
b
s
e
r
v
a
t
i
o
n
 a
n
d
 
t
h
e
 m
o
t
o
r
 
no
is
e.
 
w
h
i
c
h
 
s
h
o
w
 t
h
a
t
 

t
h
e
 a

d
e
l
 s
u
f
f
e
r
s
 f
r
o
m
 o
v
e
r
p
a
r
a
m
e
t
r
i
z
a
t
i
o
n
.
 
I
n
 o
r
d
e
r
 
t
o
 o
b
t
a
i
n
 a
 
u
n
i
q
u
e
 

se
t 
of
 
p
a
r
a
m
e
t
e
r
s
,
 
f
o
r
 
t
h
e
 r
od
e!
 
t
o
 b
e 

i
d
e
n
t
i
f
i
e
d
 
a
n
 e
q
u
i
v
a
l
e
n
t
 s
ys
te
ff
i 

mu
?t
 
be
 
d
e
f
i
n
e
d
,
 
t
h
e
 a
s
s
o
c
i
a
t
e
d
 s
y
s
t
e
m
,
 
in
 
w
h
i
c
h
 
t
h
e
 o
b
s
e
r
v
a
t
i
o
n
 n
o
i
s
e
 a
n
d
 
c
 

t
h
e
 p
o
t
o
r
 n
o
i
s
e
 
a
r
e
 
r
e
p
l
a
c
e
d
 
by
 
e
n
 
i
n
n
o
v
a
t
i
o
n
s
 p
ro
ce
ss
. 

w
h
i
c
h
 
i
s
 a
 
c
m
b
i
-
 

n
a
t
i
o
n
 
of
 
t
h
e
s
e
  
wi
se
s.
 

T
h
e
 
p
a
r
m
e
t
e
r
s
 
in
 
t
h
e
 a
s
s
o
c
i
a
t
e
d
 
s
y
s
t
e
m
 
c
a
n
 b
e
 
i
d
e
n
t
i
f
i
e
d
 
i
f
 
t
h
e
 
f
o
l
l
o
w
i
n
e
 

c
o
n
d
i
t
i
n
n
s
 a
r
e
 
s
a
~
i
s
f
i
e
d
.
 F
i
r
s
t
,
 
t
h
e
 
i
n
p
u
t
 
a
n
d
 
o
u
t
p
u
t
 
s
i
m
a
l
 m
u
s
t
 
be
 

pe
rs
is
te
nt
ly
 
e
x
c
i
t
i
n
g
 o
f
 
s
u
f
f
i
c
i
e
n
t
 
o
r
d
e
r
.
 
S
e
c
o
n
d
.
 
t
h
e
 p
a
r
a
m
e
t
e
r
s
 
o
f
 
t
h
e
 

a
s
s
o
c
i
a
t
e
d
 
s
y
s
t
r
r
 
m
u
s
~
 s
a
t
i
s
f
y
 a
 
c
o
n
t
r
o
l
l
a
b
i
l
i
t
y
 
a
n
d
 
a
n
 
o
b
s
c
r
v
a
b
i
l
i
t
y
 

c
o
n
d
i
t
i
o
n
.
 
Th

is
 
l
a
s
t
 
c
o
n
d
i
t
i
o
n
 
is
 
p
l
a
u
s
i
b
l
e
,
 
f
o
r
 t
h
e
 n
o
n
-
c
o
n
t
r
o
l
l
a
b
l
e
 

a
n
d
 n
c
n
-
o
b
s
e
r
v
a
b
l
e
 p
ar
t 

o
f
 t
h
e
 
s
y
s
t
e
n
 d
o
 
no
t 

i
n
f
l
u
e
n
c
e
 t
h
e
 
o
u
t
p
u
t
 o
f
 
t
h
e
 

sy
st
r-
r.
 
As
 
a
 
c
o
n
s
e
q
u
e
n
c
e
.
 i
n
 a
n
 
i
d
e
n
t
i
f
i
c
a
t
i
o
n
 
pr
oc
#:
du
re
 o
n
l
y
 
t
h
e
 

c
o
n
t
r
o
l
l
a
b
l
e
 
a
n
d
 
o
b
s
e
r
v
a
b
l
e
 p
a
r
t
 
o
f
 
t
h
e
 
s
y
s
t
e
m
 c
a
n
 b
r: 

i
d
e
n
t
i
f
i
e
d
.
 
Bu
t 

e
v
e
n
 
if
 
al
l 

t
h
e
 
c
o
n
d
i
t
i
o
n
s
 a
r
e
 
s
a
t
i
s
f
i
c
d
,
 
t
h
e
 p
a
r
a
m
e
t
e
r
s
 
o
f
 
t
h
e
 
a
s
s
o
c
i
a
t
e
d
 

s
p
s
t
e
n
 a
re
 n
ot
 
u
n
i
q
u
e
l
y
 
r
e
l
a
t
e
d
 
t
o
 t
h
e
 m
o
d
e
l
 
p
a
r
a
m
e
t
e
r
s
.
 
In
 
f
a
c
t
 
t
h
e
 m
o
d
e
l
 

p
a
r
m
t
r
r
s
 c
a
n
 b
e 

d
e
r
i
v
e
d
 
f
r
o
m
 
t
h
e
 p
a
r
a
m
e
t
e
r
s
 
o
f
 t
h
e
 a
s
s
o
c
i
a
t
e
d
 
sy
st
cs
n 

u
p
 
to
 
a
 
s
i
m
i
l
a
r
i
t
y
 
t
r
a
n
s
f
o
r
m
a
t
i
o
n
 o
f
 
t
h
e
 m
od
el
. 

T
h
e
 
o
p
t
i
m
a
l
 
c
o
n
t
r
o
l
 m
o
d
e
l
 

e
d
i
i
b
i
t
s
 a
 p
a
r
t
i
c
u
l
a
r
 s
t
r
u
c
t
u
r
e
.
 d
u
e
 
t
o
 t
h
e
 
c
a
s
c
a
d
e
 
o
f
 
a
n
 o
b
s
e
r
v
e
r
 
an
d 

a
 

f
e
e
d
b
a
c
k
 I

zw
. 
?o
,n
of
 
e
v
e
r
y
 
s
i
m
i
l
a
r
i
t
y
 
t
r
a
n
s
f
o
r
m
a
t
i
o
n
 o

n
 
t
h
e
 p
a
r
a
m
e
t
r
r
s
 
o
f
 

t
h
e
 a
s
s
o
c
i
z
t
e
d
 
s
y
s
t
e
m
 y
i
e
l
d
s
 
a
 
se
t 

o
f
 p
a
r
a
m
e
t
e
r
s
 
c
o
r
r
c
s
p
o
n
d
i
n
e
 
t
o
 t
h
i
s
 

s
t
r
u
r
t
u
r
c
 o
f 

t
h
c
 
o
p
t
i
n
a
l
 c
oi
lt
ro
l 
n
o
d
c
l
.
 
In

 o
r
d
e
r
 
t
o
 s
a
t
i
s
f
y
 
t
h
i
s
 
r
e
q
u
i
r
e
m
n
t
 

t
h
e
 t

i
-
a
n
s
f
o
m
t
i
c
m
 m
a
t
r
i
x
 m
u
s
t
 
b
e
 a
 
s
o
l
u
t
i
o
n
 
o
f
 a
 c
c
r
t
a
i
n
 
q
u
a
d
r
a
t
i
c
 m

t
r
i
x
 

c
q
u
a
r
 i
on
. 

O
n

ce
 
t!
~e
 p
a
r
a
m
t
c
r
s
 
a
r
e
 d
c
t
e
r
m
i
n
e
d
.
 
t
h
e
 o
p
t
i
m
a
l
i
t
y
 
o
f
 
t
h
e
 r
s
t
i
m
a
t
r
d
 

p
a
r
a
L
e
l
c
r
s
 i
s 
c
o
n
s
i
d
e
r
e
d
 m
a
k
i
n
g
 
u
s
e
 
o
f
 t
h
e
 
r
e
s
u
l
t
s
 o

f
 
t
h
e
 
i
v
e
r
s
e
 o

p
t
k
l
l
 

co
~i
ti
 ul
 
pr
i'
~1
um
 z

:t
d 

i
~
s
 

fi
lt
er
in
g 
e
q
u
i
v
~
i
c
n
t
.
 T
h
e
 
o
p
t
i
m
z
l
i
 t
y
 
c
o
a
d
i
t
i
n
n
s
 

')
 

T
1.

e 
re
zc
;r
ch
 

r
e
p
o
r
t
e
d
 
in
 
:l
ai
s 

p
a
p
e
r
 
i
s
 p
a
i
t
i
e
l
l
y
 
s
u
p
p
o
r
t
e
d
 
b
y
 
Ll
ie
 

K
s
t
h
 r
l
m
d
;
 
O
~
~
.
m
i
z
a
t
i
~
i
.
~
 

f
o
r
 A
d
v
a
n
c
e
m
e
n
t
 
of
 
P
u
r
e
 
R
e
s
e
a
r
c
h
 
(Z
VO
).
 

m
y

 f
u
r
t
h
a
r
e
s
t
r
i
c
r
 
t
h
e
 e
q
u
i
v
a
l
e
n
t
 c
l
a
s
s
 
o
f
 f
e
e
d
b
a
c
k
 m
a
t
r
i
c
e
s
 
a
n
d
 
o
b
s
e
r
v
e
r
 

ga
in
 m
a
t
r
i
c
e
s
.
 
C
o
r
r
e
s
p
o
n
d
i
n
p
.
 t
o
 e
a
c
h
 
f
e
e
d
b
a
c
k
 
l
a
w
 a
 
c
l
a
s
s
 
o
f
 v
e
i
e
h
t
i
n
g
 

m
a
t
r
i
c
e
s
 
e
x
i
s
t
s
,
 
j
u
s
t
 
as
 w
i
t
h
 
t
h
e
 o
b
s
e
r
v
e
r
 
e
a
i
n
 m
a
t
r
i
x
 
a
n
d
 
t
h
e
 
c
o
r
r
e
s
p
o
a
d
i
n
p
,
 

n
o
i
s
e
 
i
n
t
e
n
s
i
t
y
 m
a
t
r
i
c
e
s
.
 
So
 
t
h
e
 w
e
i
~
h
t
i
n
g
 n
a
t
r
i
c
e
s
 
an
d 

t
h
e
 o
b
s
e
r
v
a
t
i
o
n
 

n
o
i
s
e
 
a
n
d
 
m
o
t
o
r
 
n
o
i
s
e
 
c
a
n
n
o
t
 
b
e
 
i
d
e
n
t
i
f
i
e
d
 u
n
i
q
u
e
l
y
 
w
i
t
h
o
u
t
 
a
d
d
i
t
i
m
a
l
 

i
n
f
o
r
m
a
t
i
o
n
 
a
b
o
u
t
 
t
h
e
s
e
 
p
a
r
a
m
e
t
e
r
s
.
 

.
 

-
. 

A 
v
e
r
y
 
i
m
p
o
r
t
a
n
t
 
f
e
a
t
u
r
e
 o
f
 
t
h
e
 o
p
t
i
m
a
l
 
c
o
n
t
r
o
l
 m

d
e
l
 i
s
 
t
h
e
 
f
a
c
t
 
t
h
a
t
 

t
h
e
 p
a
r
a
m
e
t
e
r
 
v
a
l
u
e
s
 w
h
i
c
h
 
g
i
v
e
 
t
h
e
 b
e
s
t
 
d
e
s
c
r
i
p
t
i
o
n
 
o
f
 
t
h
e
 h
u
m
a
n
 c
o
n
t
r
o
l
l
e
r
,
 

d
o
 s
a
t
i
s
f
y
 
c
e
r
t
a
i
n
 
g
e
n
e
r
a
l
 a

l
e
s
,
 w
h
i
c
h
 
m
e
a
n
s
 
t
h
a
t
 
t
h
e
 m
o
d
e
l
 
i
n
 c
o
n
j
u
n
c
t
i
o
n
 

v
i
t
b
 
t
h
e
s
e
 r
u
l
e
s
 
f
o
r
 
a
d
j
u
s
t
m
e
n
t
 o
f
 
i
t
s
 p
a
r
a
m
e
t
e
r
s
 
c
a
n
 b
e
 u
s
e
d
 
t
o
 p
r
e
d
i
c
t
 
t
h
e
 

h
u
m
a
n
 
c
o
n
t
r
o
l
l
e
r
 
b
e
h
a
v
i
o
r
 
i
n
 a
 b
r
o
a
d
 
c
l
a
s
s
 
of
 
c
o
n
t
r
o
l
 
s
i
t
u
a
t
i
o
n
s
.
 

A
s
 
i
s
 k
n
o
u
n
 
f
r
o
m
 p
u
b
l
i
c
a
t
i
o
n
s
 o
f
 
K
l
e
i
n
m
a
n
.
 
B
a
r
o
n
,
 
L
e
v
i
s
o
n
 
[
I
]
 
s
u
c
c
e
s
s
f
u
l
 

m
e
t
h
o
d
s
 
e
x
i
s
t
 

f
o
r
 
i
t
e
r
a
t
i
v
e
 a
d
j
u
s
t
m
e
n
t
 
of
 
t
h
e
 m

d
e
l
 p
a
r
a
i
x
t
e
r
s
 
s
u
c
h
 t
lr
at
 

t
h
e
 m
o
d
e
l
 
a
g
r
e
e
s
 a
d
e
q
u
a
t
e
l
y
 w
i
t
h
 

h
u
m
a
n
 
c
o
n
t
r
o
l
 b
e
h
a
v
i
o
r
.
 
H
o
v
e
v
e
r
,
 
t
h
i
s
 m
e
t
h
o
d
 

f
o
r
 
t
h
e
 d
e
t
e
m
i
n
a
t
i
o
n
 
o
f
 
t
h
e
 m
o
d
e
l
 
p
a
r
a
m
e
t
e
r
s
 
a
l
s
o
 
s
h
o
w
s
 
so
me
 a
s
p
e
c
t
s
 v
h
i
c
h
 

c
a
n
 b
e
 
p
r
o
h
i
b
i
t
i
v
e
 
f
o
r
 a
p
p
l
i
c
a
t
i
o
n
 o
f
 
t
h
e
 m
o
d
e
l
 
i
n
 
i
n
v
e
s
t
i
g
a
t
i
o
n
 o
f
 c
e
r
t
a
i
n
 

q
u
e
s
t
i
o
n
s
 
r
e
l
a
t
e
d
 
t
o
 h
u
m
a
n
 
c
o
n
t
r
o
l
 b
e
h
a
v
i
o
r
.
 
F
o
r
 
ex
am
pl
e.
 
t
o
 d
e
t
e
r
m
i
n
e
 
t
h
e
 

o
p
t
i
m
a
l
 
c
o
n
t
r
o
l
 
l
a
w
 
i
n
 
t
h
e
 p
o
d
e
l
 
it
 
i
s
 a
s
s
c
m
r
d
 
t
h
a
t
 
t
h
e
 c
o
n
t
r
o
l
 
ta
sk
. 

a
s
 

p
e
r
f
o
r
m
e
d
 
b
y
 
t
h
e
 
h
u
m
a
n
 c
o
n
t
r
o
l
l
e
r
,
 
is
 
kn
ob
-.
 

F
o
r
 
t
h
o
s
e
 
s
i
t
u
a
t
i
o
n
s
 w
h
e
r
e
 
t
h
e
 

a
p
p
o
i
n
t
e
d
 
t
a
s
k
 
i
s
 k
n
o
w
n
 
in
 
a
d
v
a
n
c
e
,
 
a
n
d
 w
h
e
r
e
 
a
l
s
o
 c
a
r
e
 h
a
s
 
t
a
k
e
n
 t
h
a
t
 
t
h
e
 b

a
n
 

c
o
n
t
r
o
l
l
e
r
 n

p
~
i
m
i
z
s
s
 t
h
i
s
 
t
a
s
k
,
a
n
d
 
n
o
 
o
t
h
e
r
,
 
t
h
e
 g
i
v
e
n
 
m
e
t
h
o
d
 
c
a
n
 
b
e
x
s
e
d
 
in
de
ed
..
 

H
a
r
c
v
e
r
,
 
if
 
o
n
e
 
t
r
i
e
s
 
t
o
 e

r
m
i
n
e
 
t
h
e
 
s
u
b
j
e
c
t
i
v
e
 
i
n
t
e
r
p
r
e
t
a
t
i
o
n
 o
f
 
t
h
e
 h

u
m
n
 

c
o
n
t
r
o
l
l
e
r
 
o
f
 a
 
c
e
r
t
a
i
n
 
c
o
n
t
r
o
l
 
t
a
s
k
 
l
a
i
d
 u
p
o
n
 
hi
m.
 
t
h
e
n
 
t
h
e
 o
p
t
i
a
i
z
e
d
 
p
e
r
f
o
m
n
c
e
 

i
n
d
e
x
 
i
s
 n
ot
 
k
n
o
w
n
 
a
 
pr
io
ri
. 

Tn
 
t
h
i
s
 c
a
s
e
 o
n
e
 v
o
u
l
d
 
l
i
k
e
 
t
o
 c
a
k
e
 
t
h
e
 r
e
v
e
r
s
e
 

a
p
p
r
o
a
c
h
 b
y
 
d
e
t
e
r
m
i
n
i
n
g
 
t
h
e
 c

o
n
~
r
o
l
 l
a
w
 c
a
r
r
i
e
d
 
o
n
 b
y 

t
h
e
 o
p
e
r
a
t
o
r
 
f
r
o
m
 
t
h
e
 

r
a
s
u
r
e
m
c
n
t
s
 o
f 

h
i
s
 
i
n
p
u
t
 
a
n
d
 o
u
t
p
u
t
,
 
t
h
e
n
 v
e
r
i
f
y
i
n
%
 
t
h
e
 o
p
t
i
m
a
l
i
t
y
 o
f
 
t
h
e
 
c
o
n
t
r
o
l
 

la
w.
 
a
n
d
 
s
u
b
s
e
a
u
e
n
t
l
v
 
e
s
t
a
b
l
i
s
h
i
n
g
 t
h
e
 c
o
r
r
e
s
p
o
n
d
i
n
g
 
n
e
r
f
o
n
s
a
r
e
 i
n
d
e
x
 d
i
e
t
!
 

h
a
s
 
b
e
e
n
 
o
p
t
i
m
i
z
e
d
.
 

N
o
t
 
o
n
l
y
 
i
n
 
t
h
e
 c
o
n
t
r
o
l
 n
ar
t.
 
b
u
t
 
a
l
s
o
 
i
n
 
t
h
e
 o
b
s
e
r
v
a
t
i
o
n
 
n
a
r
t
 
o
f
 
t
h
e
 d

e
l

 
s
u
c
h
 
d
i
f
f
i
c
u
l
t
i
e
s
 
c
a
n
 
ar
is
e.
 
A
c
c
o
r
d
i
n
?
 
t
o
 t
h
e
 r
u
l
e
s
 
o
f
 n
a
r
a
m
c
t
e
r
 
ad
iu
st
ra
en
t 

o
f
 B
a
r
o
n
 
ct
. 

al
..
 

t
h
e
 
i
n
t
e
n
s
i
t
y
 o
f
 t
h
e
 
0
5
s
e
r
v
a
t
i
o
n
 
n
o
i
s
e
 
h
a
s
 
a
 c
e
r
t
a
i
n
 
fi
xe
t!
 

c
o
n
n
e
c
t
i
o
n
 w
i
t
h
 
t
h
e
 n
ew

er
 d
e
n
s
i
t
y
 
o
f
 
t
h
e
 o
b
s
e
r
v
e
r
 
s
i
s
n
n
l
.
 
T
h
i
s
 
s
t
a
t
c
m
c
n
t
 
i
s
 

- 
b
a
s
e
d
 
o
n
 
t
h
e
 a
ss
um
:,
ti
on
 
t
h
a
t
 
t
h
e
 d
i
s
n
l
a
y
 u
s
e
d
 
f
o
r
 o
b
s
e
r
v
a
t
i
o
n
 
o
f
 
t
h
e
 s
y
s
t
e
m
 

o
u
t
n
u
t
 
i
s
 a
 
s
t
a
n
d
n
r
d
 
d
c
s
i
s
n
 w
h
i
c
h
 
f
u
l
f
i
l
l
s
 s
t
a
n
d
a
r
d
 
n
o
r
m
s
.
 
P
m
e
v
e
r
.
 
it
 o
n
e
 

c
o
n
s
i
d
e
r
s
 
t
h
e
 
o
u
e
s
t
i
o
n
 
o
f
 t
h
e
 i
n
f
l
u
e
n
c
e
 o
f
 d
i
s
e
l
a
y
 
a
a
r
n
m
e
t
e
r
s
 
o
n
 t
h
e
 c

o
r
r
e
s
w
n
-
 

d
i
n
c
 
o
b
s
e
r
v
a
t
i
o
n
 
no
is
e.
 
t
h
e
n
 a
n
a
i
n
 o
n
e
 
i
s
 c
o
n
f
r
o
n
t
e
d
 
w
i
t
h
 
t
h
e
 r
e
v
e
r
s
e
 
w
o
b
l
e
n
 

o
f
 d
c
t
e
r
m
i
n
i
n
r
 
t
h
e
 
i
n
t
e
n
s
i
t
v
 o
f
 t
h
e
 o
b
s
e
r
v
a
t
i
o
n
 
n
o
i
s
e
 d
i
r
e
c
t
l
y
 
f
r
o
m
 
t
h
e
 -
su
re
- 

tn
en
ts
. 

A
d
d
i
t
i
o
n
a
l
 
t
o
 t
h
i
s
 n
r
o
b
l
e
m
 a
t
 
t
h
e
 o
b
s
e
r
v
a
t
i
o
n
 
s
i
d
e
,
t
h
e
 
s
t
o
r
 s
i
d
e
 
s
h
o
w
s
 

a
 
s
i
m
i
l
a
r
 
o
r
o
b
l
e
m
 
r
e
l
a
t
e
d
 
to
 
t
h
e
 c
o
n
t
r
o
l
s
 
a
n
d
 
t
h
e
 m

t
o
r
 n
oi
se
. 

T
h
e
 
pr
nb
le
rr
s 

m
e
n
t
i
o
n
e
d
 
a
b
o
v
c
 h
a
v
e
 
m
o
t
i
v
a
t
e
d
 
u
s
 
t
o
 c
o
n
c
e
n
t
r
a
t
e
 
t
h
e
 
i
n
v
e
s
t
 i
ga
:i
od
 

? 
o
f
 

th
e 
o
p
t
i
m
a
l
 
c
o
n
t
r
o
l
 
r
a
d
e
l
 
o
n
 
t
h
e
 d

e
v
e
l
o
p
m
n
t
 
cr
f 
a
n
 
i
d
e
n
t
i
f
i
c
a
t
i
o
n
 p
r
o
c
e
d
u
r
e
.
 

w
h
i
c
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c
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d
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f
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p
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.
 

I
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G
t
h
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e
s
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e
c
t
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h
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r
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l
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n
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o
d
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i
n
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o
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u
c
e
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r
o
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K
l
e
i
m
~
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n
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L
c
v
i
s
o
n
,
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at
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n
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c
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c 
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he
re
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 d
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t
h
e
 

h
m
n
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o
n
t
r
o
?
l
e
r
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. 

co
ns
eq
ur
nt
ly
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of
 
th
e 
pr
ed
ic
to
r 
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th
e 
d
e
l
.
 
Su
ch
 
a
 

s
i
q
l
i
f
i
c
a
t
i
o
n
 m
ig
ht
 
b
e
 
in
ed
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ss
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r 
th
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pl
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io
n 
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th
e 
w
d
e
l
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r
e
l
a
t
i
v
e
l
y
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a
s
t
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 c
on
tr
ol
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ua
ti
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e 
au
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~m
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il
e a
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co
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ro
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er
e 
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e 
in
he
re
nt
 
t
i
w
 d
el
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a
n
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po
rt
an
t 
ro
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. 
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t 
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s 
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ep
ta
bl
e 
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r 
ap
pl
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at
io
n 
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th
e 
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de
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l
w
 c
on
tr
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at
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pa
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ar
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h
e
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ti
on
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f 
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si
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li
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d
e
l
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n 
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nt
ro
l.
 

R
e
f
e
r
r
i
n
g
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g 
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ic
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s 
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e 
st
ru
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th
e 
w
d
e
l
,
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e 
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os
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l
e
o
p
 s

y
s
t
m
 c
o
n
s
i
s
t
i
n
g
 o
f 

th
e 
co
nt
ro
ll
ed
 s
ys
te
m 
an
d 

th
e 
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ma
n 
op
er
at
or
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de
l.
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ri
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th
e 
fo
ll
ow
in
g 
se
t 
of
 
eq
ua
ti
on
s:
 

F
ig

. 
I:

 S
tm

c
Q

lw
 o

f 
th

o 
hw

na
n 
op
er
at
or
 U

Z
.

 

0
 
S
t
a
t
e
 e
q
u
a
t
i
o
n
 o
f
 t
he
 c
on
tr
ol
le
d 
s
y
s
t
m
 

x(
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=
 A
x(
k)
+h
(k
)+
Ov
(k
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0
 
d
b
s
e
r
v
a
t
i
o
n
 e
qu
at
io
n 

i 
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(k
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- Cx(
k)
+v
o(
k)
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0
 
s
t
a
t
e
 e
qu
at
io
n 
o
f
 
th
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se
rv
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P
(
~
+
I
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 - fi

hi
i(
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u~
(k
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~(
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-c
k(
~)
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f 
c
o
n
t
r
o
l
 
la
v 

uC
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St
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c
o
n
t
r
o
l
 
eq
ua
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(
k
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v
a
r
i
o
u
s
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nt
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d 
a
r
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 d
cf
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. - 
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a 

x(
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- ;r
at
e 
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e 
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ro
ll
ed
 s
ys
te
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ar
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na
l)
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u(
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pu
t 
o
f
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ro
ll
ed
 s
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m 
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io
na
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s
y
z
t
e
n
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oi
se
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ta
ti
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d
 
- 
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me
ns
io
na
l 
w
h
i
t
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oi
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a 
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tc
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ir
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tr
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Y 
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(k
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se
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io
n 
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is
e 

(
s
t
a
y
i
o
n
m
y
 d
 ,
- 
di
me
ns
io
na
l 
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is
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it
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n
a
t
r
i
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d
h
~
s
i
o
l
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.
l
)
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t
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 o
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n
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t
e
p
 p
re
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S
M
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u
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 c
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u
n
d
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d
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r
 d
i
v
n
s
i
o
r
v
l
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h
i
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A
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C
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 p
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k

~
s

y
s

t
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; 

L
 - fe

e
d
b
a
c
k
 u
t
r
i
x
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U
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s
e
r
v
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r
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r
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r
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.
 

T
h
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o
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a
s
s
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m
t
m
1
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 l
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 L
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eq
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f
e
e
d
b
a
c
k
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t
r
k
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O 

w
h
i
c
h
 o
p
t
b
i
z
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h
e
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p
e
r
f
o
r
v
n
c
e
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h
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r
e
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h
e
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t
r
i
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 P
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s 
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un
iq
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 s
l
(
~
e
t
r
i
c
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si
ti
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 d
e
f
i
n
i
t
e
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ut
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n 

o
f
 
t
b
e
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l
a
e
b
r
a
i
c
 R
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ut
io
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T
h
e
 w
e
i
g
h
t
i
n
g
 n
t
r
i
c
e
s
 Q
 a
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1
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t
h
e
 p
e
r
f
o
r
r
m
c
e
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de
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a
r
e
 a

s
k

 
t
o
 b
e 

s
m
t
r
i
c
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nd
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cm
i)
 
po
si
ti
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 d
ef
in
it
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I
f
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ve
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y
i
n
 r
p
t
r
i
x
 f
l 
w
h
i
c
h
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x
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t
h
e
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m
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a
d
r
a
t
i
c
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r 
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t
r
k
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s
 a
 
s
~
e
r
i
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p
o
s
i
t
i
v
e
 d
e
f
i
n
i
t
e
 r
tr
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i 
v
b
e
r
e
 t
h
e
 n
t
r
i
r
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c
w
a
r
i
u
t
c
e
 n
t
r
i
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h
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ru
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n
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 p
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e
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n
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u
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h
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l
g
e
b
r
a
i
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U
c
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i
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at
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~
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~
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T
h
e
 
in
te
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it
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u
t
r
i
c
e
s
 O
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V
o
 a
r
e
 a
s
s
u
e
d
 
to
 b
e 
s-
tr
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an
d 

(s
em
i)
 
po
si
ti
ve
 d
ef
in
it
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I
n
 t
h
e
 c
a
s
e
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t 
th
e 
p
e
r
f
o
~
n
c
e
 in
de
x 
a
l
w
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n
c
l
u
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e
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h
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 c
ao
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r
e
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t
h
e
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r
w
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s
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f
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u
m
m
t
a
t
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f
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e 

s
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a
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.
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c
k
o

c
'r

r 
o
 * 

n
r

4
 :7

 
r,

:w
,-v

.-t
,-r

::
 

i
n
 ?

.c
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k
 id
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H
a
v
i
n
g
 
f
i
x
e
d
 
t
h
e
 o
v
c
r
a
l
l
 
s
t
r
u
c
t
u
r
e
 
o
f
 t
h
e
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d
c
l
,
 
t
h
e
 ~

r
a
s
e
r
e
r
s
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f
 t
h
e
 

w
d
c
l
 w
i
l
l
 
b
e
 c
o
o
s
i
d
e
r
e
d
 
n
o
w
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F
o
l
l
o
w
i
n
g
 t
h
e
 
l
i
n
e
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C
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.e
 
o
p
t
i
m
a
l
 
c
o
n
t
r
o
l
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-
c
l
 

o
f
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ar
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K
l
e
i
n
u
n
 a
n
d
 
L
e
v
i
s
o
n
 
t
h
c
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a
r
a
m
c
t
e
r
 
s
e
t
 
c
o
n
s
i
s
t
s
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f
 
t
h
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e
t
 
o
f
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t
r
i
c
e
s
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s
o
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h
e
 
o
a
r
a
w
t
e
r
s
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f
 t
h
e
 n
c
r
f
o
r
z
a
n
c
e
 
i
n
d
e
x
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n
d
 
o
f
 
t
h
e
 

s
t
a
t
i
s
t
i
c
s
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f
 t
h
e
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o
i
s
e
s
-
 I
n
 t
h
a
t
 
c
a
s
e
 
t
h
e
 
f
e
e
d
b
a
c
k
 m
a
t
r
i
x
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a
n
d
 
t
h
e
 o
b
s
e
r
v
e
r
 

r
a
i
n
 
m
a
t
r
i
x
 
f
 a

r
e
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o
n
s
i
d
e
r
e
d
 
a
s
 d
e
o
c
n
d
e
n
t
 
n
a
r
a
n
e
t
c
r
s
 
(
L
O
 
is
 
t
h
e
 o

n
t
i
m
l
 
f
e
e
d
-
 

b
a
c
k
 m
a
t
r
i
x
 
c
o
r
r
e
s
o
o
n
d
i
n
~
.
 t
o
 
t
h
e
 w
e
i
n
l
~
t
i
n
r
.
 m
t
r
i
r
c
s
 

O 
a
n
d
 
R,
 
a
n
d
 
K
O
 
is
 
t
h
e
 O
P
-
 
. 

t
i
m
a
1
 o
b
s
e
r
v
c
r
 
F
a
i
n
 m
a
t
r
i
x
 
c
o
r
r
c
s
r
m
n
d
i
n
g
 t
o
 t
h
e
 
i
n
t
e
n
s
i
t
y
 m
a
t
r
i
c
e
s
 

# 
a
n
d
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)
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vm
 

v
o
 

H
o
w
e
v
e
r
,
 
if
 
t
h
e
 o
p
t
i
m
a
l
i
t
y
 
o
f
 t
h
e
 h
u
m
a
n
 c
o
n
t
r
o
l
l
e
r
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n
o
t
 
a
 p
r
i
o
r
i
 
a
c
c
r
p
t
e
d
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t
h
e
n
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e 

p
a
r
a
m
t
e
r
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e
t
 
c
o
n
s
i
s
~
s
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f
 
t
h
e
 m
a
t
r
i
c
e
s
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T
h
e
 
q
u
c
s
t
i
o
n
s
 

v. 
v
o
 

u
b
e
t
h
e
r
 
a
 
g
i
v
e
n
 
f
e
e
d
b
a
c
k
 
m
r
r
i
x
 
L
 
i
s
 
i
n
d
c
c
d
 
o
p
t
i
m
a
l
 
i
n
 
t
h
e
 s
e
n
s
e
 o
f
 
s
o
o
e
 

q
u
a
d
r
a
t
i
c
 
p
e
r
f
o
r
n
m
n
c
c
 
i
n
d
e
x
 a
n
d
,
 
if
 
so
, 

w
h
a
t
 
is
 
t
h
e
 c
o
r
r
e
s
p
o
n
d
i
n
p
,
 s
et
 
of
 

w
e
i
g
h
t
i
n
g
 
au
tr
ic
c.
s 
Q
 a
n
d
 
R,
 
a
r
e
 
t
h
e
n
 c
o
n
s
i
d
i
r
e
d
 
s
e
p
a
r
a
t
e
l
y
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h
e
 
s
a
m
e
 c
o
u
n
t
s
 

f
o
r
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h
e
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p
t
i
m
l
i
r
y
 
o
f
 
a
 
g
i
v
e
n
 
o
b
s
e
r
v
e
r
 
g
a
i
n
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a
t
r
i
x
 
K
 
a
n
d
 
t
h
e
 c
o
r
r
e
s
p
o
n
d
i
n
g
 

i
n
t
e
n
s
i
t
y
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t
r
i
c
e
s
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a
n
d
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T
h
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s
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y
 
o
f
 
a
p
p
r
o
a
c
h
 
h
a
s
 
s
o
m
e
 
i
w
o
r
t
a
n
t
 
a
d
v
a
n
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V
n
 

t
a
g
c
s
 
i
n
 
t
h
e
 
i
d
e
n
t
i
f
i
c
a
t
i
o
n
 
o
f
 
t
h
e
 d

e
l
 f
r
o
m
 
i
n
p
u
t
-
o
u
t
p
u
t
 d
at
a.
 
l
i
k
e
 
(
p
o
s
s
i
-
 

b
l
y
)
 
a
 
b
e
t
t
e
r
 
f
i
t
 o

f
 t
h
e
 d
a
t
a
 
(a
 
b
r
o
a
d
e
r
 
c
l
a
s
s
 
o
f
 
r
a
~
t
r
i
c
c
s
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 a
n
d
 
K
 
i
s
 a

l
l
w
e
d
)
 

a
n
d
 
l
c
s
s
 p
r
o
b
l
e
m
s
 
w
i
t
h
 
t
h
o
 u
r.
iq
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o
f
 t
h
e
 
s
o
l
u
t
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n
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p
a
r
t
i
c
u
l
a
r
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a
t
r
i
x
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K
 c
o
r
r
e
s
p
o
n
d
s
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i
t
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a
 v
h
o
;
e
 
c
l
a
s
s
 
o
f
 
p
o
s
s
i
b
l
e
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n
t
r
i
c
e
s
 
Q
 

an
d

 
R 
o
r
 m
a
t
r
i
c
e
s
 

#,m
 

a
n
d
 

.T
he
 
t
e
s
t
 
w
h
e
t
h
e
r
 
t
h
e
 m
a
t
r
i
c
e
s
 
L 
a
n
d
 
K 

a
r
e
 
b
o
l
u
t
i
o
n
s
 o
f 

a
n
 o
p
t
i
m
a
l
 

'-0 

c
o
n
t
r
o
l
 p
r
o
b
l
e
m
 
o
r
 o
h
s
e
r
v
e
r
 
p
r
o
S
l
r
n
 
r
e
s
p
c
c
t
i
u
e
l
y
,
 
c
a
n
 b
e
 
v
e
r
i
f
i
e
d
 
by
 
a
p
p
l
i
c
c
t
l
o
n
 

of
 
t
h
e
 
r
e
s
u
l
t
s
 
o
f
 
t
h
e
 
i
n
v
e
r
s
e
 o
p
t
i
m
a
l
 
c
n
n
t
r
c
 

p
r
o
b
l
e
m
 
a
n
d
 
o
h
s
c
r
v
e
r
 
p
r
o
b
l
m
 

N
 

r
e
s
p
e
c
t
i
v
e
l
y
 
(S
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. 
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h
i
s
 
a
p
p
r
o
a
c
h
 
m
a
n
s
 b
a
s
i
c
a
l
l
y
 
t
h
a
t
 
t
h
c
 
s
t
r
u
c
t
u
r
e
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f
 
t
h
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o
 

o
p
t
i
m
a
l
 c
o
n
t
r
o
l
 
a
o
d
c
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i
s
 
f
u
l
l
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c
c
e
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t
e
d
 
a
n
d
 
a
d
o
p
t
e
d
,
 
ho
b-
ev
cr
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h
a
t
 
t
h
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p
t
h
a
l
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f
 
t
h
e
 h

w
u
n
 c
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n
t
r
o
l
l
e
r
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n
o
t
 
a
s
s
i
m
i
l
a
t
e
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i
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d
v
a
n
c
e
s
a
n
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t 
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w
i
l
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x
a
m
i
n
e
d
 

a
f
t
c
r
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d
r
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 c
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c
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p
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t
h
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r
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u
a
t
i
o
n
 o

f
 
t
h
e
 
i
d
e
n
t
i
f
i
a
b
i
l
i
t
y
 
o
f
 t
h
i
s
 p
a
r
a
e
p
t
e
r
 
se
t 

it
 
is
 
a
s
s
u
m
e
d
 

tb
at
 
t
h
e
r
e
 
a
r
e
 
e
x
p
e
r
i
m
e
n
t
a
l
 
m
e
a
s
u
r
e
m
e
n
t
s
 
a
v
a
i
l
a
b
l
e
 
o
f
 
t
h
e
 c
l
o
s
e
d
 
l
o
o
p
 s
y
s
t
e
n
 

(F
ig
 
1). 

p
a
r
t
i
c
u
l
a
r
l
y
 
o
f
 
t
h
e
 c
o
n
t
r
o
l
 
s
i
g
n
a
l
 u
(k
) 

a
n
d
 
t
h
e
 o
u
t
p
u
t
 
s
i
g
n
a
l
 C
x(
k)
. 

m
e
 s
y
s
t
c
a
 c
q
u
a
t
i
o
n
 a
n
d
 
t
h
e
 o
u
t
p
u
t
 
e
q
u
a
t
i
o
n
 
o
f
 
t
h
e
 
s
y
s
t
e
m
 
t
o
 b
e
 
id
en
ti
fi
ed
 

(2
.3
) 

- 
(2
.5
) 

c
a
n
 b
c
 
w
r
i
t
t
e
n
 
i
n
 
t
h
e
 
f
o
l
l
w
i
n
g
 f
or
m:
 

£(
k+
l)
 

- (A-
KC
-B
L)
jc
(k
)+
KC
x(
k)
4R
vo
(k
) 

;
 

(3
.1
) 

u(
k)
 

=
 -
:A
Ck
)+
vm
(k
) 

. 
(3
.2
) 

In
 
t
h
e
 
s
y
s
t
e
m
 

(3
.1

).
 

(3
.2
).
th
e 

i
n
p
u
t
 

C
x(

k)
 

a
d

 t
:~
e 
o
u
t
p
u
t
 

n
(k

) 
a
r
e
 m
e
a
s
u
r
e
d
 

an
d 

t
h
e
 s
y
s
t
e
m
 m
a
t
r
i
c
e
s
 

A
,B

.C
 

a
n
d
 

G
 
a
r
e
 a

s
s
u
w
d
 
t
o
 b
e
 k
no
wn
. 

I
n
 t
h
e
 
f
o
l
l
o
w
i
n
g
 s
e
c
t
i
o
n
s
 
t
h
e
 
p
r
6
b
l
e
m
 w
i
l
l
 
b
e
 
t
r
v
a
t
e
d
 w
h
e
t
h
e
r
 
t
h
e
 
p
a
r
a
m
e
t
e
r
s
 

'-
,R
.O
v_
 

a
n
d
 
q
V
r
V
_
 o
f
 t
h
e
 
s
y
s
t
e
m
 
(3
.1
).
 

(3
.2
) 

o
p
e
r
a
t
i
n
g
 
in
 
a
 c
l
o
s
e
d
 
l
o
o
p
 a
r
e
 

"
 

i
d
c
n
~
i
f
i
a
h
l
e
 a
n
d
 
c
n
d
e
r
 w
h
a
t
 
c
o
n
d
i
t
i
o
n
s
.
 
f
i
r
s
t
 
so
ee
 ~
,
c
n
c
r
a
l
 re
r.
ul
:s
 

o
f
 
t
h
e
 

id
cn
r'
Ii
.~
bi
li
ty
 
r
o
n
r
r
p
t
 

w
il

l 
b
c
 
p
r
e
s
e
n
t
e
d
,
 
w
h
i
c
h
 
t
h
e
n
 w
i
l
l
 
b
c
 
a
p
p
l
i
e
d
 
to
 

rh
c 
u
n
d
e
r
l
y
i
n
&
 
p
r
o
b
l
r
m
.
 

B
e
f
o
r
e
 
s
o
l
v
i
n
g
 t
h
e
 p
a
r
a
m
e
t
e
r
 
i
d
e
n
t
i
f
i
c
a
t
i
o
n
 p
ro
bl
em
. 

t
n
 p
r
o
b
l
e
m
 o
f
 t
b
e
 

i
d
e
o
t
i
f
i
a
b
i
l
i
t
y
 o
f 

t
h
e
 p

a
r
a
t
e
r
s
 s
h
o
u
l
d
 

te
 c
o
n
s
i
d
e
r
e
d
.
 
I
n
 c
a
s
e
 o
f
 
t
h
e
 l
o
d
a
l
 

s
t
r
u
c
t
u
r
e
 
i
s
 g
iv
en
. 

t
h
e
 q
u
e
s
t
i
o
n
 a
l
s
o
 a
r
i
s
e
s
 w
h
e
t
h
e
r
 
t
h
e
 i
n
p
u
t
 
s
i
g
n
a
l
s
 a

re
 

a
p
p
r
o
p
r
i
a
t
e
 
f
c
r
 
t
h
e
 
i
d
e
n
t
i
f
i
c
a
t
i
o
n
 a
f
 
t
h
e
 u

n
k
n
w
n
 p
a
r
a
m
e
t
e
r
a
 i
n
 
t
h
e
 s
yr
tr
A.
 

T
h
e
 
i
d
c
n
t
i
f
i
a
b
i
l
i
t
y
 
p
r
o
b
l
e
m
 
c
a
n
 
be
 
a
p
p
r
o
a
c
h
e
d
 
i
n
 a
 
d
e
t
e
m
i
n
i
s
t
i
c
 w
a
y
 
o
r
 a
 

s
t
o
c
h
a
s
t
i
c
 
wa
y.
 
T
s
e
 a
n
d
 
A
n
t
o
n
 
1
2
3
 a
r
g
u
e
 
t
h
a
t
 
d
e
t
e
r
m
i
n
i
s
t
i
c
 
i
d
m
t
i
f
i
a
b
i
l
i
t
y
 

i
s
 n
e
c
e
s
s
a
r
y
 
b
u
t
 
n
o
t
 
s
u
f
f
i
c
i
e
n
t
 
f
o
r
 
s
t
o
c
l
~
a
s
t
i
c
 i
d
e
n
t
i
f
i
a
b
i
l
i
~
y
 w

h
en

 t
h
e
 

o
u
t
p
u
t
 
a
n
d
 
(o
r)
 
t
h
e
 
s
y
s
t
f
u
 
i
s
 c
o
-
r
u
p
t
e
d
 
by
 
no
is
e.
 
T
h
i
s
 
i
s
 p
l
a
u
s
i
b
l
e
,
 
f
o
r
 
in
 

a
 d
e
t
e
r
m
i
n
i
s
t
i
c
 
u
a
y
 
n
o
t
h
i
n
8
 
c
a
n
 b
e
 
s
a
i
d
 
a
b
o
u
t
 
t
h
e
 
s
t
a
t
i
s
t
i
c
s
 o
f
 
t
h
e
 w
i
s
e
 

so
ur
ce
s.
 
%.
in
 

t
h
e
 
g
i
v
e
n
 
s
t
o
c
h
a
s
t
i
c
 
c
a
s
e
 
t
h
e
 s
y
s
t
e
n
 p
a
r
.
l
r
t
e
r
s
 
b
s
v
e
 
t
o
 b
e 

r
e
c
o
v
e
r
e
d
 
i
n
 t

o
r
 
p
r
o
b
a
b
i
l
i
s
t
i
c
 
se
ns
e.
 

P
o
r
 
t
h
e
 e
l
a
b
o
r
a
t
i
o
n
 
o
f
 
t
h
e
 i
d
e
n
t
i
f
i
a
b
i
l
i
t
y
 
v
e
 
i
n
t
r
o
d
u
c
e
 
t
h
e
 f

o
l
l
w
i
m
g
 

n
o
t
a
t
i
o
n
:
 

T
h
e
 o
b
s
e
r
v
a
t
i
o
n
s
 
u(
k)
 

wi
ll

 b
e
 d
e
n
o
t
e
d
 
by
 
z(
k)
; 

t
h
e
 s
e
t
 o
f
 
o
b
s
e
r
v
a
t
i
o
n
s
 
%(
I)
 

fo
r 
k
o
s
l
i
k
 
w
i
l
l
 
b
e
 v
r
i
t
t
e
n
 
a
s
 Z
(k)
: 

Z(
k)
 
6 

(z
(k
O)
. 

:..
 .z

(k
)I
 
;
 

(4
.1
) 

t
h
e
 v
e
c
t
o
r
 
o
f
 u
n
k
n
o
w
n
 
p
a
r
o
r
e
t
o
r
s
 v
i
l
l
 
b
e
 
d
e
n
o
t
e
d
 
by
 
0,
 
i
n
 t
h
e
 u
n
d
e
r
l
y
i
n
g
 

pr
ll
bf
co
 0
 
- IK

 .L
.C
v 

,%ol
 

;
 

(4
.2
) 

I
 

t
h
e
 
p
m
b
a
b
i
l
i
t
y
d
e
n
s
i
t
y
 
f
u
n
c
t
i
o
n
 o
f
 
r
l
k
)
 
c
o
n
d
i
t
i
o
n
e
d
 
oa
 Z
(k
-I
) 

.n
d
 0
 
is
: 

p(
~(
k)
/Z
(k
-l
).
0)
. 

B
a
s
e
d
 
o
n
 
s
t
a
~
i
s
t
i
c
a
l
 c
o
n
s
i
d
e
r
a
t
i
o
n
s
.
 
T
o
e
 a
n
d
 A
n
t
o
n
 

C
21

 d
e
f
i
n
e
d
 
r
e
w
l
v
a
-
 

b
i
l
i
t
y
 
o
f
 
t

w
 p
a
r
a
m
e
t
e
r
s
 
i
n
 
t
h
e
 f

o
l
l
w
i
n
g
 w
ay
: 

;.
a 

p
a
r
a
m
e
t
e
r
s
 
0
 

an
d 

8
 
b
e
l
o
n
g
i
n
g
 
t
o
 s
a
n
e
 c

p
c
t
 (
s-
 
d
i
m
e
n
s
i
o
n
a
l
)
 

2 
se
t 

~
f

:
 

a
r
e
 m

re
sb

~
u

a
b

to
 if
 
t
h
e
 e
q
u
a
l
i
t
y
:
 

h
o

ld
s 
w
i
t
h
 p
r
o
b
a
b
i
l
i
t
y
 
I 
f
o
r
 a
1l
.c
xc
ep
t 

a
 
f
i
n
i
t
e
 n

u
b
c
r
 o
f
 
i
n
t
e
g
e
r
s
 

.
 

-
 

k2
ko
. 

U
n
d
e
r
 

s
-m

e
 m
i
l
d
 
c
o
n
d
i
t
i
o
n
s
 
r
e
s
o
l
v
a
b
i
l
i
t
y
 
g
u
a
r
a
n
t
e
e
s
 
t
h
e
 
e
x
i
s
t
e
n
c
e
 o
f
 a
 

c
o
n
s
i
s
t
e
n
t
 
s
e
q
u
e
n
c
e
 
o
f
 e
st
ip
;l
te
s,
 w
h
i
c
h
 
m
e
a
n
s
 
t
h
e
 
i
d
e
n
t
i
f
i
a
b
i
l
i
t
y
 o
f
 

p
a
r
a
m
e
t
e
r
s
 
in
 
a
 
p
r
o
b
a
b
i
l
i
s
t
i
c
 
se
nc
e.
 

h
e

 o
f
 
t
h
e
s
e
 c

o
n
d
i
t
i
m
s
 
i
s
 t
h
e
 
r
e
q
u
i
r
e
m
e
n
t
 

t
h
a
t
 
t
h
e
 
o
b
s
e
~
r
a
t
i
o
n
 s
r
a
t
i
s
t
i
c
s
 z
(k
) 

a
r
e
 a
s
y
m
p
t
o
t
i
c
a
l
l
y
 
u
n
c
c
r
r
e
l
s
t
r
d
.
 
I
f
 t
h
e
 

c
l
o
s
e
d
 

lo
o

p
 s
y
s
t
e
m
 
i
s
 
s
t
a
b
l
e
,
 w
h
i
c
h
 
v
i
l
l
 
be
 
t
h
e
 c
a
s
e
 
i
n
 a
 n

o
r
u
l
 c
o
n
t
r
o
l
 

s
i
t
u
a
t
i
o
n
,
 
t
h
i
s
 
c
c
n
d
i
t
i
o
n
 
is
 
a
l
w
a
y
s
 
s
a
t
i
s
f
i
e
d
.
 
I
t
 e
a
s
i
l
y
 
c
a
n
 b
e
 
d
e
r
i
v
r
d
 
t
h
a
t
 

i
n
 t
h
a
t
 
c
a
s
e
 A

-I
IL

 
a
n
d
 

A
-K

C
 
a
r
e
 
s
t
a
b
l
e
 u
t
r
i
c
e
s
.
 

4
,
 i
n 

t
h
i
s
 
s
e
z
t
i
o
n
 
t
h
e
 c

o
~
c
l
u
s
i
o
o
 i
s
 d
r
a
w
n
 
t
h
a
t
 
t
h
e
 
i
d
e
n
t
i
f
i
a
b
i
l
i
t
p
 o
f
 

t
h
e
 p
a
r
a
m
e
t
e
r
s
 
h
a
v
e
 
t
o
 b
e 

b
a
s
e
d
 
o
n
 t
h
e
 p
r
o
b
a
b
i
l
i
t
y
 
d
m
s
i
t
y
 
f
m
c
t
i
o
n
 o
f 

t
h
e
 

n
a
s
u
r
f
e
e
n
t
s
.
 
T
s
c
 a
n
d
 
&
i
n
e
r
t
 

C
33

 h
a
v
e
 
a
p
p
l
i
e
d
 
t
h
i
s
 c
o
n
c
e
p
t
 
t
o
 a
 
l
i
n
e
a
r
 

s
y
s
t
e
m
 w
i
t
h
o
u
t
 
a
n
 
a
d
d
i
t
i
o
n
a
l
 
i
n
p
u
t
 
si
gn
al
. 

I
n
 t
h
e
 
f
o
l
l
w
i
n
g
 s
e
c
t
i
o
n
 t
h
e
 
r
e
s
u
l
t
s
 

e 

w
i
l
l
 
be
 
a
p
p
l
i
e
d
 
t
o
 t
h
e
 p

i
o
b
l
m
 o
f 

t
h
e
 
i
d
e
n
t
i
f
i
a
b
i
l
i
t
y
 
o
f
 
t
h
e
 p
ar
a-
tr
rs
 

i
n
 

t
h
e
 
r
y
s
t
m
 g
i
v
c
n
 
by
 
(3
.1
) 

a
n
d
 
(3
.2
),
 

w
h
i
c
h
 
i
s
 w

r
e
 d
i
f
f
i
c
u
l
t
 
b
e
e
a
v
s
e
 o
f 

t
h
e
 

I
 

e
x
t
r
a
 
i
n
p
u
t
 
Cx
(k
).
 

T
h
e
 c
l
o
s
e
d
 
I
m
p
 s
y
s
t
e
m
 

(2
.8

) 
- 

(2
.5

) 
i
s
 
l
i
n
e
a
r
 a
n
d
 
t
h
e
 n
o
i
s
e
 
s
o
u
r
c
c
s
 a
r
e
 

a
s
s
u
m
c
d
 
L
O
 
h
e
 
C
a
u
s
a
i
a
n
.
 
I
n
 t
h
i
s
 c
a
s
e
 
t
h
e
 p
r
o
b
a
b
i
l
i
t
y
 
d
e
n
s
i
t
y
 
f
u
n
c
t
i
o
n
 

p(
z(
k)
/Z
(l
r-
I)
.O
) 

i
s
 c
o
m
p
l
e
t
e
l
y
 c
h
a
r
a
c
t
e
r
i
z
e
d
 
by
 
it
r 
-
,
s
m
 a
n
d
 v
a
r
i
a
n
c
e
:
 

~(
kl
t-
1.
0)
 

* ~{
z(
k)
lz
(k
-l
),
~)
 

;
 

(5
.1

) 
t 

A
 

vZ
(k
.t
k-
I 

.o
) 

=
 ~
{(
~(
t)
-P
(k
k-
l.
@)
)(
~(
k)
-2
(k
/k
-l
.~
))
~/
zc
k-
r)
.e
).
 

(5
.2
) 



I
n
 t

h
c 

s
t
a
t
i
o
n
a
r
y
 
c
o
n
t
r
o
l
 
s
i
t
u
a
t
i
o
n
 
tl
,4
. 
v
a
r
i
a
n
c
v
 
h
a
s
 
a
 c
o
n
s
t
a
n
t
 v
a
l
u
e
 

wh
ic
l,
 w
il
l 

be
 
.i
c~
lo
te
d 
by
 
V 
. A

cc
or
di
n(
: 

t
o
 
Eo
.(
4.
3)
. 

t
h
e
 
i
d
e
n
t
i
f
i
a
b
i
l
i
t
y
 

of
 
ih
c 

p
a
r
m
e
t
e
r
s
 n
o
w
 ;

a
n

 
6
r
 r
c
l
a
t
e
d
 
t
o
 E
(k
ik
-I
 

.O
). 

an
d 

t
o
 V

z.
 
SO
, 

t
w
o
 

p
a
r
a
m
e
t
e
r
s
 
el

 a
n

d
 

0 
a
r
e
 
r
c
s
o
l
v
n
b
l
e
 
iC
: 

2
 

i(
k/
k-
1,
01
) 

J 
2(
k/
k-
1,
02
) 

;
 

(5
.3
) 

vp
(o
l)
 4
 v
L(
n2
) 

. 
(5
.4
) 

fo
r 

al
l 

c
x
c
c
p
t
 
a
 
f
i
n
i
t
e
 n

m
b
c
r
 o
f 

in
tc
gr
r.
. 

k2
ko
. 

F
o
r
 
Lh
c 

l
i
n
e
a
r
 
sy
st
em
 t
o
 b
e 

id
en
ti
fi
ed
 
w
i
t
h
 C
a
u
s
n
i
a
n
 
i
n
p
u
t
s
 
:
 

i(
k

)
 =

 
~*
i.
(l
~)
+K
~r
(k
)+
Kv
~(
'h
) ;
 

(3
.1
) 

r(
k)
 

9 
u!
kj
 

- -L
ir
(k
)+
vm
(k
) 

;
 

(3
.2
) 

f
 

5 
aa

c-
a:

. 
. 

(5
.5
) 

S
h
c
 m
ea
n 

(5
.3

) 
.
m
d
 
v
a
r
i
a
n
c
e
 
(5
.4
) 

r
a
n
 
bc
 
c
a
l
c
u
l
z
t
r
d
.
 
A 
I
a
l
r
m
 
f
i
l
t
e
r
 

(o
nr
 
s1
oy
.r
 
p
r
c
d
i
r
l
o
r
)
 
of
 
t
h
e
 
s
y
s
t
e
m
 
(3
.1
).
 

(3
.2
) 

E
o
i
r
r
a
t
e
s
 a

 
l
i
n
c
a
r
 

p
r
o
j
r
c
L
i
n
r
 
of
 
tl
r 

s
t
a
t
e
 
i
(
i
)
 

on
 
t
h
c
 m
c
s
s
u
r
e
e
c
n
t
 
s
p
d
c
r
 Z
(k
-1
) 

w
h
i
c
h
 

f
o
r
 t
h
e
 
li
ne
ar
 

C
l.

rs
s

ir
r 

c
a
s
e
 
is
 c
q
u
a
l
 
to
: 

W
r
r
 C
(k
) 

is
 
t
h
e
 o
u
t
p
u
t
 
of
 
t
h
e
 
R
l
a
a
n
 f
i
l
t
e
r
:
 

I
n
 t
h
i
s
 a
ly
.o
ri
tl
cn
 t
h
e
 o
b
s
e
r
v
e
d
 
c
i
e
n
a
l
 C
x(
k)
 
r
e
p
r
e
s
e
n
t
s
 a
 k

n
o
w
 i
np
ut
 
t
o
 

t
h
e
 
fi
lt
rr
. 

v(
k)
 
i
s
 
t
h
e
 
i
n
n
o
v
r
r
i
o
n
s
 p
ro
ce
ss
. 

w
h
i
c
h
 
is
 
a
 w
h
i
t
e
 n
o
i
s
e
 y
r
o
c
e
a
s
 

- 
w
i
t
h
 
i
n
t
r
n
s
i
t
y
 @

 
, 
an
d 

t
h
e
 m
a
t
r
i
x
 
F 

is
 
t
h
r
 
f
i
l
t
e
r
 g
a
i
n
 u

t
r
i
x
.
 
T
h
e
 

v
a
r
i
a
n
c
e
 
V
=
 
r
e
s
u
Y
t
s
 
fr
om
 
th
e 
~
q
s
.
 (5
.2
).
 

(5
.7

) 
an
d 

(5
.9
):
 

AS
 ~

f
n
t
i
-
e
d
 
b
c
f
o
r
c
 
t
h
e
 a
lj
io
ri
th
n 
(5
.7
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?
i
a
a
t
i
m
 o

f 
tA

e 
i.

r&
r?

sm
se

 
n

u
tr

it
. 

A
f
t
e
r
 
a
p
p
l
i
c
a
t
i
o
n
 o

f
 
t
h
e
 t
e
s
t
 
(6
.4
) 

f
o
r
 
t
h
e
 m
e
a
s
u
r
e
d
 
s
i
g
n
a
l
s
 t
h
e
 n
e
x
t
 

s
t
e
p
 
i
n
 
t
h
e
 
i
d
e
n
t
i
f
i
a
b
i
l
i
t
y
 p
r
o
b
l
e
m
 
i
s
 
t
o
 w

r
k
 w

t 
t
h
e
 u
n
i
q
u
e
n
e
s
s
 a
d
 

t
h
e
 
s
t
r
u
c
t
u
r
e
 o

f
 t
h
e
 
p
;
.
r
u
t
e
r
s
 g
i
v
e
n
 
t
h
e
 u
n
i
q
u
r
n
e
s
a
 
o
f
 
t
h
e
 
i
m
p
u
l
s
e
 

r
r
s
p
o
n
c
e
 
m
a
t
r
i
x
.
 
T
h
i
s
 
p
r
o
b
l
e
m
 
i
s
 
Ln
ar
n 

i
n
 
l
i
t
e
r
a
t
u
r
e
 
a
s
 t
h
e
 r

ea
L

is
a

ti
rn

 
~

P
o

L
h

m
. A

n
 
e
r
t
e
n
s
i
v
e
 
t
r
e
a
t
m
e
n
t
 
o
f
 t

h
i
s
 p
r
o
b
l
e
m
 

ic
 g
i
v
e
n
 
b
y
 
S
i
l
v
e
r
m
a
n
 

L
41

. 
f
h
r
 
f
o
!
l
o
u
i
n
~
 d
e
f
i
n
i
.
i
o
n
s
 w
i
l
l
 
be
 
u
s
e
d
:
 

k
f
i
n
i
t
i
o
n
 7
.1
: 

-
-

-
 

A 
s

y
a

ta
a

 
(A
,B
.(
.)
*)
is
 

?
I-

eq
L

iir
ro

Z
m

t 
t
o
 (
A.
3.
C)
 

if
 a

n
d
 
o
n
l
y
 
if
 
t
h
e
 

i
m
p
u
l
s
e
 
r
c
s
p
o
n
i
e
n
a
a
t
r
i
c
e
s
 
o
f
 
b
o
t
h
 
t
h
e
 
sy
st
& 

a
r
c
 
e
q
u
a
l
.
 

D
e
f
i
n
i
t
i
o
n
 
7.
2:
 

- 
- 

- 
A
 
s
y
s
t
r
m
 

(A
,R

 
C

) 
is

 s
t
r
i
c
f
Z
y
 c

q
iv

o
lr

q
t 
t
o
 
(A
,B
,C
) 

if
 a

n
d
 

o
n

ly
 

ir
 t

h
c
r
c
 
e
x
i
s
~
s
 "
a
o
n
s
t
a
n
t
 

n
m
-
s
i
n
b
u
l
a
r
 u

t
r
i
x
 T
 
s
u
p
h
 
t
h
a
t
:
 

2 
- TAT

-'
; 

i 
=

 T
B
;
 t

 - CT
-'
 
. 

(7
.1

) 

D
e
f
i
n
i
t
i
o
n
 
7.
3:
 

l
h
c
 
s
y
s
t
e
m
 
(h
.B
.C
) 

w
i
t
h
 
d
i
m
e
n
s
i
o
n
 
n
 
i
s
 c
a
l
l
e
d
 

ni
n*

Z
 

if
 n

o
 

Ii
-r
qv
iv
al
en
t 

sy
st
& 

(A
.B
,C
)-
 

e
x
i
s
t
s
 w

i
t
h
 d

i
m
e
r
~
s
i
o
n
 n
 

z
 
n.
 

Us
in
l:
 t
h
e
 c
o
n
c
e
p
'
r
.
 g
i
v
e
n
 
a
b
o
v
c
,
S
i
l
v
e
r
m
a
n
 
p
r
o
v
e
d
 
t
h
e
 
f
o
l
l
o
w
i
n
g
 t
Pe
or
er
s.
 

T
h
c
o
r
r
n
 
7.
 1

 :
 

H
i
n
i
m
!
 
t
i
r
r
-
i
n
v
a
r
i
a
n
t
 
s
y
s
t
e
m
 r
e
p
r
e
s
e
n
t
a
t
i
o
n
s
 a

r
e
 
s
t
r
i
c
t
l
y
 
e
q
u
i
v
a
l
e
n
t
 

if
 
an

d 
on
1.
v 

i
f
 t
h
e
y
 
a
r
e
 
H
-
e
q
u
i
v
a
l
e
n
t
.
 

- 
A
p
p
l
~
e
d
 t
o
 
t
h
e
 
i
i
t
u
a
t
i
o
n
 
i
n
 
w
h
i
c
h
 
t
h
e
 
i
n
p
u
l
s
e
 
r
e
s
p
o
n
s
e
 u

t
r
i
x
 H
(i
/€
+)
 
i
s
 

g
i
v
e
n
 
b
y
 
Eq
.(
S.
Zl
>.
 

t
h
i
s
-
t
h
e
o
r
q
 

t
h
e
 r

e
w
~
l
t
 t
h
a
t
 

r
.J

e
ly

 m
i
n
i
m
a
l
 

H
-
e
q
u
i
v
a
t
c
n
t
 
s,
 s
t
e
m
 o

f
 
(A

*+
PL

.~
KI

FI
.-

L~
~ 
is

 l
i
v
e
n
 b
y:
 

A
-
 

i*
+>

i, =
 

-(i
*+

fc
)~

-';
 [

El
?]

 - ~
[
k
l
h
 -2 
- -c

T-'
 

- 
(7
.2
) 

In
 
S
e
c
.
5
 
(e
qs
.(
5.
R)
 

an
d 

(5
.9
))
 

it
 
is
 
a
r
g
u
e
d
 
t
h
a
t
 
t
h
e
 
s
y
s
t
e
m
 
!A
**
FL
.!
KI
FI
.-
Z)
~ 

is
 
o
n
e
 
o
f
 
t
h
c
 
s
c
-
i
c
t
i
y
 c
g
u
i
v
s
l
m
t
 
s
y
s
t
e
m
s
,
 
so
 
s
t
a
t
e
m
e
n
t
 
(7
.2
) 

r
a
n
 a
l
s
o
 

bc
 
p
u
t
 
ir
 
t
h
e
 
f
o
l
l
o
u
i
n
6
 
f
o
r
m
 (
a
f
t
e
r
 
p
r
o
r
e
r
 
a
d
j
u
r
t
m
e
n
t
 
of
 
t
h
e
 
t
~
a
n
s
f
o
r
m
a
t
i
o
n
 

m
a
t
r
i
x
 
TI
: 

E
v
e
r
y
 
r?
ir
.i
ml
 
H
-
e
q
u
i
v
a
l
e
n
t
 
s
y
s
t
e
m
 o

f
 
(h
*+
~l
..
[K
iF
3.
-1
) 

i
s
 
~
i
v
e
n
 by
: 

- 
-- 

- -
 

k
4

F
L

 ,-
 T
(
A
*
*
F
~
.
)
T
-
~
;
I
P
I
F
~
=
 

T
~
K
~
F
]
;
 -i
 - -L

T-
'.
 

(7
.3
) 

na
c 

a
b
w
r
 s

t
a
t
~
m
m
t
 is
 
e
q
u
i
v
a
l
e
n
t
 
wi
th
: 

i*
 - TA)I-I; 

;
 = T

K;
 

=
 
TF
; 
i 

- LT
-'
, 

(7
.4

) 

F
r
m
 t
h
e
 
tr
.t
al
 
r
l
a
s
s
 
of
 
p
o
s
s
i
h
l
c
 
p
a
r
a
-
e
t
e
r
s
 

(7
.4

) 
a
 
b
~
i
q
u
e
 S

c
t 
m
~
s
t
 

b
e
 
sv
lc
ct
rc
!.
 
T
h
i
s
 
is
 
c
o
n
s
i
d
c
r
c
d
 
i
n
 
t
h
e
 
i
r
l
l
m
r
i
n
g
 t
h
e
o
r
e
m
.
 

~
,I

.o
T

P
;~

: 
7.
2:
 

- 
TI
:r
 

m
: 
:i
cr
s 

:I
*.
L.
F,
L 

r
a
n
 
b
c
-
u
n
i
q
o
c
 
y
 
i
d
e
n
t
i
f
i
e
d
 
f
r
o
m
 t
lt
r 
un
:q
ue
 

in
y9
tl
sc
 
r
c
s
y
o
n
r
e
 n
at
ri
::
 

H
li

lB
) 

if
 

ai
l4

 o
n
l
y
 
if
: 



(A
TI
I:
]F
I)
 is
 
a
 
c
o
n
~
r
o
l
l
a
b
l
r
!
 pa
ir
, 

(7
.6
) 

A 
c
a
n
o
n
i
c
a
l
 
f
o
r
m
 
f
o
r
 
t
h
e
 
s
y
s
L
e
m
 h
a
s
 
b
c
c
n
 
c
h
o
s
e
n
.
 

(7
.7
) 

v
e
r
i
f
i
e
d
 

w
h
i
c
h
 r
ni
f:
ht
 
r
e
s
t
r
i
c
t
 
t
h
e
 
t
o
t
a
l
 
s
e
t
 o
f
 
p
o
s
s
i
b
l
e
 
s
o
l
u
t
i
o
n
s
.
 

I
n
 t
l
w
 
fo
ll
ow
iu
[;
 
s
e
c
t
i
o
n
 
s
o
m
e
 r
e
s
u
l
t
s
 
w
i
l
l
 
b
e
 
p
r
c
s
c
n
t
c
d
 
i
n
 
r
e
l
a
t
i
o
o
 

t
o
 t
h
j
 s
 
p
r
o
b
l
e
m
.
 

N
o
 
s
t
r
i
c
t
 
p
r
o
o
f
 
o
f
 
t
h
i
s
 
t
h
e
o
r
e
m
 w
i
l
l
 
be
 
g
r
v
c
n
.
 
T
h
e
 
c
o
n
d
i
t
i
o
n
s
 
a
r
e
 m

d
e
 

p
l
a
u
s
i
b
l
e
 
i
n
 
t
h
e
 
f
o
l
l
o
w
i
n
p
.
 v
a
y
:
 

I
f
 a
 m
a
t
r
i
x
 
p
a
i
r
 
!L
Q.
!i
 

it
 n
o
t
 
r
c
c
o
n
s
t
r
u
c
t
a
b
l
c
,
t
h
c
n
,
 
a
c
c
o
r
d
i
n
g
 
t
o
 

Y
o
p
o
v
 

C
51

, 
t
h
e
 p
a
l
r
 
(A
 

+~
L

,C
) i

s
 
a
l
s
o
 
n
o
t
 
r
e
c
o
n
s
t
r
u
c
t
a
b
l
e
.
 
So
. 

t
h
e
 

n
o
t
-
r
c
c
o
n
s
t
.
r
u
c
t
a
l
~
l
e
 s
u
b
s
y
s
t
e
m
 
d
o
e
s
 
n
o
t
 
i
n
f
l
u
e
n
c
e
 
t
h
e
 o
u
t
p
u
t
 
an
d,
 
t
h
u
s
 i
s
 

n
o
t
 
r
c
p
r
r
s
e
n
r
r
d
 
i
n
 
c
h
c
i
i
.
p
u
l
s
e
 r
e
s
p
o
n
s
e
 
m
a
t
r
i
x
.
 
As
 
a
 
c
o
n
s
e
q
u
e
n
c
e
,
 
t
h
e
 

n
o
n
-
r
c
.
c
o
n
s
t
r
u
r
l
o
b
l
c
 
s
u
b
s
y
s
t
e
m
 
c
n
n
n
o
t
 b
e
 
i
d
e
n
t
i
f
i
e
d
 
f
r
o
m
 t
h
e
 i
n
p
u
l
s
e
 

r
c
s
p
o
n
s
c
 
m
a
t
r
i
x
.
 
A 

s
i
n
i
l
a
r
 
ar
p,
um
en
t 
s
o
l
d
s
 
f
o
r
 t
h
e
 c
o
n
t
r
o
l
l
a
b
i
l
i
t
y
 

c
o
n
d
i
~
i
o
n
.
 

A
l
l
 
m
i
n
i
m
a
l
 
R
-
e
q
u
i
v
a
l
e
n
t
 
s
y
s
t
e
m
s
 a
r
c
 
p,
iv
cn
 
by
 
Xq
.(
7.
4)
, 

w
h
e
r
e
 T
 i
s 

s
o
m
e
 

c
o
n
s
t
a
n
t
 
n
o
n
-
s
i
n
g
u
l
a
r
 
m
a
t
r
i
x
.
 
O
l
e
 
w
a
y
 
t
o
 
g
u
a
r
m
t
e
c
 
t
h
e
 
u
n
i
q
u
e
n
e
s
s
 
of
 

t
h
e
 p
a
r
a
~
l
e
t
c
r
 s
e
t
 
i
s
 
t
o
 c
h
o
o
s
e
 
a
 
t
r
a
n
s
f
o
m
t
i
o
n
 n
a
t
r
i
x
 
T
 
s
u
c
h
 
t
h
a
t
 
a 

c
a
n
o
n
i
c
a
l
 
p
a
r
o
m
r
l
e
r
 
s
e
t
 
r
c
s
u
l
t
s
.
 
F
o
r
 
a
 o
r
o
p
e
r
 
c
a
n
o
n
i
c
a
l
 
f
o
r
m
 o
n
l
y
 
a
 

u
n
i
q
u
e
 
t
r
a
n
s
f
o
r
n
a
t
i
o
n
 m
a
t
r
i
x
 
T
 
e
x
i
s
t
s
.
 
T
h
e
 
s
t
r
u
c
t
u
r
e
 
of
 
t
h
e
 
c
a
n
o
n
i
c
a
l
 

f
o
r
m
 
i
s
 d
e
t
c
r
r
t
i
n
e
d
 
by
 
t
h
c
 
s
o
 c
a
l
l
c
d
 

fi
0

w
c
k

l.
 i

n
v

w
ia

n
is

 
(i
.e
. 

P
o
p
n
v
 

C6
1)
. 

T
h
e
 
K
r
o
n
e
c
k
c
r
 
i
n
v
a
r
i
a
n
t
s
 
a
r
r
 
g
i
v
e
n
 
by
 
t
h
e
 o
b
s
e
r
v
a
h
i
l
i
t
y
 
m
z
t
r
i
x
 

of
 
t
h
e
 
s
y
s
t
e
m
 
a
n
d
 
r
e
m
a
i
n
 
u
n
c
h
a
n
g
e
d
 
u
n
d
e
r
 
a
 
s
i
m
i
l
a
r
i
t
y
 
t
r
a
n
s
f
o
r
m
a
t
i
o
n
.
 

T
h
e
 
c
o
n
s
e
q
u
e
n
c
e
 
f
o
r
 
t
h
e
 
i
d
e
n
t
i
f
i
c
a
t
i
o
n
 
p
r
o
c
e
d
u
r
e
 
is
 
t
h
q
t
 
p
r
i
o
r
 
t
o
 a
 

p
a
r
a
m
c
t
r
r
 
i
d
r
n
t
i
f
 i
c
a
t
i
o
n
 
a
 s

tm
n

tt
c

m
l 
i
d
e
x
t
t
f
i
c
o
t
i
o
>
~
 mu
s
t
 
be
 
c
a
r
r
i
e
d
 

ou
t.
 

So
 
f
a
r
,
 
n
o
 d

s
s
u
m
p
~
i
o
n
 v
a
s
 
m
a
d
e
 
r
e
l
a
t
i
v
e
 
t
o
 
t
h
e
 o
p
t
i
m
a
l
i
t
y
 o
f
 
t
h
e
 

f
e
e
d
b
a
c
k
 m
a
t
r
i
x
 
L
 a
n
d
 
t
h
e
 o
b
s
e
r
v
e
r
 
e
a
i
n
 m
a
t
r
i
x
 
R.
 
I
n
 t
h
i
s
 
s
e
c
t
i
o
n
 

s
o
r
e
 
r
e
s
u
l
t
s
 
o
f
 
t
h
e
 
s
o
 c
a
l
l
e
d
 
i
n
v
e
r
s
e
 o
p
t
i
m
a
l
 
c
.
m
t
r
o
l
 a
n
d
 
o
b
s
e
r
v
e
r
 

. 
. 

pr
oh
lr
ia
, 
w
h
i
c
h
 
i
s
 
co
rr
si
dr
rr
d 

i
n
 m
o
r
e
 
dr
at
ai
l 

i
n
 v

a
n

 V
ij
k,
 

K
ok

 
C9
3.
 

w
i
l
l
 
b
e
 a
p
p
l
i
e
d
 
t
o
 t
h
e
 
i
d
e
n
t
i
f
i
e
d
 p
a
r
a
n
c
r
c
r
s
 
L
 
o:
rd
 
K.
 
T
h
e
 m
a
i
n
 
p
a
r
t
 

o
f
 
t
l
~
c
 in
ve
rs
e 
o
p
t
i
m
a
l
 
e
o
n
t
r
n
l
 
p
r
o
b
l
e
m
 c
o
n
c
e
r
n
s
 
t'
le
 
q
u
e
s
t
i
o
n
 
u
n
d
e
r
 

w
h
i
c
h
 
c
o
n
d
i
t
i
o
n
s
 
a
 
g
i
v
e
n
 
f
e
e
d
b
a
c
k
 m
a
t
r
i
x
 
L,
 
in
 
r
e
l
a
t
i
o
n
 
t
o
 t
h
e
 
s
y
s
t
e
m
 

. 
: 

m
a
t
r
i
c
e
s
 
A
 
a
n
d
 
B.
 
m
i
n
i
m
i
z
e
s
 
a
 
q
u
a
d
r
a
t
i
c
 
c
o
s
t
 
f
u
n
c
t
i
o
n
 
(2
.6
).
 

A 
si
rn
il
or
 q
u
e
s
t
i
o
n
 
h
o
l
d
s
 
f
o
r
 t
h
e
 
I
n
v
e
r
s
e
 o
b
s
e
r
v
e
r
 
p
r
o
b
l
e
m
,
 
i.
e.
 

u
n
d
e
r
 
w
h
i
c
h
 
c
o
n
d
i
t
i
o
n
s
 
a
 g
i
v
e
n
 
p
a
i
n
 
m
a
t
r
i
x
 
I;,
 
i
n
 
r
e
l
a
t
i
o
n
 
t
o
 t
h
e
 

m
a
t
r
i
c
e
s
 
A 

a
n
d
 
C,
 
r
?
i
n
i
m
i
z
e
s
 t
h
e
 q
u
a
d
r
a
t
i
c
 
r
e
c
o
n
s
t
r
u
c
t
i
o
n
 
e
r
r
o
r
 
(2
.9
).
 

- 
F
o
r
 
t
h
e
 
c
o
n
t
r
o
l
 
p
a
r
t
 
it
 
c
a
n
 
b
e
 
s
h
a
m
 t
h
a
t
 
i
f
 
t
h
e
 t
ua
tr
ix
: 

t
h
e
 f
e
e
d
b
a
c
k
 
m
t
r
i
x
 L
 m
i
n
i
m
i
z
e
s
 
s
o
m
e
 
q
u
a
d
r
a
t
i
c
 
c
r
i
t
e
r
i
o
n
 
o
f
 t
h
e
 
f
o
r
m
 

(2
.6
).
 

T
h
e
 
c
o
n
c
e
p
t
 
o
f
 
s
y
m
e
t
r
i
z
a
b
i
l
i
t
y
 
i
s
 d
e
f
i
n
e
d
 
b
y
 
T
a
u
s
s
k
y
 
C
I
O
l
 
i
n
 

t
h
e
 
f
o
l
l
o
w
i
n
g
 v
ay
: 

A 
m
a
t
r
i
x
 
i
s
 
s
y
m
t
r
i
z
a
b
l
e
 i
f 

it
 
is
 
s
i
m
i
l
a
r
 
t
o
 a
 
s
y
m
m
e
t
r
i
c
 m
at
ri
x.
 

o
r
,
 c
q
t
r
i
v
a
l
e
n
t
l
y
,
 
if

 
it
 h
a
s
 
r
e
a
l
 
c
h
a
r
a
c
t
e
r
i
s
t
i
c
 
r
o
o
t
s
 
a
n
d
 
a
 
f
u
l
i
 

s
e
t
 
o
f
 
c
h
a
r
a
c
t
e
r
i
s
t
i
c
 v
e
c
t
o
r
s
.
 

T
h
e
 
s
y
n
n
x
t
r
i
z
a
b
i
l
i
t
y
 
r
e
q
u
i
r
e
m
e
n
t
 
i
s
 p
l
a
u
s
i
b
l
e
 
i
n
d
e
e
d
,
 
f
o
r
 a
n
 o
p
t
i
m
a
l
 

f
e
e
d
b
a
c
k
 n
s
t
r
i
x
 
L
u
 d
o
c
s
 
s
a
t
i
s
f
y
 
.E
q.
(Z
.7
).
 

so
: 

R
L
O
 
- B

~
A
-
~
C
P
-
Q
)
 . 

(9
.2
) 

S
o
 
f
a
r
,
n
n
 
u
s
e
 
h
a
s
 
b
e
r
n
 
m
a
d
e
 
o
f
 
t
h
e
 
fa
ct
 
t
h
z
t
 
t
h
e
 p
a
r
a
m
e
t
e
r
s
 
o
f
 
t
h
e
 

c
o
n
L
r
o
l
l
c
d
 
s
y
s
t
e
m
 
(
t
h
e
 w

t
r
i
c
e
s
 A
. 

B.
 
C
 
a
n
d
 

G
) 
a
r
e
 
g
i
v
e
n
 
i
n
 
a
d
v
a
n
c
e
,
 

W
 

to
 

an
d 

t
h
u
s
 
t
h
a
t
 
t
h
e
r
e
 
e
x
i
s
t
s
 
a
 
c
e
r
t
a
i
n
 
r
e
l
a
t
i
o
n
 w
i
t
h
 
t
h
e
 p
a
r
a
m
c
t
r
r
s
 
t
o
 

b
e
 
j
d
e
n
r
i
i
i
c
d
.
 
I
n
 
p
a
r
t
i
c
u
l
a
r
:
 

l
h
e
n
,
 
by
 
Fq
.(
7.
6)
. 

t
h
e
 
f
o
l
l
o
v
i
n
g
 q
u
n
d
r
a
t
i
c
 
e
q
u
a
t
i
o
n
 r
e
s
u
l
t
s
:
 

X
i
t
h
 
t
h
c
 s
b-
tr
y 

of
 
P
 a
n
d
 
Q
 
it
 
f
o
l
l
o
w
s
 
t
h
a
t
 
R
L
O
A
-
I
B
 
i
s
 a
 
6-
tr
ic
 

ma
tr
ix
. 

F
r
o
m
 
t
h
e
 
f
a
c
t
 
t
h
a
t
 

R
 
is
 
p
o
s
i
t
i
v
e
 
d
e
f
i
n
i
t
e
 
it
 
f
o
l
l
w
s
 t
h
a
t
 

L
O
A
-
~
B
 is
 
s
i
m
i
l
a
r
 
t
o
 a
 
s
y
n
m
e
t
r
i
c
 m
a
r
r
i
k
,
 
h
e
n
c
e
 
t
h
e
 m
a
t
r
i
x
 
is
 s
y
r
m
e
t
r
i
z
a
b
l
e
.
 

S
o
,
t
o
 
o
h
t
a
i
c
 
a
 
s
e
t
 
o
f
 
p
a
r
a
m
e
t
e
r
s
 
w
h
i
c
h
 
s
a
t
i
s
f
i
e
s
 
t
h
e
 g
i
v
e
n
 
s
t
r
u
c
t
u
r
e
 

o
f
 L
h
c
 m
o
d
e
l
,
 
t
h
e
 
t
r
a
n
s
f
o
r
m
a
t
i
o
n
 
n
a
t
r
i
x
 
T
 m
u
s
t
 
be
 
a
n
 
e
l
e
m
r
n
t
 
o
f
 
t
h
e
 

fi
ni
tt
 
se
t 
of
 
s
o
l
u
t
i
o
n
s
 
o
f
 
t
h
e
 
q
u
a
d
r
a
t
i
c
 
e
q
u
a
t
i
o
n
 
(7
.9
).
 
H
o
r
e
o
v
e
r
,
 

f
r
o
m
 o
b
s
r
r
v
o
h
i
l
i
t
y
 
c
o
n
s
i
d
e
r
a
~
i
o
n
s
,
 it
 
c
a
n
 
be
 
s
h
o
w
n
 
t
h
a
t
 
t
h
i
s
 
t
r
a
n
s
-
 

f
o
r
m
a
t
i
o
n
 
m
l
t
r
i
x
 
m
u
s
t
 
b
e
 
r
e
a
l
.
 
In
 
r
o
t
t
c
r
 
C
7
1
 
t
h
c
 
s
o
l
u
t
i
o
n
 o
f 

a
 m
o
r
e
 

s
p
e
c
i
f
i
c
 
q
u
a
d
r
a
t
i
c
 
e
q
u
a
t
i
o
n
 
i
s
 g
i
v
e
n
,
 w
h
i
c
h
 
c
a
n
 
b
e
 
p.
cn
cr
al
iz
cd
 t
o
 

t
h
e
 u
n
d
e
r
l
y
i
n
y
,
 e
q
u
a
t
i
o
n
.
 
T
h
e
 
m
a
x
i
n
u
m
 
n
u
m
b
e
r
 
o
i
 
r
e
a
l
 
r
c
g
u
l
a
r
 s
o
l
u
t
i
o
n
s
 

I
f
 t
h
e
 
s
y
r
r
t
r
i
z
a
b
i
l
i
t
y
 c
o
n
d
i
t
i
o
n
 
i
s
 
s
a
t
i
s
f
i
e
d
.
 
o
n
l
y
 
t
h
e
 p
o
s
i
t
i
v
e
 

d
e
f
i
n
i
t
e
n
e
s
s
 
o
f
 
t
h
e
 w
c
i
e
h
t
i
n
e
 R
 o

f
 
t
h
e
 
i
n
p
u
t
 

i
s
 
~
u
a
r
a
n
t
e
e
d
,
 b
u
t
 
t
h
e
 

w
e
i
g
h
t
i
n
g
 
m
a
t
r
i
x
 
Q
 o
f
 
t
h
e
 
s
t
a
t
e
 
i
s
 n
o
t
 
n
e
c
e
s
s
a
r
i
l
y
 
s
e
m
i
 p
o
s
i
t
i
v
e
 

d
e
f
i
n
i
t
e
.
 
If
, 

in
 
a
d
d
i
t
i
o
n
,
 
Q
 i
s
 
r
e
q
u
i
r
e
d
 
t
o
 b
e
 
a
c
s
i
 p
o
s
i
t
i
v
e
 
d
e
f
i
n
i
t
e
.
 

a
l
s
o
 
t
h
e
 
f
o
l
l
w
i
n
e
 t
iz
o 
n
e
c
e
s
s
a
r
y
 
c
o
n
d
i
t
i
o
n
s
 m
u
s
t
 
be
 
s
a
t
i
s
f
i
e
d
 b
y 

L:
 

a
 

T
he

 m
:

k
 c

o
n

d
it

io
n

: 
T
 w
h
i
c
h
 
s
a
t
i
s
f
y
 
Eq
.(
7.
9)
 

is
 
e
q
u
a
l
 
t
o
 

U
s
i
n
g
 
t
h
e
 
c
o
n
t
r
o
l
l
a
b
i
l
i
t
y
 

c
o
n
d
i
t
i
o
n
 

(7
.5

).
 

it
 
c
a
n
 
b
e
-
s
h
o
w
n
 
th
2t
 
t
o
 e
a
c
h
 
r
e
a
l
 
r
e
g
u
l
a
r
 
s
o
l
u
t
i
o
n
 

T
 
o
n
e
 a
n
d
 
o
n
l
y
 
o
n
e
 
t
r
i
p
l
e
 K

, 
F
 
a
n
d
 
L
 c
o
r
r
e
s
p
o
n
d
s
.
 
T
h
u
s
,
 
t
h
e
r
e
 a
r
e
 a
s
 

m
a
n
y
 
s
o
l
u
t
i
o
n
s
 
o
f
 
t
h
e
 r
e
a
l
i
z
a
t
i
o
n
 
pr
ob
le
rn
 
a
s
 
t
h
e
r
e
 a
r
e
 
s
o
l
u
t
i
o
n
s
 T
 o
f 

Eq
.(
7.
9)
, 

bu
t 

in
 
g.
?r
.e
ra
l 
r
j
 s
!.
st
m 

in
 
c
a
n
o
n
i
c
a
l
 f
o
r
m
 
v
i
l
l
 
b
c
l
o
n
g
 
t
o
 

th
e 

se
t 

of
 
p
a
b
s
i
b
l
f
 
s
o
l
~
i
t
i
o
n
s
.
 A
 w
a
y
 
to
 w
or
k 

ou
t 

t
h
e
 
i
d
e
n
t
i
f
i
c
a
t
i
o
n
 

i
s
 
t
o
 
i
d
e
n
t
i
f
y
 
t
h
e
 
s
t
r
u
c
t
u
r
e
 o
f
 
t
h
e
 
s
y
s
t
e
m
,
 
t
h
e
n
 
to
 
c
h
o
o
s
e
 a
 c
a
n
o
n
i
c
a
l
 

f
o
r
m
,
,
 
t~

 
'
d
e
n
t
i
f
y
 
t
h
c
 
p
a
r
a
m
e
r
e
r
s
 
i
n
 
t
h
e
 
a
c
c
e
p
t
e
d
 
c
a
n
o
n
i
c
a
l
 f
or
m,
 
an
d 

t
o
 t
r
a
n
s
f
o
r
m
 
L
h
c
 
c
a
n
o
n
i
c
a
l
 
p
a
r
a
m
e
t
e
r
s
  
s
i
n
g
 
Eq
.(
7.
9)
 

Lo
 
t
h
e
 u
l
t
i
m
a
t
e
 p
a
r
a
m
e
t
e
r
 

se
t.
 
I: 

s
h
o
u
i
d
 
be
 
n
o
t
i
c
e
d
 
t
h
a
t
 
t
h
e
 
se
t 

o
f
 s
o
l
u
t
i
o
n
s
 
i
s
 n
ot
 
i
n
f
l
u
e
n
c
e
d
 
by
 

th
e 

p
a
r
t
i
c
n
l
a
r
 
c
h
o
i
c
e
 
o
f
 
t
h
e
 c
a
n
o
n
i
c
a
l
 
f
o
r
m
 
(
w
i
t
h
 p
r
o
p
c
r
 
in
va
ri
an
ts
).
 

o 
S
A
~
(
I
A
-
'
B
)
 c
 

I 
. 

(9
.4
) 

T
h
e
 
r
a
n
k
 c
o
n
d
i
t
i
o
n
 
f
o
l
l
o
v
s
 
f
r
o
m
 
t
h
e
 
f
a
c
t
 
t
h
a
t
 
t
b
c
 R
i
c
e
a
t
1
 
m
a
t
r
i
x
 
P 

i
s
 a

l
s
o
 a
 
s
e
n
i
 
~
~
o
e
i
l
i
v
e
 

d
e
f
i
n
i
t
e
 
m
a
t
r
i
x
.
 
a
n
d
 
f
r
o
m
 
t
h
e
 
r
o
l
l
o
v
i
n
p
.
 

r
r
l
a
t
i
n
n
,
 d
e
r
i
v
e
d
 
f
l
o
m
 
t
h
e
 E
qs
.t
Z.
7)
 

a
n
d
 
(2
.8
):
 

<
U
+
U
~
P
E
)
L
~
L
'
B
 

= 
B'PH 

. 
(9
.5
) 

T
h
e
 
e
i
g
r
n
v
n
l
u
e
 
c
o
n
d
i
t
i
o
n
 c
a
n
 
b
e
 
s1
io
:m
 

.;o
n

e 
t
h
e
 
s
e
m
i
 
p
o
s
i
t
i
v
e
 

do
fi
ni
te
n.
-.
is
 o
f 

P, 
a
n
d
 
a
n
o
t
h
e
r
 
r
e
i
a
t
i
o
n
 
r.
-c
ul
t i
n
g
 
f
r
a
 t
h
e
 E
qs
. 
(2
.7
) 

a
n
d
 

(2
.8
):
 

I
n
 t
li
c 
i
r
.
t
r
~
3
t
)
c
t
i
o
n
 (S
ec
.1
) 

it
 
w
a
s
 
a
r
z
u
e
3
 t
ha
t.
 
o
n
c
e
 
t
h
e
 p
n
r
z
m
e
t
e
r
s
 

I; 
a
n
4
 L

 
a
r
c
 
i
d
c
,
~
t
i
f
i
e
d
,
 th

o
 o
p
t
i
m
a
l
i
t
y
 
o
f
 
t
h
c
s
c
 p
ar
am
et
er
.;
 
s
h
o
u
l
d
 
be
 



Y
PI

 
;a 

~
i

v
r

n
 fc
?d

b
 i

ik
 m

t
r

i
x

 
v

h
ic

l~
 i

s
 o

b
ta

in
e
d
 

by
 

id
rn

r 
il

ic
a

ti
o

n
, 

th
e

 .
:i

~~
n~

.w
 c

n
n

d
it

iw
- 

c
a

n
 1

5
- 

ic
s

te
d

 
in

 o
ld

e
r 

to
 c

;.
-m

in
i.

 
i

t
s

 o
p

ti
n

a
li

ty
. 

In
 I

9
 I 

t
i

c
 c

o
n

:,
!i

.t
r 

c
l.

ls
s 

c>
f 

w
ei

p
,h

ti
n

(:
 I

-,
.i

tr
ic

e
=

 (!
 

an
d

 
R 

b
c1

0
rr

~
:i

.r
~

 to
 

L
O

 
is

 c
;*

'd
uc

t.
d.

 
J'

I-
~I

I 
th

is
,t

h
 

w
n

c
-l

u
si

o
'i

 c
ar

, 
h

e
 d

re
8.

m
 

th
a

t 
w

it
h

o
u

~
. 

ac
k!

i: 
i t

*n
;:

i 
s

f 
ru

rt
 11

; 
a

1
 i

n
fo

r 
:m

at
 i

o
n

 
ab

o
u

r 
th

e
 w

ei
p

.1
1

~
 

in
c

 
E

~
c

c
o

rs
 no

 
u

n
iq

u
e

 
p

a
ir

 
C

 
an

d
 
$
 

ra
n

 r
e

s
u

lt
. 

G
a

w
d

 u
n 

th
e

 d
u

.?
li

ry
 

h
e

t.
:~

(n
 t

h
e

 
in

v
e

rs
e

 o
p

ti
n

.1
1

 
c

o
n

tr
o

l 
an

d
 

o
b

se
rv

e
r 

p
ro

b
lr

r:
 

~
1

.e
 fo

lf
w

..
in

~
, c
o

n
d

it
ir

n
~

s
 c
a

n
 b

c 
c

o
n

c
lu

d
rd

 
f

o
r

 t
h

e
 o

p
ti

~
a

li
ty

 
o

f 
th

e
 

o
b

h
e

rv
e

r 
g

z
in

 n
a

r
r

:
~

 K 

T
\H

 ::
.-;
 .

-1
.t
ri
:w
bi
li
t!
, c
o
c
c
i
 t-

u
r.

: 

T
h

e 
m

a
tr

ix
 C

A
-I:

: 
i

s
 s

)n
n

i-
tr

iz
a

h
lc

 - 
(9

.7
) 

T
he

 x
u

n
C

 ~
o

i:
li

t
..

x
:

 

r
{

~
j

 
=

 
~

{
cI

,-
!K

) 
. 

(9
.8

) 

T
he

 c
io

,.
,:

v
n

li
~

~
 

cu
,?

;'
i+

 ic
c:

 

o 
2 

A
.{

c
A

-~
K

}
<

 I 
. 

(9
.9

) 

O
n

ce
 

a
 m

a
tr

ix
 

h 
is

 
id

c
n

ti
fi

t.
c

l,
 

th
e

 c
o

n
d

it
io

n
s 

g
iv

e
n

 .
,l

ro
ue

 
c

a
n

 b
c 

u
se

d
 

t
o

 c
h

e
c

k
 

:h
e 

o
p

ti
:~

ll
it

).
 o

f 
L

lic
 

o
b

se
rv

e
r.

 

In
 S

e
c

.8
 

i
t

 w
as

 
co

n
cl

u
d

ed
 

th
a

t 
n

o
 

u
n

iq
u

e
 

p
a

ir
 

{L
.K

] 
ca

n
 

b
e 

th
e

 
s

o
lu

ti
o

n
 o

f 
th

e
 i

d
e

n
ti

fi
c

a
ti

o
n

 p
ro

b
le

m
, 

b
u

t 
i

t
 w

as
 

d
e

ri
v

rd
 

th
a

t:
 

;=
 L

T-
I,

 
~

Z
T

K
 

(9
.1

0
) 

T
he

 
tr

a
n

sf
o

rm
a

ti
o

n
 m

a
tr

ix
 i
' 

is
 a

 
re

a
l 

re
e

u
la

r 
s

o
lu

ti
o

n
 o

f 
th

e
 q

u
a

d
ra

ti
c

 
W

 
w

 
c

q
u

a
ti

o
n

 
(7

.9
).

 
T

he
 

g
iv

e
n

 o
p

ti
s

a
li

ty
 r

o
n

d
ii

io
n

s 
m

u
st

 
b

e 
ch

ec
k

ed
 

fo
r 

e
v

e
ry

 p
o

ir
 

(:,;/.
 

le
c

a
~

s
e

 o
f 

tn
e

 f
a

c
t 

C
ha

r 
th

e
 o

p
ti

n
a

li
ty

 s
o

n
d

it
io

n
s 

a
re

 
n

o
t 

in
v

a
ri

n
n

r 
u

n
d

er
 

th
e

 t
r.

an
sf

o
rm

at
io

n
 

(9
.1

0
).

 
th

e
se

 
c

o
n

d
it

io
n

s 
m

ay
 

r
e

s
tr

ic
t 

tl
~

e
 to

ta
l 

rl
q

s
s

 o
f 

p
o

s
s

ib
le

 s
o

lu
ti

o
n

s
. 

li
o

u
cv

cr
, 

to
 

e
a

c
h

 p
a

ir
 

{L
.K
! 

fo
r 

w
lt

ic
h

 
th

e
 o

p
ti

n
n

li
ty

 
re

s
t 

i
s

 s
u

c
c

e
ss

fu
l,

 
a

 w
h

o
le

 
c

la
s

s
 o

f 
w

e
ig

h
ti

n
p

 
n

n
tr

ic
e

s
 

in
 t

h
e

 p
er

fo
rm

an
ce

 
in

d
e

x
 

(2
.6

) 
c

o
rr

rs
p

o
n

d
s.

 
T

h
e 

s
a

a
e

 i
s
 t

ru
e

 f
o

r
 n

 
vi

1o
:e

 
c

la
s

s
 o

f 
in

te
n

s
it

y
 m

a
tr

ic
e

s 
o

f 
:h

e 
o

b
se

rv
a

ti
o

n
 

n
o

is
e

 a
n

d
 

n
't

o
r 

n
o

is
e

, 
re

sp
e

c
ti

v
e

ly
. 

S
O

. 
w

it
i~

o
u

t a
d

d
it

io
n

a
l 

in
fo

rm
a

ti
o

n
. 

n
o

 u
~

li
q

u
e

 n
o

d
e

l 
p

a
ra

z
e

te
r 

v
a

lu
e

s 
Q,
 
B,
$ 

,VI
 

c
a

n
 b

e 
id

e
n

ti
fi

e
d

 f
ro

m
 

th
e

 
in

p
u

t-
o

u
t~

r.
t 

d
a

te
 o

f 
th

r 
hu

m
an

 
o

p
r

r
a

t
o

r
~

~
 

T
he

 
id

rn
ti

fi
d

b
il

it
y

 o
f 

th
e

 p
a

ra
m

e
te

rs
 u

p
s 

b
as

ed
 

o
n

 
th

e
 p

ro
b

a
b

il
it

y
 

d
c

r.
si

ty
 

fu
n

c
ri

o
n

 o
f 

th
e

 n
e

a
su

re
m

e
n

ts
. 

In
 c

o
r.

si
.q

u
en

ce
 

o
f 

L
he

 
s

ta
ti

s
ti

c
a

l 
<

o
n

s
ld

e
r.

~
t~

o
n

r,
 

n
o

 
d

;s
ti

n
c

tl
o

n
 

c
o

u
ld

 
b

e 
m

ad
e 

b
et

w
ee

n
 

th
e

 s
y

st
tm

 
to

 h
e

 
id

e
n

ti
fi

e
d

, 
E

q
s.

(3
.1

1
 

an
d

 
(3

.2
).

 
an

3
 

ti
le
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Figure 2. Canparison Between Measured and Dual-Loop Describfng Functions and 
Injected Remnant Spectra for K/s Dynamics and 220 Peripheral Viewing 
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e
 m
i
g
h
t
 
ex
is
t 
w
i
t
h
i
n
 
th
e 
h
u
m
a
n
 

o
p
e
r
a
t
o
r
 m
o
d
e
l
.
 

T
ie

 
a
b
s
e
n
c
e
 o
f 
s
u
c
h
 a
n 
a
s
s
u
m
p
t
i
o
n
 g
r
e
a
t
l
y
 
f
a
c
i
l
i
t
a
t
e
s
 t
h
e
 

d
a
t
a
 p
r
o
c
e
s
s
i
n
g
 p
r
o
c
e
d
u
r
e
.
 

I
n
 t
h
e
 p
r
e
s
e
n
t
 
s
t
u
d
y
 
th
e 
p
o
s
s
i
b
l
e
 o
c
c
u
r
e
n
c
e
 o
f
 
l
i
n
e
a
r
 c
r
o
s
s
-
c
o
u
p
l
i
n
g
s
 d
u
e
 

t
o
 t
a
s
k
 
i
n
t
e
r
f
e
r
e
n
c
e
 w
a
s
 
t
a
k
e
n
 
i
n
t
o
 a
c
c
o
u
n
t
,
 s
o
 a
 m
o
d
e
l
 
s
t
r
u
c
t
u
r
e
 a
c
c
o
r
d
i
n
q
 

t
o
 F
ig
. 

2
 w
a
s
 a
s
s
u
m
e
d
.
 
T
o
 e
l
i
m
i
n
a
t
e
 e
f
f
e
c
t
s
 d
u
e
 t
o
 s
c
a
n
n
i
n
g
 b
e
h
a
v
i
o
r
 a
s
 

w
e
l
l
 
a
s
 
p
o
s
s
i
b
l
e
 
it
 
w
a
s
 
d
e
c
i
d
e
d
 
t
o
 d
i
s
p
l
a
y
 b
o
t
h
 
t
r
a
c
k
i
n
g
 e
r
r
o
r
s
 
f
o
v
e
a
l
l
y
 o
n
 

o
n
e
 C
RT
. 

A
 d
i
s
p
l
a
y
-
c
o
n
t
r
o
l
 
c
o
n
f
i
g
u
r
a
t
i
o
n
 w
i
t
h
 
a
 
go
od
 
c
o
m
p
a
t
i
b
i
l
i
t
y
 w
a
s
 d
e
s
i
r
e
d
 

i
n
 o
r
d
e
r
 t

o
 p
r
e
v
e
n
t
 e
f
f
e
c
t
s
 r
e
s
u
l
t
i
n
g
 f
r
o
m
 s
u
b
o
p
~
i
a
a
l
 t
a
s
k
 
c
o
n
d
i
t
i
o
n
s
.
 T
w
o
 

p
o
s
s
i
b
i
l
i
t
i
e
s
 e
xi
st
: 
A
p
p
l
i
c
a
t
i
o
n
 o
f
 o
n
e
 j
o
y
s
t
i
c
k
 w
h
i
c
h
 
c
a
n
 b
e
 m
ov
ed
 
in
 

l
e
f
t
-
r
i
g
h
t
 d
i
r
e
c
t
i
o
n
 f
o
r
 o
n
e
 c
o
n
t
r
o
l
 
l
o
o
p
 a
nd
 
i
n
 a
 
f
o
r
w
a
r
d
-
b
a
c
k
w
a
r
d
 d
i
r
e
c
t
i
o
n
 

f
o
r
 t
h
e
 o
t
h
e
r
.
 
'
K
c
 
t
r
a
c
k
i
n
g
 e
r
r
o
r
s
 c
a
n
 b
e
 
i
n
d
i
c
a
t
e
d
 5

y
 o
n
e
 
l
i
g
h
t
s
p
o
t
 w
h
i
c
h
 

c
a
n
 n
o
v
e
 h
o
r
i
z
o
n
t
a
l
l
y
 a
nd
 
v
e
r
t
i
c
a
l
l
y
 
(
i
n
t
e
~
r
a
t
e
d
 c
on
fi
gu
ra
ti
on
).
 
T
h
e
 s
e
c
o
n
d
 

'4. 
p
o
s
s
i
b
i
l
i
t
y
 i
s 
t
o
 u
s
e
 
tw
o 
j
o
y
s
t
i
c
k
s
 w
h
i
c
h
 c
a
n
 b
e
 m
o
v
e
d
 
in
 a
 
f
o
r
w
a
r
d
-
b
a
c
k
w
a
r
d
 

o
 

d
i
r
e
c
t
i
o
n
 w
i
t
h
 t
h
e
 
le
ft
 h
a
n
d
 
an
d 
t
h
e
 r
ig
ht
 
ha
nd
 
r
e
s
p
e
c
t
i
v
e
l
y
.
 i
h
e
 c
o
r
r
e
s
p
o
n
-
 

d
i
n
g
 t
r
a
r
k
i
n
g
 e
r
r
o
r
s
 c
a
n
 b
e 
d
i
s
p
l
a
y
e
d
 a
s
 t
w
o
 v
e
r
t
i
c
a
l
l
y
 m
o
v
i
n
g
 
d
o
t
s
 o
n
 t
he
 

le
ft
 h
a
n
d
 
a
n
d
 
r
i
g
h
t
 h
a
n
d
 
pa
rt
 
of
 
t
h
e
 C
R
T
 
(s
ep
ar
at
ed
 
co
nf
ig
ur
at
io
n)
. 

I
n
 t
h
e
 

i
n
t
e
g
r
a
t
e
d
 c
o
n
f
i
a
u
r
a
t
i
o
n
 d
i
f
f
e
r
e
n
c
e
s
 
in
 p
e
r
f
o
r
m
a
n
c
e
 m
a
y
 
be
 
f
o
u
n
d
 
in
 
t
h
e
 

h
o
r
i
z
o
n
t
a
l
 a
n
d
 
in
 t
h
e
 v
e
r
t
i
c
a
l
 d
ir
ec
ti
on
. 

I
n
 t
h
e
 e
e
p
a
r
a
t
e
d
 c
on
fi
p,
ur
at
io
n 

le
ft
- 

r
i
g
h
t
 d
i
f
f
e
r
e
n
c
e
s
 m
a
y
 
o
c
c
u
r
 r
e
s
u
l
t
i
n
g
 f
r
o
m
 
le
ft
- 
o
r
 r
i
g
h
t
h
a
n
d
e
d
n
e
s
s
 o
f
 t
h
e
 

su
bj
ec
t.
 
A
c
c
o
r
d
i
n
g
 t
o 
L
e
v
i
s
o
n
 a
n
d
 E
l
k
i
n
d
 

CB
-1

 t
a
s
k
 
i
n
t
e
r
f
e
r
e
n
c
e
 m
a
y
 
e
a
s
i
l
y
 o
c
c
u
r
 

i
n
 
a
n
 i
n
t
e
g
r
a
t
e
d
 
c
o
n
f
i
g
u
r
a
t
i
o
n
 v
i
t
h
 
a
 h
e
t
e
r
o
g
e
n
e
o
u
s
 c
o
n
t
r
o
l
 
ta
sk
 
(e
ac
h 
l
o
o
p
 

a
 d
i
f
f
e
r
e
n
t
 c
o
n
t
r
o
l
l
e
d
 e
le
me
nt
).
 
A
l
t
h
o
u
g
h
 
th
e 
pr
es
en
t 

s
t
u
d
y
 w
a
s
 
l
i
m
i
t
e
d
 t
o
 

h
o
m
o
g
e
n
e
o
u
s
 c
m
t
r
o
l
 t
a
s
k
s
 (
bo
th
 
l
o
o
p
s
 t
h
e
 
s
a
w
 c
o
n
t
r
o
l
l
e
d
 e
l
e
m
e
n
t
)
 
t
h
e
 s
e
p
a
r
a
t
e
d
 

c
o
n
t
r
o
l
 c
o
n
f
i
g
u
r
a
t
i
o
n
 v
a
s
 c
ho
se
n.
 

In
 
t
h
e
 i
n
t
r
o
d
u
c
t
i
o
n
 i
t 
h
a
s
 a
l
r
e
a
d
y
 b
e
e
n
 m
e
n
t
i
o
n
e
d
 
th
at
 
t
h
e
 m
e
t
h
o
d
 
a
p
p
l
i
e
d
 
h
a
s
 

b
e
e
n
 
t
r
e
a
t
e
d
 i
n
 a
n
 e
a
r
l
i
e
r
 p
a
p
e
r
 
C
l
1
.
T
h
e
r
c
f
o
r
e
o
n
l
y
 t
h
e
 m
a
i
n
 p
o
i
n
t
s
 w
i
l
l
 b
e
 

s-
ri
ze
d 

he
re
. 

F
o
r
 m
o
r
e
 d
e
t
a
i
l
s
 
s
e
e
 a
l
s
o
 C
91
. 
W
h
e
n
 
a
p
p
l
y
i
n
g
 e
s
t
i
m
a
t
i
o
n
 p
ro
- 

c
e
d
u
r
e
s
 i
t 

is
 
a
l
w
a
y
s
 
im
po
rt
an
t 
t
o
 h
a
v
e
 a
 m
e
a
s
u
r
e
 
f
o
r
 t
h
e
 r
e
l
i
a
b
i
l
i
t
y
 o
f
 t
h
e
 

r
e
s
u
l
t
s
.
T
h
r
r
e
f
o
r
r
a
 m
e
t
h
o
d
 
h
a
s
 b
e
e
n
 d
e
v
e
l
o
p
e
d
 
t
o
 c
o
m
p
u
t
e
 b
i
a
s
 a
n
d
 
s
t
a
n
d
a
r
d
 

d
e
v
i
a
t
i
o
n
 f
o
r
 e
s
t
i
m
a
t
e
s
 i
n 
c
l
o
s
e
d
 l
o
o
p
 s
y
s
t
e
m
s
 b
a
s
e
d
 
o
n
 a
 
f
i
n
i
t
e
 o
b
s
e
r
v
a
t
i
o
n
 

ti
me
. 
An
 
e
x
t
e
n
s
i
v
e
 t
r
e
a
t
m
e
n
t
 i
s 
g
i
v
e
n
 
in
 
a
n
 
i
n
t
e
r
n
a
l
 r
e
p
o
r
t
 
C
l
O
l
 
(i
n 
Du
tc
h)
. 

H
e
r
e
 o
n
l
y
 
t
h
e
 
re
su
lt
 i
n^
 e
x
p
r
e
s
s
i
o
n
s
 a
r
e
 g
iv
en
. 

C
o
n
s
i
d
e
r
 a
n
 t
m
k
n
c
r
n
 
s
y
s
t
e
a
 w
i
t
h
 
t
r
a
n
s
f
e
r
 f
u
n
c
t
i
o
n
 H
 

(v
) 

(
v
=
f
r
e
q
u
e
n
c
y
 i
n 
Hz
) 

i
n
 a
 
c
l
o
s
e
d
 
l
o
o
p
 d
i
s
t
u
r
b
e
d
 b
y
 n
oi
se
. 

T
h
e
 c
on
fi
gu
ra
t!
on
 

is
 g
i
v
e
n
 
in
 
Fi
g.
 
3.
 

S
u
p
p
o
s
e
 
t
h
a
t
 
th
e 
e
x
t
e
r
n
a
l
 f
o
r
c
i
n
g
 f
u
n
c
t
i
o
n
 u
(t
) 

c
a
n
 b
e
 c
h
o
s
e
n
 a
s
 a
 

un
kn

ow
n 

r
y
s
c
m
 

su
m 
of
 
s
i
n
u
s
o
i
d
s
 a
nd
 t
h
a
t
 t
h
e
 e
r
r
u
r
 s

im
a

l 
e(
t!
 

a
n
d
 t
h
e
 d
i
s
t
u
r
b
e
d
 
ou
t*
 

y(
t)
 
o
f
 

t
h
e
 u

nk
no

w
n 
s
y
s
t
e
m
 
c
a
n
 b
e 

rr
ca

su
rr

d
. 
If
 t
h
e
 t
r
v
l
o
f
e
r
 f
u
a
e
t
i
o
a
 H
1(
v)
 

cr
rn

 
b
e
 

c
h
a
r
a
c
t
e
r
i
z
e
d
 b
y
 t
h
e
 r
e
i
a
t
i
o
n
 

B(
v)
 
e-
j2
nv
? 
, 

H,
(v
) 

m
 

(
0

 

t
h
e
n
 t
h
e
 f
o
l
l
o
v
i
n
g
 r
e
l
a
t
i
o
n
 e
xi
st
s:
 

A(v
)Y(
v)-
B(v
)~-
'-E
(v)
 

= 
A(
v)
U(
v)
 

. 
(I

 
T
h
e
 t
e
r
n
 A
(v
)N
(v
) 

is
 c
a
l
l
e
d
 t
h
e
 s
y
s
t
e
m
 r
e
s
i
d
u
e
 V
(V
).
 

T
h
e
 s

ip
a

ls
 X
(v
) 

en
d
 E
fv
) 

e
a
c
h
 c

an
 b
e 

s
p
l
i
t
 u
p
 i
n 
t
v
o
 p
a
r
t
s
 
r
e
s
u
i
t
i
n
g
 f
ro
m 
t
h
e
 f
o
r
c
i
n
g
 f
un
ct
io
n 

U(
v)
 

a
n
d
 t
h
e
 n
o
i
s
e
 N
(v
) 

re
sp
ec
t'
vc
ly
, 

th
u

s:
 

E(
v)
 

= 
E,
,(
v)
 

+
 
E,
(v
) 

. 
(5

' 

v
h
er

e 
v
i
-
a
r
e
 t
h
e
 f
r
e
g
u
e
n
c
i
e
s
 f
'o
r 
vf
ii
eh
 
t
h
e
 f
o
r
c
i
n
g
 f

u
n

et
io

a 
U(
V)
 
c

d
s

 
r 

s
i
n
u
s
o
i
d
a
l
 c
o
m
p
o
n
e
n
t
 (
il
l.
. 
.n
).
 

R
am

 
t
h
e
 m
e
a
s
u
r
e
d
 s

i
g
a
l
s
 e
(t
) 

y(
t)
 

e
s
t
h
e
t
e
s
 &
(v
i)
 

m
d
 

T
U

(v
i)

 
c
u
r
 b
e
 P

d
e
 

S
o
r
 Q

(v
~

) 
M

d
 X
U(
vi
) 

by
 
m

ea
ns

 
O
f
 f

o
u

ri
er

 a
na
ly
si
s.
 
I
f
 t
h
e
 w

e
t
e
m
 i
s 

n
o

d
el

le
d

 
bv
 
m 
t
r
a
n
-
f
e
r
 f
u
n
c
t
i
o
n
 

t
h
e
n
 f
o
r
 t
h
i
s
 &
el
 

t
h
e
 f
o
l
l
o
v
i
n
r
 -
ti
on
 

ho
ld
s:
 

In
 t

h
i
s
 e
q
u
a
t
i
m
 
Lh
e 
q
u
a
n
t
i
t
y
 t
(v
i)
 

i
s
 c
e
l
l
e
d
 t
h
e
 r
o
d
e
1
 r
e
s
i
d
u
e
 a
t
 
f
r
e
q
u
e
n
c
y
 

vi
. 

Th
e 
&e
l 

p
a
r
a
m
e
t
e
r
s
 a
r
e
 e
s
t
i
u
t
e
d
 b
y 
m
i
n
i
m
i
z
i
n
g
 t
h
e
 f
o
l
l
o
v
b
g
 c
o
s
t
 f

m
c
t
-
 

io
n:
 



T
h
e
 q
u
i
p
t
i
t
i
e
s
 
Xi
 
a
r
e
 w
e
i
g
h
t
i
n
g
 
fa
ct
or
s.
 
F
o
r
 
a 

gi
ve
n 
v
a
l
u
e
 

r 
of
 
t
h
e
 d
e
l
a
y
 

ti
me
 

T
 
t
o
 b
e
 
es
ti
ma
te
d.
 
m
i
n
i
g
i
z
a
t
i
o
n
 
o
f
 t
h
e
 c
os
t 

f
u
n
c
t
i
o
n
 J
 
t
o
 t
he
 u
n
k
n
o
v
n
 

p
a
r
a
m
e
t
e
r
s
 a
i(
j=
O,
l.
 .
.L
) 

an
d 
bk
(k
=O
.l
,.
.W
) 

le
ad
s 
t
o
 a
 
se
t 

of
 
l
i
n
e
a
r
 e
q
u
a
t
i
o
n
s
 

in
 t
h
e
s
e
 m

ki
ro

w
n

 p
ar
am
et
er
s.
 
Wi
th
ou
t 

l
o
s
s
 o
f 
g
e
n
e
r
a
l
i
t
y
 o
n
e
 o
f 

t
h
e
s
e
 p
ar
am
et
er
s.
 

f
o
r
 
i
n
s
t
a
n
c
e
 a
, 

c
a
n
 
b
e
 
c
h
o
s
e
n
 a
s
 
eq
ua
l 

t
o
 

I. 
S
u
b
s
t
i
t
u
t
i
o
n
 o
f 

t
h
e
s
e
 s
o
l
u
t
i
o
n
s
 

in
 
t
h
e
o
r
i
g
i
n
a
l
e
q
u
a
t
i
o
n
 a
nd
 
d
i
f
f
e
r
e
n
t
i
a
t
i
o
n
 w
i
t
h
 
re
sp
ec
t 

to
-t
he
 
mo
de
l 

p
a
r
a
m
e
t
e
r
 

?l
ea
d:
 
L
C
 
o
n
e
 n
o
n
-
l
i
n
e
a
r
 
e
q
u
a
t
i
o
n
 f
r
o
m
 w
h
i
c
h
 
t
h
e
 p
a
r
a
m
e
t
e
r
 r

 c
a
n
 b
e
 
so
lv
ed
. 

a
f
t
e
r
 w
h
i
c
h
 
a
l
s
o
 t

h
e
 o
t
h
e
r
 
p
a
r
a
m
e
t
e
r
s
 c
a
n
 b
e
 
c
a
l
c
u
l
a
t
e
d
.
 

- 
.. 

F
o
r
 
t
h
2
 e
s
t
u
n
a
t
o
r
 
o
f
 
t
h
e
 p
a
r
a
m
e
t
e
r
s
 a
. 

an
d 

bk
 
t
h
e
 f
o
l
l
o
w
i
n
8
 p
r
o
p
e
r
t
i
e
s
 

ca
n 
b
e
 d
e
r
i
v
e
d
 

19
3:

 
J 

T
h
e
 
e
s
t
i
m
a
t
o
r
 
is
 
co
ns
is
te
nt
. 

Th
e 

e
s
t
i
m
a
t
o
r
 w
i
l
l
 
b
e
 
a 
m
i
n
i
m
u
m
 v
a
r
i
a
n
c
e
 
e
s
t
i
m
a
t
o
r
 i
f 
t
h
e
 w
e
i
g
h
t
i
n
g
 
f
a
c
t
o
r
s
 

a
r
e
 c
h
o
s
e
n
 a
s:
 
Ai
=S
w(
v.
).
 

w
h
e
r
e
 
%(
v.
) 

is
 t
h
e
 a
u
t
o
 
s
p
e
c
t
r
a
l
 d
en
si
ty
 
of
 
t
h
e
 

s
y
s
t
e
m
 r
e
s
i
d
u
e
 v
tt
) 

a
t
 
i
h
e
 f
r
e
q
u
e
n
c
y
 v
f.
 
A
c
c
o
r
d
i
n
g
 
t
o
 
(
4
)
 t
h
i
s
 q
u
u
n
t
i
t
y
 c
a
n
 

a
l
s
o
 b
e
 g
i
v
e
n
 b
y 

I
n
 p
r
a
c
t
i
c
e
 b
ot
h 

A(
Vi
) 

an
d 

Sn
n(
vi
) 

a
r
e
 u
nk
no
vn
. 

A 
p
o
s
s
i
b
l
e
 p
r
o
c
e
d
u
r
e
 i
s 
t
o
 m
a
k
e
 

fi
rs
t 

e
s
t
i
m
a
t
e
 w
i
t
h
 v
e
i
e
h
t
i
n
g
 
t
a
c
t
o
r
s
 
Ai
=I
. 

ba
se
d 

o
n
 
t
h
e
s
e
 e
st
im
at
es
, 

t
o
 o
b-
 

t
a
i
n
 m

 e
s
t
i
m
a
t
e
 
f
o
r
 
t
h
e
 w
e
i
g
h
t
i
n
g
 
fa
ct
or
s.
 
T
h
e
s
e
 
f
a
c
t
o
r
s
 a
r
e
 u
se
d 

in
 a
 n
e
w
 

V
I 

es
ti
ma
te
. 

I
f
 n
e
c
e
s
s
a
r
y
 
t
h
i
s
 p
r
o
c
e
d
u
r
e
 c
a
n
 b
e 

re
pe
at
ed
. 

C
 

3.
2 

Re
Li
ab
iZ
it
y 
of
 
th
e 
es
ti
ma
te
s 

C
o
n
s
i
s
t
e
n
c
y
 o
f 

an
 
e
s
t
i
m
a
t
o
r
 m

ea
n
s 
th
at
 
f
o
r
 a
n 

i
n
f
i
n
i
t
e
 o
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. 

H
ea

su
re

P
en

t 
N

o
is

e
 

T
he

 
o

p
ti

m
a

l 
p

il
o

t 
m

o
d

el
 

c
o

n
ta

ir
s 

m
ea

su
re

m
en

t 
n

o
is

e
 

to
 r

e
p

re
se

u
t 

s
ig

n
a

l 
d

e
g

ra
d

a
ti

o
n

 d
u

e 
to

 w
or

k 
lo

a
d

, 
a

tt
e

n
ti

o
n

 a
ll

o
c

a
ti

o
n

. 
an

d
 s

ig
n

a
i 

th
re

sh
o

ld
s.

 
I

t
 i

s
 a

ss
u

m
ed

 
th

a
t 

th
e

 c
o

v
a

ri
a

n
c

e
 %

 
o

f 
e

a
c

h
 m

ea
su

re
m

en
t 

n
o

is
e

 v
 

(
t)

, 
i-

1
. 

..
.,
 am

, 
is

 g
iv

e
n

 b
y 

-
1

 

y 
i
 

w
h

er
e 

P
 

is
 t

h
e

 f
u

ll
 a

z
te

n
ti

o
n

 n
o

is
e

 t
o

 s
ig

n
a

l 
ra

ti
o

, 

f
,

 i
s
 t

h
e

 
fr

a
c

ti
o

n
 o

f 
a

tt
e

n
ti

o
n

 a
ll

o
c

a
te

d
 

to
 y

i(
t)

. 
su

b
je

c
t 

to
 t

h
e

 

c
o
n
s
tr

a
in

ts
 

an
d

 
T

 
is

 a
 

G
au

ss
ia

n
 

in
p

u
t 

d
e

sc
ri

b
in

g
 

fu
n

c
ti

o
n

 a
p

p
ro

x
ir

a
ti

o
n

 
fo

r 
a 

th
re

sh
o

ld
 o

f 
a

i.
 

-
 
-
 

2
 

w
h

er
e 

o 
- /E

(y
 

(t
))

. 
It

e
ra

ti
o

n
 o

f 
th

e
 c

o
v

a
ri

a
n

c
e

 c
a

lc
u

la
ti

o
n

s
 i

s
 

re
q

u
ir

e
d

 s
in

c
e

 t
k
e 

su
to

c
o

v
a

ri
a

n
c

e
 

o
f 

th
e

 -
to

r 
n

o
is

e
 i

s
 a

 
fu

n
c

ti
o

n
 o

f 
s

y
s

te
a

 p
er

fo
rm

an
ce

. 
A

 v
th

o
d

 f
o

r 
p

re
d

ic
ti

n
g

 t
h

e
 a

tt
e

n
ti

o
n

 a
ll

m
a

ti
o

n
 

is
 p

re
se

n
te

d
 

in
 t

h
e

 f
o

ll
o

w
in

g
 s

e
c

ti
o

n
. 

A
tt

e
n

ti
o

n
 A

ll
o

c
a

ti
o

n
 

A
n 

o
p

ti
m

a
l 

a
tt

e
n

ti
o

n
 a

ll
o

c
a

ti
o

n
 a

lg
o

ri
th

m
 h

a
s 
be
en
 

d
e

v
e

lo
p

e
d

 b
y 

K
le

in
rs

n
 

1
3

2
1

 t
o

 s
o

lv
e

 t
h

e
 o

p
t

i
u

l
 a

tt
e

n
ti

o
n

 a
ll

o
c

a
ti

e
n

 p
ro

b
le

m
. 

Th
e 

b
a

si
c

 h
y

p
o

th
e

si
s 

o
f 

o
p

ti
m

a
l 

a
tt

e
n

ti
o

n
 a

ll
o

c
a

ti
o

n
 i

s
 t

h
a

t 
t
h
e
 
h

u
u

n
 

p
il

o
t 

w
il

l 
a

d
a

p
t 

h
is

 a
tt

e
n

ti
o

n
 a

ll
o

c
a

ti
o

n
 s

o 
a

s
 t

o
 m

in
im

iz
e 

th
e

 c
o

s
t 

fu
n

c
ti

o
n

a
l 

g
iv

e
n

 b
y

 
E

q
u

a
ti

o
n

 
(1

) 
su

b
je

c
t 

to
 t

h
e

 c
o

n
s

tr
a

in
ts

 g
iv

e
n

 b
y

 
E

q
u

a
ti

o
n

s 
(1

4
) 

an
d

 
(1

5
).

 
W

e
 o

p
ti

m
iz

a
ti

o
n

 p
ro

c
e

ss
 d

e
v

e
lo

p
e

d
 b

7 
K

le
in

a
a

a
 i

s
 c

a
rr

ie
d

 o
u

t 
n

u
m

e
ri

c
a

ll
y

 v
ia

 s
 g

ra
d

ie
n

t 
a

lg
o

ri
th

m
 v

h
ic

h
 

d
e

te
rm

in
e

s 
a

n
 

m
c

o
n

st
ra

in
e

d
 

g
ra

d
ie

n
t 

v
e

c
to

r,
 

g
 
. 

A
n 

o
p

ti
m

iz
a

ti
o

n
 

a
lg

o
ri

th
m

 t
h

e
n

 s
o

lv
e

s 
th

e
 c

o
n

st
ra

in
e

d
 o

p
th

is
s

fi
o

n
 p

ra
b

l.
a

. 

T
he

 o
p

ti
m

a
l 

p
il

o
t 

m
&

l 
c

m
u

i
n

s
 w

t
o

r
 n

o
is

e
 t

o
 r

e
p

re
se

n
t 

r
u

d
a

 
e

rr
o

rs
 i

n
 t

h
e

 e
x

e
c

u
ti

o
n

 o
f 

th
e

 i
n

te
a

d
e

d
 

c
o

n
tr

o
l 

a
s

 w
e

ll
 a

s
 c

n
m

tr
o

l 
s

ig
n

a
l 

d
e

g
ra

d
a

ti
o

n
 d

u
e

 t
o

 w
o

rk
 

lo
a

d
 a

n
d
 

a
tt

e
n

tf
o

n
 a

ll
o

c
a

ti
o

n
. 

T
he

 a
u

to
- 

c
o

v
a

ri
a

n
c

e
 o

r 
th

e
 w

t
o

r
 n

o
is

e
 
is

 g
iv

e
n

 b
y
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11
 

w
h

er
e 
P
m
 i

s
 t

h
e

 f
u

ll
 a

tt
e

n
ti

o
n

 a
ll

o
c

a
ti

o
n

 n
o

is
e

 t
o

 s
ig

n
a

l 
ra

ti
o

. 

an
d

 
f 

is
 t

h
e

 
to

ta
l 

a
tt

e
n

ti
o

n
 t

o
 t

h
e

 t
a

sk
. 

Th
e 

a
u

to
c

o
v

a
ri

a
n

c
e

 o
f 

th
e

 &
%

r 
n

o
is

e
 c

o
m

p
le

te
s 

th
e

 s
p

e
e

if
lc

a
ti

o
n

 o
f 

q
-t

it
ir

s 
re

q
u

ir
e

d
 b

y
 

th
e

 K
al

aa
n

 
f

il
te

r
. 

F
u

ll
 S

ta
te

 P
re

d
ic

ti
o

n
 

T
he

 o
p

ti
m

a
l 

p
il

o
t 

m
o

d
el

 e
q

u
a

li
z

a
ti

o
n

 n
et

w
o

rk
 c

o
n

ta
in

s 
.a

 o
p

ti
m

a
l.

 
f

u
ll

 s
ta

te
 p

re
d

ic
to

r 
w

h
ic

h
 

u
p

d
a

te
s 

th
e

 d
e

la
y

e
d

 f
u

ll
 s

ta
te

 e
s

ti
u

:e
 

g
e

n
e

ra
te

d
 b

y
 

th
e

 K
al

m
an

 
f

il
te

r
. 

I
t 

is
 r

e
q

u
ir

e
d

 b
y 

th
e

 p
re

d
ic

to
r 

to
 

sp
e

c
if

y
 t

h
e

 
p

u
re

 
tim

e 
d

e
la

y
 r

 b
y 

w
h

ic
h

 
th

e
 o

b
.c

rv
a

ti
o

a
s 

y
(r

) 
a

re
 

d
e

la
y

e
d

. 



P
il

o
t 

M
od

el
 P

er
fo

rm
an

ce
 

P
re

d
ic

ti
o

n
 

T
he

 
re

s
u

lt
in

g
 s

ta
te

 m
o
d
el

 
o

f 
th

e
 a

ir
c

ra
ft

 s
y

st
em

 d
w

c
s

 c
a

n
 b

e 
q

u
it

e
 l

a
rg

e
, 

re
q

u
ir

in
g

 e
x

c
e

ss
iv

e
 t

h
e

 a
n
d
 

c
o

re
 r

e
q

u
ir

e
m

e
n

ts
 f

o
r 

c
o

lp
u

te
r 

im
p

le
m

en
ta

ti
o

n
 o

f 
th

e
 o

p
ti

m
a

l 
p

il
o

t 
w

d
e

l.
 

B
o

v
ev

er
. 

se
v

e
ra

l 
c

o
n

si
d

e
ra

ti
o

n
s 

ca
n

 
~

r
s

u
l

t
 1
3
 s

ig
n

if
ic

a
n

t 
re

d
u

c
ti

o
n

 o
f 

th
e

se
 r

e
q

u
ir

e
rn

ta
. 

T
he

 
o

p
ti

m
a

l 
p

il
o

t 
m

d
e

l 
S

y
n

th
e

si
z

e
s 

p
il

o
t 

c
O

n
t~

0
1

 p
e

rf
o

ru
n

c
e

 b
y 

th
e

 g
e

n
e

ra
ti

o
n

 o
f 

p
ie

c
e

w
is

e
 c

o
n

st
a

n
t 

a
ir

c
ra

ft
 s

y
st

em
 S

ta
ti

s
ti

c
s

. 
T

h
e 

s
ta

te
 c

o
v

a
ri

a
n

c
e

 m
a

tr
ix

 X
 

a
ri

s
e

s
 f

ro
m

 
th

e
 s

um
 

o
f 

th
e

 c
o

v
a

ri
a

n
c

e
 o

f 
th

e
 f

il
te

r
 e

st
im

a
te

, 
th

e
 c

o
v

a
ri

a
n

c
e

 o
f 

th
e

 e
s

ti
la

ti
o

n
 e

rr
o

r,
 

m
d

 t
h

e
 

c
o

v
a

ri
a

n
c

e
 o

f 
th

e
 p

re
d

ic
to

r 
e

rr
o

r 
[a

].
 

T
h
u
s.

 
D

ec
o

u
p

li
n

g
 o

f 
th

e
 O

p
ti

m
al

 
C

o
n

tr
o

l 
La
v 

T
he

 
li

n
e

a
ri

z
e

d
 r

e
p

re
se

n
ta

ti
o

n
 o

f 
c

o
n

v
e

n
ti

o
n

a
l 

a
ir

c
ra

ft
 s

y
s

te
m

 
re

s
u

lt
s

 i
n

 d
ec

o
u

p
le

d
 

s
e

ts
 o

f 
lo

n
g

it
u

d
in

a
l 

an
d

 
la

te
ra

l 
e

q
u

a
ti

o
n

s.
 

If
 

th
e

 p
il

o
t 

d
o

es
 n

o
t 

in
te

n
ti

o
n

a
ll

y
 c

o
u

p
le

 
th

e
 

lo
n

g
it

u
d

in
a

l 
an
d 

la
te

ra
l 

a
x

is
 s

y
st

em
s.

 
i.

e
..

 
C, 

an
d

 
R

 
a

re
 b

lo
c

k
 d

ia
g

o
n

a
l 

in
 a

 l
e

n
n

e
r 

s
h

i
l

a
r

 
to

 t
h

e
 d

e
c

o
u

p
li

n
g

 o
f 

th
e

 s
y

st
em

 e
q

u
a

ti
o

n
s,

 
th

e
 c

o
n

tr
o

l 
p

r
o

b
la

 f
o
rm

ed
 

by
 

se
e

k
in

g
 t

h
e

 f
e

e
d

b
a

rk
 c

o
n

tr
o

l 
u

*
(t

),
 

v
h

ic
h

 m
in

im
iz

es
 
J
 s

u
b

je
c

t 
to

 t
h

e
 

c
o

n
s

tr
a

in
ts

 o
f 

E
q

u
a

ti
o

n
s 

(2
8

) 
an

?(
%

), 
d

e
c

o
u

p
le

s 
in

to
 t

w
o 

se
p

a
ra

te
 

c
o

n
tr

o
l 

p
ro

b
le

rc
r.

 
T

he
 m

ea
su

re
m

en
t 

p
e

n
a

lt
y

 r
t

r
i

x
 Q

 i
s 

n
o

r
v

ll
y

 s
p
e
c
i-
 

fi
e

d
 

to
 b

e 
d

ia
g

o
n

a
l,

 
w

h
ic

h
 

o
f 

c
o

u
rs

e
 s

a
ti

s
fi

e
s

 t
h

e
 c

o
n

st
ra

in
t 

o
f 
be
* 

b
lo

c
k

 d
ia

g
o

n
a

l.
 

In
 a

d
d

it
io

n
, 

th
e

 c
o

n
tr

o
l 

r
a

te
 p

e
n

a
lt

y
 m

a
tr

ix
 R
 
io
 

2
0

~
l

l
y

 
sp

e
c

if
ie

d
 

to
 b

e 
d

ia
g

o
n

a
l 

fo
r 

th
e

 c
o

n
tr

o
l 

fr
eq

u
en

cy
 

re
sp

o
n

se
 

re
g

u
la

ti
o

n
 a

lp
v

ri
th

m
 

[3
1

].
 

T
h

u
s,

 
th

e
 c

o
n

tr
o

l 
la

w
 c

a
n

 b
e 

d
e

te
ru

'n
e

d
 

fo
r 

ea
ch

 a
x

is
 s

y
st

em
 

fo
r 

m
u

lt
i-

a
x

is
 

ta
sk

s.
 

T
he

 
st

a
n

d
a

rd
 

d
e

v
ia

ti
o

n
 o

f 
th

e
 a

ir
c

ra
ft

 s
ta

te
s

 i
s
 t

h
e

n
 g

iv
e

n
 b

y 

C
o

n
tr

o
l 

F
re

q
u

en
cy

 
R

es
p

o
n

se
 

o
l 

th
e

 m
ea

su
re

m
en

ts
 
is

 g
iv

en
 b

y 
T

he
 

s
ta

n
d

a
rd

 
d

e
v

la
t 
io

n
 

C
o

n
tr

o
l 

fr
eq

u
en

cy
 

re
sp

o
n

se
, 

a
s

 s
p

e
c

if
ie

d
 b

y 
th

e
 o

p
ti

m
a

l 
w

n
tr

o
l 

fr
eq

u
en

cy
 

re
sp

o
n

se
 

a
lg

o
ri

th
m

 [
3
1
.%

1
. 

is
 d

ep
en

d
en

t 
u
p
o
n
 p

re
d

ic
te

d
 
sy

st
em

 
p

er
fo

rm
an

ce
. 

H
o

w
ev

er
 

th
e

 &
ss

u
rp

ti
o

n
s 

o
f 

th
e

 p
re

v
io

u
s 

se
c

ti
o

n
 h

p
ly

 
th

a
t 

th
e

 c
o

n
tr

o
l 

f
il

te
r

 m
a

tr
ix

, 
Si

 
. gi

v
e

n
 b

y 
E

q
u

at
io

n
 

(6
) 

is
 b

lo
c

k
 

d
ia

g
o

n
a

l.
 

T
h
u
s,

 
if

 t
h

e
 c

m
r
a

r
im

c
~

 p
ro

p
a

g
a

ti
o

r 
p

ro
b

le
m

 
ca

n
 b

e 
c

o
n

st
ra

in
e

d
 

fo
r 

e
a

c
h

 *
x

is
 s

y
st

em
. 

th
e

 o
p

th
a

l 
c

o
n

tr
a

1
 f

re
q

u
en

cy
 r
e
s
p
o
n
s
e
 p

ro
b

le
m

 
d

ec
o

u
p

le
s 

in
to

 t
w

o
 

se
p

a
ra

te
 c

o
n

tr
o

l 
p

ro
b

le
m

. 
:n 

a
d

d
lt

lo
n

 
.u

 
th

e
 m

q 
s

ta
ti

s
ti

c
s

. 
th

e
 o

p
ti

m
a

l 
p

il
o

t 
m

d
e

l 
h

a
s 

p
re

d
ic

te
d

 
rh

e
 c

o
n

tr
c

l 
fr

eq
u

en
cy

 r
e

sp
o

n
se

 a
n
d
 

a
tt

e
n

ti
o

n
 a

ll
o

c
a

ti
o

n
. 

P
il

o
t 

ra
ti

n
u

s
 

!i
9

1
 

ra
n

 a
ls

o
 b

e 
p

re
d

ic
te

d
. 

F
u

ll
 S

ta
te

 E
st

im
at

 io
n

 
A

PP
L

IC
A

T
IO

N
 

OF
 

TH
E 

O
P

F
Il

U
L

 P
IL

O
T

 
W

D
E

L
 

TO
 
CO
KP
LE
X 

A
IR

C
R

A
FT

 
S

Y
S

TE
M

S
 A
ND
 M

U
L

T
I-

M
IS

 
TA

SK
S 

T
he

 
s

e
p

a
ra

b
il

it
y

 o
f 

th
e

 s
ta

te
 e

s
ti

n
a

ti
o

n
 p

ro
b

le
m

 
i

r
 d

ep
en

&
n

t 
u
p
o
n
 

th
e

 ~
p

e
c

if
ic

a
ti

o
n

 of
 

th
e

 s
ta

te
 d

is
tu

rb
a
n

c
e
s 

a
d

 m
e

a
su

re
u

n
t 

~
i

s
e

.
 

T
he

 
s

ta
te

 d
is

tu
rb

a
n

c
e

s,
 

in
c

lu
d

in
g

 t
h

e
 m

o
to

r 
m

i=
. 

a
re

 u
su

a
ll

y
 w

d
e

l 
by

 
in

d
ep

en
d

en
t 

G
au

ss
ia

n
 w

h
it

e
 n

o
is

e
 s

o
u

rc
e

a
, 

v
h

ic
h

 a
re

 s
e

p
a

ra
b

le
. 

It
 

is
 p

ro
p

o
se

d
 

th
a

t 
fm

 
in

 E
q

u
at

io
n

 
(1

7
) 

T
y

p
ic

a
l 

a
ir

c
ra

ft
 s

y
st

em
s 

c
o

n
ta

in
 m

an
y 

su
b

sy
st

e
m

, 
in

c
lu

d
in

g
 a

 
c

o
n

tr
o

l 
fe

e
l 

sy
st

em
, 

c
o

n
tr

o
l 

a
c

tu
a

tc
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 b
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d
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h
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,a

r
t 

o
f 

rh
n

 
n

v
e

ra
ll

 
e

ff
rr

*
S

 o
f 

th
e

 D
rl

v
c

r-
V

e
h

ic
le

 
P

e
rf

o
rm

a
n

c
e

 
P

ro
le

c
t 

v
2
:c

h
 

a
s

 l
im

e
d

 
a
' 

?
~

*
e

n
r.

>
,>

ln
q

 
th

- 
ln

fl
u

c
rr

e
 o

f 
v

r
\l

c
le

 
c

o
n

tr
o

l 
c

h
a

r
r
c

te
r
d

s
tr

c
s

 o
n
 

d
r
iv

lr
q

 p
e
r
r
n
r
m
a
n
r
e
 

an
d
 

c
o

n
fo

rt
. 

'I+
K
 

p
i-

.i
lo

so
p
h
y
 

is
 

t
o

 e
m

lo
v

 d
rl

v
iq

q
 

s
ir

n
~

la
c

-r
s

 a
<

 r
 

e
rp

P
a

m
e

n
tr

1
 

.r
e

lu
k

 t
o

 f
u

ll
-s

c
a

le
 

I
n

v
e

s
~

ig
a

ti
o

n
s

, p
a

r
ti

c
u

la
r
ly

 
I
n

 t
h

e
 d

e
v

e
lo

m
e

n
t 

o
f 

th
e

 
te

s
ta

 a
n

d
 

!a
e
a
a
v

re
r 

re
q

u
rr

e
d

 
to

 m
e

t
 t

h
e

 
p

ro
jr

:t
's

 
o

b
je

c
ti

v
e

s
. 

T
h
e 

x
n

v
e

s
tl

q
a

tl
m

 w
as

 
c

o
n

d
u

c
te

d
 

o
n

 
th

e
 V

ir
g

in
ia

 
P

o
ly

te
c

h
n

ic
 

I
n

s
ti

tu
te

 .
r*
r 

S
ta

te
 U

n
iv

e
rs

it
y

 
W

P
I 

S
lf

l 
d

ri
v

in
q

 s
ir

u
la

to
r
. 

?'
hi
s 

F
a

c
il

it
y

 f
e
a
tu

r
e
s 

8
 

th
re

e
 d

e
g

re
e

 o
f 

fre
e&

ol
 

a
t

i
o

n
 p

la
tf

o
m

 
(y

aw
. 

1
6
1
1
, 
a
n
d
 

la
te

r
a

l 
tr

a
n

r
la

ti
m

)
 

a
rd

 a
 

c
n

a
p

u
te

r 
g

e
n

e
r

a
td

 r
o

d
w

a
y

 
sc

e
n

e
. 

C
1

o
a

.d
-l

m
p

 
c

o
n

tr
o

l 
o

f 
th

e
 
r
i
u
-
 

la
c

e
d

 
v

e
tr

lc
lc

 b
y

 
th

e
 h

m
n

 s
u

b
j

~
t

 
is

 a
c

e
o

q
li

s
h

a
d

 b
y

 
s

m
d

in
q

 s
ig

n
a

ls
 f

m
 

q
te

e
rl

n
q

 w
h

e
e
i.

 
a

c
c

e
le

ra
to

r,
 

a
n

d
 b

r
d

e
 p
e
d
a
l
 

tr
a

n
rd

rr
e

x
s

 t
r
 

s
i
u

l
a

t
d

 
o

q
u

a
tl

o
n

s
 o

f 
m

tx
o

n
 w

h
ic

h
, 

in
 t
ur
n.
 

l
o

d
~

f
y

 t.
lc

 
p

la
tf

o
rm

 =
t
i
o
n
 
u
d
 
r
o
r
d
y
 

sc
e

n
e

. 
W

or
e 

w
m

l
e

t
e

 d
e

s
c

ri
p

ti
o

n
s

 o
f 

th
e

 s
m

u
lr

to
r

 
a

r
e

 f
o

u
n

d
 
m

 
(
1
0
-
1
2
1
.
 

m
e 

m
lh

o
d
 

u
se

d
 

r 
r

e
~

r
e

s
c

n
ti

n
q

 d
if

f
e

r
e

n
t 

v
e

h
ic

le
s

 
on
 

th
e
 

s
im

u
la

to
r 

in
v

o
lv

e
s 

t
b
 
1:: 

?
-i

o
n

 
o

f 
tr

a
n

s
f
e

r
 f

u
n

c
ti

o
n

s
 t

h
a

t 
c

lo
s

e
ly

 m
t
c

h
 t

h
e
 
t
i
u

 
d

n
u

rr
. 

r@
sp

o
..

se
s 

a
c

,.
su

rr
2

 
fo

r 
a

c
tu

a
l 

v
e

h
ic

le
s

. 
T
h
e
 

c
o

n
tr

ib
u

t:
m

s
 

o
f 

v
e

b
x

c
le

, 
ti

re
, 

a
n

d
 

rw
p

e
n

s
iu

n
 c

tu
r
r
te

r
is

ti
c

s
 a

re
 a

c
c

o
m

te
d

 f
o

r
 i

n
 t

e
rm

 
o

f 
tr

a
n

s
f
e

r
 f

u
n

c
ti

o
n

 p
a

r
 -

e
te

rs
. 

T
h
e 

tr
a

n
s

f
e

r
 

fu
n

c
ii

o
n

 t
h

a
t 

c
lo

&
ly

 
s

r
p

r
o

a
s

a
te

*
 a

 v
e

h
ic

le
's

 
A
W
 

r
a

te
 r

e
sp

o
n

se
 
is

 g
iv

e
n

 b
y
 
11
3)
: 

ya
w

 
r
a

te
. 

d
e

q
/s

e
c

 

s
te

e
r
in

g
 w

h
e
e
l 

a
n

g
le

. 
k

g
 

le
a

3
 t

i
r

 c
o

n
s

ta
n

t,
 

s
e

c
 

n
a

tu
ra

; 
f
r
q

u
a

n
c

y
, 

r
a

d
/~

e
c

 

d
a

a
p

~
n

q
 r
a

ti
o

 

d
eg

/s
ec

 
s

te
a

d
y

 s
t
a

t
e

 y
aw

 
r

a
te

 g
a

m
. 

. 

E
ig

h
t 

e
x

p
e

ri
m

e
n

ta
l 

y
aw

 
r
a
c
e
 

tr
a

n
s

fe
r 

fu
n

c
ti

o
n

s
 u

e
ro

 
c

h
o

se
n

 f
o

r
 

In
-. 

=
ti

g
a

tS
o

n
. 

T
a

b
le

 
1

 l
is

ts
 

th
e

 
s

p
e

c
if

ic
 p

a
r.

rt
e

r 
v

a
lu

e
s

 e
q

lo
y

e
d

 f
o

r
 

th
e

 d
if

fe
re

n
r 

c
o

n
fi

g
u

r.
st

io
n

s 
a

s
 w

el
l 
a
s
 
-A

@
 v

a
lu

e
r 

f
o

r
 o

th
e
r 

c
h

r
r

r
c

t
e

r
h

t
i

e
~

 
th
a:
 

w
e
re

 
h

e
ld

 
fi

x
e

d
. 

T
h

e 
C

if
fe

re
n

t 
c

o
n

fl
q

u
ra

tl
o

n
s

 w
e

re
 p

a
~

t
x

t
l

o
~

3
 

in
to

 
th

re
e

 c
o

a
p

a
ri

s
c

n
 
g

ro
u

p
s 

t
o

 d
e

te
rr

n
ln

e
 

th
e

 i
n

d
iv

id
u

a
l 

e
f

f
e

c
ts

 o
f
 c

h
.n

g
e

s
 

in
 n

+
*

.u
ra

l 
f

r
e

q
 m

c
y

, 
d

am
p

in
g

 
r

a
tl

o
, 

a
n

d
 

l
e

d
 t
i
r
 c

o
n

s
ta

n
t.

 

A
 

q
ro

u
p

 
o

f 
e
l
-
h
t
 

s
u

b
p

c
ts

. 
rm

g
x

rq
 

in
 a

g
e

 
f
r
o

n
 2

1
 
to

 
3

7
 

je
a

r
s

 U
d
 d

r
m

 
fr

o
m

 s
to

d
e

,.
rs

 
an

d
 

p
e

r
s

o
n

~
e

l a
t

 V
ir

g
in

ia
 

P
o

ly
te

c
tr

n
ic

 
I

n
s

ti
tu

te
 



a
n
d
 S
t
a
t
e
 U
n
~
v
e
r
s
i
t
y
.
 w
e
r
e
 
t
e
s
t
e
d
 o
n
 
e
a
c
h
 o
f
 
t
h
e
 e
i
g
h
t
 
v
e
h
i
c
l
e
 
c
o
n
f
i
g
u
r
-
 

a
t
i
o
n
s
.
 

T
k
o
 
o
f
 
t
h
e
 
s
u
b
j
e
c
t
s
 w
e
r
e
 
f
e
m
a
l
e
.
 
E
a
c
h
 
s
u
b
j
e
c
t
 
h
e
l
d
 
a
 
v
a
l
i
d
 

d
r
i
v
e
r
'
s
 
l
i
c
e
n
s
e
 a
n
d
 h
a
d
 
a
 m
i
n
i
m
u
m
 o
f
 
t
h
r
e
e
 y
e
a
r
s
 o
f
 d
r
i
v
i
n
g
 e
x
p
e
r
i
e
n
c
e
.
 

k
n
e
 o
f
 
t
h
e
 s

u
b
~
e
c
t
s
 h
a
d
 
p
r
e
v
i
o
u
s
l
y
 
p
e
r
f
o
r
m
e
d
 i
n 
t
h
e
 d
r
i
v
i
n
g
 s
i
m
u
l
a
t
o
r
.
 

T
h
e
 o
r
d
e
r
 
in
 
w
h
i
c
h
 
t
h
e
 c
o
n
f
i
g
u
r
a
t
i
c
n
s
 w
e
r
e
 
p
r
e
s
e
n
t
e
d
 
w
a
s
 
r
a
n
d
~
m
i
,
 *
d
 b
y
 

a
 
L
a
t
i
n
 
S
q
u
a
r
e
 D
e
s
i
g
n
.
 

U
p
o
n
 
a
r
r
i
v
a
l
,
 e
a
c
h
 s
u
b
j
e
c
t
 
w
a
s
 
a
s
k
e
d
 
t
o
 
r
e
a
d
 
t
h
e
 
i
n
s
t
r
u
c
t
i
o
n
s
 (
A
p
p
e
n
d
i
x
 

A
) 
a
n
d
 
w
a
s
 
t
h
e
n
 
s
e
a
t
e
d
 I
n
 t
.h
e 
s
l
m
u
l
a
r
o
r
 f
o
r
 
f
u
r
t
h
e
r
 v
e
r
b
a
l
 
i
n
s
t
r
u
c
t
i
o
n
m
 

c
o
n
c
e
r
n
i
n
g
 
i
t
s
 o
p
e
r
a
t
i
o
n
.
 

F
l
g
u
r
e
 
1
 s
h
o
w
s
 a
 t
i
m
e
 l
i
n
e
 d
i
a
g
r
a
m
 o
f
 
t
h
e
 

e
v
e
n
t
s
 o
f
 a
 p
a
r
t
i
c
u
l
a
r
 
ru
n.
 

F
o
l
l
o
w
i
n
g
 a
 o
n
e
-
m
i
n
u
t
e
 
p
r
a
c
t
i
c
e
 
p
e
r
i
o
d
 
a
n
d
 

p
r
i
o
r
 
t
o
 t
h
e
 d
i
s
c
r
e
t
e
 m
a
n
e
u
v
e
r
s
,
 s
u
b
j
e
c
t
s
 p
e
r
f
o
r
m
e
d
 
in
 
a
 
r
a
n
d
o
m
 w
i
n
d
 

g
u
s
t
 
d
i
s
t
~
x
b
a
n
c
e
 r
e
g
u
l
a
t
i
o
n
 t
a
s
k
 
w
h
i
c
h
 
w
a
s
 
t
r
e
a
t
e
d
 i
n
 a
 p
r
e
v
i
o
u
s
 r
e
p
o
r
t
 

[
1
2
i
.
 

D
I
S
C
R
E
T
E
 M

A
N

E
L

V
E

R
S 

R
lo

 
d
l
s
c
r
e
t
e
 t
a
s
k
s
 w
e
r
e
 
e
m
p
l
o
y
e
d
:
 
co
nt
pe
ns
ar
lo
n 
f
o
r
 a
n
 
a
r
t
i
f
i
c
i
a
l
l
y
 

i
n
d
u
c
e
d
 
l
a
n
e
 p
o
s
i
t
i
o
n
 
e
r
r
o
r
 
a
n
d
 
r
e
g
u
l
a
t
i
o
n
 o
f
 a
 
r
e
p
 w
i
n
d
 
g
u
s
t
 
d
i
s
-
 

t
u
r
b
a
n
c
e
.
 

O
n
e
 o

f
 t
h
e
 a
d
v
a
n
t
a
g
e
s
 o
f
 u
s
i
n
g
 
a
 
s
i
m
u
l
a
t
o
r
 
i
s
 
:h
e 

a
b
i
l
i
t
y
 

t
o
 i
n
t
r
o
d
u
c
e
 a
r
t
l
f
i
c
~
a
l
 c
h
a
n
g
e
s
 i
n
 v
e
h
r
c
l
e
 
o
u
t
p
u
t
 
v
a
r
i
a
b
l
e
s
.
 
F
i
g
u
r
e
 
2
 

s
h
o
w
s
 t
i
m
e
 t
r
a
c
e
s
 f
o
r
 o
n
e
 
s
u
b
j
e
c
t
 
f
o
r
 d
i
f
f
e
r
e
n
t
 v
e
h
i
c
l
e
 
c
o
n
d
i
t
i
o
n
s
 

f
c
l
l
o
w
i
n
g
 s
t
e
p
 c
b
a
n
g
e
s
 i
n
 
l
a
t
e
r
a
l
 p
o
s
i
t
i
o
n
.
 
m
e
 d
i
s
c
o
n
t
i
n
u
i
t
y
 
o
n
 
l
a
t
e
r
a
l
 

W
 

p
o
s
i
t
i
o
n
,
 
9
0
 
c
m
 

(3
 f
t
)
 i
s
 
r
e
a
d
i
l
y
 a
p
p
a
r
e
n
t
 i
n 
t
h
e
 
t
i
m
e
 
t
r
a
c
e
 a
n
d
 
s
e
r
v
e
d
 

a
s
 a
n
 
u
n
e
x
p
e
c
t
e
d
 
e
r
r
o
r
 
t
o
 b
e
 
c
o
r
r
e
c
t
e
d
 
by
 
t
h
e
 s
u
b
j
e
c
t
s
.
 
T
i
m
e
 
t
r
a
c
e
s
 o
n
 

o
n
e
 
s
u
b
j
e
c
t
 
f
o
r
 
t
h
e
 
s
t
e
p
 w
i
n
d
 
g
u
s
t
 
r
e
g
u
l
a
t
i
o
n
 t
a
s
k
 a
r
e
 
s
h
c
m
m
 
in
 
F
i
g
.
 
3.
 

T
h
i
s
 
t
a
s
k
 d
i
f
f
e
r
s
 
f
r
o
m
 
t
h
e
 p

r
e
v
i
~
u
s
 o
n
e
 
i
n
 t
h
a
t
 m
o
t
i
o
n
 c
u
e
s
 a
r
e
 p
r
e
s
e
n
t
 

a
l
o
n
g
 w
i
t
h
 
a
 
s
t
e
a
d
y
 
s
i
d
e
 f
o
r
c
e
.
 

T
h
e
 
t
i
m
e
 
t
r
a
c
e
s
 s
h
o
w
n
 i
n 
F
i
g
s
.
 
2
 a
n
d
 
3
 a
p
p
e
a
r
e
d
 t
o
 b
e
 q
u
i
t
e
 a
m
e
n
a
b
l
e
 t
o
 

i
n
t
e
q
r
a
l
 
t
r
a
n
s
i
e
n
t
 r
e
s
p
o
n
s
e
 m
e
a
s
u
r
e
s
 t
h
a
t
 
w
o
u
l
d
 
p
r
o
v
i
d
e
 a
 
s
i
n
g
l
e
 i
n
d
e
x
 o
f
 

g
o
o
d
n
e
s
s
 r
e
p
r
e
s
e
n
t
a
t
i
v
e
 o
f
 
a
n
 
e
n
t
i
r
e
 
t
i
m
e
 
h
i
s
t
u
r
y
 

T
h
e
 u
n
d
e
r
l
y
i
n
g
 d
i
f
f
i
-
 

c
u
l
t
y
 w
a
s
 
t
h
e
 c
h
o
i
c
e
 o
f
 
t
h
e
 b
e
s
t
 
m
e
a
s
u
r
e
 t
o
 
us
e 

f
o
r
 t
h
e
s
e
 p
a
r
t
i
c
u
l
a
r
 

c
a
s
e
s
.
 

O
n
e
 
p
e
r
f
o
r
m
a
n
c
e
 
i
n
d
e
x
 w
i
l
l
 
e
m
p
h
a
s
i
z
e
 s
o
m
e
 p
r
o
p
e
r
t
i
e
s
 o
f
 t
h
e
 

r
e
s
p
o
n
s
e
 m

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

I
n
 
a
d
d
l
t
i
o
n
,
 
t
h
e
 p

e
r
f
o
m
n
c
e
 
i
n
d
e
x
 m

y
 b
e
 

c
h
o
s
e
n
 s
o
 t
h
a
t
 o
n
l
y
 
o
n
e
 
or
 
s
e
v
-
r
a
l
 
s
y
s
t
e
m
 o
u
t
p
u
t
s
 a
f
f
e
c
t
 i
t
s
 v
a
l
u
e
.
 

I
n
 
t
h
e
 
d
r
i
v
e
r
-
v
e
h
i
c
l
e
 
s
y
s
t
e
m
 m
o
r
e
 
t
h
a
n
 o
n
e
 o
u
t
p
u
t
 m
u
s
t
 
b
e
 
e
x
a
m
i
n
e
d
.
 

P
a
t
h
 
a
n
d
 
h
e
a
d
i
n
g
 
e
r
r
o
r
s
 a
s
 w
e
l
l
 
a
s
 s
t
e
e
r
l
n
q
 w
h
e
e
l
 
i
n
p
u
t
s
 
s
h
o
u
l
d
 b
e
 
c
o
n
-
 

s
i
d
e
r
e
d
,
 t
h
e
 
f
o
r
m
e
r
 a
s
 m
e
a
s
u
r
e
s
 o
f
 
p
e
r
f
o
r
m
a
n
c
e
 
a
n
d
 
t
h
e
 
l
a
t
t
e
r
 a
s
 

a
 m
e
a
s
u
r
e
 

o
f
 d
r
i
v
e
r
 e
f
f
o
r
t
 G
r
 
c
o
s
t
.
 

T
h
e
r
e
 h
a
v
e
 b
e
e
n
 
v
a
r
i
o
u
s
 p
r
o
p
o
s
a
l
s
 
a
n
d
 
s
u
g
g
e
s
t
i
o
n
s
 o
f
 
s
p
e
c
i
f
i
c
 
i
n
t
e
g
r
a
l
 

m
e
a
s
u
r
e
s
 
in
 
ti
re
 
l
i
t
e
r
a
t
u
r
e
.
 e
.g
.,
 

[6
-8

1
. 

T
h
e
 
o
n
e
s
 t
ha
: 

w
e
r
e
 
e
x
a
n
d
z
e
d
 

i
n
c
l
u
d
e
 :
 

(1
) 

I
n
t
e
g
r
a
l
 o

C
 a
bs
o!
 , 

tr
 

r;
: 
- 

1
I)

it
) 

(2
) 

I
n
t
e
g
r
a
l
 o
f
 
m
q
u
a
r
e
d
 
er
rc
.r
 
(
I
S
E
)
 

(3
) 

I
n
t
e
y
r
a
l
 o
f
 t
i
m
e
 m
u
l
t
i
p
l
r
e
d
 
b
y
 
a
b
s
o
l
u
t
e
 e
r
r
o
r
 

tI
T

A
E

J
 

(4
) 

I
n
t
e
g
r
a
l
 o
f
 t
i
m
e
 m
u
l
t
i
p
l
i
e
d
 
by
 
s
q
w
r
s
d
 e
r
r
o
r
 

II
T

P
Is

J
 

15
) 

I
n
t
e
g
r
a
l
 o
f
 
s
q
u
a
r
e
d
 
t
i
m
a
 
m
u
l
t
i
p
i
a
e
d
 
b
y
 
s
q
u
a
r
e
d
 e
r
r
o
r
 

II
S

T
S

B
J
 

1
 

/
 

(6
, 

I
n
t
e
p
r
a
l
 o
f
 
s
q
r
a
r
e
d
 
t
i
m
e
 m
u
l
t
i
p
l
i
e
d
 
b
y
 
.
h
S
o
l
u
t
.
 

U
C

O
X

 
(-) 

A
 g
e
o
n
e
t
r
i
c
 l
n
t
e
r
p
r
e
t
a
t
i
o
n
 o
f
 
t
h
e
 
I
T
A
E
 c
r
i
t
e
r
i
o
n
 i
s
 r

h
w

n
 h
 P
ig
. 
4.
 

'I
tt
re
e 
a
d
d
i
t
i
o
n
a
l
 
a
n
d
 
s
o
m
e
w
h
a
t
 
u
n
c
o
n
v
e
n
t
i
o
n
a
l
 u
a
s
u
r
e
s
 
i
n
v
o
l
v
i
n
q
 u
l
t
i
p
l
i
-
 

c
a
t
i
o
n
 b
y 

i
n
v
e
r
s
e
 t
i
a
e
 w
e
r
e
 
a
l
s
o
 
i
n
c
l
u
d
e
d
 
f
o
r
 
t
h
e
 p

u
rp

o
n

 o
f 

g
i
v
i
n
g
 

a
d
d
i
t
i
o
n
a
l
 e
m
p
h
a
s
i
s
 t
o
 t
h
e
 
i
n
i
t
i
a
l
 a
s
p
e
c
t
s
 o
f
 
t
h
e
 t
r
a
n
s
i
e
n
t
 r
es
-s
. 

(7
) 

I
n
t
e
g
r
a
l
 o
f
 i
n
v
e
r
s
e
 t

i
w
 m
u
l
t
i
p
l
i
e
d
 
b
y
 
a
b
w
l
u
t
.
 
e
r
r
o
r
 
(
I
f
i
A
C
)
 

(8
) 

I
n
t
e
g
r
a
l
 o
f
 
l
n
v
e
r
s
e
 
t
i
m
e
 m
u
l
t
i
p
l
i
e
d
 
by
 
s
q
u
a
r
e
d
 e
r
r
o
r
 
(
I
I
Z
S
e
)
 



(3
) 

I
n
t
e
g
r
a
l
 o
f
 i
n
v
e
r
s
e
 s
q
u
a
r
e
d
 t
i
m
e
 m
u
l
t
i
p
l
i
e
d
 

b
y

 
a
b
s
o
l
u
t
e
 e
r
r
o
r
 

(
I
I
S
T
A
E
)
 

N
u
m
e
r
i
c
a
l
 
v
a
l
u
e
s
 f
o
r
 t
h
e
 v
a
r
i
o
u
s
 p
e
r
f
o
r
m
a
n
c
e
 m
e
a
s
u
r
e
s
 w
e
r
e
 
o
b
t
a
i
n
e
d
 b
y 

d
i
g
i
t
i
z
i
n
g
 t
i
m
e
 t
r
a
c
e
r
 o
i
 l
a
t
e
r
a
l
 p
o
s
i
t
i
o
n
,
 y
a
w
 a
n
g
l
e
,
 
an
d 

s
t
e
e
r
i
n
g
 w
h
e
e
l
 

a
n
g
l
e
 o
n
 a
 B
e
n
d
i
x
 G
r
a
p
h
s
c
a
n
 D
i
g
i
t
i
z
e
r
 a
n
d
 
t
h
e
n
 p
e
r
f
o
r
m
i
n
g
 t
he
 r
e
q
u
i
r
e
d
 

i
n
t
e
g
r
a
t
i
o
n
s
 
di
gi
ta
ll
y.
 

A
n

 
i
n
t
e
g
r
a
t
i
o
n
 t
i
n
e
 o
f
 1

0
 s
e
c
o
n
d
s
 w
a
s
 
us
ed
 
fo
r 

t
h
e
 
la
te
ra
! 

w
s
i
t
i
m
 
!u
ep
 
t
a
s
k
 a
n
d
 
1
4
 s
e
c
o
n
d
s
 f
o
r
 t
h
e
 
s
t
e
p
 w
i
n
d
 
g
u
s
t
 
ta
sk
. 

A
s
 

a
 

al
e 
.
~
s
 

U
F
 c
om
pa
-.
is
01
 w
i
t
h
 
t
h
e
 
v
a
r
l
o
n
s
 i
n
t
e
g
r
a
l
 m
e
a
s
u
r
e
s
,
 p
e
a
k
 
l
a
n
e
 

p
o
s
-
t
l
c
n
 w

e
r

s
h

o
o

t 
f
o
r
 t
h
e
 s
t
e
p
 w
in
d 

gu
st
 
ta
sk
 w

a
a

 
a
l
s
o
 
s
e
l
e
c
t
e
d
 a
s
 a
 

m
e
a
s
u
r
e
 o

f
 p
e
r
t
~
m
a
n
c
e
,
 p
r
i
m
a
r
i
l
y
 
b
e
c
a
u
s
e
 o
f
 i
ts
 
i
n
t
u
i
t
i
v
e
 s
a
f
e
t
y
 
r
e
l
e
v
a
n
c
e
.
 

D
R
I
V
E
R
-
V
E
H
I
C
L
E
 
PE
RF
O-
E 

R
E

S
9

 

S
t
e
p
 W
i
n
d
 
G
u
s
t
 
D
i
s
t
u
r
b
a
n
c
e
 R
e
g
u
l
a
t
i
o
n
 
T
a
s
k
 

T
a
b
l
e
 
2
 c
o
n
t
a
i
n
s
 a
 
s-

ry
 

o
f
 t
h
e
 s
t
a
t
i
s
t
i
c
a
l
 t
e
s
t
 r
e
s
u
l
t
s
 f
o
r
 t
h
e
 p
ea
k 

l
a
n
e
 p
o
s
i
t
i
o
n
 o
v
e
r
s
h
o
o
t
 u
a
s
u
r
e
.
 

A
p
p
l
i
c
a
t
i
o
n
 o
f
 D
un
ca
n'
s 

N
t
w
 
lh
ll
ti
pl
e 

h
g
e
 T
e
s
t
 
11
71
 
s
h
o
w
e
d
 
t
h
a
t
 
in
 
c
o
m
p
a
r
i
s
o
n
s
 o
f
 n
a
t
u
r
a
l
 
f
r
e
q
u
e
n
c
y
 
l
e
v
e
l
s
,
 

C
o
n
f
i
q
u
r
a
t
i
o
n
 C

4 
(+

 
= 

1.
75
 
r
a
d
/
s
e
c
)
 w
a
s
 
s
i
g
n
i
f
i
c
a
n
t
l
y
 
d
i
f
f
e
r
e
n
t
 f
r
o
m
 

t
h
e
 o
t
h
e
r
 
t
h
r
e
e
 c
o
n
f
i
g
u
r
a
t
i
o
n
s
 h
n
 =

 
3.
5.
 

7.
0,
 
an
d 

14
.0
 
ra
d/
se
c)
, 
a
n
d
 w
h
e
n
 

c
o
n
p
a
r
i
n
g
 v
a
r
i
a
t
i
o
n
s
 i
n 
l
e
a
d
 t
i
m
e
 c
o
n
s
t
a
n
t
,
 t
h
a
t
 C
o
n
f
i
g
u
r
a
t
i
o
n
 b

8
 
(
T
r
 - 01

 
w
a
s
 
s
i
g
n
i
f
i
c
a
n
t
l
y
 d
i
f
f
e
r
e
n
t
 f
r
o
m
 C
o
n
f
i
g
u
r
a
t
i
o
n
s
 #
I
 
(
T
r
 =

 0
.2
8 

s
a
c
)
 a
nd
 

X
7

 
(T
I.
 
0
.
5
7
 
se
c)
. 

No
 
s
i
g
n
i
f
i
c
a
n
t
 d
i
f
f
e
r
e
n
c
e
s
 w
e
r
e
 o
b
s
e
r
v
e
d
 a
s
 a
 r
e
s
u
l
t
 

o
f
 v
a
r
i
a
t
i
o
n
s
 i
n 
d
a
m
p
i
n
g
 
ra
ti
o.
 

To
 
m
a
k
e
 a
 
c
a
p
a
r
i
s
o
n
 h
t
w
e
e
n
 t
h
e
 v
a
r
i
o
u
s
 
i
n
t
e
g
r
a
l
 c
r
i
t
e
r
i
a
 u
n
d
e
r
 c
o
n
-
 

s
i
d
e
r
a
t
i
o
n
.
 
t
h
e
 c
r
i
t
e
r
i
o
n
 s
c
o
r
e
s
 a
r
e
 n
o
r
m
a
l
i
z
e
d
 
a
n
d
 p
l
o
t
t
e
d
 
v
e
r
s
u
s
 

n
a
t
u
r
a
l
 
f
r
e
q
u
e
n
c
y
 
f
o
r
 
l
a
t
e
r
a
l
 p
o
s
i
t
i
o
n
,
 
y
a
w
 a
n
g
l
e
,
 a
n
d
 s
t
e
e
r
i
n
g
 w
h
e
e
l
 

m
g
l
e
 t
r
a
n
s
i
e
n
t
s
 i
n
 F
ig
s.
 

5-
7.

 
A
l
s
o
 
i
n
c
l
u
d
e
d
 
fo
r 
c
o
m
p
a
r
i
s
o
n
 i
n
 F
ig
. 

5
 

f
o
r
 m
e
a
s
u
r
e
s
 o
f
 l
a
t
e
r
a
l
 p
o
s
i
t
i
o
n
 e
r
r
o
r
 
a
r
e
 
P
e
a
k
 
L
a
t
e
r
a
l
 
P
o
s
i
t
i
o
n
 O
v
e
r
-
 

s
h
o
o
t
 S
q
u
a
r
e
d
.
 
T
o
 
a
v
o
i
d
 
u
n
n
e
c
e
s
s
a
r
y
 
c
l
u
t
t
e
r
,
 i
n
t
e
g
r
a
l
 m
e
a
s
u
r
e
s
 1
6
-
I
q
 

a
r
e
 o
m
i
t
t
e
d
 f
r
c
a
 t
h
e
 f
i
g
u
r
e
s
.
 
T
h
e
s
e
 m
e
a
s
u
r
e
s
 r

h
w

d
 l
e
s
s
 d
i
s
c
r
i
a
i
n
s
t
i
o
n
 

a
c
r
o
s
s
 n
;r
tu
ra
l 
f
r
e
q
u
e
n
c
y
 
t
h
a
n
 e
i
t
h
e
r
 o
f
 t
h
e
 t
o
p
 t
h
r
e
e
 c
r
i
t
e
r
i
a
,
 
IS
C,
 
IT
sE
, 

a
n
d
 
IS
TS
E.
 

B
e
c
a
u
s
e
 o
f
 i
t
s
 g
r
e
a
t
e
r
 s
p
r
e
a
d
 i
n
 s
c
o
r
e
s
 a
r
r
o
s
s
 c
o
n
f
i
g
u
r
a
t
i
o
n
s
.
 
I
S
T
S
E
 w
a
s
 

s
e
l
e
c
t
e
d
 f
o
r
 c
l
o
s
e
r
 e
x
a
m
i
n
a
t
i
o
n
.
 

T
a
b
l
e
 
3
 s
u
m
m
a
r
i
z
e
s
 t
Ll
a 
s
t
a
t
i
s
t
i
c
a
l
 

t
e
s
t
 r
e
s
u
l
t
s
 f
o
r
 t
h
i
s
 r
a
a
s
u
r
e
,
 
a
n
d
 F
ig
s.
 
8
-
1
0
 s
h
o
w
 t
h
e
 
i
n
f
l
u
e
n
c
e
s
 o
f
 

v
a
r
i
a
t
i
o
n
s
 i
n
 n
a
t
u
r
a
l
 
f
r
e
q
u
e
n
c
y
,
 d
a
n
p
i
n
g
 r
a
t
i
o
,
 
a
n
d
 
l
e
a
d
 t
i-
 

c
o
n
s
t
a
n
t
 

a
s
 d
e
t
e
r
m
i
n
e
d
 b
y 

t
h
i
s
 m
a
s
u
r
e
.
 

T
h
e
 m

an
 
s
c
o
r
e
s
 f
o
r
 t
h
e
 e
i
g
h
t
 s
u
b
j
e
c
t
a
 

w
i
t
h
 
t
h
e
 c
o
r
r
e
s
p
o
n
d
i
n
g
 s
t
a
n
d
a
r
d
 d
e
v
i
a
t
i
o
n
s
 a
r
e
 
i
n
d
i
c
a
t
e
d
.
 

I
n
t
e
g
r
a
l
 m
e
a
s
u
r
e
s
 o
f 

y
a
w
 a
n
g
l
e
 
a
n
d
 
a
t
e
e
r
i
n
g
 w
h
e
e
l
 
a
n
g
l
e
 s

b
w
 t
h
e
 w

s
t
 

d
i
s
c
r
i
m
i
n
a
t
i
o
n
 a
c
r
o
s
s
 c
o
n
f
i
g
u
r
a
f
i
o
n
s
.
 
A
p
p
l
i
c
a
t
i
o
n
 o
f 

Du
nc
an
's
 

h
u

 
h
l
t
i
p
l
a
 b

n
g
e
 T
e
s
t
 
to
 
t
h
e
 d
a
t
a
 
r
e
v
e
a
l
e
d
 
t
h
e
 
f
o
l
l
o
w
i
n
g
:
 

N
a
t
u
r
a
l
 
f
r
e
q
u
e
n
c
y
 c
o
m
p
a
r
i
s
o
n
:
 P
n
r
f
o
r
u
n
c
e
 
f
o
r
 t
h
e
 c
o
n
f
i
g
u
r
e
t
i
o
a
 

w
i
t
h
 
a
 
n
a
t
u
r
a
l
 
f
r
e
q
u
e
n
c
y
 o
f
 1
.7
5 

r
a
d
/
s
e
c
 w
a
s
 s
i&
ni
fi
c.
at
ly
 
do
- 

g
r
a
d
e
d
 
f
r
o
m
 
t
h
e
 o
t
h
e
r
s
.
 

D
a
a
p
i
n
g
 
r
a
t
i
o
 
c
o
m
p
a
r
i
s
o
n
:
 T
h
e
 h
i
g
h
 d
a
m
p
i
n
g
 c
o
n
f
i
g
u
r
a
t
i
o
n
 (

5 
- 1.6)

 
p
r
o
d
u
c
e
d
 
a
 
s
i
g
n
i
f
i
c
a
n
t
l
y
 h
i
g
h
e
r
 
i
n
t
e
g
r
a
l
 w

s
u
r
a
 o
f
 
st
ee
r*
 

w
h
e
e
l
 
a
n
s
l
e
 
t
h
e
n
 '
th
e 
o
t
h
e
r
s
.
 

L
e
a
d
 
t
i
m
e
 c
o
n
s
t
a
n
t
 c
o
m
p
a
r
i
s
o
n
:
 
P
e
r
f
o
r
m
a
n
c
e
 f
o
r
 
t
b
e
 c
a
n
f
i
p
r
a
t
i
o
a
 

w
i
t
h
 
T
r
 - 0

 w
ar
n 

s
i
g
n
i
f
i
c
a
n
t
l
y
 l
e
s
s
 t
b
a
n
 
f
o
r
 t

h
e
 o
t
h
e
r
 c
oa
fi
lu
r.
ti
ol
U.
 

In
 a
n
 a
t
t
e
m
p
t
 
to
 c
o
m
p
a
r
e
 p
e
r
f
o
r
p
e
n
c
e
 o
n
 a
1
1
 o
f
 
t
h
e
 c
o
a
f
i
g
u
r
a
c
i
o
r
u
 i
a 

te
rm

 
o
f
 
a
 
c
o
m
o
n
 a
n
d
 
r
e
l
e
v
a
n
t
 r
e
a
p
o
n
s
e
 c
h
a
r
a
c
t
e
r
i
s
t
i
c
,
 
t
h
e
 c
o
m
p
o
u
n
d
 p

a
r
~
t
e
r
 

of
 

r
e
s
p
o
n
s
e
 
t
i
w
 d
i
v
i
d
e
d
 b
y 

"e
ff
ec
ti
ve
" 

d
a
m
p
i
n
g
 r
a
t
i
o
 w
a
s
 e
m
p
l
o
y
e
d
.
 

T
o
 d
o
 

t
h
i
s
,
 
t
h
e
 d
a
m
p
i
n
g
 r
a
t
i
o
 o
f
 
t
h
e
 s
e
c
o
n
d
 
o
r
d
e
r
 s

y
s
c
a
 w
i
t
h
o
u
t
 
l
e
a
d
 
(1
.r
. 

b.
*im

L 
n
o
 
t
r
a
n
s
f
e
r
 f
u
n
c
t
i
o
n
 "
ze
ro
")
 
th
at
 w
o
u
l
d
 
g
i
v
e
 
t
h
e
 s..s 

v
a
l
u
e
 o
f 

Y
a

r 
r
a
m
 

o
v
e
r
s
h
o
o
t
 
t
l
m
t
 w
a
s
 
o
b
s
e
r
v
e
d
 
f
o
r
 e
a
c
h
 o
f
 
t
h
e
 e
o
n
f
i
g
u
r
a
t
i
o
n
s
 v

u
 a

u
i
g
a
e
d
 u
 

t
h
e
 "
e
f
f
e
c
t
i
v
e
"
 
d
a
m
p
i
n
g
 
ra
ti
o.
 

An
 
s
h
o
w
n
 i
n
 F
i
g
.
 
11
. 

s
 
r
m
r
k
a
b
l
y
 c

l
o
u
 

f
i
t
 
t
o
 a
 
s
t
r
a
i
g
h
t
 l
i
n
e
 r
e
s
u
l
t
s
 w
h
a
n
 
t
h
e
 
I
n
t
e
g
r
a
l
 o
f
 
S
q
r
v
r
d
 T
i
r
 I
l
u
l
t
i
p
l
i
d
 

by
 
S
q
u
a
r
e
d
 l
a
t
e
r
a
l
 P
o
s
i
t
i
o
n
 E
r
r
o
r
 i
s
 p
l
o
t
t
e
d
 
a
s
 a
 
f
u
n
c
t
i
o
n
 o
f
 

th
i.

 
c

a
p

o
u

d
 

p
a
r
a
m
e
t
e
r
.
 

Ih
e

 P
a
r
s
o
n
 P
r
o
d
u
c
t
 h

n
t

 C
o
r
r
e
l
e
t
f
o
n
 C
o
e
f
f
i
c
i
e
n
t
 c

n
r
r
u
p
o
a
d
W
 

t
o
 t
h
i
s
 r
e
l
a
t
i
o
n
s
h
i
p
 i
s
 0
.9
61
 
w
h
i
c
h
 
i
s
 h
i
g
h
l
y
 
s
i
~
n
i
f
i
c
a
n
t
 (p
 

<
 0
.0
01
).
 

C
O
W
E
N
S
A
T
I
O
N
 
F
U
R
 A
R
T
I
F
I
C
I
A
L
L
Y
 
I
N
W
C
W
 L

A
N

E
 P
OS
1T
:O
N 

EB
PO
I 

A 
c
a
p
a
r
i
s
o
n
 b
e
t
v
e
e
n
 
t
h
e
 v
e
r
i
o
u
s
 
i
n
t
e
g
r
a
l
 c
r
i
t
e
r
i
a
 u
s
i
n
g
 
s
t
m
a
r
i
n
g
 &
el
 

a
n
g
l
e
 a

s
 t
he
 
e
r
r
o
r
 s
i
g
n
a
l
 
i
s
 s
h
o
w
n
 i
n
 F
ig
. 

1
2
 f
o
r
 
th
e 
f
o
u
r
 m
e
r
u
r
a
l
 

f
r
e
q
u
e
n
c
y
 c
o
n
f
i
g
u
r
a
c
f
o
n
s
.
 

B
e
c
a
u
s
e
 s
u
b
j
e
c
c
s
 v
a
r
i
e
d
 
wi
de
ly
 
i
n
 t
h
e
 t

L
c
 

t
h
e
y
 
t
o
o
k
 t
o
 i
n
i
t
i
a
t
e
 a
 
c
o
r
r
e
c
t
i
o
n
 f
o
r
 
t
h
e
 s
t
e
p
 e
b
a
n
g
e
 i

n
 l
a
n
e
 p

o
s
i
t
i
w
 

it
 w
.o
 

d
e
c
i
d
e
d
 
t
h
a
t
 a

n
 e
x
p
l
i
c
i
t
 
t
i
n
e
 p
e
n
a
l
t
y
 
in
 
t
h
e
 c
o
s
t
 
f
u
n
c
t
f
o
m
e
l
 

w
o
u
l
d
 
b
e
 
i
n
a
p
p
r
o
p
r
i
a
t
e
.
 

I
n
 a
d
d
i
t
i
o
n
,
 
m
e
a
s
u
r
e
s
 w
i
t
h
 
e
x
p
l
i
c
i
t
 t
im
e,
 
i.8
.. 

IT
SE
. 

IT
AE
, 

et
c.
. 

r
e
s
u
l
t
e
d
 i
n
 l
 
p
o
o
r
e
r
 p
e
r
f
o
-
•
 s
c
o
r
e
 
f
o
r
 
t
b
e
 r
c
b
i
c
l
a
 

w
i
t
h
 
l
 
n
a
t
u
r
a
l
 
f
r
e
q
u
e
n
c
y
 o
f
 
7.
0 

r
a
d
l
s
e
c
 t
h
a
n
 f
o
r
 
t
h
e
 o
n
e
 w
it
h 

3.
5 

r
.
d
/
u
c
 

w
h
i
c
h
 
d
i
d
 
n
o
t
 
a
p
p
e
a
r
 
to
 
r
e
f
l
e
c
t
 a
n 
a
c
c
u
r
a
t
e
 r
a
n
k
i
n
g
 o
f
 
rh

o 
v
c
b
i
c
l
e
~
.
 

F
o
r
 
t
h
e
s
e
 r
e
a
s
o
n
s
,
 
t
h
e
 
I
S
E
 w
a
r
n
r
e
 w
a
s
 c
h
o
s
e
n
 f
o
r
 a
 m

r
e
 c
o
m
p
l
e
t
e
 .
~.
ly
si
. 

o
f
 
t
h
e
 d
at
a.
 

T
a
b
l
e
 
4
 s
-r
ir
es
 

t
h
e
 s
t
a
t
i
s
t
i
c
a
l
 
te
st
 
r
e
s
u
l
t
s
 f
o
r
 t
h
i
s
 r
u
m
r
e
.
 
d
 

Pi
g.
 
1
3
 i
l
l
u
s
t
r
a
t
e
s
 t
h
e
 
i
n
f
l
u
e
n
c
e
 o
f
 v
a
r
i
a
t
i
o
n
s
 
i
n
 t
b
e
 
t
h
r
e
e
 v
e
h
i
c
l
e
 

r
e
s
p
o
n
s
e
 c
h
a
r
a
c
t
e
r
i
s
t
i
c
s
 a
s
 d
e
t
o
r
m
l
n
e
d
 b
y
 
t
h
e
 m
e
a
s
u
r
e
 
f
o
r
 *

t
e
a
*
 

w
h
e
e
l
 

an
gl
e.
 

M
e
a
a
u
r
e
s
 
of
 
l
a
t
e
r
a
l
 p
o
s
i
t
i
o
n
 e
r
r
o
r
 
w
e
r
e
 
i
n
s
e
n
s
l
t
i
v
m
 t
o
 d
i
f
f
e
r
a
c
e
a
 

i
n
 v
k
t
h
i
c
h
 
c
o
n
f
i
g
u
r
a
t
i
o
n
.
 

I
S
E
 m
e
a
s
u
r
e
s
 o
f
 

y
w

 a
n
g
l
e
 a
nd
 
s
t
e
e
r
S
q
 v
hr
tl
 

a
n
g
l
e
 
d
i
d
 
s
h
o
v
 s
t
a
t
i
s
t
i
c
a
l
l
y
 
s
i
g
n
i
f
i
c
a
n
t
 d
i
f
f
e
r
e
n
c
e
s
 b
e
t
w
e
e
n
 d
f
f
f
e
r
r
n
t
 

l
e
v
e
l
s
 o
f
 d
a
m
p
i
n
g
 
r
a
t
i
o
 a
nd
 
l
e
a
d
 
t
i
m
e
 c
o
n
s
t
a
n
t
 b
u
t
 
n
o
t
 
f
o
r
 n
a
t
u
r
a
l
 

f
r
e
q
u
e
n
c
y
.
 
a
l
t
h
o
u
g
h
 
t
h
e
 
l
n
t
t
e
r
 j
u
m
t
 m
i
s
s
e
d
 b
e
i
n
g
 
s
i
g
n
i
f
i
c
a
n
t
 a
t
 
t
h
e
 p

 +
 
0.
10
 

le
ve
l.
 

Du
nc
an
's
 

M
e
w
 U
u
l
t
i
p
l
e
 
 r

an
g^

 
T
e
s
t
 
a
g
a
i
n
 
s
h
o
v
e
d
 
th
at
 
a
 v
a
l
u
e
 
o
f
 



i 
=

 
1.
6 

w
a
s
 
s
i
g
n
i
f
i
c
a
n
t
l
y
 d
~
f
f
e
r
e
n
t
 f
r
o
m
 
t
h
e
 o
t
h
e
r
 
l
e
v
e
l
s
 o
f
 d
a
m
p
i
n
g
 

r
a
t
i
o
 
a
n
d
 t
h
a
t
 
T
r
 - 0

 
w
a
s
 
s
i
g
n
i
f
i
c
a
n
t
l
y
 
d
i
f
f
e
r
e
n
t
 f
r
o
m
 
t
h
e
 o
t
h
e
r
 
t
w
o
 

l
e
v
e
l
s
 o
f
 
le
ad
. 

D
I
S
C
U
S
S
I
O
N
 
O
F
 
R
E
S
U
L
T
S
 

Of
 
t
h
e
 t
w
o
 d
i
s
c
r
e
t
e
 m
a
n
e
u
v
e
r
s
 e
m
p
l
o
y
e
d
 
I
n
 
t
h
e
 p
r
e
s
e
n
t
 
s
t
u
d
y
,
 
t
h
e
 
s
t
e
p
 

w
i
n
d
 
g
u
s
t
 
d
i
s
t
u
r
b
a
n
c
e
 t
a
s
k
 w
a
s
 
t
h
e
 
m
r
e
 c
h
a
l
l
e
n
g
i
n
g
 
a
n
d
 
d
i
s
c
r
i
m
i
n
a
t
i
n
g
 

a
o
o
n
q
 
v
e
h
i
c
l
e
 
c
o
n
f
l
g
u
r
a
t
l
o
n
s
.
 

B
o
t
h
 
v
i
s
u
a
l
 
a
n
d
 
m
a
t
i
o
n
 
c
u
e
s
 a
c
c
o
m
p
a
n
i
e
d
 t
h
e
 

d
i
s
t
u
r
b
a
n
c
e
,
 a
n
d
 
u
n
l
e
s
s
 
r
a
p
i
d
 
c
o
m
p
e
n
s
a
t
o
r
y
 c
o
n
t
r
a
1
 o
n
 
t
h
e
 p
a
r
t
 
o
f
 t
h
e
 

d
r
i
v
e
r
 w
a
s
 
t
a
k
e
n
,
t
h
e
 
v
e
h
i
c
l
e
 
w
u
l
d
 h
a
v
e
 b
e
e
n
 
f
o
r
c
e
d
 o
f
f
 
t
h
e
 r
oa
d.
 

I
n
t
r
o
-
 

d
u
c
t
i
o
n
 o
f
 a
 
s
i
m
p
l
e
 
s
t
e
p
 
2
h
a
n
g
e
 
in
 
l
a
n
e
 p
o
s
i
t
i
o
n
.
 
h
o
w
e
v
e
r
,
 r
e
s
u
l
t
e
d
 
i
n
 

w
i
d
e
l
y
 
v
a
r
y
l
n
g
 
r
e
s
p
o
n
s
e
s
 o
n 

t
h
e
 p
a
r
t
 
o
f
 
t
h
e
 
s
u
b
l
e
c
t
s
.
 
S
u
b
j
e
c
t
s
 w
e
r
e
 
n
o
t
 

g
i
v
e
n
 s
p
e
c
i
f
i
c
 i
n
s
t
r
u
c
t
i
o
n
s
 o
n
 
t
h
l
s
 
t
a
s
k
 
o
t
h
e
r
 
t
h
a
n
 
t
h
e
 
g
e
n
e
r
a
l
 
i
n
s
t
r
u
c
t
i
o
n
 

t
o
 m
a
k
e
 
w
h
a
t
e
v
e
r
 c
or
re
ct
io
rr
s 
w
e
r
e
 
n
e
c
e
s
s
a
r
y
 
s
o
 a
s
 
t
o
 m
ai
nt
a'
n 

t
h
e
i
r
 n
o
r
m
a
l
 

h
i
g
h
w
a
y
 
p
o
s
i
t
m
n
.
 

S
i
n
c
e
 
t
h
e
 a
r
t
i
f
i
c
i
a
l
l
y
 
i
n
d
u
c
e
d
 
l
a
n
e
 p
o
s
i
t
i
o
n
 
e
r
r
o
r
 w
a
s
 

o
n
l
y
 
9
0
 
c
m
 
(
3
 f
t
)
 i
n 
m
a
g
n
i
t
u
d
e
,
 i
t 

m
a
y
 
n
o
t
 
h
a
v
e
 b
e
e
n
 
s
u
f
f
i
c
i
e
n
t
 t
o
 

n
o
t
l
v
a
t
c
 
a
n
 
im
ra
ed
ia
te
 
c
o
r
r
e
c
t
i
o
n
 o
n
 
t
h
e
 
pa
rt
 
o
f
 t
h
e
 
s
u
b
j
e
c
t
s
.
 

It
 
i
s
 

p
o
s
s
i
b
l
e
 t
h
a
t
 n
n
r
e
 
s
p
e
c
i
f
i
c
 i
n
s
t
r
u
c
t
i
o
n
s
 o
r
 
a
 
l
a
r
g
e
r
 
i
n
d
u
c
e
d
 
e
r
r
o
r
 w
o
u
l
d
 

m
a
k
e
 
*
h
e
 
t
a
s
k
 m
o
r
e
 
s
e
n
s
r
t
i
v
e
 t
o
 d
i
f
f
e
r
e
n
c
e
s
 i
n 
v
e
h
i
c
l
e
 
c
o
n
f
i
g
u
r
a
t
i
o
n
s
.
 

I
n
t
e
g
r
a
l
 m
e
a
s
u
r
e
s
 
of
 
t
h
e
 v
a
r
l
o
u
s
 
d
r
l
v
e
r
-
v
e
h
i
c
l
e
 
s
y
s
t
e
m
 o
u
t
p
u
t
s
 a
p
p
e
a
r
 t
o
 

o
f
f
e
r
 a
n
 
e
f
f
e
c
t
i
v
e
 m
e
a
n
s
 
f
o
r
 c
n
m
p
a
r
r
n
q
 t
r
a
n
s
i
e
n
t
 p
e
r
f
o
r
m
a
n
c
e
 
w
i
t
h
 
d
i
f
f
e
r
e
n
t
 

v
e
h
i
c
l
e
 r
e
s
p
o
n
s
e
 
c
o
n
f
l
g
u
r
a
t
i
o
n
s
.
 
T
h
e
 
f
a
c
t
 
t
h
a
t
 
t
h
e
 
I
S
T
S
E
 m
e
a
s
u
r
e
 w
a
s
 
S
h
m
 

to
 
d
i
s
c
r
i
m
i
n
a
t
e
 a
m
o
n
g
 
t
h
e
 
d
i
f
f
e
r
e
n
t
 c
o
n
f
i
g
u
r
a
t
i
o
n
s
 o
n
 
a
 
s
t
a
t
i
s
t
i
c
a
l
 

b
a
s
i
s
 u
s
i
n
g
 
o
n
l
y
 
a
 
s
i
n
g
l
e
 t
r
l
a
l
 
fo
r 
e
a
c
h
 
d
r
i
v
e
r
-
v
e
h
i
c
l
e
 
c
o
m
b
i
n
a
t
i
o
n
 i
s
 

n
o
t
e
w
o
r
t
h
y
.
 
C
o
m
p
a
r
i
s
o
n
 o
f 

t
h
e
 m
e
a
n
 
s
c
o
r
e
s
 o
f
 
t
h
e
 v
a
r
i
o
u
s
 
p
e
r
f
o
r
n
a
n
c
e
 

m
e
a
s
u
r
e
s
 a
c
r
o
s
s
 v
e
h
i
c
l
e
 
c
o
n
f
i
g
u
r
a
t
i
o
n
s
 m
us
t 

b
e
 
d
o
n
e
 v
l
t
h
 
s
o
m
e
 
c
a
u
t
i
o
n
,
 

h
o
w
e
v
e
r
,
 s
i
n
c
e
 i
t:
 d
o
e
s
 n
o
t
 
t
a
k
e
 
I
n
t
o
 a
c
c
o
u
n
t
 
t
h
e
 
v
a
r
i
a
b
i
l
i
t
y
 
i
n
h
e
r
e
n
t
 
i
n
 

a
 q
i
v
e
n
 
m
e
a
s
u
r
e
.
 

T
h
u
s
,
 w
h
i
l
e
 F
i
g
.
 

5 
s
h
o
w
s
 
t
h
a
t
 
a
e
a
n
 
s
c
o
r
e
s
 f
o
r
 

IS
T

S
E

 
a
p
p
e
a
r
 m
u
c
h
 
m
o
r
e
 
d
i
s
c
r
i
m
~
n
a
t
i
n
g
 t
h
a
n
 
?
h
o
s
e
 f
o
r
 P
e
a
k
 
L
a
n
e
 
P
o
s
i
t
i
o
n
 O
v
e
r
s
h
o
o
t
 

(P
L

P
O

),
 
f
o
r
 e
x
a
m
p
l
e
,
 
s
t
a
t
~
s
t
i
c
a
l
 t
e
s
t
s
 w
l
r
h
 
t
h
e
 
t
w
o
 m
e
a
s
u
r
e
s
,
 T
a
k
2
1
e
s
 2 
a
n
d
 

3
. 
i
n
d
i
c
a
t
e
 
s
i
m
i
l
a
r
 d

i
s
c
r
i
m
n
a
t
~
o
n
 c
a
p
a
b
i
l
i
t
i
e
s
.
 

I
n
t
u
i
t
i
v
e
l
y
,
 
f
~
l
e
 

i
n
t
e
g
r
a
l
 m
e
a
s
u
r
e
 
s
h
o
u
l
d
 b
e
 
s
u
p
e
r
i
o
r
 
b
e
c
a
u
s
e
 
it
 
i
s
 d
e
t
e
r
m
i
n
e
d
 
by
 
t
h
e
 
c
o
m
p
l
e
t
e
 

t
r
a
n
s
i
e
n
t
 
r
e
s
p
o
n
s
e
 r
a
t
h
e
r
 
t
h
a
n
 
a
 
s
p
e
c
i
f
l
c
 
a
s
p
e
c
t
 
o
f
 i
t.
 

T
h
e
 p
e
a
k
 
o
v
e
r
s
h
o
o
t
 

a
p
p
e
a
r
s
 t
o
 b
e
 
t
h
e
 p
r
e
d
o
r
m
n
a
n
t
 f
e
a
t
u
r
e
 
in
 
th
e 

l
a
t
e
r
a
l
 r
e
s
p
o
n
s
e
s
 i
n
 
t
h
i
s
 

i
n
s
t
a
n
c
e
,
 h
o
w
e
v
e
r
.
 

P
i
n
d
i
n
g
s
 o
n
 
t
h
e
 e
f
f
e
c
t
s
 o
f
 
c
h
a
n
g
e
s
 i
n
 
t
h
e
 v
e
h
i
c
l
e
 r
e
s
p
o
n
s
e
 c
h
a
r
a
c
t
e
r
i
s
t
i
c
s
 

a
r
e
 
i
n
 g
oo
d 

a
g
r
e
e
m
e
n
t
 
w
i
t
h
 
p
r
e
v
i
o
u
s
l
y
 
r
e
p
o
r
t
e
d
 
q
u
a
l
i
t
a
t
i
v
e
 r
es
ul
ts
. 

T
h
i
s
 

r
e
s
u
l
t
 
p
r
o
v
i
d
e
s
 a
d
d
e
d
 
s
u
p
p
o
r
t
 
f
o
r
 
t
h
e
 
i
n
t
e
g
r
a
l
 c
r
i
t
e
r
i
a
.
 

Li
nk
e.
 
Ri
ch
te
r.
 

a
n
d
 
S
c
h
m
i
d
t
 
11
1 

r
o
u
n
d
 
t
h
a
t
 
t
h
e
 h
i
g
h
e
r
 
t
h
e
 r
e
s
o
n
a
n
t
 
f
r
e
q
u
e
n
c
y
 
of
 
t
h
e
 v
e
h
i
c
l
e
,
 

t
h
e
 b
e
t
t
e
r
 
t
h
e
 m
e
a
n
 
s
u
b
j
e
c
t
i
v
e
 r
a
t
i
n
g
 a
s
 d
e
t
e
r
m
i
n
e
d
 
f
r
o
m
 
a
 
g
r
o
u
p
 o
f 
un
- 

s
k
i
l
l
e
d
 d
r
i
v
e
r
s
 p
e
r
f
o
r
m
i
n
g
 
a
 h
i
g
h
 
s
p
e
e
d
 
l
a
n
e
 c
h
a
n
g
e
 m
a
n
e
w
e
r
.
 

A
l
t
h
o
u
g
h
 

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

o
f
 
t
h
e
i
r
 v
e
h
i
c
l
e
s
 w
i
t
h
 
s
l
m
i
l
a
r
 r
e
s
o
n
a
n
t
 f
r
e
q
u
e
n
c
i
e
s
 r
e
v
e
a
l
s
 
t
h
a
t
 
t
h
e
 o
n
e
 

w
i
t
h
 
t
h
e
 l
e
a
s
t
 
d
a
m
p
i
n
g
 a
n
d
 
h
e
n
c
e
,
 
l
o
w
e
s
t
 
r
e
s
p
o
n
s
e
 t
i
m
e
 w
a
s
 
j
u
d
g
e
d
 
t
h
e
 m

a
t
 

f
a
v
o
r
a
b
l
y
.
 

In
 
i
t
s
 r
e
p
o
r
t
 
t
o
 
t
h
e
 
I
n
t
e
r
n
a
t
i
o
n
a
l
 S
ta
r.
 a
r
d
s
 O
r
g
a
n
i
z
a
t
i
o
n
 1

21
. 

S
w
d
e
n
 s
h
w
e
d
 a
 
c
o
r
r
e
l
a
t
i
o
n
 c
o
e
f
f
i
c
i
e
n
t
 
of
 
0.
92
6 

b
e
t
w
e
e
n
 s
u
b
j
e
c
t
i
v
e
 r
a
t
i
n
g
s
 

i
n
 a
 
l
a
n
e
 c
h
a
n
g
e
 m
a
n
e
u
v
e
r
 a
n
d
 
t
i
m
e
 
l
a
g
s
 b
e
t
w
e
e
n
 s
t
e
e
r
i
n
g
 w
h
e
e
l
 
i
n
p
u
t
s
 a
n
d
 

y
a
w
 v
e
l
o
c
i
t
y
 
r
e
s
p
o
n
s
e
s
.
 

I
n
 
t
e
r
m
s
 o
f 

t
h
e
 p
a
r
a
m
e
t
e
r
s
 u
s
e
d
 

in
 o
u
r
 
st
ud
y.
 

t
h
e
 
i
n
i
t
i
a
l
 
s
l
o
p
e
 o
f
 
t
h
e
 

ya
w

 
r
a
t
e
 r
e
s
p
o
n
s
e
 i
n 
p
i
v
e
n
 b
y 

I
n
 a
 
r
e
a
l
 
v
e
h
i
c
l
e
,
 
f
a
c
t
o
r
s
 t
h
a
t
 
c
a
u
s
a
 
a
n
 
i
n
c
r
e
a
s
e
 l
n 
T
r
 g
e
m
r
a
l
l
y
 b
r
i
n
g
 

a
b
o
u
t
 
a
 d
e
c
r
e
a
s
e
 i
n 

w
, 
a
n
d
 
a
s
 a
 
r
o
u
g
h
 a
p
p
r
o
x
i
m
a
t
i
o
n
,
 T

r
 a

 l/
%.
 

Th
e 

ti
w

 
l
a
g
 
b
e
t
w
e
e
n
 
s
t
e
e
r
i
n
g
 w
h
e
e
l
 
a
n
g
l
e
 
a
n
d
 y
a
w
 
r
a
t
e
,
 
a
s
 w

e
d
 b
y
 
th
e 

IK
),
 

ca
n

 
b
e
 
r
o
u
g
h
l
y
 a
p
p
r
o
x
i
m
a
t
e
d
 b
y 

s
t
e
a
d
y
 
s
t
a
t
e
 y
a
w
 
r
a
t
e
 d
i
v
i
b
d
 b
y
 
t
h
e
 s
lo
pe
. 

T
h
u
s
,
 

I
f
 t
he
 
I
S
0
 d
a
t
a
 a
r
e
 
r
e
p
l
o
t
t
e
d
 
in
 
t
e
r
r
a
 o
f
 n
a
t
u
r
a
l
 
f
r
e
q
u
e
n
c
y
,
 
t
h
e
 c
ur
ve
 

s
h
o
w
n
 i
n
 P
i
s
.
 
1
4
 
r
e
s
u
l
t
s
 w
h
i
c
h
 b
e
a
r
s
 

s
t
r
i
k
i
n
g
 r

e
d
l
a
n
c
e
 t
o 
ou
r 
ou
n 

f
i
n
d
i
n
g
s
.
 

F
o
r
 t
r
a
n
s
i
e
n
t
 m
a
n
e
w
e
r
s
 i
n
c
l
u
d
i
n
g
 d
o
u
b
l
e
 
l
a
n
e
 c
h
r
n
g
e
s
,
 
u
n
e
r
p
.
c
t
e
d
 
o
b
s
t
a
c
l
e
 

a
v
o
i
d
a
n
c
e
,
 a
n
d
 
s
t
e
p
 d
i
s
t
u
r
b
a
n
c
e
 r
e
g
u
l
a
t
i
o
n
.
 
S
T
1
 

:5
] 
h
a
s
 r
e
c
e
n
t
l
y
 m

p
o
r
td

 
t
h
a
t
 
n
a
t
u
r
a
l
 
f
r
e
q
u
e
n
c
i
e
s
 b
e
l
o
w
 
3
 
r
a
d
/
s
e
c
 m
a
y
 
r
e
p
r
e
s
e
n
t
 a
 
l
a
r
a
r
 b

o
m

d
u

y
 

f
o
r
 a
c
c
e
p
t
a
b
l
e
 p
er
fo
-c
e 

a
n
d
 t
h
a
t
 b
a
s
e
d
 o
n
 d
r
i
v
e
r
 o
p
i
n
i
o
n
 r
a
t
i
n
g
s
,
 

n
a
t
u
r
a
l
 
f
r
e
q
u
e
n
c
y
 a
p
p
c
a
r
s
 m

r
e
 i
p
p
a
r
t
a
n
t
 
th
an
 d

a
q
i
n
g
 r
at
io
. 

m
e
 e
f
f
e
c
t
s
 o
f
 
t
h
e
 v
e
h
i
c
l
e
 
c
h
a
r
a
c
t
e
r
i
s
t
i
c
s
 o
n
 
s
t
e
p
 w
i
n
4
 g
u
s
t
p
e
r
f
o
r
r
a
c
l
,
 

a
r
e
 
a
l
s
o
 v
e
r
y
 
s
i
m
i
l
a
r
 t
o
 t
h
o
s
e
 d
e
s
c
r
i
b
a
d
 i
n
 a
 p
r
e
v
i
o
u
s
 Q

IR
 
n

p
o
rt

 c
a 

r
a
n
d
o
m
 w
i
n
d
 
g
u
s
t
 
d
i
s
t
u
r
b
a
n
c
e
 r
e
g
u
l
a
t
i
o
n
 
(1
2)
. 

T
h
e
 
s
i
g
n
i
f
i
c
e
n
c
e
 l
e
w
d
8
 

a
r
e
 
s
o
m
e
w
h
a
t
 l
e
s
s
 
f
o
r
 t
h
e
 p
r
e
s
e
n
t
 
f
i
n
d
i
n
g
8
,
b
u
t
 t
h
i
n
 i

r
 n

ot
 a
t
 a
1
1
 
m
r
p
r
i
s
i
n
q
 

i
n
 v
i
e
w
 
o
f
 
t
h
e
 m
e
t
h
o
d
o
l
o
g
i
c
a
l
 
d
i
f
f
e
r
e
n
c
e
s
.
 
T
h
e
 
p
r
e
s
e
n
t
 
i
n
t
e
q
c
a
l
 p
er
f-
 

c
r
i
t
e
r
i
a
 w
e
r
e
 
a
p
p
l
i
e
d
 
t
o
 t
h
e
 s
u
b
j
e
c
t
s
'
 
f
i
r
s
t
 e
x
p
o
s
u
r
e
 t
o
 a
 
s
t
e
p
 g
u
s
t
 d
i
s
-
 

t
u
r
b
a
n
c
e
 w
i
t
h
 e
a
c
h
 
v
e
h
i
c
l
e
,
a
n
d
 
t
h
e
 
p
e
r
i
o
d
 o
f
 
i
n
t
e
g
r
a
t
i
o
n
 u

m
 o

n
 t
b
.
 o

rd
u

 
o
f
 
1
0
 t
o
 
1: 

s
e
c
o
n
d
s
.
 

In
 
t
h
e
 
r
a
n
d
o
m
 
g
u
s
t
 
d
i
s
t
u
r
b
a
n
c
e
 c
k
a
,
 
s
u
b
?
e
c
t
s
 w
e
r
e
 

a
l
l
o
w
e
d
 a
 o
n
e
-
m
i
n
u
t
e
 p
r
a
c
t
i
c
e
 p
e
r
i
o
d
 
u
n
d
e
r
 
g
u
s
t
i
n
g
 c
o
n
d
i
t
i
o
n
s
 b

ef
o
re

 t
in

 
25
 m
i
n
u
t
e
 d
a
t
a
 
r
u
n
 w
a
s
 
t
a
k
e
n
.
 

T
h
e
 
f
a
c
t
 
t
h
a
t
 
th
e 
t
r
e
n
d
s
 f
o
r
 t
h
e
 
s
t
o
p
 w

t
 

d
i
s
t
u
r
b
a
n
c
e
 c
a
s
e
 u
s
i
n
g
 
i
n
t
e
g
r
a
l
 p
er
fo
-c
e 

c
r
i
t
e
r
i
a
 a
r
e
 u
 s
t
r
o
n
g
 a
s
 i

n
b
i
m
u
d
 

u
n
d
e
r
 
t
h
e
 c
i
r
c
u
r
s
t
a
n
c
e
s
 i
s
 j
u
s
t
i
f
i
c
a
t
i
o
n
 f
o
r
 
fu

rt
he

r 
w

 o
f
 
th
is
 e

p
p
m

a
c
h
. 

T
h
e
 w
o
r
k
 
in
 
t
h
e
 p
r
e
n
e
n
t
 
s
t
u
d
y
 
i
s
 b
a
s
e
d
 
e
n
t
~
r
e
l
y
 o
n
 
o
b
j
e
c
t
i
v
e
 m
e
a
s
u
r
e
s
 o
f
 

d
i
r
e
c
t
i
o
n
a
l
 
c
o
n
t
r
o
l
 p
er
fo
-c
e 

i
n
 a
 d
r
i
v
i
n
g
 s
i
m
u
l
a
t
o
r
,
 
an
d 
t
h
s
 1

u
t4

1
ra

l 
e
x
t
e
n
s
i
o
n
 w
o
u
l
d
 
be
 
t
o
 c
o
r
r
e
l
a
t
e
 t
h
e
s
e
 m
e
a
s
u
r
e
s
 w
it
3 

h
a
n
d
l
i
n
g
 q
lu
li
tL
..
 

r
a
t
i
n
g
s
 d
u
r
i
n
g
 d
i
s
c
r
e
t
e
 w
n
e
u
v
e
r
a
 
u
n
d
e
r
 
f
u
l
l
-
s
c
a
l
e
 c
o
n
d
i
t
i
o
n
s
.
 
If
 t
he
 

i
n
t
e
g
r
a
l
 m
e
a
s
u
r
e
s
 a
r
e
 
f
o
u
n
d
 
t
o
 r
e
l
a
t
e
 t
o
 t
he
 
s
u
b
j
e
c
t
i
v
e
l
y
 
m

e
n

d
 p
r
o
b
l
m
 

o
f
 d
i
s
c
r
e
t
e
 c
o
n
t
r
o
l
 
in
 
a
d
d
i
t
i
o
n
 
t
o
 b
e
i
n
g
 
d
i
s
c
r
i
m
i
n
a
t
o
r
y
 
am

n
g 
d
i
f
f
e
r
e
n
t
 

v
e
h
i
c
l
e
 c
o
n
d
i
t
i
o
n
s
,
 
t
h
e
n
 a
 
r
e
a
s
o
n
a
b
l
y
 
s
i
a
p
l
e
 m
e
a
n
s
 
f
o
r
 m
e
a
s
u
r
i
n
g
 
o
b
j
e
c
t
i
v
e
 

h
d
n
d
l
i
n
g
 p
r
o
p
e
r
t
i
e
s
 w
i
l
l
 
b
e
 
a
v
a
i
l
a
b
l
e
.
 
S
u
c
h
 
m
e
a
s
u
r
e
s
 s
h
o
u
l
d
 l
e
n
d
 
t
h
a
e
1
.
r
~
 

t
o
 e
a
s
y
 
d
a
t
a
 g
a
t
h
e
r
i
n
g
 a
n
d
 o
n
-
b
o
a
r
d
 
m
e
c
h
a
n
i
z
a
t
i
o
n
.
 

S
t
e
e
r
i
n
g
 w
h
e
e
l
 
i
n
r
u
t
s
 

a
r
e
 
r
e
a
d
i
l
y
 
a
v
a
i
l
a
b
l
e
n
a
n
d
 a
p
p
r
o
x
i
m
t
e
 
p
a
t
h
 
an

d 
h
e
a
d
i
n
g
 o
u
t
p
u
t
s
 c
a
n
 p

r
o
b
b
l
y
 



be
 
c
o
m
p
u
t
e
d
 o
n
-
b
o
a
r
d
 v
i
a
 
"
w
a
s
h
e
d
-
o
u
t
"
 
i
n
t
e
g
r
a
t
i
o
n
s
 o
f
 
l
a
t
e
r
a
l
 a
c
c
e
l
e
r
a
t
i
o
n
 

a
n
d
 
y
a
w
 
ra
te
. 

TL
.e
 
r
e
s
u
l
t
i
n
g
 
s
i
g
n
a
l
s
 c
a
n
 t
h
e
n
 b
e
 
s
q
u
a
r
e
d
,
 
t
i
l
e
 w
i
g
h
t
&
,
 

a
n
d
 
i
n
t
e
g
r
a
t
e
d
 
u
p
 
t
o
 
1
0
 o
r
 
1
5
 
s
e
c
o
n
d
s
 b
y 

a
n
 
o
n
-
b
o
a
r
d
 a
n
a
l
o
g
 
c
i
r
c
u
i
t
 w
h
i
c
h
 

is
 
r
e
s
e
t
 
at
 
t
h
e
 
s
t
a
r
t
 o
f
 
e
a
c
h
 
m
a
n
e
u
v
e
r
.
 

T
h
e
 
r
e
s
u
l
t
i
n
g
 
o
b
j
e
c
t
i
v
e
 
s
c
o
r
e
s
,
 

1.
e.
. 

I
S
T
S
E
,
 
a
u
d
 
c
o
r
r
e
s
p
c
n
d
i
n
g
 o
p
i
n
i
o
n
 r
a
t
i
c
q
s
 c
a
n
 
t
h
e
n
 
br
 
l
o
g
g
e
d
 
f
o
r
 
l
a
t
e
r
 

c
o
m
p
a
r
i
s
o
n
.
 

S
m
c
e
 t
h
e
 p
i
l
o
t
 
s
i
m
u
l
a
t
o
r
 d
a
t
a
 s
h
o
w
 t
h
a
t
 
l
n
t
e
g
r
a
l
 m
e
a
s
u
r
e
s
 o
f
 

y
a
w
 a
n
g
l
e
 
a
n
d
 
s
t
e
e
r
i
n
g
 w
h
e
e
l
 
a
n
g
l
e
 
a
r
e
 m

r
e
 s
e
n
s
i
t
i
v
e
 t
o
 c
h
a
n
g
e
s
 i
n 
v
e
h
i
c
l
e
 

r
e
s
p
o
n
s
e
 c
h
a
r
a
c
t
e
r
i
s
t
i
c
s
 t
h
a
n
 m
e
a
s
u
r
e
s
 o

f 
p
a
t
h
 
e
r
r
o
r
,
 p
o
s
s
i
b
l
e
 
d
i
f
f
i
c
u
l
t
i
e
s
 

i
n
 
t
a
k
i
n
a
 
t
h
e
 
s
e
c
o
n
d
 
i
n
t
e
g
r
a
l
 o
f
 l
a
t
e
r
a
l
 
a
c
c
e
l
e
r
a
t
i
o
n
 t
o 
o
b
t
a
i
n
 l
a
t
e
r
a
l
 

p
o
s
i
t
i
o
n
 
e
r
r
o
r
 
s
h
o
u
l
d
 
no
t 

3
e
r
i
o
u
s
l
y
 
c
o
m
p
r
o
m
i
s
e
 t
h
e
 a
n
a
l
y
s
i
s
.
 

P
r
e
v
i
o
u
s
 a
t
t
e
m
p
t
s
 
t
o
 o
b
j
e
c
t
i
v
e
l
y
 
m
e
a
s
u
r
e
 
d
r
i
v
a
r
-
v
e
h
l
c
?
c
 p
e
r
f
o
r
m
a
n
c
e
 
in
 

d
i
s
c
r
e
t
e
 m
a
n
e
u
v
e
r
s
 
h
a
v
e
 t
ya
ic
al
l;
 
us
ed
 
f
o
r
 
a 

~
V
:
P
 

t
h
e
 
r
n
u
.
r
 
o
f
 
c
o
n
e
s
 

di
sp
:a
ce
d 

f
r
o
m
 a
 
c
o
u
r
s
e
 o
r 

t
h
e
 m
ax
lm
ur
i 

sw
e
d

 t
h
r
o
u
g
h
 t
h
e
 
c
o
u
r
s
e
 w
l
t
h
o
u
t
 

h
i
t
t
l
n
g
 
a
n
y
 
c
o
n
e
s
.
 
T
h
e
 
p
r
e
s
e
n
c
e
 
o
f
 
t
h
e
 
c
o
n
e
 c
o
u
r
s
e
 i
t
s
e
l
f
 a
l
l
o
w
s
 
l
n
t
i
c
i
-
 

p
a
t
i
o
n
 
o
n
 
t
h
e
 p
a
r
t
 
o
f
 
t
h
e
 d
r
i
v
e
r
 

a
n

d
 
r
e
q
u
i
r
e
s
 c
o
n
s
i
d
e
r
a
b
l
e
 t
i
m
e
 
t
o
 
s
e
t
 
up
 

a
n
d
 
m
a
i
n
t
a
i
n
.
 

T
h
e
 
u
s
e
 o

f
 a
n
 
i
n
t
e
g
r
a
l
 
p
e
r
f
o
r
m
a
n
c
e
 
c
r
i
t
e
r
i
o
n
 d
o
e
s
 
no
t 

h
a
v
e
 

t
h
e
s
e
 d
if
fi
cu
lt
ie
s.
 
T
h
e
 
GI
 
V
a
r
i
a
b
l
e
 R
e
s
p
o
n
s
e
 
V
e
h
i
c
l
e
 
1
1
4
)
 :
#a
s 
t
h
e
 c
a
p
a
b
i
l
-
 

it
y 

t
o
 s

m
u
l
a
t
e
 a
 
s
t
e
p
 d
is
tu
rb
&n
:e
 

i
n
p
u
t
 
s
o
 t
h
e
 
s
t
e
p
 w
i
n
d
 
g
u
s
t
 d
i
s
t
u
r
b
a
n
c
e
 

r
e
g
u
l
a
t
i
o
n
 t
a
s
k
 
c
a
n
 b
e
 
l
a
r
g
e
l
y
 d
u
p
l
i
c
a
t
e
d
 
u
n
d
e
r
 
f
u
l
l
-
s
c
a
l
e
 c
o
n
d
i
t
i
o
n
s
.
 

T
h
e
 
s
t
e
p
 j

u
n

p
 
i
n
 
l
a
n
e
 
p
o
s
i
t
l
o
n
 i
s
 o
b
v
i
o
u
s
l
y
 
a
 
s
i
m
u
l
a
t
o
r
 n
o
v
e
l
t
y
.
 
H
w
e
V
e
r
,
 

u
n
d
e
r
 
f
u
l
l
-
s
c
a
l
e
 c
o
n
d
i
t
i
o
n
s
,
 a
t
 
s
o
m
e
 
u
n
e
x
p
a
c
t
e
d
 
t
i
m
e
 s
e
t
 b
y 

t
h
e
 e
x
p
e
r
i
-
 

m
e
n
t
e
r
 
a
n
d
 
i
n
 
a
 d
l
r
e
c
t
x
o
n
 c
h
o
s
e
n
 
at
 
r
a
n
d
o
m
,
 t
h
e
 s
u
b
j
e
c
t
 
c
a
n
 
be
 
co
-d
ed
 

t
o
 s
w
i
t
c
h
 f
r
o
m
 a
 
c
e
n
t
e
r
 
l
a
n
e
 t
o
 e
i
t
h
e
r
 
t
h
e
 r
i
g
h
t
 o
r
 
l
e
f
t
 
l
a
n
e
 
a
s
 r
a
p
i
d
l
y
 

a
s
 p
o
s
s
i
b
l
e
.
 

T
h
e
 
i
n
t
e
q
r
a
l
 c
r
i
t
e
r
i
a
 s
h
o
u
l
d
 b
e
 
e
q
u
a
l
l
y
 
s
u
i
t
a
b
l
e
 
f
o
r
 
t
h
i
s
 

t
y
p
e
 o
f
 
w
n
e
u
v
e
r
.
 

T
h
e
 
e
x
t
e
n
s
i
o
n
 o
f
 t
h
i
s
 
p
r
o
c
e
d
u
r
e
 
t
o
 
f
u
l
l
-
a
c
a
l
e
 t
e
s
t
i
n
g
 

s
h
o
u
l
d
 b
e
 
r
e
l
a
t
i
v
e
l
y
 
s
t
r
a
i
g
h
t
f
o
r
w
a
r
d
,
 a
n
d
 
c
o
m
b
i
n
e
d
 w
i
t
h
 
s
u
b
j
e
c
t
i
v
e
 o
p
i
n
i
o
n
 

d
a
t
a
 i
t
 w

~
l
l
 h
o
p
e
f
u
l
i
y
 
l
e
a
d
 
t
o
 a
n
 
i
m
p
r
o
v
c
d
 m

t
h
o
d
 
f
o
r
 
d
i
s
t
i
n
g
u
i
s
h
i
n
g
 "
g
o
o
d
"
 

a
n
d
 
"b
ad
" 

h
a
n
d
l
i
n
g
 
v
e
h
i
c
l
e
s
.
 

W.
 
L
i
n
c
k
e
.
 
0.
 
R
i
c
h
t
e
r
,
 
an
d 

It.
 
S
c
h
m
i
d
t
,
 
"
S
i
m
u
l
a
t
i
o
n
 a
n
d
 n
e
a
s
u
r
s
m
e
n
t
 

o
f
 D
r
i
v
e
r
 
V
e
h
i
c
l
e
 H
a
n
d
l
i
n
g
 
P
e
r
f
o
r
m
a
n
c
e
.
"
 

S
A

E
 
P
a
p
e
r
 
No
. 

7
3
0
4
8
9
,
 M

y
 

1
9
7
3
.
 

"
E
x
p
e
r
i
m
e
n
t
a
l
 
S
t
u
d
y
 
of
 
a
 L
a
n
e
 C
h
a
n
q
e
 M
a
n
w
u
v
r
e
 w
i
t
h
 M
e
c
h
a
n
i
z
e
d
 

S
i
n
u
s
~
i
d
a
l
 S
t
e
e
r
i
n
g
 I
np
ut
."
 
I
S
O
/
T
C
 
22
/S
C 
9
 
(
S
w
e
d
e
n
-
5
)
 5
2,
 
O
c
t
o
b
e
r
 

1
9
7
4
.
 

w.
 
B
e
r
g
m
a
n
,
 
"
M
e
a
s
u
r
e
m
e
n
t
 a
n
d
 
S
u
b
j
e
c
t
i
v
e
 E
v
a
l
u
a
t
i
o
n
 o
f
 V
e
h
i
c
l
e
 

H
a
n
d
l
i
n
g
,
"
 
SA
F,
 P
a
p
e
r
 N
o.
 
7
3
0
4
9
2
,
 H
a
y
 
1
9
7
3
.
 

W.
 
B
e
r
g
m
a
n
,
 "
C
o
n
s
i
d
e
r
a
t
i
o
n
s
 
in
 
D
e
t
e
r
m
i
n
i
n
g
 V
e
h
i
c
l
e
 H
a
n
d
l
i
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TMLE 2 - MALYSIS OF VARUNCE SUlWAllY FOR PEAK LANE POSITION 
OVERSHOOT IN THE STEP WIND GUST REGULATION TMK 

Degrees of Freedom I Maximm Lane ~eviation I 

The Greenhouse-Geisser correction [16] was. applied to the degrees of freedom 
for those variables not meeting the honogeneiiy of variance assumption using 
Hartley's test 1151. 

&:"zs 
18.6 

45.2 

2.10 

29.1 

Source of Variation 

Natural Prequency (wn) 

Error 
- 

wing Ratio (C) 

Error 

Lead Tim Constant (Tr) 

Error 

L 

hcorrected 

3 

21 

2 

14 

Significance Level: = 0.1, ** - 0.05, *** = 0.01 

2 

14 

~orrectedt 

- 
- 
- 
- 

1 

7 

-- -- 

105.8 

53.8 



* Cr-bur correct ioa [I61 ru applied t o  the degreeo of freedom 
f o r  those variableo mt u t i a g  tbe boosene i ty  of variance w s u q t i o n  using 
m t l t y ' .  tMt 1151. 

TABLE 4 - ANALYSIS OF VARIANCE S K I W R Y  W R  THE INTEGRAL OF SQUARED ERROR PERFORMMICE 
CRITERION FOR N ARTIFICIALLY IRDOCED LANE POSITION ERROR TASK 

Deqrees of Freedom I source of I , I Lateral ~ o s i t i o n  

Variation 

I 
I I uncorrected c I 

Natural 
Frequency 

(wn) I 

Error 

mad  Time 
CODStAnt 

Error 14 

Yaw Anqle 

The CreenhoustCoiooer ,-orteetion [I61 was applied to  tho degrees ,. freedom 
for  those variobler  not  r w t i n g  tYe horopne i ty  of variance rorumption u o i q  
b r t l ey 'm t e s t  [IS]. 

I Steering Wheel Anqle , 
sum of 
Squares 

1.30x106 

2.61x106 

6.92x106 

6 . 7 6 ~ 1 0 ~  

I 
Mean 

Square 

4 . 3 5 ~ 1 0 ~  

1 . 2 4 ~ 1 0 ~  

3 . 4 6 ~ 1 0 ~  

4.83x105 

8 . 6 9 ~ 1 0 ~  

5.57~10' 

- 

'- 

F-Rst lJ 

3.50 

7.16.. 

15.61b+* 
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t
l
y
 r
ef
le
ct
 t
b
e
 

ef
fe
ct
 
o
f
 t
h
e
 p
il
ot
 o

n
 t
h
e
 v
eh
ic
le
. 

By
 
t
h
e
 s

p
r
 t
ak
en
, 
o
p
e
r
a
t
i
d
 r
e
s
e
a
r
c
h
 

s
t
u
d
i
e
s
 o
ft
en
 
e
x
c
l
u
s
i
v
e
l
y
 c
on
ce
ec
,r
rt
e a
r 

s
y
s
t
e
m
 p
er
fo
rm
an
ce
. 

I
n
 s
p
i
t
e
 o
f
 .
rr
 

in
cr
ea
si
ly
: 
a
w
a
r
e
n
e
s
s
 o
f
 t
h
e
 n
ec
es
si
ty
 
t
o
 e
m
p
h
a
s
i
z
e
 t
h
e
 h
rn
an
 o
pe
ra
to
r'
s 

p
u
t
i
c
i
p
a
t
i
o
n
 
in
 u

M
e
d
 v
e
h
i
c
l
e
 s
ys
te
ms
. 

t
h
e
r
e
 u
e
 s
t
i
l
l
 v
er
y 

f
w

 m
t
i
s
f
u
-
 

t
o
r
y
 t

w
l
a
 t
o
 d
e
s
c
r
i
b
e
 n
is
 r
o
l
e
 i
n 
t
h
e
m
 ST
.%-. 

A 
p
r
m
i
s
i
w
 a
p
p
r
o
a
c
h
 

c
o
n
c
e
r
n
s
 t
h
e
 u
s
e
 o
f
 a
u
t
h
e
u
%
i
c
a
l
 m

d
e
l
s
 o
f
 t

.- 
be
ha
vi
or
. 

Am
ow

 
a
e
v
e
r
r
l
 

di
ff
er
en
t 
a
p
p
r
o
a
c
h
e
s
 c
ow
ar
d 
h- 

o
p
e
r
a
t
o
r
 r
od
el
in
g.
 
t
h
e
 c

p
t
i
n
l
 c
o
n
t
r
o
l
 

m
o
d
e
l
 h
.a
 

m
e
r
H

 u
 t
h
e
 m
os
t 

u
s
e
f
u
l
 o
n
e
 
f
o
r
 t
h
e
 s
tu
dy
 o
f
 c

w
e
x
 m

a
n

e
d

 
a
e
r
o
s
p
a
c
e
 s
ys
te
ms
. 

T
h
i
s
 r
o
d
e
l
 h

u
 b
u
n
 t
es
te
d,
 
s
o
 f

u
,
 o
nl
y 
y
i
n
s
t
 d
.t
. 
o
b
t
a
i
n
e
d
 f
o
r
 
(
a
 

w
i
e
t
y
 o
f
)
 l
a
b
o
r
a
t
o
r
y
 t
u
k
s
.
 
T
h
e
 o
b
j
e
c
t
i
v
e
 o
f
 t
h
e
 p
re
se
nt
 
st
* 

ur
s 
to
 

i
n
r
e
s
t
i
g
s
t
e
 t
h
e
 u
se

fu
ln

es
s 
o
f
 t
h
e
 o
p
t
i
m
a
l
 c
o
n
t
r
o
l
 w
d
e
l
 s
t
r
u
c
t
u
r
e
 (
Re
fs
. 

1-
3)

 
an

d 
r 
c
o
n
t
r
o
l
 e
ff
or
t 

m
o
d
e
l
 
(R
ef
. 

7
) 

U
, 
d
e
s
c
r
i
b
e
 r
ea
li
st
ic
, 

in
-f
li
gh
t 

ai
r-
 

.) 
T
h
i
s
 i
n
v
e
s
t
i
s
t
i
o
n
 b
u
 

b
ee

n
 c

u
r
i
e
d
 o
ut
 
u
n
d
e
r
 c
on
tr
ac
t 
f
o
r
 t
h
e
 R
e
s
e
u
c
h
 

S
r
u
r
c
h
 o
f
 t

k
 D

ir
ec

to
ra

te
 o
f
 M
at
e-
.a
l 

Ai
r 

W
IW

. 

cl
rl
t 
c
o
n
t
r
o
l
 t
as
ks
. 

E
a
p
c
e
i
w
,
 t
a
t
 u
s
e
 o

f
 t
h
e
 r
Od
al
 u
 a

 p
r
e
d
i
c
t
i
v
e
 t
oo
i 

v
a
s
 
c
o
n
c
e
n
t
r
a
t
e
d
 o
n.
 
F
o
r
 t
hi
s,
th
rc
e 

h
e
l
i
c
o
p
t
e
r
 i
n
s
t
n
a
e
n
t
 c
o
n
t
r
o
l
 t
a
s
k
s
 v

e
re

 
in
ve
st
ig
at
ed
: 
a 
h
o
v
e
r
 m
nd
 
t

w
 n
a
v
i
e
t
i
o
a
 t

u
k
s
 a
t
 p
re
sc
ri
be
d 

h
e
i
e
t
s
.
 

In
 t
h
e
 f
o
l
l
o
w
i
n
g
 c
h
a
p
t
e
r
 - rs

p
c
c
t
s
 o
f
 t
h
e
 o
p
t
i
m
a
l
 c
o
n
t
r
o
l
 a
nd
 
wo
rk
- 

l
o
a
d
 d

e
l
 u
e

 di
sc
us
se
d.
 
Ne
xt
. 

t
h
e
 e
x
p
e
r
i
m
e
n
t
a
l
 p

ro
gr

am
 i
s
 d
e
s
c
r
i
b
e
d
 a
nd
 

t
h
e
 e
x
p
e
r
i
m
e
n
t
a
l
 r
e
s
u
l
t
s
 u

e
 c
c
r
p
v
e
d
 v
i
t
h
 m

od
el

 p
re
di
ct
io
ra
. 

T
he

 h
e
l
i
c
c
p
t
v
 
c
o
n
t
r
o
l
 t
e
a
k
s
 c
on
ce
rn
ed
 a
re
 d
es
cr
ib
ed
 
in
 t

e
r
n
 o
f
 t
h
e
 

o
p
t
i
a
a
l
 c
on
tr
ol
 m
o
d
e
l
 

(O
M

).
 T
he
 
in
pr
ts
 o
f 
t
h
e
 &
el
 

w
h
i
c
h
 i
s 
do
c-
te
d 

ex
te
ns
iv
el
y 

in
 t
h
e
 l
i
t
e
m
t
u
r
e
 
(
e
-
g
.
 R
ef
s.
 

I 
a
n
d
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m
 be
 
d
i
v
i
d
e
d
 i
n 
+
A

-
 

r
e
l
a
t
e
d
 e
h
a
r
r
c
t
e
r
i
s
t
i
c
a
 (
p
u
r
r
t
e
r
m
)
 a
n
d
 
b

v
n

n
 o

p
er

a
to

r 
p

u
c
c
te

m
. 
Th
e 

f
o
r
m
e
r
 c
ca
pr
is
e 
t
h
e
 s

y
s
t
a
 (
h
e
l
i
c
o
p
t
e
r
)
 d
y
n
a
i
c
a
,
 
t
h
e
 d
i
s
t
u
r
b
a
n
c
e
 a
ni
ro
n-
 

l
a
n
t
 
(
m
o
d
e
r
a
t
e
 a
b
r
p
h
e
r
i
c
 t
-l
at
io
nr
l 

y
s
t
 i
s
 i
nc
lu
de
d)
 a

n
d
 t
h
e
 i
nf
or
- 

6
m
t
i
o
n
 a
v
a
i
l
a
b
l
e
 t
o
 t
h
e
 p
il
ot
 t
o
 p
e
r
f
o
r
m
 t
h
e
 t
a
n
k
 (

v
i
a
 m
n 

in
ta
gr
at
ed
 

di
sp
la
y)
. 

T
h
e
 l
a
t
t
e
r
 c
a
n
 b
e
 
c
o
n
s
i
d
e
r
e
d
 s
s 
t
h
e
 r
rr
l 

in
pu
t 
p
a
m
m
e
t
e
r
s
 o
f
 t
h
e
 

mo
de
l 

o
r
 u
s
a
m
p
t
i
o
n
8
 
t
o
 b
e
 u

d
e
:
 

. t
h
e
 o
b
j
e
c
t
i
v
e
s
 o
f
 t
h
e
 t
a
s
k
 
(
i
n
s
t
m
e
t
i
o
n
s
1
 f
i
e
l
d
i
n
g
 a
 g
i
v
e
n
 

co
nt
ro
l 

s
t
r
a
t
e
m
.
 
T
h
i
s
 i
s 
re
pr
es
en
te
d 
by
 
t
h
e
 v
c
i
g
h
t
i
o
g
 

n
t
r
i
c
e
s
 o
f
 t
h
e
 q
u
a
d
r
a
t
i
c
 c
os
t 

f
t
m
c
t
i
o
a
r
l
 u
h
i
c
h
 
is
 
(
.
a
d
 

t
o
 b
e)
 m
i
n
i
m
i
x
e
d
 b
y 

t
h
e
 p
il
ot
's
 
op
t-
 

c
o
n
t
r
o
l
 s

t
r
a
w
 

. M
 e
qu
iv
al
en
t 
pe
rc
ep
tu
al
 
t
h
e
 d
r
l
4
 w
h
i
c
h
 h
.s
 
he
en
 
fa

a
d

 t
c
 b

t 
r
e
l
a
t
i
v
e
l
y
 c
m
a
t
u
r
t
 (

0
.2

0
 s
c
e
)
 

. t
h
e
 a
t
t
e
n
t
i
o
n
 d
ed
ic
at
ed
 
t
o
 
(
o
b
s
e
r
v
a
t
i
o
n
 m
i
s
e
 c

o
m
s
p
o
n
d
i
q
 

w
i
t
h
)
 t
h
e
 v
ar
io
us
 d
is
pl
ay
ed
 r

u
i
a
b
l
e
s
 

. h
u
u
r
 r

u
d
o
P
m
r
s
 i
n 
e
x
e
c
u
t
i
n
g
 c
o
a
t
m
l
 i
n
p
r
t
s
 v
fr
ic
h 
r
i
l
l
 b
e 

re
pr
es
en
te
d 
by
 
a
 (
c
o
n
r
r
t
m
t
)
 w
t
o
r
 m

i
s
e
 r
a
t
i
o
 o
f
 -
25
 d
B 

(
d
i
s
t
u
r
b
a
n
c
e
s
 e
nt
er
 
t
h
e
 a

y
s

ta
 i
n 

p
p

rs
U

el
 6

t
h
 t
h
e
 c
on
tr
ol
s)
. 

Th
e 

co
st
 
-t
ie
ar
l 

v
e
i
g
h
t
i
n
g
s
 a
re
 
se
le
ct
ed
 o
n
 t
h
e
 b
as
is
 o

f
 r

u
im

m
 

a
l
l
o
v
r
b
i
e
 d
m
i
a
t
i
o
l
u
.
 
or
 l
ir
it
s.
 
Th
e 
c
h
o
i
c
e
 o
r
 t

h
e
w
 f
o
r
 t
h
e
 p
re
se
nt
 
st
* 

w
i
l
l
 b
e
 d
i
s
c
u
s
s
e
d
 i
n 
t
h
e
 m

x
t 
c-r.
 

Th
e 
v
e
i
g
h
t
i
n
g
s
 f
o
r
 c
r
e
h
 -
ti
c 

t
e
r
r
 i
n
 t
h
e
 c
o
s
t
 f
u
n
c
t
i
o
n
a
l
 i
s 
t
h
e
n
 t
h
e
 i
n
v
e
r
s
e
 o
f
 t
h
e
 s

q
u
u
e
 o
f 
t
h
e
 c

o
r
m
-
 

p
m
d
i
n
g
 l
im
it
. 

T
h
e
 o
b
s
e
r
v
a
t
i
o
n
 n
oi
se
 c

w
a
r
i
r
n
c
e
s
 h
s
v
e
 b
ee
n 

f
a
d
 t
o
 b
e
 
p
m
p
o
r
t
i
o
n
d
 

t
o
 t
h
e
 r
r
a
-
s
q
u
u
t
d
 
rr

lu
c

 o
f
 t
h
e
 d
i
s
p
l
a
p
d
 t

u
i
m
b
l
e
s
 a
nd
 
i
m
v
s
e
l
y
 p
ro
po
r-
 

t
i
o
n
a
l
 t
o
 t
h
e
 s

q
u
u
e
 o
f
 t
h
e
 &
a
 

in
pu
t 
d
e
s
c
r
i
b
i
n
g
 h
m
c
t
i
a
r
 
g
a
i
n
 a
s
s
o
c
k
-
 

t
a
d
 w
i
t
h
 a
 
t
h
r
e
s
h
o
l
d
 d
w
i
c
e
.
 
T
h
i
s
 t
h
r
e
s
h
o
l
d
 i
n 
i
n
 t
h
e
 f
o
l
l
o
w
i
n
g
 i
d
e
n
t
i
f
i
e
d
 

v
i
t
h
 t
h
e
 "
ac
ce
pt
ab
:e
n 

d
e
v
i
a
t
i
o
n
s
 o
f
 d
i
s
p
l
a
y
e
d
 m
r
i
a
b
l
e
s
 
("
in
di
ff
er
en
ce
" 

th
re
sh
ol
ds
).
 
Fu
rt
he
rm
or
e,
 
t
h
e
 i
n
t
e
r
f
e
r
e
n
c
e
 m
o
d
e
l
 o

f
 r
ef
-r
 

3
 i
m
l
i
c
m
i
n
 

t
h
a
t
 t
h
e
 c
w
a
r
i
a
n
c
e
s
 u

e
 in
v,
-r
se
ly
 

p
m

p
o

r
t

id
 t
o
 t
h
e
 f
r
8
c
t
i
w
 o
f
 a
t
t
e
n
t
i
o
n
 

fi
. 

pa
id
 
t
o
 t
h
e
 d
i
s
p
l
r
p
d
 t

u
i
d
l
e
 y
i.
 
I
n
 f
o
r
r
u
l
a
 





S
in

c
e

 a
 

sc
m

ev
h

at
 m

o
d

if
ie

d
 v

e
rs

io
n

 
of

 
th

e
 m

od
el

 
is

 u
se

d
 

in
 t

h
e

 s
u

b
se

q
w

n
t 

a
n

a
ly

s
is

 (
li

re
c

tc
d

 a
t 

m
u

lt
iv

a
ri

a
b

le
 c

o
n

tr
c

l 
s

it
u

a
ti

o
n

s
),

 
th

e
 m

od
el

 
is

 
b

ri
e

fl
y

 r
e

v
im

d
 i

n
 t

h
e

 f
c

ll
o

v
in

g
. 

iim
a
n
 

c
o

n
tr

o
l 

re
sp

o
n

se
 
1
s 

p
a

rt
iy

 d
e'

.e
nn

ir
.e

d 
by

 
m

ec
bn

ni
sm

s 
th

a
t 

se
le

c
- 

ti
v

e
lx

 t
u

n
e

 t
h

e
 o

r(
jc

m
is

m
 

to
 t

h
e

 s
ti

m
u

lu
a

 
s

it
u

a
ti

o
n

. 
by

 
w

h
ic

h
 
is

 m
m

t 
b

o
th

 
s

e
le

c
ti

v
e

ly
 a

tt
e

n
d

iq
 t

o
 s

a
w

 s
ti

n
u

lu
s

 
in

 p
re

fe
re

n
c

e
 

t
o

 o
th

e
rs

 a
r~

d
 in

v
e

st
in

g
 

n
o
re

 
c

r
 l

e
s

s
 a

tt
e

n
ti

o
n

 p
er

 
so

u
rc

e
 o

f 
in

Z
o

n
a

a
ti

o
n

. 
T

h
is

 c
an

 b
e

 
id

e
rt

if
ie

d
 w

it
h

 
V

o
i'

ir
.t

q
 

a
tt

e
n

%
lm

 <
~

e
f

.
 8;
. 

re
ll

e
c

ti
n

g
 t

h
a

t 
th

e
 s

u
b

je
c

t 
a

tt
e

n
d

s 
*
a
 t

h
e

 
st

:.
m

lu
s 

le
c

a
x

e
 o

f 
it

: 
re

le
v

m
n

ce
 

fG
r 

p
c

rf
o

rn
in

g
 t

h
e

 t
a

s
k

 a
nd

 
n

o
t 

o
n

ly
 

&
ca

d
re

 
r
f
 
it

s
 a

ro
u

sr
; 

?&
ct

io
n

. 
A

ls
o

 
in

v
o

iu
n

ta
ry

 a
tt

e
n

ti
o

n
 i

s
 i

n
c

lu
d

e
d

 
in

 
th

e
 c

o
n

tr
o

l 
?

?
fo

rt
 

d
e

l
.

 ?
%

is
 

ca
r.

 
b
e
 

re
la

te
d

 t
c 

th
e

 l
e

v
e

l 
o

f 
a

rt
u

s
a

l 
an

d
 

is
 l

a
rg

el
y
 

d
ic

ta
te

d
 b

y
 

th
e

 p
ro

y
p

:.
t:

rs
 

o
f 

th
e

 3
is

p
la

jr
ed

 
in

fo
n

u
a

ti
o

n
. 

T
he

 a
s

p
e

c
t 

o
f 

v
o

lw
'a

ry
 

a
tt

e
n

ti
o

n
 i

s
 

in
c

o
rp

o
ra

te
d

 
in

 t
h

e
 m

od
el

 
in

 t
e

rn
s

 
of

 
th

e
 o

v
e

rc
ll

 l
e

v
e

l 
3

2
 

.t
te

d
ti

o
n

. 
P 

T
he

 
3

sy
e

c
t 

olC
 

ir
.v

o
lu

n
ta

ry
 a

tt
e

n
ti

o
n

 i
s
 

in
c

lu
d

e
d

 i
n

 t
h

e
 c

-c
tr

c
i 

e
fC

n
rt

 a
od
ei
O;
n 

te
- 

o
f 

th
e

 s
e

n
s

it
iv

it
y

 o
f 

ta
s

k
 

p
e

rr
o

n
n

a
n

c
e

 (
c

o
s

t 
T

w
c

ti
o

n
a

l.
 

J
) 

to
 t

h
e

 W
n

t
n

r
y

 a
tt

c
n

ti
c

n
 p

a
id

 
by

 
th

e
 

s
u

tj
e

c
t.

 
In

 
f

o
m

d
a

 

w
it

h
 

0
 

0
 

*.
er

e 
th

e
 p

a
rt

ia
l 

d
er

iv
at

i-
IW

 i
n

d
ic

n
te

s 
tt
.s

t 
:h

e 
o

th
e

r 
la

od
e1

 p
a

ra
m

e
te

rs
 u

e
 

k
e

n
: 

c
o

~
s

t
m

t
. 

F
o

r 
th

e
 e

ig
h

t 
s

in
g

le
-u

is
 

c
o

n
tr

o
l 

t
u

k
s

 u
f 

th
e

 e
x

p
e

ri
n

e
n

ta
l 

p
-a

 
P

rt
se

n
te

G
 

in
 r

e
fe

re
n

c
e

 7
 t

h
e

 c
ca

pp
ut

ad
 

c
o

n
tl

u
l 

e
ff

o
rt

 
re

s
u

lt
s

 a
re
 

e
m

 
v

it
h

 s
u

b
je

c
ti

v
e

 r
a

ti
n

g
s.

 
T

h
e 

re
s
rl

t 
w

h
lc

h
 
is

 r
ho

w
n 

In
 f

ig
u

re
 2

 e
x

h
ib

it
s

 m
 

e
x

c
e

ll
e

n
t 

c
o

rr
e

la
ti

o
a

 k
t-
 

b
th

. 

E
x

p
e

ri
m

e
n

ta
l 

c
o

n
d

it
io

n
s 

S
e

v
e

ra
l 

c
o

n
~

id
e

ra
ti

o
n

s
 w
er

e 
in

v
o

lv
ed

 
in

 t
h

e
 e

x
p

e
rh

e
n

ta
l 

s
e

tu
p

. 
In

 
o

rd
e

r 
to

 d
e

ri
n

e
 (

 i
 .e

.. 
n

u
w

e
 an

d
 -

e
l)

 
m

c
c

u
n

te
ly

 t
h

e
 (

 i
n

4
 li
e
t 

b
e

li
- 

c
o

p
te

r 
ta

sk
s.

 
in

st
-n

t 
ta

s
u

s
 w

er
e 

ch
o

se
n

 a
ll

w
in

g
 a
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Table 4: Modei predictions and experimental results for the RAV-H task 
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c
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r
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d
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 c
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c
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ra
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c
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re
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p
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 d
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 d
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 d
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b
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 m
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c
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 c
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e
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 c
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b
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c
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 p
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p
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c
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p
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 c
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c
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c
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c
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 d
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 d
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 d
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 d
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c
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e
se

a
rc

h
, 

C
o

n
tr

a
c
t 

N
um

be
r 
F4
46
20
- 

76
-C

-0
00

9.
 

D
r.
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c
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 c
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h
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 c
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m
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 c
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 c
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 d
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b
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c
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 d
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p
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 d
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h
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 b
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e
p

re
se

n
ta

ti
o

n
 o

f 
h

m
n

 f
a

il
u

re
 d
e
t
e
c
t
i
o
n
 i

n
 r
m

u
l 

m
od

e 
(t

o
p

) 
an

d
 a

u
to

p
il

o
t 
m
o
d
e
 

(
b

o
tt

a
)

. 



p
lu

s 
d

e
ri

v
a

ti
v

e
s 

in
 t

h
e

 p
u

rs
u

it
 

d
is

p
la

y
).

 
O

n 
th

e
 o

th
e

r 
h

an
d

, 
in

 t
h

e
 c

o
n

- 
tr

o
l 

s
it

u
a

ti
m

 t
h

e
 o

p
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 p
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 d
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 c
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h
is

 1
12

%
 o

f 
ru

so
zn

in
g

, 
th

e
 d

a
ta

 f
ro

m
 t

'n
c 

a
u

to
 c
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 d
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b
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 c
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 c
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 p
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 d
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 r
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 p
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 d
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ra
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c
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 d
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 p
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 f
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 d

is
ti

n
c

- 
ti

o
n

 b
et

w
ee

n 
th

e
 h

it
 a

nd
 m

is
s 

p
ro

fi
l-

 
su

b
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 b
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c
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 f
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 c
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c
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c
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 c
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c
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b
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 f
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 c
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 c
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c
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p
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n
d

 m
en

ta
l 

c
a

p
a

c
it

y
 

i
s

 d
o

n
e 

w
it

h
 

th
e

 
ai

m
 o

f 
p

ro
te

c
ti

n
g

 
th

e
 s

u
b

je
c

t 
fr

o
m

 o
v

e
rl

o
a

d
in

g
 v

h
ic

h
ca

n
 

re
s

u
lt

 i
n

 a
 d

e-
 

cr
em

en
t 

o
f 

p
er

fo
-c

e 
o

r 
an

 
in

c
re

a
se

 
in

 e
rr

o
rs

. 
A

n 
i

q
o

r
t

m
t

 c
o

n
ce

p
t 

in
 

th
is

 
re

se
a

rc
n

 
is

 t
h

e
 

re
se

rv
e

 
z

a
p

a
c

it
y

. 
So

m
e 

rr
th

o
d

s 
a

re
 k

~
o

v
n

 to
 e

s
ti

m
te

 
th

is
 r

e
se

rv
e

 
c

a
p

a
c

it
y

; 
al

th
o

u
g

h
 n

o
n

e 
o

f 
th

e
se

 e
th

o
d

s
 i

s
 e

n
o
u
g
h
 

re
li

a
b

le
 

an
d
 

v
a

li
d

, 
u

n
d

er
 

c
e

rt
a

in
 c

o
n

d
it

io
n

s 
it

 i
s

 p
o

m
ai

b
le

 
to

 g
iv

e
 r

o
u

g
h

 e
s

ti
m

te
s

 
o

f 
th

e
 m

en
ta

l 
lo

ad
 

o
r 

i
t

s
 c

o
a

p
le

n
n

t,
th

e
 

re
se

rv
e

 
c

a
p

a
c

it
y

 
(R

ef
.1

).
 

R
es

ea
rc

h
 

d
o

n
e 

w
it

h
 

c
o

n
c

u
rr

e
n

t 
ta

sk
s,

 
is

 i
n

 g
e

n
e

ra
l 

s
e

t 
up

 
fr

o
a

 t
h

e
 v

ie
w

- 
p

o
in

t 
o

f 
s

tr
a

te
g

ie
s

 f
o

r 
a

ll
n

c
a

ti
m

 o
f 

a
tt

e
n

ti
o

n
. 
In
 

th
is

 c
a

se
 

th
e

re
 i

s
 w

 
o

v
e

rl
o

a
d

in
g

 o
f 

th
e

 s
u

b
je

c
t 

an
d
 

th
e

 i
n

v
e

s
ti

g
a

to
r 

i
s

 n
o

t 
in

te
re

s
te

d
 i

n
 t

h
e

 
le

v
e

l 
o

f 
lo
ad
 i

lp
o

se
d

 u
p
o
n
 

th
e

 s
u

b
je

c
t.

 
A

n
o

th
er

 
a

p
p

li
c

a
ti

o
n

 o
f 

a
 c

m
c

u
rr

e
n

t 
ta

sk
 

is
 t

h
e

 u
se

 
e

f 
a

 d
is

tr
a

c
ti

o
n

 t
a

sk
. 

In
 t

h
is

 
c

a
se

 t
h

e
 p

re
su

n
p

ti
o

n
 

o
f 

a
 

li
m

it
e

d
 m

n
ta

l 
c

a
p

a
c

it
y

 
i

s
 b

as
ed

 
o

n
 t

h
e

 
fa

c
t 

th
a

t 
th

e
 p

ri
m

ar
y

 
ta

sk
 p

er
fo

rm
an

ce
 

ca
n

 b
e 

a
lt

e
re

d
 o

r 
d

i~
tu

r
b

e
d

 by
 

th
e
 



d
is

tr
a

c
ti

o
n

 t
a

sk
. 

I
- 

is
 n

o
t 

al
w

ay
s 

p
o

ss
ib

le
 

to
 e

x
p

la
ic

 
th

e
 

ch
an

g
ed

 
p

er
fo

rm
an

ce
 

o
r 

th
e

 e
rr

o
rs

 
in

 t
a

sk
 p

er
fo

rm
an

ce
 b

y
 

a 
*

in
g

le
 c

h
an

n
el

 
th

e
o

ry
 

(R
ef

.2
).

 
I

t
 i

s
 o

r
e

 a
cc

ep
ta

b
1

.e
 

th
a

t 
th

e
 h

a
n

d
li

n
g

 o
f 

in
fo

m
a

ti
o

n
. 

i.
e

. 
p

e
r

f
o

m
c

e
 

o
f 

ta
sk

s 
by

 
th

e
 

hu
m

an
 

o
p

e
ra

to
r 

ca
n

 
be

 
d

o
n

e 
in

 t
w

o 
d

if
fe

re
n

t 
w

ay
s.

 
e

it
h

e
r 

in
 a

n
 

a
u

to
m

a
ti

c
 w

ay
, 

b
as

ed
 

o
n

 
ro

u
ti

n
e

, 
o

r
 i

n
 a

 c
o

n
ci

o
u

s 
v

ay
 

re
q

u
il

in
g

 m
uc

h 
a

tt
e

n
ti

o
n

. 
T

in
is

 m
e8

n
s.

re
sp

ec
ti

v
el

y
.a

 
p

e
rf

o
w

n
c

e
 p

ro
d

u
ce

d
 

by
 

h
ia

rc
h

ic
a

l 
lo

v
e

r 
c

o
n

tr
o

l 
sy

st
em

s 
o

r 
ac

 
th

e
 l

e
v

e
l 

of
 

th
e

 c
e

n
tr

a
l 

n
er

v
o

u
s 

sy
st

em
. 

In
 t

h
is

 p
a

p
e

r 
a 

p
il

o
t 

e
x

p
e

ri
n

e
n

t 
is

 d
e

sc
ri

b
e

d
 

in
 v

h
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h
 

a 
ta

sk
 

i
s

 c
o

n
si

d
e

re
d

 
to

 b
e

 p
er

fo
n

m
ed

 
u

si
n

g
 

c
o

n
tr

o
l 

a
t 

v
a

ri
o

u
s 

le
v

e
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 o
f 

th
e

 n
er

v
o

u
s 

sy
st

em
. 

s
h

is
 t

a
sk

 
is

 t
h

e
 s

ta
b

il
iz

a
ti

o
n

 
of

 .
an

d 
c

o
u

rs
e

 f
o

ll
o

v
in

g
 m

 a
 b

ic
y

c
le

 
si

m
u

la
to

r 
re

sp
e

c
ti

v
e

ly
 

c
o

n
si

d
e

re
d

 
a

s 
a 

ro
u

ti
n

e
 

a
sp

e
c

t 
an

d 
an

 
a

tt
e

n
ti

o
n

 d
en

an
d

in
g

 a
s-

 
p

e
c

t 
o

f 
ri

d
in

g
 a

 b
ic

y
c

le
. 

T
he

 
p

re
s

c
p

ti
o

n
 t

h
a

t 
re

d
u

c
ti

o
n

 
of

 
th

e
 s

u
b

je
c

t'
s 

m
e

n
ta

l 
c

a
p

a
c

it
y

 
(i

.e
. 

a
t

 t
h

e
 

le
v

e
l 

o
f 

th
e

 
c

e
n

tr
a

l 
n

er
v

o
u

s 
sy

st
em

) 
v

il
l 

c
a

u
se

 a
lt

e
re

d
 p

e
rf

o
ra

a
n

c
e

 
i

s
 t

h
e

 h
a

s
ic

 i
ss

u
e

 o
f 

th
is

 p
ap

er
. 

D
if

fe
re

n
t 

c
e

u
se

s 
o

f 
re

d
u

ce
d

 
c

a
p

a
c

it
y

 
o

c
c

u
r 

in
 p

ra
c

ti
c

e
. 

fo
r 

in
st

a
n

c
e

 
il

l-
 

n
e

ss
. 

d
is

tr
a

-t
io

n
. 

a
g

e
, 

d
ru

g
, 

an
d

 
p

h
y

si
c

a
l 

h
a

n
d

ic
a

p
s 

re
q

u
ir

in
g

 e
x

tr
a

 a
t-

 
te

n
ti

o
n

 t
o

 c
a

p
e

m
a

te
 f

o
r 

th
e

 h
an

d
ic

ap
. 

Z
bo

 
d

if
fe

re
n

t 
so

u
rc

e
s 

o
f 

re
d

u
c

ti
o

n
 

a
re

 g
iv

e
n

 
in

 t
h

e
 e

x
p

e
ri

m
e

n
ts

 d
e

sc
ri

b
e

d
 

in
 c

h
is

 p
a

p
e

r 
i.

e
. 

th
e

 p
er

fo
rm

n
n

ce
 

o
f 

a 
b

in
a

ry
 c

h
o

ic
e

 t
sh

k
 
a
s 

a 
d

is
tr

a
c

ti
o

n
- 

t.
w

k 
an

d
 t

h
e

 a
d

~
n

is
tr

a
ti

o
u

 
o

f 
a

lc
o

h
o

l 
s

u
p

p
o

h
 t

c
 g

iv
e

. 
am

on
g 

o
th

e
r 

e
ff

e
c

ts
. 

r 
re

d
u

z
ti

o
n

 
o

f 
th

e
 m

e
n

ta
l 

c
a

p
a

c
it

y
. 

T
h

e 
p

u
r

p
s

e
 o

f 
th

is
 r

e
se

a
rc

h
 

c
a

n
 b

e 
fo

rm
u

la
te

d
 

f
o

ll
w

s
: 

.T
o 

h
a

t
 e

x
te

n
t 

is
 

th
e

 r
e

d
u

c
ti

o
n

 
in

 c
a

p
a

c
it

y
 

co
m

p
en

sa
te

d
 

fo
r 

by
 

a
lt

e
re

d
 

s
tr

a
te

g
ie

s
 i

n
 t

a
sk

 p
er

fo
rm

an
ce

. 
&

a
t 

a
re

 t
h

e
 s

im
il

a
ri

ti
e

s
 

an
d

 d
if

fe
re

n
c

e
s 

b
et

w
e-

n
 

c
a

p
a

c
it

y
 

re
d

u
c

ti
o

n
 

by
 

d
is

tr
a

c
ti

o
n

 (
b

in
a

ry
 c

h
o

ic
e

s)
 
a
n
d
 

by
 

s
p

e
c

if
ic

 d
r

q
 i.

e.
 

a
lc

o
h

o
l.

 

B
e

si
d

e
s 

c'
ic

se
 

p
u

rp
o

se
s 

t.
?.

e 
a

p
-,

li
c

a
ti

o
n

 
-f

 
d

e
sc

ri
b

in
g

 f
u

n
c

ti
o

n
 

te
c

h
n

iq
u

e
s 

in
 a

 
tv

o
 d

im
e

n
si

o
n

a
l 

c
ro

ss
 c

o
u

p
le

d
 

c
o

n
tr

o
l 

ta
sk

 w
as

 
o

f 
in

te
re

s
t.

 
A

 f
re

q
w

n
tl

y
 p

ro
p

o
se

d
 r

e
th

o
d

 o
f 

e
st

im
a

ti
n

g
 m

t
a

l
 l

o
a

d
 i

s
 b

as
ed

 
o

n
 p

h
y

si
o

lo
- 

g
ic

a
l 

a
ra

8
u

re
s 

li
k

e
 h

e
a

rt
 

ra
te

 v
a

ri
a

b
il

it
y

, 
b

lo
o

d
 

p
re

ss
u

re
, 

g
z

lv
a

n
ic

 s
k

in
 

re
s

p
a

m
e

 a
n

d
 

EE
G

. 
T

h
e

re
fo

re
 

in
 t

h
e

 r
e

p
o

rt
e

d
 e

x
p

e
ri

m
n

ts
 s

om
e 

o
f 

th
e

se
 v

a
ri

a
- 

b
le

s
 h

av
e 

b
ee

n
 m

a
su

rr
d

. 
B

ef
o

re
 

re
p

o
rt

in
g

 
th

e
 

e
lp

e
ri

m
c

n
ts

, 
s

e
c

ti
o

n
 2

 v
il

l 
g

iv
e

 s
om

e 
g

e
n

e
ra

l 
re

m
ar

k
s 

a
b

o
u

t 
c

a
p

c
it

y
 a

n
d

 
c

a
p

a
c

it
y

 
re

d
u

c
ti

o
n

 
to

 g
iv

e
 m

or
e 

in
s

ig
h

t 
in

 p
ro

b
le

m
 

co
n-

 
n

e
c

te
d

 w
it

h
 

th
is

 t
y

p
e

 o
f 

re
se

a
rc

h
. 

2 
AS
PE
CT
S 

OF
 

C
A

PA
C

IT
Y

 
A

N
D

 
C

A
PA

C
IT

i 
R

EI
X

'C
TI

O
N

 

In
 

Ii
te

ra
tu

rr
 t

n
e

 c
o

n
c

e
p

t 
o

f 
m

en
ta

l 
c

a
p

a
c

iw
 
is

 d
e

fi
n

e
d

 
in

 d
if

fe
re

n
t 

v
ay

s.
 

F
ir

s
tl

y
 t

h
e

re
 i

s
 n

o
 a

g
-e

e
s

n
t 

a
b

o
u

t 
th

e
 u

n
it

 
fo

r 
m

e
n

ta
l 

a
c

ti
v

it
y

. 
E

x
q

l
e

s
 

a
re

 t
h

e
 b

it
 o

f 
in

fo
rm

a
ti

o
n

 
o

r 
th

e
 e

le
m

en
t 

o
f 

a 
ta

sk
. 

S
ec

o
n

d
ly

 
i

t
 a

p
p

e
a

rs
 

th
a

t 
d

if
fe

re
n

t 
d

e
fi

n
it

io
n

s
 

o
f 

c
a

p
a

c
<

ty
 a

re
 g

iv
e

n
 d

u
e 

t
o

 i
n

s
u

ff
ic

ie
n

t 
k

n
w

le
d

g
e

 
o

f 
d

y
n

am
ic

 
an

d
 

s
to

c
h

a
s

ti
c

 a
sp

ec
l.

; 
of

 
m

en
ta

l 
ca

p
a-

 
c

it
y

. 
A

 
fr

e
q

u
e

n
tl

y
 

u
se

d
. 

o
p

e;
at

io
n

al
.?

::
in

it
io

n
 

o
f 

c
a

p
a

c
it

y
 i

s
 o

n
e 

w
h

er
eb

y
 

th
e

ta
s

k
 l

o
a

d
 
is

 e
z

p
re

ss
e

d
 ?

.. 
th

e
 n

um
be

r 
o

f 
c

h
o

ic
e

s 
p

e
r 

u
n

it
 o

f 
ti

m
e.

 
In

 t
h

is
 c

a
se

 t
h

e
 m

ax
i-

 
c

a
p

a
c

it
y

 
is

 s
o

m
et

im
es

 d
e

fi
n

e
d

 a
s 

th
e

 m
ax

im
ua

 
ta

S
k

 
lo

a
d

 
(
r
id

e
r
 

o
f 

c
h

o
ic

e
r)

, 
v

h
ic

h
 

ca
n

 b
e 

m
a

in
ta

in
e

d
 

fg
r 

a 
c

e
rt

a
in

 d
u

ra
ti

o
n

 
(R

ef
.3

).
 

A
 g

ra
p

h
 o

f 
th

e
 t

d
 h

ia
d 

a
t 

d
if

fe
re

n
t 

d
u

ra
ti

o
n

s 
is

 ~
i

v
e

n
 in

 F
ig

.!
. 

T
he

 m
D

oc
nt

ar
y 

,a
p

a
c

it
y

 
i

s
 n

o
t 

e
q

u
a

l 
to

 t
h

e
 c

a
p

a
c

it
y

 
a

s 
si

'f
e

n
 b

y 
th

e
 

d
e

fi
n

it
io

n
 m

en
ti

o
n

ed
 

ab
o

v
e 

an
d

 
il

lu
s

tr
a

te
d

 i
n

 F
ig

. 
I.

 

F
ig

. 
I 

T
he

 
re

la
ti

o
n

 b
et

w
ee

n
 a

 
c

o
n

st
a

n
t 

ta
d

tl
o

a
d

 m
d

 d
u

rc
e

io
n

 o
f 

p
e

rf
o

r-
 

m
an

ce
. 

T
he

 
d

y
n

ir
p

ic
 a

sp
e

c
t 

o
f 

m
en

ta
l 

c
a

sa
c

it
y

 
il

p
li

e
s

 t
h

a
t 

tn
e

 r
n

e
n

ta
r

y
 c

a
p

a
c

it
y

 
is

 d
ep

en
d

en
t 

o
n

 t
h

e
 p

re
v

io
u

sl
y

 u
se

d
 c

a
p

a
c

it
y

 a
n

d
 r

e
c

e
rr

ry
 c

h
a

r
~

c
te

r
is

ti
c

s
 

o
f 

th
es

u
b

jc
ct

. 
m

e
r

e
 i

s
 n

o
t 

en
o

u
g

h
 k

n
a

rl
e

d
g

e
 

a
b

o
u

t 
:h

is
 

a
sp

e
c

t 
t

o
 p

ro
p

o
se

 
a 

d
e

l
 fo

r 
th

is
 p

h
en

m
en

o
n

. 
T

he
 

s
to

c
h

a
s

ti
c

 a
sp

e
c

ts
 

o
f 

c
a

p
a

c
it

y
 a

re
 t

ir
e 

fl
u

c
tw

ti
o

n
a

 
in

 c
a

p
a

c
it

y
 d
ut
 

to
. 

fo
r 

in
st

sn
c

e
, 

v
a

ri
a

ti
o

n
s

 
in

 e
x

te
rn

a
l 

in
fl

u
m

c
e

e
.s

a
rn

ta
ry

 
c

o
n

d
it

io
n

 
an

d 
m

ti
v

a
ti

o
n

 o
f 

th
e

 h
- 

b
ei

n
g

. 
th

is
 e

m
s

 t
h

a
t 

d
if

fe
re

n
c

e
s 

in
 c

a
p

a
c

it
y

 h
n

c
to

 b
e

 e
x

p
e

c
te

d
 b

et
w

en
 d

if
fe

re
n

t 
p

e
rs

o
n

s 
m

d
 a

t 
d

if
fe

re
n

t 
m

a
t

s
 fo

r 
th

e
 s

a
e

 p
cr
to
a.
 

B
as

ed
 

on
 

th
e

se
 c

o
n

si
d

e
ra

ti
o

n
s 

th
e

 f
o

ll
o

w
in

g
 h

a
s 

t
o

 b
e

 s
ta

te
d

 w
it

h
 r

e
sp

e
c

t 
t

o
 t

h
o

se
 e

x
p

e
ri

m
e

n
ts

 u
h

e
re

 
c

a
p

a
c

it
y

 
is

 a
n

 i
q

o
r

t
m

t
 n

o
ti

o
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r 
d

if
fe

re
n

t 
=

r*
p

e
rv

is
o

ry
 c

o
n

tr
o

l 
s

it
u

a
ti

o
n

s
, 

w
h

ic
h

 
g

iv
e

 a
n

 o
p

:i
m

al
 

d
e

s
c

ri
p

ti
o

n
 o

f 
tl

w
 h

u
n

sr
. 

in
p

u
t-

o
u

tp
u

t 
re

la
ti

o
n

. 
A

ft
e

r 
th

a
t,

w
c

 i
n

te
n

d
 t

r
 

a
~

ia
ly

s
e

 th
e

 r
e

s
u

lt
s

 
an

d
 

co
m

e 
u

p
 w

it
h

 
a

 m
o

.l
el

li
n

g
 

c
o

n
c

e
p

t 
w

h
ic

h
 w

il
l 

f
i

t
 t

h
e

 d
a

ta
, 

an
d

 
w

tb
ic

l~
 ~

i
v

e
s

 
th

e
 t

h
re

sh
o

ld
 

v
a

lu
e

s 
in

 
te

rm
s 

o
f 

th
e

 s
u

p
e

z
v

is
o

ry
 t

as
!;

an
d

 
tl

w
 d

y
n

am
ic

s 
o

f 
th

e
 s

u
p

e
rv

is
e

d
 

sy
st

c
m

. 

- -
- 

V
a

ri
a

ti
o

,:
 of
 

th
e 

d
y~

vm
ic

s o
f
 

th
c 

~
%

p
r~

o
iu

"
c

d
 

c
p

te
m

. 
T

he
 d

y
n

am
ic

s 
o

f 
th

e
 s

u
p

c
rv

is
e

d
 

sy
st

e
m

 a
re

 i
n

v
o

lv
e

d
 

in
 e

l
l

 m
ec

h
an

is
m

s 
o

f 
th

e
 &

d
e

l,
 

th
u

s 
in

 t
h
c
~
o
b
s
e
r
v
e
r
l
r
e
c
o
n
o
t
r
u
c
t
o
r
 p

a
rt

 
a

s
 v

e
ll

 a
s

 t
h

r
 

c
o

n
tr

o
ll

e
r 

an
d

 
d

ec
ia

io
n

-m
ak

in
g

 
p

a
re

 
o

f 
th

e
 m

o
d

el
. 

A
s 

f
a

r
 a

s
 t

h
e

 i
n

fl
u

e
a

c
e

s 
o

n
 t

h
e

 o
b

se
rv

e
rl

re
c

o
n

st
ru

c
to

r 
p

a
rt

 a
n

d
 

o
n

 
th

e
 c

o
n

tr
o

ll
e

r 
p

a
rt

 a
re

 c
o

n
c

e
rn

e
d

 
th

e
 p

o
st

u
la

te
d

 m
o

d
e

ll
in

g
 

c
o

n
c

e
p

ts
 

c
a

n
 b

e
 e

v
a

lu
a

te
d

 a
n

d
 v

e
ri

fi
e

d
 b

y
 

v
a

ri
a

ti
o

n
 o

f 
th

e
 d

y
n

am
ic

s 
o

f 
th

e
 s

u
p

c
rv

is
e

d
 s

y
st

e
m

. 
F

o
r 

th
e

 i
n

fl
u

e
n

c
e

s 
o

n
 t

h
e

 d
e

c
is

io
n

-r
a

k
in

g
 

p
a

rt
 

th
is

 w
o

rk
in

g
 s

ch
em

e 
m

rs
t 

b
e

 m
o

d
if

ie
d

, 
s

in
c

e
 

th
e

re
 w

as
 

n
o

 c
a

u
sa

l 
re

la
ti

o
n

 p
o

st
u

la
te

d
 b

et
w

ee
n

 
th

e
 r

y
sr

cf
fi

 
d

y
n

am
ic

s 
an

d
 

th
e

 t
h

re
sh

o
ld

 v
a

lu
e

s.
 

H
er

r.
 

a
 

s
im

il
a

r 
p

ro
c

e
d

u
re

 m
u

st
 

b
e

 
fo

ll
o

w
e

d
 

a
s

 w
as

 
su

g
g

e
st

e
d

 
fo

r 
th

e
 i

n
v

e
st

ig
a
ti

o
n

 o
f 

th
e

 r
e

ln
ti

o
n

 b
et

w
ee

n
 

th
e

 t
h

re
sh

o
ld

 
v

a
lu

e
s 

an
d

 
th

e
 s

u
p

e
rv

is
o

ry
 t

a
sk

. 
A

nd
 

a
g

a
in

, 
th

e
 f

in
a

l 
o

b
je

c
ti

v
e

 w
il

l 
b
e 

t
o

 d
e

v
e

lo
~

 a
 m

o
d

e
ll

in
g

 c
o

n
c

e
p

t 
w

h
ic

h
 

g
iv

e
s 

th
e

 l
in

k
 b

e
tw

e
m

 t
h

e
s

e
 p

a
ra

- 
m

e
te

rs
. 

C
a

re
fu

l 
a

tt
e

n
ti

o
n

 s
h

o
u

ld
 b

e 
p

a
id

 
t

o
 t

h
e

 i
n

fl
u

en
ce

 o
f 

th
e

 d
y

n
am

ir
s 

o
f 

th
e

 
su

p
e

rv
is

e
d

 
sy

st
e

m
 o

n 
th

e
 o

b
se

rv
rr

/r
c

c
o

n
st

ru
c

to
r.

 
T

h
e 

s
tr

u
c

tu
re

 o
f 

th
is

 
p

a
rt

 o
f 

th
e

 m
od

el
 

i
s

 s
u

c
h

 
th

a
t 

it
 

in
c

lu
d

e
s 

a
 

re
fl

e
c

ti
o

n
 o

f 
th

e
 s

u
p

e
rv

is
e

d
 

sy
st

e
m

 a
n

d
 

th
e

 d
is

p
la

y
, 

w
h

ic
h

 
c

a
n

 b
e

 c
o

n
si

d
e

re
d

 a
s

 t
h

e
 i

n
te

rn
a

l 
w

d
e

l 
of
 

th
e

 s
u

p
e

rv
is

o
r.

 
I
t 

i
s

 n
o

t 
v

e
ry

 
li

k
e

ly
 t

h
a

t.
 

re
g

a
rd

le
ss

 o
f 

th
e

 c
c

m
p

lc
x

it
y

 
o

i 
th

e
 s

u
p

e
rv

is
e

d
 

sy
st

em
. 

th
e

 
in

te
rn

a
l 

s
o

d
e

l 
c

a
n

 b
e

 a
ss

u
m

ed
 

t
o

 b
e

 a
n

 
e

x
a

c
t 

co
p;

 
n

f 
th

is
 s

y
st

e
m

 a
n

d
 

th
e

 d
is

p
la

y
. 

T
h

is
 q

u
e

st
io

n
 w

il
l 

b
e

 
su

b
je

c
t 

t
o

 c
lo

se
 e

x
a

n
in

a
ti

o
n

 b
y 

v
a

ry
in

g
 t

h
r

 o
rd

rr
 o

f 
th

e
 s

u
p

e
rv

is
e

d
 s

y
s

t
a

 a
n

d
 

m
a

tc
h

in
g

 
fu

ll
-o

rd
e

r 
o

b
se

rv
e

rs
 a

s
 w

e
ll

 a
s 

re
d

n
c

e
d

 o
rd

e
r 

o
b

se
rv

e
rs

 
in

 t
h

e
 

o
b

se
n

c
r!

re
c

o
n

st
ru

c
ro

r 
p

a
rt

 o
f 

th
e

 m
o

d
el

. 
A

ls
o

 
lo

w
er

 
o

rd
e

r 
si

m
p

li
fi

e
d

 
m

o
d

el
s 

c
o

u
ld

 
h

e
 

s
u

b
s

ti
tu

te
d

, 
g

iv
in

g
 t

h
e

 o
p

p
o

rt
u

n
it

y
 t

o
 c

o
n

p
e

re
 t

h
e

 
d

e
sc

ri
p

ti
o

n
 o

f 
th

e
 s

u
p

e
rv

is
o

r'
s 

in
p

u
t-

o
u

tp
u

t 
b

e
h

a
v

io
r 

o
b

ta
in

e
d

 i
n

 t
h

is
 

w
ay

 
w

it
h

 o
th

e
r 

m
o

d
el

s.
 
So
 

fa
r,

 
w

e 
h

av
e 

n
o

 e
x

p
e

ri
e

n
c

e
 w

it
h

 t
h

e
s

e
 t

e
c

h
n

iq
u

e
s 

y
e

t,
 

d
u

e 
t

o
 t

h
e

 f
a

c
t 

th
a

t 
o

u
r 

e
x

p
e

ri
m

e
n

ta
l 

a
e

t-
u

p
 

in
v

o
lv

e
s 

a
 
la

r 
o

rd
e

r 
su

p
e

rv
is

e
d

 s
y

st
e

m
 w

h
ic

b
 
is

 t
o

o
 u

iw
p

le
 

t
o

 r
a

is
e

 t
h

is
 p

ro
b

le
m

. 

6
. 

Id
en

ti
fi

ca
ti

o
n

 o
f 

ch
e 

m
od

e2
 p

a
rc

rm
et

e~
?

~
. 

e
 

B
e

fo
re

 a
tt

e
n

ti
o

n
 c

an
 b

e
 p

a
id

 
t

o
 t

h
e

 v
e

ri
fi

c
a

ti
o

n
 o

f 
th

e
 m

o
d

el
 

h
y

p
o

th
e

se
s.

 
th

e
 c

ru
c

ia
l 

p
rs

b
lr

m
 m

u
st

 
b

e 
c

o
n

si
d

e
re

d
 o

f 
ho

w
 

to
 c

o
m

p
ar

e 
th

e
 m

o
d

el
 

b
e

h
a

v
ic

r 
v

it
h

 t
h

e
 b

e
h

a
v

io
r 

o
f 

th
e

 s
u

p
e

rv
is

o
r.

 
T

he
 m

o
st

 
im

p
o

rt
a

n
t 

q
u

a
n

ti
ta

ti
v

e
 m

e
a

su
re

 
fo

r 
L

he
 

co
m

p
ar

is
o

n
 
is

 g
iv

e
n

 b
y 

th
o

 r
e

s
u

lt
in

g
 c

o
rr

e
c

ti
o

n
 s

ig
n

a
ls

 g
e

n
e

ra
te

d
 

b
y
 

th
e

 m
od

el
 

an
d

 
th

e
 h

um
an

 
su

p
e

rv
is

o
r.

 
T

h
e 
m
o
s
t
 

cr
nn

so
n 

te
c

h
n

iq
u

e
 d

e
s

 u
se

 
o

f 
a

 c
ri

te
ri

o
n

 w
h

ic
h

 
is

 d
e

fi
n

e
d

 o
n

 
th

e
 e

rr
o

r 
o

f 
th

e
 t

w
o 

si
g

n
a

ls
, 

u
su

a
ll

y
 

in
 t

h
e

 i
o

m
 o

f 
th

e
 t

im
e

 a
v

e
ra

g
e

 o
f 

th
e

 s
q

u
a

re
d

 e
rr

o
r.

 
T

h
e 

p
a

ra
m

e
te

rs
 o

f 
th

e
 

m
o

d
el

s 
a

re
 t

h
e

n
 a

d
ju

st
e

d
 s

u
c

h
 

th
a

t 
th

is
 c

ri
te

ri
o

n
 h

a
s 

a
 m

in
im

um
 v

a
lu

e
. 

T
h

is
 

m
et

h
o

d
 

i
s

 q
u

it
e

 s
a

ti
s

fa
c

to
ry

 
in

 m
o

st
 

c
a

se
s 

i
f

 c
o

n
ti

n
u

o
u

s 
s

ig
n

a
is

 a
re

 
c

o
n

si
d

e
re

d
. 

In
 o

u
r 

c
a

se
, 

h
o

w
ev

er
. 

w
e 

a
re

 d
ea

l i
n^

 w
it

h
 s

ig
n

a
ls

 w
h

ic
h

 
a

r
e

 
ra

th
e

r 
d

is
c

r
c

~
e

 
v

a
ry

in
g

 i
n

 t
im

e 
th

a
n

 c
o

n
ti

n
u

o
u

s.
 

A
p

p
li

c
a

ti
o

r.
 o

f 
th

e
 q

u
a

d
ra

ti
c

 
c

rr
n

r 
c

ri
te

ri
o

n
 o

n
 

th
e

se
 d

is
c

re
te

 s
ig

n
a

ls
, 

w
h

er
e 

o
n

ly
 

th
e

 a
m

p
li

tu
d

e
 o

f 
th

e
 

s
ig

n
a

l 
is

 t
a

k
e

n
 

in
to

 a
c

c
o

u
n

t,
 l

e
a

d
s 

to
 b

ad
 

rc
s

u
lt

s
 

(i
lu

p
It

es
C

3
J.

 
k

li
'G

n
I&

J)
. 

T
o 

n
c

h
ic

v
e

 a
 

re
a

li
s

ti
c

 m
u

tu
al

 
re

se
m

b
la

n
c

e
 

o
f 

-h
e 

d
is

c
re

te
 s

ig
n

a
ls

 i
t 

tu
rn

e
d

 
o

u
t 

to
 b

e
 v

e
ry

 
e

s
s

e
n

ti
a

l 
to

 d
e

fi
n

e
 t

h
e

 e
rr

o
r 

c
ri

te
ri

o
n

 n
o

t 
o

n
 t

h
e

 a
re

p
li

tu
d

e
 

o
n

ly
, 

b
u

t 
a

ls
o

 o
n

 
th

e
 t

h
e

 i
n

s
ta

n
ts

 o
f 

c
h

a
n

g
e

s 
in

 t
h

e
 a

m
p

li
tu

d
e

 o
f 

th
e

 
c

o
rr

e
c

t 
io

n
 

si
g

n
a

l.
 

A
 

s
im

il
a

r 
p

ro
b

le
m

 a
ri

n
c

s
 i

n
 t

h
e

 c
o

m
p

ar
is

o
n

 
o

f 
th

e
 o

th
e

r 
q

u
a

n
ti

ta
ti

v
e

 
o

u
tp

u
t 

o
f 

th
e

 w
d

e
l 

an
d 

th
e

 h
um

an
 

su
p

e
rv

is
o

r,
 

v
iz

. 
th

e
 s

e
r

ir
s

 o
f 

o
b

se
rv

a
ti

o
n

 a
c

ti
o

n
s.

 
H

er
e 

o
n

ly
 t

h
e

 t
h

e
 i

n
s

ta
n

ts
 a

r
e

 o
f 

c
o

n
c

e
rn

, 
an

d
 

th
e

 a
m

p
li

tu
d

e
s 

a
re

 o
f 

n
o

 
im

p
o

rt
a

n
c

e
. 



As
 
a
 
r
e
s
u
l
t
 
o
f
 t
h
c
 
c
o
n
s
i
d
e
r
a
t
i
o
n
s
 
g
i
v
e
n
 
a
h
o
v
e
,
 
w
e
 w
o
u
l
d
 
l
i
k
e
 
t
o
 s
u
g
g
e
s
t
 

a
n
 
a
p
p
r
o
a
r
h
 
t
o
 
t
h
e
 
p
r
o
b
l
e
m
 
o
f
 
c
o
m
p
a
r
i
s
o
n
 o

f
 t
h
e
 m
o
d
e
l
 
an
d 

t
h
e
 '
,u
rn
an
 

s
u
p
e
r
v
i
s
o
r
,
 v
hi
cl
r 

is
 
b
a
s
e
d
 
o
n
 
t
h
e
 
f
o
l
l
o
w
i
n
g
 r
r
i
t
e
r
i
o
n
 e
1e
nv
:n
ts
: 

- t
h
e
 
i
n
s
t
a
n
t
s
 
in
 
t
i
m
e
 w
h
c
r
e
 
t
h
e
 o
b
s
e
r
v
e
r
 
a
c
t
-
i
o
n
s
 a
r
c
 
t
a
k
e
n
 

(
r
c
l
a
t
e
d
 

t
o
 t
h
e
 
r
e
l
e
v
a
n
t
 
s
u
b
m
e
c
h
a
n
i
s
n
 
o
f
 

f 
e 
d
e
c
i
s
i
o
n
-
m
a
k
i
n
e
 p
ar
t 

of
 
t
h
e
 

mo
de
l)
, 

- t
h
e
 
i
n
s
t
a
n
t
s
 
in
 
t
i
m
e
 w
h
e
r
e
 
c
o
n
t
r
o
l
l
e
r
 
a
c
t
i
o
n
s
 a
r
e
 
L
a
k
e
n
 
(
a
l
s
o
 r
e
l
a
t
e
d
 

t
o
 t
h
e
 d
e
r
i
s
i
o
n
-
m
a
k
i
n
g
 
pa
rt
 

OK
 
t
h
e
 m
o
d
e
l
,
 
bu
t 

n
o
w
 
L
o
 
t
h
e
 
o
t
h
e
r
 
s
u
b
-
 

me
ch
a~
ri
sn
).
 

- 
t
h
c
 i
-.
z~
pl
it
ia
Je
s 
o
f
 t
h
e
 c
o
r
r
e
c
t
i
o
n
 
s
i
g
n
a
l
s
 
(
r
e
l
a
t
e
d
 
t
o
 t
h
e
 c
o
n
t
r
o
l
l
e
r
 

pa
rt
 
of
 
ti
re
 

m
d

e
l)

. 
T
h
i
s
 
a
p
p
r
o
a
r
h
 
h
a
s
 
t
h
e
 8
dv
an
ta
y.
c 
o
f
 
a
 d
i
r
e
c
t
 
c
o
u
p
l
i
n
g
 o
f
 t
h
e
 
r
e
l
e
v
a
n
t
 

p
a
r
t
s
 
o
f
 
t
h
e
 
m
d
c
l
 w
i
t
h
 
e
a
c
h
 
o
f
 
Lh
a 

e
l
e
m
e
n
t
s
 o
f
 
tl
ic
 
c
r
i
t
e
r
i
o
n
.
 
Al
so
, 

a
l
o
n
g
 
tl
ri
s 

l
i
n
e
,
 
t
h
e
 
i
n
d
i
v
i
d
u
a
l
 
co
ns
id
er
at
io
rr
 h
e
c
o
m
r
s
 p
o
s
s
i
b
l
e
 o
f 

t
h
e
 

d
i
f
f
e
r
e
n
t
 
a
s
p
e
c
t
s
 
o
f
 
t
h
c
 r
e
s
e
m
h
l
a
n
c
e
 
of
 
t
h
e
 
s
u
p
e
r
v
i
s
o
r
 a
n
d
 
t
h
e
 m

d
e
l
.
 

A
 
c
o
n
s
c
q
u
e
n
r
i
 
o
f
 
t
h
e
 d
i
s
t
i
n
c
t
i
o
n
 
h
c
t
w
f
e
n
 
t
h
e
 d
i
f
f
e
r
e
n
t
 a
s
p
e
c
t
s
 
i
s
 
t
h
e
 

i
n
t
r
o
d
u
c
t
i
o
n
 
o
f
 a
 v
rc
-L
or
 v
a
l
u
r
d
 
c
r
i
~
e
r
i
o
n
 f
u
n
c
t
i
o
n
 
(
e
.
~
.
 S
t
e
w
a
r
d
,
 

K
a
v
a
n
a
u
g
h
.
 
B
r
o
c
k
e
r
 

T5
 I), 

w
h
i
c
h
 
c
o
m
p
l
i
c
a
t
e
s
 
t
h
e
 p
a
r
a
m
e
t
e
r
 o
p
t
i
m
i
s
a
t
 i
on
 

p
r
o
c
e
d
u
r
e
.
 
On
 
t
h
e
 o
t
h
e
r
 
h
a
n
d
,
 
t
h
e
 
i
s
o
l
a
t
i
o
n
 o
f 

t
h
e
s
e
 d
i
f
f
e
r
e
n
t
 
a
s
p
e
c
t
s
 

a
n
d
 
t
h
e
 d
i
r
e
c
t
 
r
e
l
a
t
i
o
n
 w
i
t
h
 
t
h
e
 
r
e
l
a
t
e
d
 
p
a
r
t
s
 
o
f
 
t
h
e
 m
o
d
e
l
 
o
f
S
e
r
s
 t
h
e
 

p
o
~
~
s
i
b
i
l
i
t
y
 

of
 
a
 
s
u
c
c
e
s
s
i
v
e
 o
p
t
i
m
i
z
a
t
i
o
n
 
o
f
 
e
a
c
h
 o
f 

t
h
e
 p
a
r
a
m
e
t
e
r
s
 

i
r
~
v
o
l
v
r
d
,
 w
h
i
c
h
 
c.
m 

be
 
p
e
r
f
o
r
m
e
d
 
o
u
t
s
i
d
e
 
t
h
c
 
lo
op
. 

A
s
s
m
i
n
g
 
a
 g
i
v
e
n
 m
o
d
e
l
 

o
f
 
t
h
e
 o

b
u
e
r
v
r
r
/
r
e
c
o
n
s
t
~
c
t
o
r
 pa
rt
 
o
f
 
t
h
e
 w

d
e
l
,
 
t
h
e
 
t
h
r
e
s
h
o
l
d
 v
a
l
u
e
s
 

n
f 
t
h
e
 d
c
c
i
s
i
o
n
-
m
a
k
i
n
g
 
pa
rt
 
r
e
l
e
v
a
n
t
 
t
o
 t
h
e
 o
b
s
e
r
v
e
r
 
a
c
t
i
o
n
s
 c
a
n
 b
e
 

h
)
 

a
d
i
u
s
t
c
d
 
t
o
 a
c
h
i
e
v
e
 
a
 
be
st
 
f
i
t
 
o
f
 
t
h
e
 m
c
a
s
u
r
e
d
 
s
e
r
i
e
s
 o
f
 
i
n
s
t
a
n
t
s
.
 
nr
en
. 

g 
h
a
v
i
n
g
 a
v
a
i
l
a
b
l
e
 
t
h
c
 
e
s
t
i
m
a
t
e
 
o
f
 
t
h
e
 s
t
a
t
e
 o
f
 
t
h
e
 
s
u
p
e
r
v
i
s
e
d
 s
y
s
t
e
m
 

g
r
n
c
r
a
t
c
d
 h

y
 
:h
e 

c
o
n
h
i
n
a
t
i
o
n
 
o
f
 
t
h
c
 o
b
s
e
r
v
e
r
l
r
e
c
u
n
~
t
r
u
c
t
o
r
 p
ar
t 

o
f
 t
ir
e 

mo
de
: 

a
n
d
 
t
h
e
 o
p
t
i
m
i
z
e
d
 
s
e
r
i
e
s
 
of
 
o
b
s
e
n
a
t
i
o
n
 
a
c
t
i
o
n
s
,
 t
h
e
 p
r
o
c
e
d
u
r
e
 c
a
n
 

b
c
 
r
e
p
e
a
t
e
d
 
w
i
t
h
 
r
r
~
a
r
d
 t
o
 t
h
e
 
i
n
s
t
a
n
t
s
 o
f
 
c
o
n
t
r
o
l
l
c
r
 a
c
t
i
o
n
s
 a
n
d
 
t
h
e
 

o
t
h
e
r
 
t
h
r
e
s
h
o
l
d
 
v
a
l
u
e
s
.
 
f
i
n
a
l
l
y
.
 
t
h
e
 b
e
s
t
 
fi
t 

of
 
t
h
e
 a
m
p
l
i
t
u
d
e
s
 o
f
 
t
h
e
 

s
e
l
e
c
t
i
o
n
 
of
 
t
h
e
 

o
b
s
e
r
v
e
r
l
r
e
c
o
n
s
~
r
u
c
t
o
r
 

o
p
t
i
c
~
i
z
a
t
l
o
n
 o
f
 
t
h
e
 

t
i
m
e
 
i
n
s
t
a
n
t
s
 o
f
 

o
b
s
e
r
v
a
t
i
o
n
 
t
h
r
e
s
h
o
l
d
s
 

I I
 

o
b
s
e
r
v
a
t
i
o
n
 a
c
t
i
o
n
s
 

t
i
m
e
 
i
n
s
t
a
n
t
s
 o
f 

co
rr
tr
ol
le
r 
ac
t 
i
o
n
s
 

-
1
-
 

pa
ra
tc
c;
er
s 

of
 
t
h
c
 

a
%
p
l
i
t
u
d
c
s
 

vF
 

c
o
n
t
r
o
l
l
e
r
 
p
a
r
t
 
o
f
 

-
o
r
r
e
c
t
i
o
n
 s
i
g
n
a
l
 

-- 
-
 

L
 

c
o
r
r
e
c
t
i
o
n
 
si
fi
na
ls
 c
a
n
 
be
 
o
b
t
a
i
n
e
d
 
by
 
a
d
j
u
s
t
m
e
n
t
 
of
 
t
h
e
 p
a
r
a
m
e
t
e
r
s
 i
n
 

t
h
e
 c
o
n
t
r
o
l
l
e
r
 
pa
rt
. 

If
 
n
e
r
e
s
s
a
r
y
,
 
t
h
e
 p
r
o
c
e
d
u
r
e
 c
a
n
 b
c 

i
t
e
r
a
t
e
d
 f
o
r
 t
h
e
 

a
d
j
u
s
t
m
e
n
t
 o
i
 
t
h
e
 p
a
r
a
m
e
t
e
r
s
 
of
 
ti
rc
 
o
b
s
e
r
v
c
r
/
r
e
c
o
n
s
t
r
u
c
t
o
r
 p
a
r
t
 
of
 
t
h
e
 

d
e
l
 (
sc
c 

Fi
g.
 
2)
. 

T
h
e
 
s
u
c
c
e
s
s
i
v
e
 
p
a
r
a
m
e
t
e
r
 
o
p
t
i
m
i
z
a
t
i
o
n
 
pr
oc
ed
ur
e.
 
a
s
 w
e
l
l
 
as
 
t
h
e
 c

c
m
 

b
i
n
e
d
 
o
p
t
i
m
i
z
a
t
i
o
n
 
of
 t
il
e 

t
o
t
a
l
 
se
t 

of
 
p
a
r
a
n
e
t
e
r
n
 
in
 
t
h
e
 v
e
c
t
o
r
 v
a
l
u
e
d
 

c
r
i
t
e
r
i
o
n
 
f
u
n
c
t
i
o
n
 a
r
e
 n
o
w
 
b
e
i
n
g
 
te
st
ed
. 

F
o
r
 
t
h
e
 o
p
t
i
m
i
n
a
t
i
o
n
 o
f
 t
h
e
 

v
e
c
t
o
r
 v
a
l
u
e
d
 
c
r
i
t
e
r
i
o
n
 
f
u
n
c
i
i
o
n
 I
re
 
m
a
k
c
 
u
s
e
 
o
f
 a

 r
a
n
d
o
n
 s
e
a
r
c
h
 m
e
t
h
o
d
 

(S
te
wa
rd
. 

K
u
v
a
n
a
u
g
h
,
 
B
r
o
c
k
e
r
 
[S
l)
. 

w
h
i
c
h
 
a
v
o
i
d
s
 s
o
m
e
 r
m
p
l
i
c
a
t
i
o
n
s
 
a
s
 

e
n
c
o
u
n
t
e
r
e
d
 
i
n
 t
h
e
 a
p
p
l
i
c
a
t
i
o
n
 
of
 
g
r
a
d
i
e
n
t
 
te
ch
ni
qu
es
. 

l
i
k
e
 t
e
r
m
i
n
a
t
i
o
n
 

of
 
t
h
e
 p
r
o
c
e
d
u
r
e
 
i
n
 
l
o
c
a
l
 n
in
ir
ea
 
a
n
d
 
t
h
e
 c
o
n
c
c
p
r
u
r
l
 p
r
o
b
l
c
m
 o
f
 
t
h
e
 n
o
n
-
 

e
x
i
s
t
e
n
c
e
 o
f
 
t
h
e
 d
u
r
i
v
a
t
i
v
c
s
 
f
o
r
 
s
o
=
&
 
p
a
r
a
m
e
t
e
r
s
.
 

7
. 

An
 

a
p

p
l

i
~

t
i

o
n

 
of
 

th
e 

m
od

eZ
Z

ir
zg

 e
m

w
ep

i.
 

T
h
e
 m
o
d
e
l
 
d
i
s
c
u
s
s
e
d
 
b
e
f
o
r
e
 
h
a
s
 b
ee

s 
a
p
p
l
i
e
d
 t
o
 a
 
s
i
m
p
l
e
 s
u
p
e
r
v
i
s
o
r
y
 

t
a
s
k
 i
n
 
a
6
c
c
.
i
-
a
u
t
c
m
n
t
i
c
 c
o
n
t
r
o
l
 
s
i
t
u
a
t
i
o
n
 
(
s
e
e
 F
ig
. 

3).
 

F
o
r
 
a 
g
i
v
e
n
 
s
y
s
t
m
.
 

v
h
i
c
h
 
i
s
 d
i
s
t
u
r
b
e
d
 b
y 

no
is
e.
 
t
h
e
 q
u
a
l
i
t
y
 o
u
t
p
u
t
 
yj
(t
) 

m
u
s
t
 
b
c
 
s
u
p
e
r
v
i
s
e
d
 

by
 
t
h
e
 i
~
u
m
a
n
 o
p
e
r
a
t
o
r
.
 
T
h
e
 m
o
m
e
n
t
a
r
y
 
v
a
l
u
e
 
o
f
 
t
h
i
s
 q
u
a
n
t
i
t
y
 c
a
n
n
o
t
 b
e
 

o
b
s
e
r
v
e
d
 
c
o
n
t
i
r
~
u
o
u
s
l
y
 b
y 

t
h
e
 
s
d
p
e
r
v
i
s
o
r
,
 b
u
t
o
n
h
i
s
 
r
e
q
u
e
s
t
,
 
vi
l:
 
be
 
s
a
m
p
l
e
d
 

a
n
d
 
b
e
c
o
m
e
 
a
v
a
i
l
a
b
l
e
 
t
o
 h
im
. 

H
o
w
e
v
e
r
,
 
t
h
e
s
e
 r

~
m
p
l
e
s
 a
r
e
 d
e
l
a
y
e
d
 
i
n
 t
i
m
e
 

d
u
e
 
t
o
 p
r
o
c
e
s
s
i
n
g
 
a
n
a
l
y
s
i
s
.
 
T
h
e
 
o
t
h
e
r
 
s
y
s
t
m
l
 o
u
t
p
u
t
 
y2
(t
) 

is
 
t
h
e
 i
e
c
d
b
a
c
k
 

s
i
~
~
1
a
l
 

f
o
r
 
t
h
e
 
a
u
t
o
m
a
t
i
c
 
c
o
n
t
r
o
l
l
c
r
,
 e
n
d
 
is
 
a
l
s
o
c
t
.
s
c
r
v
e
J
b
y
 t
h
e
 s
iz
pe
rv
is
of
. 

nr
c 

o
u
t
p
u
t
 
Y-
,(
L)
 

i
s
 
r
e
l
a
t
e
d
 
t
o
 t
h
e
 q
u
a
l
i
t
y
 y
l(
t)
. 

bu
t 

i
s
 m
o
r
e
 
c
o
r
r
u
p
t
e
d
 

by
 
n
o
i
s
e
.
 
u
s
i
n
g
 
t
h
e
 
a
v
a
i
l
a
b
l
e
 
i
n
f
o
r
m
a
t
i
o
n
.
 
t
h
c
 
s
u
p
e
r
v
i
s
o
r
 m
u
s
t
 
n
a
k
e
 
p
r
o
p
e
r
 

a
d
j
u
s
t
m
e
n
t
s
 
t
o
 t
h
e
 
se
t 
p
o
i
n
t
s
 
o
f
 
t
l
~
e
 a
u
t
o
m
a
t
i
c
 c
ot
&r
ol
ie
r 

in
 
o
r
d
e
r
 
t
o
 

m
a
i
n
t
a
i
n
 
a
 g
o
o
d
 
q
u
a
l
i
t
y
.
 
A
l
s
o
,
 
t
a
k
i
n
g
 i
n
t
o
 c
o
n
s
i
d
e
r
a
t
i
o
n
 t
h
o
 C
O
Z
L
S
 
3
f
 

s.
mp
li
ng
, 

h
e
 m
u
s
t
 
d
e
c
i
d
e
 w
h
e
t
h
e
r
 
o
r
 n
o
t
 
t
o
 a
s
k
 
f
o
r
 a
 n

ew
 
s
a
m
p
l
e
 t
o
 o
b
t
a
i
n
 

m
o
r
e
 
a
c
c
u
r
a
t
e
,
 
b
u
t
 
d
e
l
a
y
e
d
,
 
i
n
f
o
r
m
a
t
i
o
n
.
 

I
n
 t
h
e
 
e
x
p
c
r
i
m
n
t
a
l
 
s
e
t
-
u
p
 
a
 d
i
g
i
t
a
l
 c
o
m
p
u
t
e
r
 
i
s
 u
s
e
d
 
t
o
 s
i
m
u
l
a
t
e
 t
h
c
 

s
y
s
t
e
m
 a
n
d
 
t
o
 g
e
n
e
r
a
t
e
 
t
h
e
 
s
i
g
n
a
l
s
.
 
Th
e 

s
u
b
j
e
c
t
 s
i
t
s
 b
e
h
i
n
d
 a
 p
a
n
e
l
,
 
v
h
e
r
e
 

t
h
e
 
i
n
f
o
r
m
a
t
i
o
n
 
i
s
 d
i
s
p
l
a
y
e
d
 
a
n
d
 
t
h
e
 s
e
t
 
p
o
i
n
t
s
 c
a
n
 b
e 

a
d
j
u
s
t
e
d
.
 
T
o
 
m
a
i
d
 

b
o
r
e
d
o
m
,
 
t
w
o
 s
y
s
L
e
m
s
 
of
 
t
h
e
 s
a
m
e
 
c
h
a
r
a
c
t
e
r
 a
r
e
 
t
o
 b
c
 
s
u
p
e
r
v
i
s
e
d
 s
i
m
u
l
t
t
n
r
c
u
s
l
y
 

by
 
t
h
e
 
s
u
b
j
e
c
t
.
 
F
o
r
 
t
h
i
s
 s
i
t
u
a
t
i
o
n
,
 w
h
i
c
h
 
is
 
c
m
o
n
l
y
 f
o
u
n
d
 
i
n
 i
nd
us
tr
y.
 



f
o
r
 i
c
s
t
m
c
e
 
in
 r

l
~

c
:

 i 
.a
1 
yl
ar
!!
:.
, 

3
 
mu
de
l 

is
 p
o
s
t
u
l
a
t
r
d
 
f
o
r
 t
h
e
 d
e
s
c
r
i
p
t
i
o
n
 

of
 
t
h
e
 
su
pe
rv
is
or
'.
 
:
,
=
h
a
v
i
r
-
.
 \
+i
ic
h 
is
 
t
a
s
c
d
 
o
n
 t
h
e
 c
o
n
c
e
p
t
s
 e
i
v
e
n
 b
ef
or
e:
 

- 
U
s
i
n
z
 t
h
e
 
in
fc
r:
;.
it
 
io
n 
ah
. 

*: 
y,
(t
) 

a
n
d
 
Li
ke
 
la
: 
t
 s
a
m
p
l
e
 y
l(
tk
) 

t
h
e
 s
u
p
e
r
-
 

v
i
s
o
r
 w
i
l
l
 m
a
k
e
 a
n 
cs
ti
aa
t.
' 

E(
t.

3 
o
f
 
t
h
e
 
s
t
a
i
r
 x
(t
) 

o
f
 t
h
e
 s
ys
te
m.
 
T
h
e
 

v
a
r
i
a
n
c
e
 o
f
 
t
h
e
 
I 
h
t
i
i
.
a
  T

I 
.:
rs
or
 
of
 
t
h
i
s
 c
s
:
i
~
a
t
e
 l
~
i
l
l
 b
e
 d
et
er
ln
in
ed
 b
y 
t
h
e
 

u
n
c
e
r
t
a
i
n
t
i
e
s
 I

n
 

tl
,,

 
c5
se
rv
cc
l 
y
u
a
n
t
i
l
i
e
s
 a
nd
 
by
 
t
h
e
 
t
i
m
e
 e
l
a
n
s
e
d
 
s
i
n
c
e
 t
he
 

l
a
s
t
 s
a
m
l
i
l
i
n
~
 in
s:
 .,

:lr
. 

- 
D
e
p
e
n
d
i
n
a
 o
n
 t
1.
c 
%r
me
rv
is
.,
ry
 
ta
sk
 
tn
 h
e
 
pe
rf
or
me
d.
 
t
h
e
 v
a
l
u
e
 o
f 
t
h
e
 

e
s
t
i
m
a
t
e
 o
f
 t
h
e
 
s
t
a
t
c
,
 a
nd
 

th
e

 
In
r.
.e
r:
ni
nL
y 

o
f
 t
h
i
s
 e
s
t
i
m
a
t
e
,
 t
h
e
 s
u
p
e
r
v
i
s
o
r
 

w
i
l
l
 
m
a
k
c
 
t
w
o
 k
i1
7d
n 
o
f
 d
e
c
i
s
i
o
n
s
:
 

a)
 
D
z
c
i
s
i
u
n
s
 t
o 
.t
r.
k 
f
o
r
 a
 n
e
w
 s

n
m

p
lc

 
of
 
t
h
e
 q
u
a
l
i
r
y
 
s
i
g
n
a
l
,
 t
a
k
i
n
g
 
i
n
t
o
 

a
c
c
o
u
n
t
 L
hc
 
co
r.
Ls
 o
f 
s
m
p
l
i
n
e
 (
o
b
s
c
r
v
a
t
i
o
n
 a
c
t
i
o
n
 d
cc
is
io
n)
. 

b)
 
D
r
c
i
z
i
o
n
s
 t
o 
ad
ju
st
 
a
 n
e
w
 s
et
 
p
o
i
n
t
 
;o
r 

t
h
e
 a
u
t
o
m
a
t
i
c
 c
o
n
t
r
o
l
l
e
r
 (
co
n-
 

t
r
o
l
l
e
r
 z
ct
io
ii
 d
ec
is
io
n)
. 

- 
If
 
t
h
e
 s
u
p
e
r
v
i
s
o
r
 h
a:
; 

d
r
c
i
d
e
d
 
to
 c
o
r
r
e
c
t
 
th
e 

s
e

t 
p
o
i
n
t
 o
f
 t
h
o
 c
o
n
t
r
o
l
l
e
r
,
 

k
c
 w
i
l
l
 
s
e
l
e
c
t
 
a
 n
e
w
 v
a
l
u
e
 u
s
i
n
g
 h
i
s
 
jn
fo
rn
nt
!n
n 

o
n
 t
h
e
 e
s
t
i
m
a
r
e
 %
(t
) 

of
 
t
h
e
 

s
t
a
t
e
 o
f
 
t
h
e
 s
y
s
t
e
m
.
 

T
h
c
 s
ys
te
n:
 t
h
r
o
r
e
t
i
c
 e
v
a
l
c
a
t
i
o
n
 o
f 
th
c 
d
i
f
f
e
r
e
n
t
 
p
a
r
t
s
 o
f
 
th
e 
m
o
d
e
l
 w
i
l
l
 

n
o
t
 b
e
 f

i
v
~
n
 in
 
de
ta
il
. 
W
e
 ~

n
l
y
 g
i
v
e
 
s
o
m
e
 p
.f
ue
ra
l 
c
o
m
m
e
n
t
s
.
 

T
h
e
 o
hs
er
ve
rl
rc
ro
r.
,t
ru
ct
or
 
pa
rr
 
o
f
 t
he
 m
o
d
e
l
 
co
n-
,i
st
s 
o
f
 a
n
 o
p
t
i
m
a
l
 
fu
ll
- 

o
r
d
e
r
 o
b
s
e
r
v
e
r
 
0.
al
nl
on
 f
i
l
t
e
r
)
 a
c:
in
~ 

o
n

 
th
e 
co
nt
in
rr
ou
sl
y 
av
ai
la
bl
e 
o
u
t
p
u
t
 

y2
(t
).
 

T
i
~
r
 s
a
m
p
l
e
d
 o
bs

er
va

ti
on

 y
l(
tk
).
 

w
h
i
c
h
 
h
e
c
o
m
e
s
 a
v
a
i
l
a
b
l
e
 a
t 
t
i
n
e
 t
k
+
e
,
 

wi
le
re
 

fj
 
is
 
th
y 
pr
@c
r:
.s
in
g 
t
i
~
s
e
 d
r
l
a
y
,
 i
s 
as
si
~r
.i
la
te
d i
n 
t
h
e
 
f
i
l
t
e
r
 b
y 

s
e
t
t
i
n
g
 i
t 
b
a
c
k
 
in
 
ti
me
, 
P
I
-
o
c
e
s
s
 t
h
e
 a
dd
il
ic
!!
.~
l 

(l
ow
 n
oi
se
) 

i
n
f
o
r
r
~
t
i
o
n
 

r
e
s
u
l
t
i
n
p
,
 i
n 
a
 
b
e
t
t
e
r
 e
s
t
i
w
t
e
 
P(
tl
;)
, 

a
n
d
,
 o
n
c
c
 a

~
a
i
n
,
 u
s
e
 y
2(
t)
 

in
 

rl
te

 
i
n
t
e
r
v
a
l
 
(t
k.
tk
+O
) 

to
 
a
r
r
i
v
e
 a
t 

n
 
he
tt
ei
- 
e
s
t
i
~
n
a
t
e
 %(
tk
+g
).
 

Th
en
. 

un
ti
l 

n
 

N
 

C
 

n
e
w
 s
a
m
p
l
e
 b
e
c
o
m
e
s
 
a
v
a
i
l
a
b
l
e
,
 t
h
e
 
f
i
l
t
e
c
 r
c
m
t
i
n
u
e
s
 i

~
s
 

a
c
t
i
o
n
 u

s 
in

^ 
yz
(t
).
 

,I
 

Y
h
e
 r
c
s
u
l
t
 
is
 
?n
 o
p
t
i
m
a
l
 e
s
t
i
m
a
t
e
 f
(t
) 

o
i
 t
hc
 
s
t
a
t
e
 o
f 
t
h
e
 
s
y
s
t
c
m
,
 w
h
i
c
h
 

i
s
 c
o
n
t
i
n
u
o
u
s
l
y
 a
v
a
i
l
a
b
l
e
 a
l
o
n
g
 v
i
t
h
 
i
t
s
 e
r
r
o
r
 v
ar
ia
nc
e.
 
F
r
c
m
 t
h
i
s
 e
s
t
i
m
a
t
e
 

%(
t)
 

o
f
 
th
e 
s
t
a
t
e
 a
ls
v 
an
 r
s
t
i
n
a
t
c
 9
1(
t)
 

O
F 
t
h
e
 q
u
a
l
i
t
y
 o
u
t
p
u
t
,
 a
n
d
 
i
t
s
 

e
r
r
o
r
 v
a
r
i
a
n
c
e
.
 
a
r
e
 d
er
iv
ed
 
u
s
i
n
8
 t
h
e
 
s
y
s
l
c
m
 o
u
t
p
u
t
 
e
q
u
a
t
i
o
n
.
 

T
h
e
 d
e
c
i
s
i
o
n
-
m
a
k
i
n
g
 p
ar
r.
 o
f 

r
h
e
 m
od
el
 
w
a
s
 
d
e
s
i
g
n
e
d
 a
c
c
o
r
d
i
n
g
 t
o 
t
h
e
 

g
e
n
e
r
a
l
 o
c
t
l
i
u
e
 g
iv
en
 
in
 
s
e
c
t
i
o
n
 4
. 
T
h
i
s
 m
e
a
n
s
 
th
at
 
a
 d
e
c
i
s
i
o
n
 r
u
l
e
 w
a
s
 

i
n
t
r
o
d
u
c
e
d
 
b
a
s
e
d
 
o
n
 h

 h
e 
e
s
t
i
m
a
t
e
 9
 (
t)
 
a
n
d
 
i
t
s
 e
r
r
o
r
 v
a
r
i
a
n
c
e
 r
e
s
u
l
t
i
n
g
 

in
 
t
h
e
 d
e
c
i
s
i
o
n
s
 
to
 a
s
k
 
f
o
r
 a
 n
c
u
l
s
a
m
p
l
e
,
 a
nd
 
a
n
o
t
h
e
r
 d
e
c
i
s
i
o
n
 r
u
l
e
 h
a
s
o
d
 

o
n
 t
h
e
 n
e
w
 s
et
 
po
in
t 
va
lu
r 

ro
 m
a
k
e
 t
h
e
 n
e
c
e
s
s
a
r
y
 c
o
r
r
e
c
t
i
o
n
 o
n
 t
h
e
 q
u
a
l
i
t
r
 

o
u
t
p
u
t
 
r
e
s
u
l
t
i
n
g
 i
n 
th
e 
d
e
c
l
s
i
o
n
s
 t
o
 c
h
a
n
g
e
 t
h
e
 
se
t 
po
in
ts
. 
T
h
e
 
t
h
r
e
s
h
o
l
d
 

v
a
l
u
e
s
 i
n
 t
!~
e 
d
e
c
i
s
i
o
n
 r
u
l
e
s
 a
r
e
 
t
h
e
 p
a
r
a
m
e
t
e
r
s
 o
f
 
th
e 
d
e
c
i
s
i
o
n
-
m
a
k
i
n
g
 

p
a
r
t
 
o
f
 t
h
e
 m
d
e
l
.
 

F
o
r
 t
h
e
 c
o
n
t
r
o
l
l
e
r
 p
ar
t 
of
 
t
h
e
 m
9
d
e
l
 w
e
 m
a
d
e
 u
s
e
 o
f
 a
 c
o
n
t
r
o
l
 
s
t
r
a
t
e
g
y
 

w
h
i
c
h
 
is
 b
't
se
d 
o
n
 
th
c 
r
o
r
r
e
c
t
i
o
n
 o
f 
t
h
e
 p
e
r
c
e
i
v
e
d
 d
e
v
i
a
t
i
o
n
 o
f
 t
he
 
q
u
a
l
i
t
y
 

o
u
t
p
u
t
 
o
f
 t
h
e
 
s
y
s
t
e
m
 h
y 
a
 n
e
w
 s
e
t
 p
oi
nt
 
v
a
l
u
e
 w
h
i
c
h
 
i
s
 h
e
l
d
 
c
o
n
s
t
a
n
t
 o
v
e
r
 

a
 
c
e
r
t
a
i
n
 
(m
in
im
um
) 
pe
ri
od
 
o
i
 t
.i
np
. 
T
h
e
 
i
e
n
g
t
h
 o
f
 
t
h
i
s
 t
i
m
e
 p
er
io
d 

is
 t
h
e
 

p
a
r
a
m
e
t
e
r
 o
f
 
t
h
e
 c
o
n
t
r
o
l
l
e
r
 p
ar
t 
o
f
 t
h
e
 m
od
e?
. 

F
o
r
 t
h
e
 p
ar
ti
c1
1l
:l
r 
e
x
p
e
r
i
m
e
n
t
a
l
 s
e
t
-
u
p
 
t
h
e
 d
i
m
e
n
s
i
o
n
 o
f 

t
h
e
 s
t
a
t
e
 x

(t
) 
is
 

t
h
r
e
e
,
 t
h
e
 o
u
t
p
u
t
s
 y
l(
t)
 
an
d 
yt
(t
) 

an
d 
t
h
e
 s
e
t
 p
o
i
n
t
 
s
i
g
n
a
l
 a
r
e
 o
n
e
-
d
i
m
e
n
-
 

s
i
o
n
a
l
,
 s
n
d
 
t
h
e
 s
y
s
t
c
n
 d
is

tu
rb

an
ce

s 
a
r
e
 t
wo
-d
in
en
si
on
al
. 

50
 
t
h
e
 m
o
d
e
l
 

i
n
c
l
u
d
e
s
 o
n
l
y
 
t
h
r
e
e
 p
ar
am
et
er
s 

(t
uo
 
tb
i-
es
ho
ld
 p
a
r
a
m
e
t
e
r
s
 
in
 t
h
e
 d
c
c
i
s
i
o
n
-
 

m3
l.
in
g 

p
a
r
t
,
 
an
d 
o
n
e
 
in
te
rv
nl
 
l
e
n
e
t
h
 p
a
r
a
m
e
t
e
r
 
in
 
th
e 
c
o
n
t
r
o
l
l
e
r
 p
or
t)
. 

f
o
r
 t
h
e
r
e
 a
r
e
 n
o
 p
nr
an
ie
te
rs
 i
n
v
o
l
v
c
d
 i
n 
t
h
e
 o
b
s
e
~
e
r
/
r
e
c
o
n
s
t
r
u
c
t
o
r
 pa
rt
. 

b
e
i
n
g
 a
l
m
~
s
t
 ~
c
l
;
r
.
p
l
€
k
~
l
y
 

d
e
t
e
r
m
<
n
c
t
 L
y
 t
h
e
 
g
i
v
e
n
 s
y
s
t
e
m
 p
i
r
a
m
e
t
e
r
s
,
 
t
h
e
 

n
o
i
s
e
 
c
h
a
r
a
c
t
e
r
i
s
t
i
c
s
 o
f 
th
e 
s
y
s
t
e
m
 d
i
s
t
u
r
b
a
n
c
e
s
,
 a
n
d
 
th
e 
p
r
e
s
c
r
i
h
e
d
 o
p
t
i
m
a
l
 

o
b
s
c
r
v
e
r
 a
l
p
r
i
t
h
n
s
.
 
T
h
e
 o
nl
y 
un
de
te
r~
r.
iu
ed
 p
a
r
a
m
c
t
e
r
s
 c
i
 t
h
e
 o
b
s
c
r
v
c
r
l
 

re
co
n.
tr
ui
:o
r 

pa
rt
 
ar
c 
t
h
~
 

i
n
t
e
n
s
i
t
i
e
s
 o
: 

ti
12
 o
b
s
.
-
r
v
s
t
i
o
n
 n
o
i
s
e
s
 
in
 y
l(
t)
 

en
d 
y2
(t
),
 

t
h
e
 f
i
r
s
t
 o
f
 w
h
i
c
h
 
is
 t
a
k
e
n
 t
o
 h
e
 z
e
r
o
 a
n
d
 t
h
e
 o
t
h
e
r
 i
s
 a
s
s
i
p
p
e
d
 

a
 v
a
l
u
e
 p
r
o
p
o
r
t
i
o
n
a
l
 t
o
 t
h
e
 v
a
r
i
a
n
c
e
 o
f
 
th
e 
o
b
s
t
r
v
c
d
 q
u
a
n
t
i
t
y
 i
t
s
e
l
f
 

(O
,O
ln
Vy
Z,
ac
co
rd
in
g 
to
 
th
e 
e
s
p
e
r
i
n
e
n
t
a
l
d
a
t
a
 ~
f
 R
ar
on
. 

Kl
ei
nm
an
. 

Le
vi
so
rl
ll
).
 

No
 m
o
t
o
r
 n
n
i
s
e
 h
a
s
 b
e
e
n
 
i
n
c
l
u
d
e
d
 
in
 t
h
e
 m
d
e
l
,
 s
o
 n
o
 p
a
r
a
m
e
t
e
r
s
 a
r
e
 n
e
e
d
e
d
 

t
o
 c
h
a
r
a
c
t
e
r
i
z
e
 t
h
i
s
 n
oi
se
. 

T
h
e
 p
r
i
n
c
i
p
l
e
 o
f
 t
h
e
 a
d
j
u
s
t
n
r
n
t
 o
f
 t
h
e
 p
a
r
a
m
e
t
e
r
s
 t
o
 m
a
t
c
h
 t
h
e
 &
el
 

o
u
t
p
u
t
n
 w
i
t
h
 
th
e 
su
pe
rv
is
or
's
 
o
u
t
p
u
t
s
 w
a
s
 d
e
s
c
r
i
b
e
d
 
in
 s
e
c
t
i
o
n
 6
. 

A
 t
h
r
e
e
 

d
i
m
e
n
s
i
o
n
a
l
 v
e
c
t
o
r
 v
a
l
u
e
d
 
cr
it
er
io
n.
 
d
e
f
i
n
c
d
 
on
 
t
h
e
 s
e
t
 p
oi
nt
 
v
a
l
u
e
s
 a

nd
 
t
h
e
 

m
o
m
e
n
t
s
 o
f
 d
e
c
i
s
i
o
n
 t
o
 t
a
k
e
 o
b
s
e
r
v
e
r
 a
c
t
l
-
n
s
 
w
d
 c
o
~
i
t
r
o
l
l
e
r
 ac
ti
on
s.
 
w
a
s
 

o
p
t
i
m
i
z
e
d
 u
s
i
n
g
 a
 r
a
n
d
o
m
 s
e
a
r
c
h
 m
e
t
h
o
d
.
 
Se
nc
 r
e
s
u
l
t
6
 o

n
 
t
h
e
 o
u
t
p
u
t
s
 o
f
 t
h
e
 

m
o
d
e
l
 
a
r
e
 p
,i
ve
n 
i
n
 F
ig
.4
, 

w
h
i
c
h
 
s
h
o
w
s
 t
ha
t 
a
 
8-
d 

f
l
t
 o
f
 t
h
e
 s
up
er
vi
so
r'
s 

b
e
h
a
v
i
o
r
 c
a
n
 b
e
 a
ch
ie
ve
d.
 
S
i
m
i
l
a
r
 r
e
s
u
l
t
s
 c
ou
ld
n'
t 

be
 o
b
t
a
i
n
e
d
 u
s
i
n
g
 r

 
o
n
e
-
d
i
m
e
n
s
i
o
n
a
l
 o
p
t
i
m
i
z
a
t
i
o
n
 c
r
i
t
e
r
i
o
n
 f
o
r
 t
h
e
 p
e
r
a
a
e
t
e
r
 a
dj
us
tm
en
t.
 
Al
so
. 

t
e
s
t
i
n
g
 a
 w

d
e
l
 b
a
s
e
d
 
o
n
 t
h
e
 a
c
c
e
p
t
a
t
i
o
n
 o
f
 a
 q
u
a
d
r
a
t
i
c
 p
e
r
f
o
r
m
a
n
r
e
 
i
n
d
e
x
 

f
o
r
 t
h
e
 I
md
el
li
ll
g 
of
 
t
h
e
 s
u
p
e
r
v
i
s
o
r
y
 t
n
s
k
,
 t
h
e
 r
e
s
u
l
t
i
n
g
 s
e
t
 p
oi
nt
 v
a
r
i
a
t
i
o
n
s
 

s
h
o
v
e
d
 s
u
c
h
 a
 c
o
m
p
l
e
t
e
 d
i
f
f
e
r
e
n
t
 
c
h
a
r
a
c
t
e
r
 t
ha
t 
n
o
 s
o
o
d
 
f
i
t
 o
f
 t
h
e
 d
a
t
a
 

c
o
u
l
d
 b
e
 
o
b
t
a
i
n
e
d
 
(H
up
kc
s 

T
31

, 
B
e
l
i
i
n
 r

41
).

 

-
 hla

u
n
 s
u
p
e
r
v
i
s
o
r
 

I0
]s
rt
-p
oi
nt
 

v
a
l
u
e
 
(V
) 

(m
in
ut
es
) 

u
a
l
i
t
y
 o
u
t
p
u
t
 y
,(
t)
 

A
 





TH
E 

H
W

A
N

 
AS

 
A

 
D

ET
EC

TO
R

 
OF

 
CH

A
N

G
ES

 
IN

 
V

A
R

IA
N

C
E

 
A

N
D

 
BA

N
D

W
ID

TH
 

R
en

w
ic

k 
E

. 
C

u
rr

y
 

NA
SA

 
A

m
es

 
R

es
ea

rc
h

 
C

e
n

te
r 

n
o

ff
e

tt
 

F
ie

ld
, 

CA
 

T.
 

G
o

v
in

d
a

ra
j 

C
o

o
rd

in
at

ed
 

S
c

ie
n

c
e

 L
a

b
o

ra
to

ry
 

U
n

iv
e
rs

it
y

 
o

f 
Il

li
n

o
is

 
U

rb
an

a,
 

IL
 

A
b

st
ra

c
t 

T
he

 
h

u
m

an
s'

s 
fu

n
c

ti
o

n
 

in
 

th
e

 
c

o
n

tr
o

l 
o

f 
p

ro
c

e
ss

e
s 

is
 

s
h

if
ti

.~
g

 t
o

w
ar

d
 

a 
su

p
e

rv
is

o
ry

 o
r 

m
o

n
it

o
ri

n
q

 
ro

le
 w

it
h

 
th

e
 a

d
v

e
n

t 
o

f 
in

c
re

a
si

n
g

 
au

to
m

at
io

n
. 

O
ne

 
o

f 
th

e
 

fu
n

c
ti

o
n

s 
o

f 
a

 
m

o
n

it
o

r 
is

 
th

e
 

d
e

te
c

ti
o

n
 

o
f 

c
h

a
n

g
e

s 
o

r 
fa

il
u

re
s

 i
n

 t
h

e
 c

h
a

ra
c

te
ri

s
ti

c
s

 o
f 

th
e

 r
an

do
m

 
p

ro
c

e
ss

. 
In

 
th

is
 p

ap
er

 
w

e 
c

o
n

si
d

e
r 

th
e

 
d

e
te

c
ti

o
n

 
o

f 
.*

 
c

h
a

n
g

e
s 

in
 r

an
do

m
 

p
ro

c
e

ss
 v

a
ri

a
n

c
e

 a
n

d
 

b
an

d
w

id
th

. 
P

sy
ch

o
p

h
y

si
ca

l 
C

 
u

 
th

re
sh

o
ld

s 
fo

r 
th

e
se

 t
w

o 
p

a
ra

m
e

te
rs

 
w

er
e 

d
et

er
m

in
ed

 
u

si
n

g
 

an
 

a
d

a
p

ti
v

e
 s

ta
ir

c
a

s
e

 t
e

c
h

n
iq

u
e

 
fo

r 
se

co
n

d
 

o
rd

e
r 

ra
nd

om
 p

re
c

e
ss

e
s 

a
t

 
tw

 n
o

m
in

al
 

p
e

ri
o

d
s 

(1
 a

n
d

 
3

 s
e

c
o

n
d

s)
 

an
d 

d
am

p
in

g
 

ra
ti

o
s

 
(8

.2
 

an
d

 
8

.7
9

7
).

 
T

h
re

sh
o

ld
s 

fo
r 

b
an

d
w

id
th

 
ch

an
g

es
 w

er
e 

a
p

p
ro

x
im

a
te

ly
 

9
t 

o
f 

n
o

m
in

al
 

e
x

c
e

p
t 

fo
r 

th
e

 
(3

se
c

.8
.2

) 
p

ro
c

e
ss

 w
h

ic
h

 y
ie

ld
e

d
 

th
re

s-
 

h
o

ld
s 

o
f 

1
2

t.
 

V
ar

ia
n

ce
 

th
re

sh
o

ld
s 

av
er

ag
ed

 
1

7
1

 o
f 

n
o

m
in

al
 

e
x

c
e

p
t 

fo
r 

th
e

 
O

se
c

.8
.2

) 
p

ro
c

e
ss

 
in

 w
h

ic
h

 
th

e
y

 
w

er
e 

32
8.

 
D

e
te

c
ti

o
n

 
ti

m
e

s 
fo

r 
su

p
ra

th
re

sh
o

ld
 c

h
a

n
g

e
s 

in
 t

h
e

 p
a

ra
m

e
te

rs
 m

ay
 

b
e 

ro
u

g
h

ly
 

d
e

sc
ri

b
e

d
 b

y 
th

e
 c

h
an

g
es

 
in

 R
U

S
 
v

e
lo

c
it

y
 o

f 
th

e
 p

ro
c

e
ss

. 
A

 
m

or
e 

co
m

p
le

x
 

m
od

el
 

is
 

p
re

se
n

te
d

 
w

h
ic

h
 

c
o

n
s

is
ts

 o
f 

a
 

K
al

m
an

 
F

il
te

r 
d

e
si

g
n

e
d

 
fo

r 
th

e
 n

o
m

in
al

 
p

ro
c

e
ss

 u
si

n
g

 v
e

lo
c

it
y

 a
s

 t
h

e
 i

n
p

u
t,

 
an

d 
a

 
m

d
if

ie
d

 
W

al
d 

se
q

u
e

n
ti

a
l 

te
s

t 
fo

r 
ch

an
g

es
 

in
 t

h
e

 v
a

ri
a

n
c

e
 o

f 
th

e
 r

e
si

d
u

a
l.

 
T

he
 

m
od

el
 

p
re

d
ic

ti
o

n
s 

a
g

re
e

 m
o

d
e

ra
te

ly
 

w
e

ll
 

w
it
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i
s

 a
d

d
e

n
. 

T
h

is
 

i
s

 d
u

e
 

in
 p

a
rt

 
to

 t
h

e
 

in
c

re
a

s
e

d
 

s
e

rv
ic

e
 

ti
m

e
 

u
h

e
n

 
th

e
 

c
o

n
tr

o
l 

ta
s

k
 

i
s

 
p

re
s

e
n

t.
 

Y
o

w
e

ve
r,

 
la

ra
e

r 
s

e
rv

ic
e

 
ti

m
e

 
a

lo
n

e
 

d
o

e
s

 
n

o
t 

a
s

c
o

u
n

t 
fo

r
 

a
l

l
 o

f 
th

e
 

in
c

re
a

s
e

 i
n

 w
a

it
in

g
 

ti
m

e
. 

T
h

e
 

c
o

n
tr

a
1

 t
a

s
k

 
a

ls
o

 a
ff

e
c

ts
 
th

e
 

re
s

p
o

n
s

e
 

ti
m

e
. 

T
h

is
 

i
s

 t
h

e
 

q
~

~
e

ir
e

in
~

 
e

ff
e

c
t.

 
o

f
 
th

e
 

c
o

n
tr

o
l 

ta
s

k
 

"c
u

s
to

m
e

rs
w

 o
r 

th
e

 s
u

b
s

~
s

tz
m

 s
e

rv
ic

e
 ,

,e
rf

o
rm

a
n

ce
. 

T
h

is
 

e
ff

e
c

t 
i

s
 a

ls
o

 
o

n
ly

 
7

 
fu

n
c

ti
d

n
 

o
f 

th
e

 
m

e
re

 
p

re
s

e
n

c
e

 
o

f 
th

e
 

c
o

n
:r

o
l 

ta
s

k
, 

ra
th

e
r 

tk
a

n
 

th
e

 
c

o
n

tr
o

l 
ta

s
k

 
d

if
fi

c
u

lt
y

, 
ac

. 
u

a
s

 
th

e
 e

ff
e

c
t 

o
n

 
s

e
rv

ic
e

 t
im

e
. 

F
a

ls
e

 
a

la
re

s
 

(T
a

b
la

 
3)

 
S

e
n

d
 

to
 

o
c

c
~

lr
 le

s
s

 
fr

e
q

u
e

n
tl

y
 

w
it

h
 

in
c

re
a

s
in

d
 

c
o

n
tr

o
l 

ta
s

k
 

d
if

fi
c

u
lt

y
 

a
n

d
 

e
v

e
n

t 
a

r
r

iv
a

l 
ra

te
. 

W
he

n 
th

e
 

c
o

n
tr

o
l 

ta
s

k
 

w
as

 
a

rr
s

e
n

t,
 

fe
u

 
fa

ls
e

 
a

la
rm

s
 

u
e

re
 

m
zd

e
; 

m
a

n
y 

o
f 

th
o

s
e

 
w

h
ic

h
 

o
c

c
u

rr
e

d
 

w
e

re
 

p
ro

b
a

b
ly

 
s

im
p

ly
 

ty
p

in
p

 
m

is
ta

k
e

s
 

m
ad

e 
i

n
 r

e
s

p
o

n
s

e
 

t
o

 
r
e

a
l 

s
u

b
s

y
s

te
m

 
e

v
e

n
ts

 
(

th
is

 c
o

u
ld

 
n

o
t 

h
e

 
d

e
te

c
te

d
).

 
F

a
ls

e
 a

la
rm

s
 w

a
s

te
d

 
o

n
 

th
e

 o
rd

e
r 

o
f 

1 
s

e
c

. 
o

f
 t

im
e

, 
a

n
d

 
p

ro
b

a
b

ly
 

h
a

d
 

in
s

ig
n

if
ic

a
n

t 
e

ff
e

c
t 

r
q

 
s

u
b

s
y

s
te

m
 
t.

a
n
k 

p
e

rf
o

rm
a

n
c

e
. 

1
n

:o
rr

e
c

t 
a

c
ti

o
n

s
 

(T
a

b
le

 
4
)
 

te
n

d
e

d
 

to
 

in
c

re
a

s
e

 
u

it
h

 
s

u
b

s
y

s
te

m
 

e
v

e
n

t 
a

r
r

iv
a

l 
ra

te
, 

b
u

t 
sh

o
w

e
d

 
n

o
 

c
o

n
s

is
te

n
t 

v
a

ri
a

ti
o

n
 

u
it

h
 
c

o
n

tr
o

l 
ta

s
k

 
d

if
fi

z
u

lt
v

. 
In

c
o

rr
e

c
t 

a
c

ti
o

n
s

 
a

re
 

s
i~

n
if

ic
a

n
t

 b
e

c
a

u
s

e
, 

o
n

 
th

e
 

a
v

e
ra

a
e

, 
o

n
e

-h
a

lf
 

th
e

 
a

v
e

ra
g

e
 

s
e

rv
ic

e
 

ti
a

e
 

i
s

 
w

a
s

te
d

. 
F

u
rt

h
e

rm
o

re
, 

o
n

c
e

 
a

n
 

in
c

o
rr

e
-t

 
a

c
ti

o
n

 
i

s
 

m
a
d
e
, 

th
e

 
p

il
o

t
 

c
a

n
 

s
w

it
c

h
 

t
o

 
a

 
h

ip
h

e
r-

p
ri

o
ri

ty
 

e
v

e
n

t,
 

w
it

h
o

u
t 

c
o

m
p

le
ti

n
p

 
th

e
 

d
ia

a
n

o
s

ti
c

 
a

lr
e

a
d

y
 

b
e

g
u

n
. 

T
h

is
 

c
o

rr
tr

ib
u

te
s

 
u

n
e

v
e

n
ly

 
t

o
 

th
e

 
w

a
it
 i
n
^ 

ti
m

e
 

a
c

ro
s

s
 

th
e

 
su

b
sy

st
.e

m
s;

 
s

u
c

h
 

a
n

 
o

c
c

u
rr

e
n

c
e

 
a

u
ri

n
a

 
s

e
rv

ic
e

 
o

f 
s

u
b

s
y

s
te

?
l 

6
, 

fo
r

 
e

x
a

m
p

le
, 

m
ia

h
t 

r
e

s
u

lt
 

i
n

 t
h

a
t 

d
ia

~
n

o
s

ti
c

 a
c

ti
o

n
 

b
e

in
p

 
d

e
la

y
e

d
 

c
o

n
s

id
e

ra
b

ly
, 

w
h

il
e

 
s

im
il

a
r 

p
re

e
m

p
ti

o
n

 d
u

ri
n

f!
 

s
e

rv
ic

e
 o

f
 s

u
b

s
y

s
te

m
 
2
 

w
o

u
ld

 
n

o
t 

r
e

s
u

lt
 

i
n

 
a

s
 

?
o

n
e

 
a

 
d

e
la

v
. 

T
h

e
 

im
p

a
c

t 
o

f
 

th
e

 
in

c
o

rr
e

c
t 

a
c

ti
o

n
s

 
i

s
 

th
u

s
 

t
o

 
in

c
re

a
s

e
 

b
o

th
 

th
e

 
a

v
e

ra
g

e
 

a
n

d
 

s
ta

n
d

a
rd

 d
e

v
ia

ti
o

n
 o

f
 

w
a

it
in

?
 t

iv
e

 f
o

r
 

lo
w

e
r-

o
rt

o
ri

ty
 

p
ro

c
e

s
s

e
s

. 

E
a

ch
 

d
a

ta
 

it
e

m
  

fr
o
^
 

th
e

 r
e

s
l~

it
s

 o
f

 t
h

e
 s

ir
n

u
la

ti
o

n
 t

o
 b
e 

d
is

c
u

s
s

e
d

 
h

e
re

 
i

s
 

b
a

a
e

d
 

o
n

 
1

n
.0

0
0

 
s

im
u

la
te

d
 

e
v

e
n

ts
. 

A
s 

m
ig

h
t 

b
e

 
e

x
p

e
c

te
d

, 
fo

r
 
?
il
l th

re
e

 
s

c
tr

 o
f

 s
im

u
la

ti
o

n
 r

e
s

u
lt

s
, 

th
e

 c
o

m
p

u
te

r 
s

im
u

la
ti

o
n

 
i

5
 m

o
re

 
c

o
n

s
is

te
lt

 
[s

m
a

ll
e

r 
s

ta
n

d
a

rd
 

d
e

v
ia

ti
o

n
) 

th
a

n
 

th
e

 e
x

p
e

ri
m

e
n

ta
l 

s
u

b
je

c
ts

. 

T
a

b
le

 
6
 

sh
o

w
s 

b
o

th
 t

h
e

 e
m

p
ir

ic
a

l 
s

u
b

s
y

s
te

m
 w

a
it

in
g

 t
im

e
 

a
n

d
 

th
e

 
re

s
u

lt
s

 
fr

o
m

 
ri

m
u

la
ti

o
n

 w
o

d
-l

 
1
. 

In
p

u
t 

p
a

ra
m

e
te

rs
 

t
o

 s
im

u
la

ti
o

n
 V

a
d

e
l 

1 
w

rr
e

: 

1
. 

P
ro

b
a

b
il

it
y

 
o

f 
in

c
o

rr
e

c
t 

a
c

ti
o

n
, 

a
iv

e
n

 
.P

a
t 

a
 

s
~

~
b

s
y

s
te

m
 

e
v

e
rt

 
b

a
s

 
o

c
c

u
rr

e
d

. 
T

h
is

 
s

a
s

 
a

p
p

ro
-.

im
a

te
d

 
fr

o
m

 
th

e
 

e
c

p
ir

ic
?

: 
d

a
ta

 
h

y 
d

i
v

i
d

i
n

~
 th

?
 

n
u

m
b

 - 
o

f
 

in
c

o
rr

e
c

t 
a

c
ti

o
n

s
 

b
y

 
th

e
 n

u
m

b
e

r 
o

f
 e

v
e

n
ts

. 

7
. 

F
a

ls
e

 a
la

rm
 a

r
r

iv
a

l 
r

a
te

 a
n

d
 

s
e

rv
ic

e
 

ra
te

. 
T

h
e

 
s

e
rv

ic
e

 
r

a
te

 w
as

 
a

ss
u

m
e

d
 

to
 

b
e
 

fi
v

e
 t

im
e

s
 

th
e

 a
v

e
ra

p
e

 
s

u
b

s
y

s
te

m
 

e
v

e
n

t 
s

e
rv

ic
e

 
r

a
te

 f
o

r
 
th

e
 t

a
s

k
, 

b
e

c
a

u
s

e
 

o
n

ly
 o

n
e

 
o

f
 t

h
e

 
fi

v
e

 
le

v
e

ls
 o

f
 t

h
e

 
c

h
e

c
k

li
s

t 
n

e
e

d
 

b
e

 
s

c
a

n
n

e
d

 
t

o
 r

e
a

li
z

e
 

a
 

fa
ls

e
 a

la
rm

 h
a

s
 

b
e

e
n

 
m

ad
e.

 
T

h
e

 
a

r
r

iv
a

l 
r

a
te

 f
o

r
 

fa
ls

e
 

a
la

rm
s

 
w

as
 

o
b

ta
in

e
d

 
b

y
 

d
iv

id
in

p
r 

th
e

 
n

u
m

b
e

r 
o

f
 

fa
ls

e
 

a
la

rm
s

 
b

y
 

th
e

 t
o

ta
l 

ti
n

e
 d

u
r

i
n

~
 

w
h

ic
h

 
fa

ls
e

 
a

la
rm

s
 
c

o
u

ld
 

o
c

c
u

r.
 

(T
h

e
 

to
ta

l 
ti

m
e

 
d

u
ri

n
p

 
w

h
ic

h
 

fa
lq

e
 a

la
rm

s
 c

o
u

ld
 

o
c

c
u

r 
w

as
 

e
q

u
a

l 
t

o
 

th
e

 
to

t-
1

 
e

la
p

s
e

d
 

ti
a

e
 

m
in

u
s

 
th

e
 

to
ta

l 
ti

m
e

 
s

p
e

n
t 

s
e

rv
ic

in
g

 
fa

ls
e

 
a

la
rm

s
. 

s
in

c
e

 
fa

ls
e

 
a

la
rm

s
 
c

o
u

ld
 n

o
t 

o
c

c
u

r 
u

h
i:e

 
o

n
e

 
w

as
 

b
e

in
g

 s
e

rv
ic

e
d

.)
 

3.
 

S
u

b
s

y
s

te
m

 
e

v
e

n
t 

a
r

r
iv

a
l 

ra
te

, 
o

n
e

 
o

f
 

th
e

 
in

d
e

e
e

n
d

e
n

t 
v

a
ri

a
b

le
s

 
i

n
 t

h
e

 e
x

p
e

ri
m

e
n

t.
 

4.
 

4
v

e
ra

g
e

 
s

u
b

s
y

s
te

m
 

e
v

e
n

t 
s

e
rv

ic
e

 
ra

te
, 

o
b

ta
in

e
d

 
fr

o
m

 
th

e
 

e
m

p
ir

ic
a

l 
s

e
rv

ic
e

 t
im

e
 d

a
ta

. 

5.
 

E
rl

a
n

g
 s

e
rv

ic
e

 
ti

m
e

 
d

is
tr

ib
u

ti
o

n
 

s
h

a
p

e
 

p
a

ra
m

e
te

r 
k,

 
th

e
 

s
q

u
a

re
 

o
f 

th
e

 r
a

ti
o

 o
f

 m
ea

n 
t

o
 s

ta
n

d
a

rd
 

d
e

v
ia

ti
o

n
. 

T
h

is
 

w
a

s 
c

a
lc

u
la

te
d

 
fr

o
m

 
th

e
 

e
m

p
ir

ic
a

l 
s

e
rv

ic
e

 
t'

m
e

 
d

a
ta

 
(T

a
b

le
 

2)
. 

T
h

is
 

v
a

lu
e

 
a

v
e

ra
R

e
d

 
19

 
fo

r
 

th
e

 
m

o
n

it
o

ri
n

g
-o

n
ly

 
ta

s
k

s
, 

a
n

d
 
w

as
 

3 
fo

r
 a

l
l

 o
th

e
r 

ta
s

k
s

. 

A 
s

u
b

s
y

s
te

m
 

e
v

e
n

t 
c

o
u

ld
 

n
o

t 
h

e
 

d
e

te
c

te
d

 
im

m
e

d
ia

te
ly

. 
R

y 
a

v
e

r
a

~
in

g
 th

e
 

m
in

im
u

m
 

ti
m

e
s

 
fr

o
m

 
e

v
e

n
t 

o
c

c
u

rr
e

n
c

e
 

to
 

in
it

ia
l 

re
s

p
o

n
s

e
 

w
h

ic
h

 
u

e
re

 
re

c
o

rd
e

d
 

i
n

 
th

e
 

e
x

p
e

ri
m

e
n

ta
l 

tr
ia

ls
, 

4.
5 

s
e

c
. 

w
as

 
e

s
ti

m
a

te
d

 
a

s
 

th
e

 
a

v
e

ra
a

e
 

ti
a

e
 

a
ft

e
r

 
o

c
c

u
rr

e
n

c
e

 
o

f
 a

n
 

e
v

e
n

t 
b

e
fo

re
 
i
t
 c

o
u

ld
 

b
e

 
d

e
te

c
te

d
. 

I
n

 t
h

e
 

c
o

m
p

u
te

r 
s

im
u

la
ti

o
n

, 
e

v
e

n
ts

 
a

re
 

d
e

te
c

te
d

 
im

m
e

d
ia

te
ly

; 
to

 
a

c
c

o
u

n
t 

fo
r 

th
e

 d
e

te
c

ti
o

n
 t

im
e

 
d

e
la

v
, 

4.
5 

s
e

e
. 

i
s

 r
d

d
rd

 
i

n
 

th
e

 
s

im
u

la
ti

o
n

 
t

o
 

th
e

 
b

a
s

ic
 

w
a

it
in

p
 

ti
m

e
, 

t
o

 
g

iv
e

 
th

e
 

a
d

ju
s

te
d

 w
a

it
in

g
 t

im
e

. 

S
u

m
a

a
ri

z
in

p
 

th
e

 r
e

s
u

lt
s

 f
ro

m
 

P
o

d
e

l 
i
,
 w

h
e

n
 

n
o

 
c

o
n

tr
o

l 
ta

s
k

 
i

s
 p

re
s

e
n

t.
 

th
e

 
m

o
d

e
l 

p
re

d
ic

ti
o

n
s

 
m

a
tc

h
 

th
e

 
e

m
p

ir
ic

a
l 

d
a

ta
 

w
e

ll
. 

8
0

th
 

m
e
a
n
 

a
n

d
 

s
ta

n
d

a
rd

 
d

e
v

ia
ti

o
n

 
o

f
 

w
a

it
in

g
 

ti
m

e
s

 
fo

r
 

in
d

iv
id

u
a

l 
s

u
ts

v
s

te
m

s
 

a
re

 
c

lo
s

e
, 

H
o

w
e

v
e

r,
 

u
h

e
n

 
th

e
 c

o
n

tr
o

l 
ta

s
k

 
i
s

 p
re

s
e

r~
t,

 a
 c

lo
s

e
 m

a
tc

h
 

i
s

 o
b

ta
in

e
d

 
o

n
ly

 



f
o

r
 

th
e

 
h

i
~

h
 

su
b

sy
st

em
 

a
rr

iv
a

l 
r

a
te

 c
o

n
+

it
fo

n
. 

W
it

h 
lo

w
er

 
a

rr
iv

a
l 

ra
te

s
, 

th
e

 
m

od
el

 
p

re
d

ic
ti

o
n

s 
a

re
 

sm
a

ll
e

r 
th

a
n

 
th

e
 

e
m

n
ir

ic
a

l 
re

s
u

lt
s

. 
T

h
is

 
ca

n
 

b
e

 
e

x
p

la
in

e
d

 
in

 t
h

e
 f

o
ll

p
w

in
g

 
w

ay
. 

K
it

h
 

h
iq

h
 

a
rr

iv
a

l 
ra

te
, 

e
v

e
n

ts
 

o
c

c
u

r 
fr

e
q

u
e

n
tl

y
 

an
d

 
m

o
st

 
c

o
n

tr
o

l 
a

c
ti

o
n

s
 

o
re

em
o

t 
su

b
sy

st
em

 
d

ia
e

n
o

s
ti

c
s

 
in

 
p

ro
p

re
ss

. 
T

h
e 

c
o

n
tr

o
l 

ta
s

k
 

e
ff

e
c

t 
is

 
th

e
re

fo
re

 
a

lm
o

st
 

e
n

ti
re

ly
 

in
c

lu
d

e
d

 
in

 
th

e
 

in
c

re
a

se
d

 
s

e
rv

ic
e

 
ti

m
e

 
fo

r 
su

b
sy

st
em

 
e

v
e

n
ts

. 
W

it
h

 
;e

w
er

 
a

rr
iv

a
l 

ra
te

s
, 

a 
s

ip
n

if
ic

a
n

t 
o

o
rt

io
n

 
o

f 
th

e
 

c
o

n
tr

o
l 

s
c

ti
o

n
s

 
ca

n
 

b
e 

p
er

fo
rm

ed
 

w
it

h
o

u
t 

p
re

em
p

ti
n

g
 

su
b

sy
st

em
 

d
ia

g
n

o
st

ic
s,

 
b

u
t 

m
ay

 
in

c
re

a
se

 
th

e
 t

im
e

 
t

o
 

re
sp

o
n

d
 

t
o

 
a 

S
l~

h
S

y
~

te
n

! e
v

e
n

t.
 

T
h

u
s,

 
fo

r 
th

e
 

lo
w

er
 

su
b

sy
st

em
 

e
v

e
n

t 
a

rr
iv

a
l 

ra
te

s
, 

th
e

 
c

o
n

tr
o

l 
ta

s
k

 
is

 
n

o
t 

a
d

e
a

u
a

te
ly

 m
o

d
el

ed
 

a
s

 s
im

p
ly

 a
n

 i
n

c
re

a
se

 i
n

 s
e

rv
ic

e
 t

im
e 

f
o

r
 

su
b

sy
st

em
 e

v
e

n
ts

. 

S
im

u
la

ti
o

n
 

ro
d

e
1

 
2

, 
w

hi
ch

 
u

se
s 

an
 

e
ff

e
c

ti
v

e
 

a
rr

iv
a

l 
r

a
te

 
(s

e
e

 
TH

F 
H

O
D

E
L

) 
t

o
 

a
c

c
o

u
n

t 
fo

r 
tn

e
 

c
o

n
tr

o
l 

ta
s

k
, 

p
ro

d
u

ce
d

 
a 

go
od

 
m

at
ch

 
to

 e
m

~
ir

ic
a

l d
a

ta
 

(s
e

e
 T

a
b

le
 7

).
 

T
h

e 
si

m
u

la
ti

o
n

 
in

p
u

t 
p

a
ra

m
e

te
rs

 
a

r
e

 
th

e
 

sa
m

e 
a

s
 

th
o

se
 

ab
o

v
e,

 
e

x
c

e
p

t 
th

a
t 

an
 

e
ff

e
c

ti
v

e
 

a
rr

iv
a

l 
r

a
te

 o
f 

su
b

sy
st

em
 

e
v

e
n

ts
 

Xe
ffe

ct
iv

e 
= 

c
tu

a
l 

+ 
A

)I
 

is
 u

se
d

 
in

st
e

a
d

 o
f

 t
h

e
 a

c
tu

a
l 

a
r

r
l

v
a

~
 ra

te
. 

+
 

w
as

 
o

b
ta

in
e

d
 

by
 

v
a
ry

 i
n
^
 
A

)L
 

u
n

ti
l 

a 
c

lo
s

e
 

f
i

t
 

t
o

 F
fi

e 
e

m
p

ir
ic

a
l 

w
a

it
in

g
 

ti
m

e
 

d
a

ta
 

w
as

 
fo

u
n

d
. 

(S
in

c
e

 M
od

el
 

1
 a

ro
d

u
ce

d
 

an
 a

d
e

o
u

a
te

 f
i

t
 t

o
 e

m
~

ir
ic

a
?

 
d

a
ta

 
fo

r 
tn

e
 

h
ig

h
 

a
rr

iv
a

l 
r

a
te

 
c

o
n

d
it

io
n

s.
 

th
e

 
e

ff
e

c
ti

v
e

 
a

rr
iv

a
l 

r
a

te
 w

as
 

o
n

ly
 

co
m

pu
te

d 
fo

r 
lo

w
 

an
d

 
m

ed
iu

m
 

a
rr

iv
a

l 
N

 
r
l
 

ra
te

s
, 

b
o

th
 

si
m

p
le

 
an

d 
co

m
p

le
x

 
~

a
o

s
.)

 T
he

 
v

a
ri

o
u

s 
v

a
lu

e
s 

o
f 

A
A

 
w

er
e 

av
er

ap
ed

 
(

to
 g

iv
e

 0
.0

0
9

5
).

 
an

d
 

th
is

 e
v

e
ra

a
e

 
u

se
d

 
t

o
 c

a
lc

u
la

te
 t

h
e

 e
ff

e
c

ti
v

e
 a

rr
iv

a
l 

r
a

te
s

 u
se

d
 

t
o

 p
ro

d
u

ce
 t

h
e

 
re

s
u

lt
s

 s
u

m
sa

-i
ze

d
 

in
 T

a
b

le
 7

. 

T
h

e 
re

s
u

lt
s

 o
f 

si
m

u
la

ti
o

n
 W

od
e?

 
3 

a
re

 s
ho

w
n 

in
 T

a
h

le
 8

. 
T

h
e 

p
ro

b
a

b
il

it
y

 
o

f 
in

?
o

rr
e

c
t 

a
c

ti
o

n
, 

fa
ls

e
 

a
la

rm
 

a
rr

iv
a

l 
r

a
te

 a
n

d
 s

e
rv

ic
e

 r
a

te
, 

an
d

 
su

b
sy

st
em

 
e

v
e

n
t 

a
rr

iv
a

l 
r

a
te

 a
re

 
th

e
 

sa
m

e 
o

a
ra

m
e

te
rs

 
a

s
 

fo
r 

Y
o

d
el

 
1.

 
T

he
 

su
b

sv
st

em
 

e
v

e
n

t 
s

e
rv

ic
e

 
r

a
te

 w
as

 
th

e
 

a
v

e
ra

g
e

 
o

f 
th

e
 

th
re

e
 

ra
te

s
 

o
b

ta
in

e
d

 
fr

o
m

 
th

e
 

b
a

se
li

n
e

 
m

o
n

it
o

ri
n

p
-o

n
ly

 
ta

sk
s.

 
T

h
e 

E
rl

an
fz

 s
h

a
p

e
 

p
a

ra
m

e
te

r 
k 

w
as

 
th

e
 a

v
e

ra
g

e
 o

f 
th

e
 t

h
re

e
 v

a
lu

e
s 

o
b

ta
in

e
d

 f
o

r 
th

e
 m

o
n

it
o

ri
n

g
-o

n
ly

 
ta

sk
s.

 

T
h

e 
a

rr
iv

p
l 

r
a

te
 o

f 
c

u
st

o
m

e
rs

 i
n

 t
h

e
 c

o
n

tr
o

l 
ta

s
k

 q
u

eu
e 

A 
w

as
 

c
a

lc
u

la
te

d
 

fr
o

m
 

th
e

 
nu

m
be

r 
3

f 
d

is
ti

n
c

t 
c

o
n

tr
o

l 
a

c
tf

o
n

s 
co

u
n

te
d

 
(N

 
)
, 

th
e

 e
la

p
se

d
 

ti
m

e
 

of
' 

th
e

 c
o

rr
e

sp
o

n
d

in
g

 
tr

ia
ls

 (
T

e)
, 

an
d

 
t

6
~

 
a

v
e

ra
g

e
 d

u
ra

ti
o

n
 o

f 
th

e
 c

o
n

tr
o

l 
a

c
ti

o
n

s
 

(T
d

) 
(

a
ll

 e
m

p
ir

ic
a

l 
q

u
a

n
ti

ti
e

s
) 

u
s 

in
^:

 

(A
c

tu
a

ll
y

, 
o

c
ly

 
a

il
e

ro
n

 
c

o
n

tr
o

?
 

in
p

u
ts

 
w

er
e 

co
u

n
te

d
; 

e
lc

v
a

to
r 

in
p

u
ts

 
w

er
e 

in
fr

e
q

u
e

n
t 

an
d

 
o

f 
~

h
o

r
t

 d
u

ra
ti

o
n

 
co

m
p

ar
ed

 
to

 a
fl

e
ro

q
 i

n
n

u
ts

. 
S

e
e

 
F

ip
u

re
 
8
 

fo
r 

e
n

 
ex

am
p?

e 
o

f 
a

il
e

ro
n

 c
c

n
tr

o
l 

in
p

u
t 

v
s.

 
ti

m
e

 
f

o
r

 o
n

e
 t

r
ia

l.
)

 
T

he
 

s
e

rv
ic

e
 

r
a

te
 f

o
r 

th
e

 c
o

n
tr

o
l 

ta
s

k
 

q
u

eu
e 

w
as

 
v

a
ri

e
d

 
u

n
ti

l 
c

lo
s

e
 

f
i

t
s

 
t

o
 e

m
p

ir
ic

a
l 

w
a

it
in

g
 

ti
m

e
 

a
v

e
ra

g
e

s 
(a

c
ro

ss
 

a
ll

 s
u

b
sy

st
e

m
s)

 
w

er
P

 
o

b
ta

i~
e

d
. 

T
he

 
s

e
rv

ic
e

 r
a

tp
s

 
fo

r 
si

m
p

le
 

m
ap

 
w

er
e 

th
e

n
 

a
v

e
ra

g
e

d
, 

a
s

 
w

e
ll

 
a

s
 t

h
o

y
e

 
fo

r 
th

e
 c

o
m

p
le

x
 

m
ao

. 
9

n
 

E
r

l
a

n
~

 

sh
a

p
e

 p
a

ra
m

e
te

r 
K 

o
f 

2
 

w
as

 
u

se
d

 
'o

r 
th

e
 c

o
n

tr
o

?
 

ta
s

k
 

q
u

eu
e 

s
e

rv
ic

e
 

ti
m

e
 

d
is

tr
ib

u
ti

o
n

. 
T

h
e

se
 

v
a

lu
e

s 
w

er
e 

u
se

d
 

to
 

p
ro

d
u

ce
 t

h
e

 r
e

s
u

lt
s

 s
ho

w
n 

in
 T

a
b

le
 8

. 

I
t 

is
 

im
p

c
rt

a
n

t 
t

o
 n

o
te

 
th

a
t 

th
e

 
re

s
u

lt
s

 
o

b
ta

in
e

d
 

f
o

r
 

th
is

 
th

ir
d

 
m

o
d

el
 

w
er

e 
h

a
se

d
 o

n
 

th
e

 a
ss

u
m

p
ti

o
n

 
th

a
t 

c
o

n
tr

9
1

 
ta

s
k

 s
e

rv
ic

e
 r

a
te

 d
o

e
s 

n
o

t 
v

a
rv

 w
it

h
 s

u
h

sy
st

em
 e

v
e

n
t 

a
rr

iv
a

l 
ra

te
. 

T
h

is
 

as
su

m
p

ti
o

n
 

m
ay

 
h

e
 

in
a

p
p

ro
p

ri
a

te
. 

Y
ow

ev
er

. 
i

f
 

c
o

n
tr

o
l 

ta
s

k
 

s
e

rv
ic

e
 

r
a

te
 

v
a

ri
e

s
 

w
it

h
 

b
o

th
 

c
o

n
tr

o
l 

ta
s

k
 

d
if

fi
c

u
lt

y
 

an
d

 
su

b
sy

st
em

 
e

v
e

n
t 

s
rr

iv
a

l 
ra

te
, 

o
n

e
 

c
o

u
ld

 
a

rb
it

ra
ri

ly
 

m
at

ch
 

a
lm

o
st

 
an

y
 

d
a

ta
. 

W
ha

t 
is

 
n

ee
d

ed
 

is
 

a 
m

et
ho

d 
o

f
 d

e
te

rm
in

iw
 t

h
e

 c
o

n
tr

o
l 

ta
s

k
 s

e
rv

ic
e

 r
a

te
 d

ir
e

c
tl

y
 

fr
o

m
 

th
e

 
c

o
n

tr
o

l 
si

g
n

a
ls

. 
T

h
is

 
i
s

 
th

e
 

p
o

s
t 

im
p

o
rt

a
n

t 
e

x
te

n
si

o
n

 
n

ee
d

ed
 

by
 

th
is

 q
u

e
u

e
in

g
 m

o
d

el
. 

SU
M

M
AR

Y 
AN

D 
C

O
N

C
LU

SI
O

N
S 

T
h

e 
s

u
it

a
b

il
it

y
 o

f 
th

re
e

 a
lt

e
rn

a
ti

v
e

 q
u

e
u

e
in

p
 m

o
d

el
s 

o
f 

th
e

 
f

li
a

h
t 

m
an

ag
em

en
t 

s
it

u
a

ti
o

n
 

w
as

 
in

v
e

st
ie

a
te

d
, 

an
d

 
th

e
 

re
s

u
lt

s
 

p
re

se
n

te
d

. 
A

tt
e

n
ti

o
n

 
w

as
 

fo
c

u
se

d
 

o
n

 
p

re
d

ic
ti

n
e

 
p

il
o

t 
p

er
fo

rm
an

ce
 

in
 t

h
e

 s
u

b
sy

st
e

n
 m

o
n

it
o

ri
n

*
 

ta
sk

. 
I

n
 t

h
e

 
f

ir
s

t 
m

o
d

el
, 

th
e

 
su

b
sy

st
em

 
m

o
n

it
o

ri
n

g
 

ta
s

k
 

w
as

 
e

x
p

li
c

it
ly

 
m

o
d

el
ed

 
a

s
 a

 
W

/E
k/

l:K
PR

P/
N

/W
 

q
u

e
u

e
in

e
 

sy
st

em
. 

T
h

e 
c

o
n

tr
o

l 
p

o
rt

io
n

 
o

f 
th

e
 t

a
s

k
 w

as
 

in
c

lu
d

e
d

 
in

 t
h

e
 e

m
p

ir
ic

a
l 

su
b

sy
st

em
 

e
v

e
n

t 
s

e
rv

ic
e

 
ti

m
e

, 
w

h
ic

h
 

in
c

re
a

se
d

 
w

he
n 

th
e

 
c

o
n

tr
o

l 
ta

s
k

 
w

as
 p

re
se

n
t.

 
T

h
is

 m
o

d
el

 
a

d
e

q
u

a
te

ly
 p

re
d

ic
te

d
 

th
e

 s
u

b
sy

st
e

m
 

e
v

e
n

t 
w

a
it

in
p

 
ti

m
e

 
p

er
fo

rm
an

ce
 

o
n

ly
 

fo
r 

th
e

 
ta

s
k

s
 

w
it

h
 

h
ig

h
e

st
 

a
rr

iv
a

l 
ra

te
s

. 

T
h

e 
se

co
n

d
 

m
o

d
el

 
a

c
c

o
u

n
te

d
 

fo
r 

th
e

 c
o

n
tr

o
l 

p
o

rt
io

n
 

o
f

 
th

e
 

ta
s

k
 

(w
it

h
 

lo
w

 
an

d 
m

ed
iu

m
 

a
rr

iv
a

l 
ra

te
s

) 
b

y
 

u
si

n
g

 
an

 
e

ff
e

c
ti

v
e

 a
rr

iv
a

l 
r

a
te

 f
o

r
 s

u
b

sy
st

em
 

e
v

e
n

ts
. 

B
y 

a
d

d
in

g
 

a
n

 
in

c
re

m
e

n
t 

o
f 

a
rr

iv
a

l 
r

a
te

 t
o

 t
h

e
 a

c
tu

a
l 

e
v

e
n

t 
a

rr
iv

a
l 

ra
te

, 
th

e
 e

m
p

ir
ic

a
l 

w
a

it
in

g
 

ti
m

e
 

p
er

fo
rm

an
ce

 
c

o
u

ld
 

b
e

 
p

re
d

ic
te

d
 

s
a

ti
s

fa
c

to
ri

ly
 

by
 

co
m

p
u

te
r 

si
m

u
la

ti
o

n
. 

H
ow

ev
er

. 
us

in
k?

 
a

n
 

e
ff

e
c

ti
v

e
 

a
rr

iv
a

l 
r

a
te

 
le

a
v

e
s 

m
uc

h 
t

o
 b

e
 

d
e

s
ir

e
d

 
fr

o
m

 
th

e
 

p
o

in
t 

o
f 

v
ie

w
 o

f 
w

h
at

 
is

 p
h

y
si

c
a

ll
y

 h
ap

p
en

in
g

 i
n

 t
h

e
 o

v
e

ra
ll

 
ta

sk
. T

h
e 

th
ir

d
 

m
o

d
el

 
in

c
o

rp
o

ra
te

d
 

th
e

 
c

o
n

tr
o

l 
ta

s
k

 
a

s
 

a 
se

p
a

ra
te

, 
s

p
e

c
ia

l 
q

u
eu

e 
w

h
ic

h
 

co
u

'l
 

p
re

em
p

t 
su

b
sv

st
em

 e
v

e
n

t 
s

e
rv

ic
e

 
w

h
en

ev
er

 
a 

cu
st

o
m

er
 

a
rr

iv
e

d
. 

T
h

e 
ta

s
k

 
w

as
 

th
u

s
 

m
o

d
el

ed
 a

s
 a

 
K

/E
k/

l:
PR

P/
N

/W
 

q
u

eu
ei

n
g

 
sy

st
em

. 
An

 
e

s
ti

m
a

te
 o

f
 

th
e

 a
rr

iv
a

l 
r

a
te

 f
o

r 
c

o
n

tr
o

l 
ta

s
k

 
q

u
eu

e 
c

u
st

o
n

e
rs

 w
as

 
m

ad
e.

 
T

h
e 

s
e

rv
ic

e
 

r
a

te
 f

o
r 

th
e

 c
o

n
tr

o
l 

ta
s

k
 w

as
 u

se
d

 a
s

 a
 

f
it

ti
n

e
 

p
ar

am
et

er
. 

9
y

 
v

a
ry

in
g

 
t

h
i

~
 

p
a

ra
m

e
te

r 
in

 t
h

e
 

s
tn

u
la

ti
o

n
, 

a 
re

a
so

n
a

b
le

 f
i
t
 t

o
 e

m
p

ir
ic

a
l 

d
a

ta
 w

as
 

o
b

ta
in

e
d

. 

T
h

e 
th

re
e

 
ro

d
e

ls
 

p
re

se
n

te
d

 
re

p
re

se
n

t 
su

c
c

e
ss

iv
e

 
re

fi
n

e
m

e
n

ts
 

in
 

a
n

 
a

tt
e

m
p

t 
t

o
 i

n
c

o
rp

o
ra

te
 

th
e

 
c

o
n

tr
o

l 
te

s
k

 
in

to
 t

h
e

 q
u

e
u

e
in

g
 m

o
d

el
 

o
f 

th
e

 
fl

ig
h

t 
n

an
aR

ea
en

t 
s

it
u

a
ti

o
n

. 
T

h
e 

su
b

sy
st

em
 

m
o

n
it

o
rf

n
p

 
ta

s
k

 w
as

 
e

a
s

il
y

 
fo

rm
u

la
te

d
 

u
si

n
g

 a
 

q
u

eu
ei

n
g

 
d

e
sc

ri
p

ti
o

n
. 

an
d

 
it

s
 

b
a

s
ic

 
re

p
re

se
n

ta
ti

o
n

 
w

as
 

th
e

 
sa

m
e 

in
 

a
ll

 
th

re
e

 
m

od
el

 
re

fi
n

e
m

e
n

ts
. 

T
h

e 
th

ir
d

 
m

o
d

el
 



r
e

f
in

e
~

e
n

t 
-1
0s
' 

c
lo

s
e

ly
 

a
o

o
ro

a
c

h
e

s 
th

e
 

re
a

l 
s

it
u

a
ti

o
n

 
w

it
h

 
re

s
p

e
c

t 
to

 
re

p
re

s
e

n
ta

ti
o

n
 

o
f 

th
e

 
c

o
n

tr
o

l 
an

d
 

su
b

sy
st

e
m

 
3

o
n

it
o

ri
n

k
 

ta
s

k
s

; 
i
t
 

is
 

th
e

re
fo

re
 

in
tu

it
iv

e
ly

 
a

p
p

e
a

li
n

g
 

:a
:t

,h
0

1
~

~
5

 th
e

 c
o

n
tr

o
l 

ta
s

k
 

p
a

ra
m

e
te

rs
 

a
re

 n
o

t 
w

e
ll

-d
e

fi
n

e
d

).
 

T
he

 
g

o
a

l 
o

f 
th

is
 

re
s
e

a
rc

9
 

w
as

 
to

 
d

e
te

rm
in

e
 

i
f

 
a 

q
u

e
u

e
in

a
 

sc
de
: 

w
o
u
l4

 
p

ro
v

id
e

 
an

 
a

d
e

q
u

a
te

 
d

e
s

c
ri

p
ti

o
n

 
o

f 
p

il
o

t 
d

e
c

is
i~

n
 m

a 
ki

n^
 

in
 

a 
m

u
lt

i-
ta

sk
, 

c
o

n
tr

o
l 

an
d
 

m
o

n
it

o
ri

n
g

 
s

it
u

a
ti

o
n

. 
R

ea
so

n
ab

le
 

p
re

d
ic

ti
o

n
s

 o
f 

p
er

fo
rm

an
ce

 
of

 
th

e
 

su
h

sy
st

e
fl

 t
a

s
k

 
w

er
e 

o
b

ta
in

e
d

 
w

it
h

 
l

i
t

t
l

e
 o

r 
n
o
 

fi
n

e
 

tu
n

in
g

 
o

f 
p

a
ra

m
e

te
rs

. 
T

h
is

 
s
u

a
p

e
s
ts

 
th

a
t 

th
e

 
m

ad
el

 
is

 
o

ro
m

is
in

a
, 

an
d 

ca
n

 
h

e
 

s
u

c
c

e
s

s
fu

ll
y

 
em

p
lo

y
ed

 
n

o
t 

o
n

ly
 

in
 

th
e

 
a

d
a

~
ti

v
e

 c
o

m
p

u
te

r 
a

id
in

g
 

sc
h

em
e 

m
en

ti
o

n
ed

 
e

a
r
li

e
r
. 

b
u

t 
p

e
rh

a
o

s 
in

 a
 

b
ro

a
d

e
r 

c
la

s
s

 o
f 

s
im

il
a

r 
m

u
lt

i-
ta

sk
 

s
it

u
a

ti
s

n
s

. 

F
c

r 
e

x
a

m
~

le
, t

h
e

 
p

ro
~

o
s

e
d

 q
u

ru
e

in
a

 
m

o
d
el

 
c

o
u

ld
 

b
e 

f
i

t
 

to
 m

1 
lt

i-
ta

s
k

 
s

it
u

a
ti

o
n

s
 a

n
d

 
th

e
n

 
th

e
 

fr
a

c
ti

o
n

s
 o

f 
a

tt
e

n
ti

o
n

 
re

q
u

ir
e

d
 

by
 

e
a

c
h

 
ta

s
k

 
c

o
u

ld
 

e
a

s
il

y
 

be
 

d
e

te
rm

in
e

d
 

s
in

c
e

 
th

e
y

 
a

re
 

in
h

e
re

n
t 

o
u

tp
u

ts
 

o
f 

a
 

q
u

e
u

e
in

g
 

fo
rm

u
la

ti
o

n
. 

T
he

 
a

d
v

a
n

ta
g

e
 

o
f 

th
is

 
ap

p
ro

ac
h

 
is

 
th

a
t 

th
e

 
fr

a
c

ti
o

n
s

 
o

f 
a

tt
e

n
ti

o
n

 
a

re
 

n
o
 

lo
n

g
e

r 
f
r
e

e
 

p
a

ra
m

e
te

rs
 

a
s

 
th

e
y

 
a

re
 

in
 

c
o

n
tr

o
l 

th
e

o
ry

 
m

o
d

el
s 

o
f 

hu
m

an
 

d
e

c
is

io
n

 m
ak

ln
g

 
in

 m
u

lt
i-

ta
sk

 
s

it
u

a
ti

o
n

s
 

[1
2

, 
1

3
1

. 

R
E
FE

R
E
N

C
E
S 

1
. 

T.
 

C
. 

Y
em

pe
, 

"
F

li
p

h
t 

M
an

P
ge

m
en

t 
- P

il
o

t 
P

ro
c

e
d

u
re

s 
an

d
 

S
y

st
em

 
In

te
rf

a
c

e
s

 
fo

r 
th

e
 

1
9

8
0

-1
9

9
0

's
."

 
A

X
A

A
 

p
ap

er
 

N
o.

 
7

4
-1

2
9

7
, 

A
IA

A
 

L
if

e
 

S
c

ie
n

c
e

s 
an

d
 

S
y

st
em

s 
C

o
n

fe
re

n
c

e
, 

N
ov

em
be

r 
1
9
7
4
. 

2
. 

W
. 

8
. 

R
o

u
se

. 
"D

es
ig

n
 

o
f 

M
an

-C
om

pu
te

r 
In

te
rf

a
c

e
s

 
fo

r 
O

n
-L

in
e 

In
te

ra
c

ti
v

e
 

S
y

st
e

m
s,

" 
P

ro
ce

ed
in

tq
s 

o
f 

th
e

 
IE

E
E

, 
S

p
e

c
ia

l 
Is

s
u

e
 

on
 

In
te

ra
c

ti
v

e
 C

o
m

p
u
te

r 
S

y
st

e
m

s,
 

V
o

l.
 

6
3

, 
N

o.
 

6
, 

p
p
. 

8
4

7
-8

5
7

, 
Ju

n
e

 
1

9
7

5
 

3
. 

U
. 

B
. 

R
o

u
se

, 
"H

um
an

-C
om

pu
te

r 
In

te
ra

c
ti

o
n

 
if

! 
M

u
lt

i-
T

as
k

 
S

it
u

a
ti

o
n

s
,"

 
IE

E
L

 
T

ra
n

s
a

c
ti

o
n

s
 

on
 

S
y

st
e

m
s,

 
M

an
 

an
d

 
C

y
b

e
rn

e
ti

c
s,

 
V

o
l.

 
SM

C
-7

, 
N

o.
 

5
, 

p
p
. 

3
8

4
-3

9
2

, 
M

ay
 

1
9

7
7

. 

4
. 

Y
. 

C
hu

 
an

d
 

W
. 

R
. 

R
o

u
se

, 
"O

p
ti

m
al

 
A

d
ap

ti
v

e 
A

ll
o

c
a

ti
o

n
 

o
f 

D
e

c
is

io
n

 
M

ak
in

g
 

R
e

s
p

o
n

s
ib

il
it

y
 

B
et

w
ee

n
 

H
um

an
 

an
d

 
C

o
m

p
u
te

r 
in

 
M

u
lt

i-
T

as
k

 
S

it
u

a
ti

o
n

s
,"

 
to

 
a

p
p

e
a

r 
in

 
th

e
 

P
ro

c
e

e
d

in
g

s 
o

f 
th

e
 

1
9
7
7
 

In
te

rn
a

ti
o

n
a

l 
C

o
n

fe
re

n
c

e
 

on
 

C
y

b
e

rn
e

ti
c

s 
an

d
 

S
o

c
ie

ty
, 

S
ep

te
m

b
er

 
1

9
7

7
. 

5
. 

J
. 

ti
. 

R
la

k
e

lo
c

k
, 

A
u

to
m

at
ic

 
C

o
n

tr
o

l 
o

f 
A

ir
c

ra
ft

 
an

d
 

M
is

s
il

e
s
, 

N
ew

 
Y

o
rk

: 
Jo

h
n

 
W

il
ey

 
& 

S
o

n
s,

 
In

c
.,

 
1

9
6

5
. 

7
. 

b
. 

L
. 

K
le

in
ra

n
, 

3.
 

B
rr

o
n

, 
en

d
 

W
. 

Y.
 

L
e

v
is

o
n

, 
*A

 
C

o
n

tr
o

l 
T

h
e

o
re

ti
c

 
A

p
p

ro
ac

h
 

to
 

ra
n

n
e

d
-V

e
h

ic
le

 
S

y
st

em
s 

A
n

a
ly

si
s,

"
 

IE
E

E
 T

ra
n

s
a

c
ti

o
n

s
 

on
 

A
u

to
m

at
ic

 
C

o
n

tr
o

l.
 

V
o

l.
 

A
C

-1
6,

 
N

o.
 

6
, 

p
p
. 

8
2

4
-8

3
2

, 
D

ec
em

b
er

 
1

9
7

1
. 

8
. 

J
. 

W
. 

S
e

n
d

e
rs

, 
"T

h
e 

H
um

an
 

O
p

e
ra

to
r 

8
s 

a
 

Y
o

n
it

o
r 

an
d

 
C

o
n

tr
o

ll
e

r 
o

f 
M

ir
lt

id
e

~
re

e
 o

f 
F

re
ed

o
m

 
S

y
st

e
m

s,
" 

IE
F

E
 

T
ra

n
sa

c
ti

o
n

s 
on

 
H

um
an

 
F

a
c

to
rs

 
in

 
E

le
c

tr
o

n
ic

s
, 

V
o

l.
 

H
F

E
-5

, 
n

o
. 

1
, 

p
p
. 

2
-5

, 
S

ep
te

m
b

er
 

1
3

6
4

. 

9
. 

J.
 

R.
 

C
a

rb
o

n
e

ll
, 

"A
 

Q
u

e
u

e
in

n
 Y

o
d
el

 
o

f 
M

an
v

-I
n

n
tr

u
*

n
t 

V
is

u
a

l 
S

a
m

p
l
i
n

~
,~

 
IE

E
E

 
T

ra
n

s
s
e

ti
o

n
s
 

on
 

H
un

an
 

F
a

c
to

rs
 

in
 

E
le

c
tr

o
n

ic
s

, 
V

o
l.

 
H

F
E

-7
, 

N
o.

 
4

, 
p
p
. 

1
5

7
-t

6
4

, 
D

m
em

b
er

 
1

9
6

6
. 

1
0

. 
Y

. 
C

h
u
, 

w
O

p
ti

a
a

l 
A

d
a

p
ti

v
e

 
A

ll
o

c
a

ti
o

n
 

o
f 

D
e

c
is

io
n

 W
sk

in
r?

 
R

e
s
p

o
n

s
ib

il
it

y
 

B
et

w
ee

n
 

H
um

an
 

an
d
 

C
o
m

p
u
te

r 
in

 M
u

lt
i-

T
as

k
 

S
it

u
a

ti
o

n
s

,"
 

P
h

.b
. 

th
e

s
is

 
in

 
p

ro
g

re
s
s
, 

U
n

iv
e

rs
it

y
 

o
f 

I
ll

in
o

is
 a

t
 U

rb
an

a-
C

h
am

p
ei

p
n
. 

1
 

J
. 

A
. 

W
h

it
e.

 
J

. 
Y

. 
S

ch
m

id
t.

 
an

d
 

C
. 

K
. 

B
e

n
n

e
tt

, 
A

n
a

ly
si

s 
o

f 
Q

u
e

u
e

in
g

 S
y

st
em

s,
 

N
ee

 
Y

o
rk

: 
A

ca
d
em

ic
 

P
re

s
s
, 

In
c

.,
 

1
9

7
5

. 

1
2

. 
R

. 
E.

 
C

u
rr

y
, 

D.
 

L
. 

K
le

in
m

an
, 

an
d

 
W

. 
C.

 
H

o
ff

m
an

, 
"A

 
D

es
ig

n
 

P
ro

c
e

d
u

re
 

fo
r 

C
o

n
:r

o
l/

D
is

p
la

y
 

S
y

~
t

e
a

r
,

~
 

H
um

an
 

F
a

c
to

rs
, 

V
o

l.
 

1
9

. 
W

o. 
5

, 
O

c
to

b
e

r 
1

9
7

7
. 

13
, 

3
. 

B
ar

o
n

 
an

d
 

W
. 

H
. 

L
e

v
is

o
n

, 
"D

is
p

la
y

 
A

n
a

ly
si

s 
v

it
h

 
th

e
 O

p
ti

m
al

 
C

o
n

tr
o

l 
M

od
el

 
o

f 
th

e
 

H
un

an
 

O
p

e
ra

to
r.

*
 

H
um

an
 

F
a

c
to

rs
, 

V
o

l.
 

1
9

, 
lo

. 
5

, 
O

c
to

b
e

r 
1
9
7
7
. 

6
. 

R
. 

S
. 

W
al

d
en

, 
"A

 
O

u
eu

ei
n

g
 

M
od

el
 

o
f 

P
il

o
t 

D
e

c
is

io
n

 
Y

ak
in

p
 

in
 

a
 

M
u

lt
i-

T
as

k
 

F
li

g
h

t 
M

an
ag

em
en

t 
S

i
t

~
a

t
i

o
n

,
~

 
M
S
M
E
 

th
e

s
is

, 
U

n
iv

e
rs

it
y

 
o

f 
I

ll
in

o
is

 a
t 

U
rb

an
a-

C
h

am
p

ai
g

n
, 

J
u

ly
 

1
9

7
7

. 



h b l r  1. hxper imrnta l  d e s l m  

5 

C o n t m l  t a s k  

S i r p l r  Cooplex 
"rp Pap 

90 90 

60 60 

9 0  90 

?O 30 

60 60 

1 0  30 

No c o n t r o l  C o n t r o l  Task 
t a s k  

S impl r  C m p l r x  
S u b j e c t  n a p  LP 

C o n t r o l  Task C o n t r o l  Task 

S imple  C w p l e x  
Yap Yap 

?O ?O 

30 30 

60 60 

50 50 

90 9 0  

90 9 0  

Simple  coap1.x 
W.P 

f a b l e  e n t r i e s  a r e  mean s c t s g s t c r :  e v e n t  i ~ t e r a r r i v l l  t i r + s  ( s c c .  

Table  2. S u b s y s t e s  e v e n t  s e r v i c e  performance ( e h p i r i c a l )  

Subsvster!  s e n t  a r r i v a l  r a t e  ( e v e n t a / s e c )  
Subsystem 

NO. 

1 l e  
2 25 
3 30 
4 24 
5 32 
6 48 

111' 177 

1 34 
2 43 

18 
4 5' 
5 19 
6 31 

A 1 1  219 

1 40 
2 41  
3 35 
4 46 

:i; t 
A l l  232 

289 4 1  1.07 14.62 

S i s p l e  Pap 
44 7.92 2.87 19.69 
53 e.49 5.?2 20.56 
54 10.01 7.59 24.91 
51 9.74 5.20 2P.21 
52 8.33 4.23 Y . 9 7  
34 e.55 4.43 55.67 

28R 9.71 5.?? 29.52 

Conclex lrao 
41 ?.?7 <.!I? 22.79 
U9 12.03 6.94 2i.U6 
5 2  ?.28 6.56 27.03 
53 7.90 2.44 29.94 
47 ? . 9 b  . 39.06 
?5 3.71 5.50 52.76 

277 9.49 5.79 31.44 

Cumulative s t a t i s t i $ ,  a c r o s s  a l l  s i x  subw'stcns 
N - Nusber o f  %bsystems e v e n t s  r e c o r d e d  
T , a,  - Event s e r v i c e  t ime  a v e r w e ,  s t a n d a r d  d e v i a t i o n  ( s e c . )  
T:, a, - Event w a i t i n g  t i n e  a v e r a g e ,  s t a n d a r d  d e v i a t i o n  ( a m . )  



Table 5. Contml task performance (enoirical) 

Subsyrte? event arrival rate (events/seccr.d) 

0 :.L!I111 0.01567 3.033?3 

Simple Map 
statistic 

Haan poaition error (It. ) 1259 1.352 3@57 2211 
RYS position error (It.) 196 1 2?9 1 6135 2638 

t4e.n course wror (ft.) 790 1074 1096 1186 
RHS course error ( It. ) 1268 1609 17?2 1730 

RMS altitude error (It.) 2700 5616 4395 6692 
RMS pltch angle (radians) 0.096 9.118 0.134 0.110 
W! roll a~le (radilns) 3.2PI O.?OS 0.?2? 0.319 

Hean position error (It.) ?958 3247 3443 5203 
MS position error (ft. 6526 4081 4209 673 1 

Maan course aror ( ft . ) 1626 1638 1467 1921 
RnS courrr arcr ( ft . ) 2p ZWl 203? 2611 

)!4S altitude wror (It.) 66911 307 ShOZ 5355 
ms pitch angle (radians) 0.158 .?. 117 0.136 0.171 
RE! roll anele t ratlianr) 0.527 ?.W 0.415 0.406 



h b l e  6. Canparison OF anp i r i ca l  data and oueurinR Yolcl 1 simulatlon .-rsults 

nb. 

1 
2 
3 
4 
5 
6 

~ 1 1 ~  

1 
2 
3 
4 
5 
6 

A 1 1  

I 

2 
3 
4 
5 
6 

A l l  

Subsystem event a r r i v a l  r a t e  (eventa/sec.) 
0.0110 O.Clb57 0.03333 

Cumulative s t a t i s t i c ,  across  a l l  s i x  subsvstems 
am - Podel t w e n t  waitinc t i n e  averme, s tantard deviation (sec.)  

TUe, ox* - Empirical evert  waittne t i n e  averant, standard deviation (zcc . )  

Table 7. Comparison of er .? ir ical  :a:* and oueueinu ?'ode: 2 simulation r e s u l t s  

Sutwy-te? w e p t  e'frctive a r r iva l  r a t*  (eventslsec.) 
( 1-emect:ve ' b actual  0.0°95) 

Subsystem 0.3226 0.0262 
NO. 

1 
2 
3 
4 
5 
5 

9?11 

1 
3 
7 
4 
5 
6 

A l l  

Simple ?'aF 
"we Tm 

6 .?a 18.89 
C.69 21 .w 
5 . k 6  ?? .4@ 
12.50 2F. 17 
2;.&3 26.97 
26.39 53.04 

cumulative s t a t i s t i c ,  scrozs e l l  r l r  subsv~terrs 
T,, ow, - Yodel i event waitinp t i - e  werape,  standard deviation ( sec . )  
Twe, a,, - Emniricrll event wnitinc t i -e  averare, standard deviation ( sec . )  

Aeffective - Fffect ive s;rsv?tes event a r r ivn l  r a t e  used in s i su la t ion  

Aactsal - Pctual sutsvste- event e - r i v a l  r a t e  used in experiment 



Table 8. Cm~ariron of empirical data md oueueinr Kodel 3 aireulation results 

Subsystem event arrival rnte (evrnts/sec.) (p, n 0.181, ks = 19 for all tasks.) 

Zublystem 
No. 

1 
2 
3 
4 
5 
6 

~ll' 

1 
2 
3 
4 
5 
6 

All 

Simple Pa@ ( kc s C.15, F,: = 0.20, kc = 2) 

"m "ue Tw "m %e "we 'b a,  =we 
.e.54 19.17 6.79 20.35 8.75 19.62 7.26 21.74 8.84 20.85 
9.65 18.99 8.69 22.19 10.55 29.56 9.75 24.90 11 .K 23.42 

11.32 23.92 8.46 23.99 12.58 24.91 12.35 30.68 16.2c 27.81 
13.99 24.87 12.50 27.57 17.06 28.21 18.15 43.05 28.V 32.68 
17.04 31.43 24.63 32.34 ?3.5? 3.F? 37.04 70.40 60.58 54.08 
22.65 34.1e 26.39 b0.75 35.55 55.67 55.&0 138.07 139.16 139.39 

Corplex Vap 
9.21 22.21 8.57 21.20 

10.02 20.7u 8.19 22.82 
11.75 25.1C 14.80 25.05 
13.26 24.1C 12.63 29.76 
16.88 35.5b 27.72 34.38 
21.63 47.86 ?4.61 4?. 3! 
14.69 27.06 19.97 2n. 35 

Cumulative statistic, &cross all six subsystems 
?, ,  a, - Hodel ? event uaitir.: tise averam, staMard Ctviatlon 'see.) 
rue, a,, - Empirical event vai:!?g tise averrre, standard cevis;i~ (zec.) 

1,. pc, % - Control task cus'.omer arrival rate and servi?e re:. (customars/sec.), 
and Erlrnt distribution shape parapeter 

ps, k, - Subsystem event se?vice rate (events/rec.), and Frlanv Cistr!bution shape parameter 







0
)
 

- 
0

 -.
 - 

c
 

n
 

N
o 

C
on

tr
ol

 T
os

k 
Y 

- 
W

 
A

 
C

on
tr

ol
 T

as
k 

w
ith

 S
im

pl
e 

M
ap

 

t
 

0
 

C
on

tr
ol

 T
as

k 
w

it
h

 C
cm

pl
ex

 M
ap

 
- 

0
 

- 
0
 l 

i 
1 

I 
0
.0

1
 

0.
02

 
0
.0

3
 

N
 

A
rr

iv
al

 R
at

e 
(e

ve
nt

s/
se

c)
 

W
 

0
 

N
o 

C
on

tr
ol

 T
as

k 
A

 
C

on
tr

ol
 T

os
k 

w
~

th
 S
im

pl
e 

M
op

 
>

 
8
 

0
 

C
on

tr
ol

 T
as

k 
w

ith
 C

om
pl

ex
 M

ap
 

01
 

I 
1 

1 
I 

0
.0

1
 

0
.0

2
 

0
.0

3
 

A
rr

iv
al

 R
at

e 
(e

ve
nt

s/
se

c 
1 

sP
.m

 

0
 

N
o 

C
on

tr
ol

 T
as

k 
A
 

C
on

tr
ol

 T
as

k 
w

ith
 S

im
pl

e 
M

ap
 

0
 

C
on

tr
ol

 To
sk

 w
it

h 
C

om
pl

ex
 M

op
 

A
rr

iv
al

 R
ot

e 
(e

ve
nt

s/
se

c)
 

r
u

.
m

 



F ~ Q ' J - ~  A .  Ailercn c c n t r o l  stick input 



C I U  C I Z 0 C . f  
urn 0 . -  c U U C  
. - 4  C C C  Y 

- 0 o c -  W C '  
F - a  . * r  

U F C I  C L I I  
O O b C  a v u  
" r r a s C 8 O r o  
.-r c e n  C . -  C n m a  - r  

U C L >  c 
1 M U C r  
A: a - r  u.-n - I U  
u r r  m m u  

o l c o s e c . ~  
C W M  = Y C,.. 
t1  u n c 
-I r : c - z u  
c a  * - n r  c 

.I I.. i 



u 
V a l 0  
C P Y  



> u . w u  w w o  
c G 0  m s  973 
n o u  

3 c . - u o  
o u o > ~ - o m u  
c a  * Y  C W  

0 u 0  + E S , O  
r t Y U C 0 4  

0  " 10 IT.- 0 6  
u o s r  E ~ Q L ~  

Ur 0  0 0 6  
a * ~ l C r u U  
m a - o o r  n u  3 

L O C X r . U  C'Y 
C C O C '  m o r r  
C U  .P C X f '  
- 0 a . L O C  - r a w  
U  Y Y - *  F TI r 
f J 0 0 . C  C O Y U  

m O b : " p c . : : O  
OI'DwVI C  u  

tna  o a u : o m a .  .- r o 4 F: m n 
C O u e . n * :  3 E  
u S U * , G l  5 

Y p - - U  C r  C 
c m o u a ~  u w  
d u 3 u " O  lr 

- 0 d ) n L . o  

ORIGINAL PAGE IS 
OF PQQR QUALITY 



fr
o

n
a

n
c

c
. 

T?
:,
 s

ub
]?

:t
s 

co
u1

-1
 

h
a

v
e

 
p

e
rf

o
rm

~
d

 b
a

tt
e

r 
o

n
 

tk
."

 
3

v
e

r-
 

3
7
e
 

1
f 

a
t

 t
n

e
 b

e
q

ln
n

in
g

 o
f 

e
a

c
h

 
rf

p
li

c
a

tl
o

q
 t

h
e

y
 

b
3

-l
 

lo
o

k
-4

 
aW

3Y
 

T
or

 
2

1
 

s
ta

g
e

s
 a

n
3

 c
o

n
p

le
te

d
 

th
e

 d
is

=
re

te
 t

a
s

k
s

 a
l

l
 a

t
 o

n
c

r.
 

r
l

t
n

 3
 

s
e

t 
u

p
 c

o
s

t 
th

e
 s

u
b

je
c

ts
 s

h
o

a
l3

 n
a

v
e

 
lo

o
k

e
d

 
3w

3y
 

le
s

s
 

o
ft

e
n

 a
n

d
 

fo
r 

m
or

c 
s

ta
g

e
s

 t
h

a
n

 
th

e
y

 t
h

e
y

 a
c

tu
a

ll
y

 d
id

. 
P

iq
u

re
 

1
0

 
sa

o
w

s 
th

e
 f

re
q

u
e

n
c

y
 o

f 
d

e
c

is
io

n
s

 o
f 

v
a

ri
o

u
s

 l
e

n
g

th
s

 
fc

r 
th

e
 

su
b

- 
j?

c
ts

 a
n

d
 

tn
e

 a
u

to
p

il
o

t.
 

W
it

h
 

n
o

 s
e

tu
o

 c
o

s
t 

th
e

 s
u

b
je

c
ts

 a
v

e
ra

q
c

 
d

x
ls

io
n

 w
as

 
1

.8
 

s
ta

q
e

s
 w

h
rr

e
a

s 
th

e
 a

u
to

p
il

o
t'

s
 

a
v

e
ra

g
e

 
d

e
c

is
io

n
 

w
as

 
o

n
ly

 
s

li
g

h
tl

y
 

lo
n

q
e

r 
a

t
 

2.
1 

s
ta

g
e

s
. 

T
h

e 
m

ai
n

 
d

if
fe

re
n

c
- 

se
tw

n
e

n
 

th
e

 s
u

b
js

c
t 

an
d

 
a

u
to

p
il

o
t 

w
as

 
th

s
t 

th
e

 
s

u
b

je
c

ts
 

lo
o

k
e

d
 

3
u
3
y
 

to
r 

o
n

ly
 1

 s
ta

a
e

 a
lm

o
st

 
tw

ic
e

 a
s

 3
f

t
e

n
.

3
~

 th
e

 a
u

to
~

il
o

t.
 

W
it

h
 

th
e

 s
e

t 
u

p
 c

o
s

t 
b

o
th

 
s

u
b

je
c

ts
 a

n
3

 
s

u
to

o
il

o
t 

in
c

re
a

s9
d

 
th

e
 a

v
e

ra
g

s 
le

n
g

tn
s

 o
f 

th
e

ir
 d

e
c

is
io

n
s

 t
o

 3
.6

 
an

d
 

4
.2

 
r

e
s

0
e

c
ti

v
~

-
 

ly
. 

N
o:

c 
h

o
w

sv
er

 
th

a
t 

th
e

 
s

u
b

je
c

ts
 

d
iv

e
rt

e
d

 
3

tt
e

n
ti

o
n

 
to

 
d

is
c

r-
te

 
ta

s
k

s
 

a
lm

o
st

 
tw

ic
e

 
a

s
 o

ft
c

n
 a

s
 t

h
e

 o
u

to
p

il
o

t 
(7

.6
 

v
s

 
4

.4
).

 
In

e
 s

u
b

je
c

t'
s

 
a

ls
o

 m
ad

e 
a

 
nu

m
be

r 
o

f 
d

e
c

is
io

n
s

 o
f 

le
n

q
th

 
1

 
w

h
lc

h
 

w
it

h
 a

 
s
e

t 
u

p
 c

o
s

t 
o

f 
1
 a

c
c

o
m

p
li

sh
e

d
 n

o
th

in
g

. 

T
h

e 
o

p
ti

m
a

l 
s

tr
a

te
g

y
 i

s
 

a
lw

a
y

s 
to

 l
o

o
k

 
aw

ay
 

fr
o

m
 

th
e

 
m

o
n

i-
 

to
rl

n
q

 
d

is
o

la
y

 
fo

r 
m

o
re

 
s

ta
g

e
s

 w
he

n 
th

e
 d

ls
D

la
y

 
is

 o
b

sr
rv

e
d

 
n

e
a

r 
i
t
s

 c
e

n
te

r 
(

s
ta

te
 6
)
.
 

T
he

 
d

a
ta

 
in

 T
3

S
le

 
1
 i

s
 

s
im

il
a

r 
to

 t
h

a
t 

in
 

fi
g

u
re

 
1

8
 

b
u

t 
ta

b
le

 1
 a

ls
o

 s
h

o
w

s 
th

e
 e

ff
e

c
t 

o
f 

d
is

p
la

y
 s

ta
te

 o
n

 
s

u
b

le
c

t 
an

d
 

s
u

to
o

il
o

t 
sa

a
p

ll
n

g
 d

e
c

is
io

n
s

. 
T

h
e 

s
u

b
ie

c
t'

s
 

d
e

c
i-

 
N

 
s

io
n

s
 

w
er

e 
a

 
s

tr
o

n
g

 
fu

n
c

ti
o

n
 o

f 
th

e
 d

is
p

la
y

 s
ta

te
. 

T
h

e 
su

b
- 

s 
je

c
ts

 a
lm

o
st

 
n

e
v

e
r 

lo
o

k
e

d
 

aw
ay

 
fr

o
m

 
th

e
 d

is
p

la
y

 w
he

n 
i
t
 

w
ls

 
o

u
t 

o
f 

to
le

ra
n

c
e

 
an

d
 

o
n

ly
 a

 
fe

w
 t

im
e

s 
w

he
n 

i
t
 w

as
 

a
lm

o
st

 o
u

t 
(

s
ta

te
 

3
).

 
T

n
e 

c
lo

s
e

r 
th

e
 d

is
p

la
y

 w
ss

 t
o

 i
t
s
 

c
e

n
te

r.
 

th
e

 
lo

n
q

e
r 

th
e

 
s

u
b

je
c

ts
 l

o
o

k
e

d
 

aw
ay

 
- 

in
 q

e
n

e
ra

l 
a

g
re

e
m

e
n

t 
w

it
h

 t
h

e
 o

p
ti

m
a

l 
s
ts

- 
te

g
y

. 
N

o
te

 
h

o
w

ev
er

 
th

a
t 

in
 a

d
d

it
io

n
 

to
 n

o
t 

lo
o

k
in

g
 

aw
ay

 
q

u
it

e
 

a
s

 
lo

n
g

 
a

s
 t

h
e

 
a

u
to

p
il

o
t.

 
t.

ia
t 

o
n

 
3
 

nu
m

be
r 

o
f 

o
c

c
a

si
o

n
s 

th
e

 s
u

b
- 

je
c

ts
 c

o
n

ti
n

u
e
d

 
to

 m
o

n
it

o
r 

w
he

n 
th

e
 d

is
p

la
y

 w
as

 n
e

a
r 

th
e

 
c

e
n

te
r 

(
s

ta
te

s
 

5 
o

r 
6
)
.
 

T
h

e 
a

u
to

p
il

o
t 

a
lw

~
y

s
 lo

o
k

a
d

 
9

w
3

y
 

in
 t

h
e

s
e

 
s

ta
te

s
 i

f
 

th
e

re
 s

e
r

e
 a

n
y

 d
is

c
r

e
te

 t
a

s
k

s
 

re
m

a
in

in
q

 
t

o
 

b
e 

d
o

n
e.

 
S

om
e 

o
f 

th
e

 s
c

b
je

c
ts

 d
e

c
is

io
n

s
 

t
o

 c
o

n
ti

n
u

e
 m

o
n

it
o

ri
n

a
 w

er
e 

p
ro

b
- 

a
o

ly
 J

d
e

 
to

 t
h

e
 

fo
rc

e
d

 p
a

c
e

 
-r

e
a

l 
ti

a
e

 n
a

tu
re

 o
f 

th
e

 t
a

s
k

 b
e

c
a

u
se

 
if

 
th

e
 s

u
b

je
c

t 
fa

il
e

d
 t

o
 p

u
sh

 
th

e
 s

p
a

c
e

 b
a

r 
h

e
 w

o
u

ld
 

c
o

n
ti

n
u

e
 

to
 

m
o

n
it

o
r 

b
y

 d
e

fa
u

lt
. 

T
h

is
 c

o
n

je
c

tu
re

 
is

 p
a

r
ti

a
ll

y
 

re
in

fo
rc

e
d

 
b

y
 

t.
hc

 
p

il
o

ts
 

d
e
s
c
ri

p
ti

o
n

 
o

f 
th

e
ir

 s
tr

a
te

g
y

. 
A

l
l

 p
il

o
ts

 
r

e
~

o
c

te
d

 
th

a
t 

th
e

ir
 

s
tr

a
te

g
y

 w
as

 
t

o
 

lo
o

k
 

aw
sy

 
fo

r 
v

a
ri

o
u

s
 

n
u

m
b

er
s 

o
f 

s
ta

g
e

s
 w

he
n 

th
e

 d
is

p
la

y
 w

as
 

n
e

a
r 

it
s
 c

e
n

te
r.

 

P
lq

u
re

 
1

1
 p

lo
ts

 t
h

s
 n

um
be

r 
o

f 
d

is
c

re
te

 t
a

s
k

s
 l

e
f

t
 t

o
 d

o
 

(m
l 

v
s

, 
tn

e
 n

um
be

r 
o

f 
s

ta
g

e
s

 t
o

 g
o

 
(n

) 
fo

r 
th

e
 s

u
b

je
c

ts
 s

n
d

 
th

e
 a

u
to

- 
p

il
o

t.
 

I
t

 s
h

o
w

s 
w

h
e

th
e

r 
th

e
 d

is
c

r
e

te
 t

a
s

k
s

 w
o

re
 

d
o

n
e

 
e

a
rl

y
 

O
r 

la
te

 
in

 
th

e
 

re
p

li
c

a
ti

o
n

. 
W

it
h

 n
o

 s
e
t 

u
p

 
c

o
s

t 
th

e
 s

u
b

ie
c

ts
 a

n
d

 
th

e
 a

u
to

p
il

o
t 

b
er

m
v

ed
 

s
im

il
ia

rl
y

- 
b

o
th

 
k

e
e

p
ln

g
 

th
e

 r
a

ti
o

 o
f 

m 
to

 
n

 v
e

ry
 s

li
g

h
tl

y
 l

e
s

s
 t

h
a

n
 

8
.5

1
 

an
d

 
th

e
re

b
y

 
sp

re
a

d
in

g
 t

h
e

 d
is

c
r

e
te

 
ta

s
k

s
 t

h
ro

u
q

h
 o

u
t 

th
e

 t
im

e
 a

v
a

il
ia

b
le

. 
N

o
te

 
h

o
w

ev
er

 
th

a
t 

b
o

th
 

a
u

to
p

il
o

t 
an

d
 

s
u

b
je

c
ts

 t
e

n
d

e
d

 
to

 f
in

is
h

 a
 

fe
w

 s
ta

q
e

s
 b

e
fo

re
 t

h
e

 
e

n
3

 o
f 

th
e

 r
e

p
li

c
a

ti
o

n
. 

T
I~

P
 ri

g
h

t 
h

a
n

3
 g

ra
p

h
 s

h
o

w
s 

th
a

t 
w

it
h

 
?I 

s
?

t 
u

p
 

c
o

s
t 

o
f 

1
 t

h
e

 a
u

to
p

ll
c

: 
an

d
 

s
u

b
je

c
ts

 b
e

h
a

v
io

r 
w

as
 q

u
it

e
 

d
if

fe
re

n
t.

 
T

h
e 

s
u

b
je

c
ts

 d
id

 n
o

t 
lo

o
k

 
sw

ay
 

lo
n

g
 e

n
o

u
g

h
 a

n
d

 
th

e
re

- 
fo

re
 

.3
o

t 
b

e
h

in
d

 
in

 f
in

is
h

in
g

 
th

e
 d

is
c

re
te

 t
a

sk
s.

 
T

h
e 

3
u

to
li

lo
t 

o
n

 
:n

c 
O

th
S

r 
h

an
d

 
te

n
d

e
d

 
to

 f
in

is
n

 ,
.a

rl
v

. 
T

h
ic

 t
y

?
c

 
o

f 
b

e
h

w
io

r 
p

rr
v

-n
ts

 
th

e
 

a
u

to
p

il
o

t 
fr

o
m

 
b

e
c

u
ri

n
?

 
tr

a
p

p
e

d
 

if
 

th
e

 d
is

o
la

y
 

s
ta

r
ts

 t
o

 g
o

 o
u

t 
o

f 
to

le
ra

n
c

e
 w

lc
h

 
3
 

fe
u

 s
ta

g
c

s
 l

o
f

t 
to

 q
o

. 
T

h
e 

ri
g

n
t 

h
n

n
d

 
g

ra
p

h
 

~
n

d
ic

a
te

s
 t

n
lt

 t
?

is
 r

a
ti

o
n

a
l 

b
e

h
a

v
io

r 
is

 n
o

t 
w

h
at

 
th

s
 s

u
b

je
c

ts
 i

n
tu

it
iv

e
ly

 d
ld

. 

T
a

b
le

 
2 

su
m

a
ri

z
e

s 
th

e
 r

e
s

a
lt

s
 

o
f 

c
o

m
o

a
ri

n
q

 
ea

ch
 

d
e

c
is

io
n

 
m

ad
e 

by
 

th
e

 
s

u
b

je
c

ts
 w

it
h

 
th

e
 o

p
ti

m
a

l 
d

e
c

is
io

n
. 

In
 s

ta
te

s
 1

.2
 

an
d

 
3 

th
e

 s
u

b
je

c
ts

 t
e

n
d

 
to

 p
e

rf
o

rm
 

o
~

ti
m

a
ll

y
. 

In
 

s
ta

te
 

4
, 

tb
- 

s
u

b
le

c
ts

 
lo

o
k

 
sw

ay
 

fo
r 

m
o

re
 

s
t

a
q

~
s

 
th

a
n

 
is

 o
p

ti
m

a
l 

- e
su

-c
i'

ll
ty

 
w

he
n 

th
e

re
 
is

 a
 

s
e

t 
u

p
 c

o
s

t.
 

In
 s

ta
te

s
 5

 
a

n
3

 5
 

, 
th

a
 

s
u

b
je

c
ts

 
d

id
 

n
o

t 
lo

o
k

 
aw

ay
 

lo
n

g
 

e
n

o
u

~
h

. 
T

h
e

se
 o

b
s

e
rv

a
ti

o
n

s
 h

o
ld

 w
it

h
 a

n
d

 
w

lt
h

 o
u

t 
a

 
s

e
tu

p
 c

o
s

t.
 

H
3w

n7
er

 
s

u
b

je
c

ts
 m

ad
e 

c
s

n
s

id
tr

a
b

ly
 

m
o

re
 

o
p

ti
m

a
l 

an
d

 
n

e
a

r 
o

p
ti

m
a

l 
d

e
c

is
io

n
s

 w
it

h
 n

o
 s

e
t 

u
v

 
c

o
st

. 

D
~

r
in

q
 th

e
 d

e
b

ri
e

fi
n

q
, 

2 
s

u
b

je
c

ts
 s

a
id

 
th

a
t 

w
it

h
 z

-r
a

 
s
e

t 
u

o
 

c
o

s
t 

th
e

ir
 

s
tr

a
te

g
y

 
w

as
 

to
 l

o
o

k
 

sw
ay

 €
0:

 
3 

ti
m

e
a

 
in

 s
ta

te
 6

, 
2 

ti
m

e
s

 i
n

 s
ta

te
 5

, 
an

d
 
1
 t

im
e

 
in

 s
ta

te
 4

. 
c

n
i 

0
 

ti
m

e
s 

o
th

c
rw

is
?

. 
Th
e 

o
th

e
r 

tw
o 

s
u

b
je

c
ts

 s
a

id
 

th
a

t 
th

e
y

 
1

0
7

k
ed

 
aw

ay
 

2 
o

r 
3 

ti
n

e
s 

in
 

s
ta

te
 5

 
o

r 
5
 

an
d

 
d

id
 n

o
t 

lo
o

k
 

aw
ay

 
o

th
rr

w
is

e
. 

3
n

 t
h

e
 

w
e

ra
q

e
 
, 

th
e

s
e

 
s

tr
a

t?
g

ie
s

 w
i

l
l

 r
e

s
u

lt
 
tn

 a
o

n
it

o
ri

n
q

 
a

p
o

ro
x

im
a

tt
ly

 S
(1

 
o

f 
th

e
 t

in
e

. 
N

it
h

 
th

e
 s

e
l 

U
P

 
c

o
s

t,
 

th
e

 s
u

b
je

c
ts

 
s

ta
te

d
 

th
a

t 
th

e
y

 
lo

o
k

e
d

 
sw

ay
 

lo
n

g
e

r 
(t

y
p

ic
a

ll
y

 4
 

o
r

 5
 

s
ta

q
e

s
) 

a
lt

h
o

u
q

h
 o

n
e

 s
u

b
je

c
t 

s
a

id
 h

e
 d

id
 n

o
t 

f
e

c
l 

h
e

 c
a
u

l*
 o

b
se

rv
e

 t
h

e
 d

is
p

la
y

 o
ft

e
n

 e
n

o
u

lh
 t

o
 

d
s

 
a

n
y

th
in

g
 

b
u

t 
g

u
e

ss
. 

S
u

b
je

c
ts

 s
ta

te
d

 t
h

a
t 

th
e

 3
is

p
la

y
 s

ta
te

 
w

as
 

th
e

 
k

ey
 

th
in

q
 

th
a

t 
in

fl
u

e
n

c
e

d
 

th
e

ir
 s

tr
a

te
q

y
. 

T
h

e 
n

u
sb

e
r 

o
f 

s
ta

q
a

s
 

to
 

g
o

 
an

d
 

th
e

 n
u

m
b

er
 

o
f 

d
is

c
r

e
te

 t
a

s
k

s
 t

o
 d

o
 5

.4
 l

it
tl

e
 

e
f

f
e

c
t 

o
n

 
th

e
ir

 
s

tr
a

te
g

y
 u

n
le

s
s

 t
h

e
y

 w
z

re
 

ru
n

n
in

g
 

o
u

t 
o

f 
t
i
m
e
 a

n
?

 
th

e
n

 
th

e
y

 
s

ta
te

d
 

th
e

y
 

w
o

u
ld

 
lo

o
k

 
aw

ay
 

fo
r 

a
 

lo
n

q
e

r 
n

u
m

b
er

 
o

f 
s

ta
g

e
s

. 

F
ig

u
re

 
1

2
 s

h
o

w
s 

th
e

 a
v

e
ra

q
e

 s
u

b
je

c
t 

ra
ti

n
q

s
 o

n
 a

 
s
e

t 
o

f 
se

- 
m

a
n

ti
c

 
d

if
f

e
r

e
n

ti
a

l 
s

c
a

le
s

. 
T

h
a

se
 a

d
je

c
ti

v
e

s
 h

a
v

e
 b

e
e

n
 o

rd
e

re
d

 
s

o
 t

h
a

t 
L

ne
 

ra
ti

n
g

s
 

fo
r 

th
e

 t
-a

sk
 w

it
h

 
n

o
 
se

t 
u

p
 c

o
s

t 
a

r?
 t

o
 

th
e

 
ri

g
h

t 
s

f
 t

h
e

 
ra

ti
n

g
s

 w
it

h
 

a 
s
e

t 
u

p
 c

o
s

t.
 

C
o

n
si

d
e
ri

n
g

 
o

n
ly

 s
c

a
le

s
 

w
it

h
 

a
 

d
if

fe
re

n
c

e
 o

f 
o

n
e

 o
r

 o
r

 m
o

re
, 

th
e

 t
a

s
k

 w
it

h
 a

 
S

e
t 

u
p

 
C

o
st

 
w

as
 

d
em

an
d

in
g

, 
h

a
rd

 
to

 l
e

a
rn

, 
c

o
n

fu
si

n
g

 
,s

u
r

~
r

is
in

g
, a

n
n

o
y

in
q

, 
a

c
ti

v
e

, 
c

o
m

p
le

x
, 

en
d

 
fr

u
s

tr
a

ti
n

q
. 

C
O

N
C

LU
D

IN
S 

R
EM

A
R

K
S 

In
 

:h
is

 
p

a
p

e
r 

th
?

 q
e

n
e

ra
l 

p
ro

b
le

m
 o

f 
ti

m
e 

sh
a

ri
n

q
 

a
tt

e
n

ti
o

n
 

b
et

w
ee

n
 

m
o

n
it

o
ri

n
g

 
an

d
 

o
th

e
r 

d
u

ti
e

s
 

h
a

s
 b

ee
n

 
d

e
sc

ri
b

e
d

 
an

d
 

3
 

d
y

n
am

ic
 

p
ro

g
ra

m
in

q
 

m
o

d
el

 
fo

r 
a

tt
e

n
ti

o
n

 
s

h
a

ri
n

q
 

w
as

 
p

re
se

n
te

d
. 

Y
o

d
el

 
p

e
rf

o
rm

a
n

c
e

 
w

as
 

p
re

se
n

te
d

 
in

 t
e

rm
s 

o
f 

th
e

 f
ra

c
ti

o
n

 o
f 
o
u
t
 

o
f 

to
le

ra
n

c
e

 
s

ig
n

a
ls

 s
e

e
n

 a
s

 a
 

fu
n

c
ti

o
n

 o
f 

th
e

 
am

o
u

n
t 

o
f 

ti
m

e
 

s
p

e
n

t 
o

n
 n

o
n

-m
o

n
it

o
ri

n
g

 
d

u
ti

e
s

. 
T

h
e 

e
f

f
e

c
t 

o
f 

su
c

h
 o

a
r8

m
e

te
rs

 8
s 

p
ro

c
e

ss
 b

a
n

d
w

id
th

 
Jn

d
 

to
le

ra
n

c
e

 
a

n
d

 d
is

c
c

e
te

 t
a

s
k

 s
e

t 
u

v
 c

o
st

 
a

n
4

 
ch

u
n

k
 

s
iz

e
 o

n
 m

o
n

it
o

ri
n

g
 p

e
rf

o
rm

a
n

c
e

 a
n

d
 

th
e

 n
o

rm
a

ri
v

e
 t

i
n
 

sh
a

r-
 

in
g

 
s

tr
a

te
g

ie
s

 w
as

 
sh

ow
n.

 
P

u
tu

rr
! 

w
or

k 
w

il
l 

e
x

te
n

d
 

th
is

 a
o

d
e

l 
to

 
m

u
lt

ip
le

 s
e

c
o

n
d

 o
rd

e
r 

p
ro

c
e

s
s

e
s

 a
n

d
 

in
c

o
rp

o
ra

te
 h

um
an

 
li

m
it

e
ti

o
n

s
 

su
c

h
 a

s
 o

b
s

e
rv

a
ti

o
n

 n
o

is
e

 a
n

d
 

ri
sk

 a
v

e
rs

io
n

. 

In
 

th
e

 e
x

p
e

ri
m

e
n

t 
s

u
b

je
c

ts
 m

o
n

it
o

re
d

 
tn

e
 o

u
to

u
t 

o
f 

a
 

f
i

r
s

t
 



o
r
d
e
r
 
p
r
o
c
e
s
s
 
f
o
r
 
o
u
t
 o

f
 
t
o
l
e
r
a
n
c
e
 s

i
g
n
a
l
s
.
 

T
h
e
 
s
u
b
j
e
c
t
s
 d

i
d
 
n
o
t
 

p
e
r
f
o
r
m
 

a
s
 

w
e
l
l
 

a
s
 a
n
 
a
u
t
o
p
i
l
o
t
 
f
o
l
l
o
w
i
n
g
 
t
h
e
 o

p
t
i
m
a
l
 
s
t
r
a
t
e
q
y
 

fo
r 

t
h
i
s
 
ta
sk
. 

h
w
e
v
e
r
 
t
h
e
i
r
 

t
i
m
e
 

s
h
a
r
i
n
g
 

s
t
r
a
t
e
g
i
e
s
 
w
e
r
e
 

a
 

s
t
r
o
n
g
 
f
u
n
c
t
i
o
n
 o

f
 
t
h
e
 d

i
s
p
l
a
y
 
s
t
a
t
e
 
a
n
d
 
a
 
w
e
a
k
e
r
 
f
u
n
c
t
i
o
n
 o

f
 
t
h
e
 

r
a
t
i
o
 
o
f
 
t
h
e
 
n
u
m
b
e
r
 
of
 
d
i
s
c
r
e
t
e
 
t
a
s
k
s
 
to

 
d
o
 d
i
v
i
d
e
d
 
by

 
t
h
e
 n
u
n
b
e
r
 

of
 

s
t
a
g
e
s
 

t
o
 g
o.
 

W
i
t
h
 

o 
s
e
t
 
u
~
 
c
o
s
t
 
, 
t
h
e
 s

u
b
j
e
c
t
s
 
l
o
o
k
e
d
 
w
a
y
 

fo
r 

f
e
w
e
r
 
bu
t 

l
o
n
g
e
r
 
a
m
o
u
n
t
s
 o

f
 
t
i
m
e
 b
u
t
 
t
h
e
 o

p
t
i
m
a
l
 
s
t
r
a
t
e
g
y
 
re

- 
q
u
l
r
e
d
 

e
v
e
n
 

l
o
n
g
e
r
 

d
i
v
e
r
s
i
o
n
s
 

o
f
 
a
t
t
e
n
t
i
o
n
 
t
o
 d

i
s
c
r
e
t
e
 
ta

sk
s.

 
T
h
e
 
f
a
c
t
 
t
h
a
t
 
t
h
e
 
s
u
b
j
e
c
t
s
 d

i
d
 
n
o
t
 
l
o
o
k
 
a
w
a
y
 
a
s
 l
o
n
q
 
a
s
 
w
a
s
 
O
D
-
 

t
i
m
a
l
 
m
a
y
 
b
e
 
a
t
t
r
i
b
u
t
a
b
l
e
 
t
o
 r

i
s
k
 
a
v
e
r
s
e
 b

e
h
a
v
i
o
r
.
 

:'
-.
Sl
e 

1.
 
S
u
b
j
?
c
t
 

:
i3

 
~
u
t
3
0
i
i
o
t
 s
t
r
-
t
e
p
y
 3

: 
? 

f
u
w
t
i
o
n
 o
f 

.f
is
nl
+y
 

st
at

, 
to

r 
a
c
t
 

u
o
 
c
o
s
t
s
 
o
f
 

tn
; 

1
. 

T
S

n
 o

w
?

- 
?

r-
 t

h
o

 
.?
v?
r?
ge
 n
u
a
b
r
c
 
o
f
 
J
x
l
s
i
o
n
s
 t
or

 
en:
h 

d
t
s
z
1
1
-
y
 s
t
s
t
n
 

f
o
r
 

5:
f': 

s
c

a
3

?
s

 o
f 

m
o
n
i
t
o
r
i
n
g
 

d
h

?
n

 
n
>
?
 r

rr
r!

 n
-m
>?
. 

P
u
t
u
r
e
 e
x
p
e
r
i
m
e
n
t
s
 
w
i
l
l
 
u
s
e
 
a
 
c
o
n
t
i
n
u
o
u
s
 
v
e
r
s
i
o
n
 
o
f
 
t
h
e
 m
o
n
-
 

l
t
o
r
i
n
g
 

t
a
s
k
 
u
s
e
d
 
in
 
t
h
i
s
 e
x
p
e
r
i
a
e
n
t
 
w
i
t
h
 
s
e
c
o
n
d
 
o
r
d
e
r
 
d
y
n
a
m
i
c
s
.
 

T
h
e
 e

f
f
e
c
t
 
o
f
 
t
h
e
 d

i
s
c
r
e
t
e
 
t
a
s
k
 
p
a
r
a
m
e
t
e
r
s
 
- s

e
t
 
u
p
 

c
o
s
t
,
 

c
h
u
n
k
 

s
i
z
e
,
 

t
u
n
e
 

r
e
q
u
i
r
e
d
.
 
a
n
d
 
t
i
m
e
 a

v
a
i
l
a
b
l
e
 -

 o
n
 m
o
n
i
t
o
r
i
n
q
 
p
e
r
f
o
r
-
 

m
a
n
c
e
 

w
i
l
l
 

b
e
 

d
e
t
e
r
m
i
n
e
d
.
 

P
r
o
c
e
s
s
 
v
a
r
i
a
b
l
e
s
 

w
i
l
l
 

i
n
c
l
u
d
e
 

b
a
n
d
w
i
d
t
h
 
a
n
d
 
t
h
e
 
n
u
m
b
e
r
 
o
f
 d
i
s
p
l
a
y
s
.
 

T
h
e
 r

e
s
u
l
t
s
 o

f
 t

h
i
s
 e
r
D
e
r
-
 

i
m
e
n
t
 
a
n
d
 
t
h
e
 m

o
d
e
l
i
n
g
 
w
o
r
k
 
w
i
l
l
 
b
e
 
us
ed

 
t
o
 

p
r
e
d
i
c
t
 

m
o
n
i
t
o
r
i
n
q
 

p
e
r
f
o
r
m
a
n
c
e
 

i
n
 

a
n
 

e
x
p
e
r
i
a
e
n
t
 
in
 
w
h
i
c
h
 
s
u
b
j
e
c
t
s
 
a
r
e
 
r
e
q
u
i
r
e
d
 
t
o
 

d
i
v
i
d
e
 
t
h
e
i
r
 
a
t
t
e
n
t
i
o
n
 
b
e
t
w
e
e
n
 
a
n
 
a
c
t
u
a
l
 

d
a
t
a
 

e
n
t
r
y
 

t
a
s
k
 

e
n
d
 

d
i
s
p
l
a
y
 
m
o
n
i
t
o
r
i
n
g
.
 

R
E
F
E
R
E
N
C
E
S
 

l.
L.
To
bi
as
,*
Si
nu
la
to
r 

E
v
a
l
u
a
t
i
o
n
 

o
f
 

T
e
r
m
i
n
a
l
 

A
r
e
a
 

R
N
A
V
 

Co
nc
ep
ts
',
NA
SA
 

T
N
 

, 
1n
 
Pr
es
s.
 

T
ab

:-
 

2.
 

E
r
r
o
r
 
b
e
t
w
e
~
n
 to
: 

a
p
t
x
n
m
 
m

i
 t
o
e
 
s
u
b
j
e
c
t
s
 d
c
-
c
i
s
i
o
n
s
 s
s
 

a 
f
u
n
c
t
i
o
n
 

of
 

th
?

 
d
i
s
p
l
a
y
 
s
t
q
t
a
 
fo

r 
m
t
u
o
 c
o
s
t
s
 o

f
 

P 
a
n
d
 

1
. 

T
h
c
 

d
a

ta
 
?
r
r
 
t
h
e
 
a
v
a
r
s
g
s
 
n
u
m
b
e
r
 
o
f
 3

c
c
i
s
i
o
n
 a

r-
 

r
o
r
s
 

f
o
r
 
e
a
c
h
 
j
i
s
p
l
s
y
 
s
t
a
t
o
 
f
o
r
 

6
9

0
 s
t
a
g
e
s
 o

f
 a
o
n
i
t
o
r
-
 

in
q

. 
D
e
c
i
s
~
o
n
 s
r
r
o
r
 

= 
O
p
t
i
m
u
m
 
a
m
c
i
s
i
o
n
 
- s

u
b
j
c
c
t
 d
c
c
i
-
 

3
w
n
.
 

2.
 

E
. 

Pa
lm
ec
,.
Pi
lo
tQ
s 

M
a
n
u
a
l
 
fo
r 

t
h
e
 
4
0
 4
r
e
a
 
N
a
v
i
g
a
t
i
o
n
 
a
n
d
 
A
u
t
O
-
 

p
i
l
o
t
 

S
y
s
t
e
m
s
 

i
n
 
t
h
e
 
F
l
i
g
h
t
 
M
a
n
a
g
e
m
e
n
t
 
R
e
s
e
a
r
c
h
 
S
i
m
u
l
a
t
o
r
~
,
N
A
S
A
 

T
n
X
-
7
3
1
0
0
,
0
~
t
0
b
e
r
 
19
75
. 

3.
 

R.
D.
 

S
m
a
l
l
w
o
~
d
.
~
I
n
t
~
r
n
a
l
 

M
o
d
e
l
s
 
a
n
d
 
t
h
e
 
H
u
m
a
n
 
I
n
s
t
r
u
m
e
n
t
 
Mo

n-
 

it
or
',
 

I
E
E
E
 
T
r
a
n
s
.
 

o
n
 

H
u
m
a
n
 

P
a
c
t
o
c
s
 

in
 

E
l
e
c
t
r
o
n
i
c
s
 

,
V
a
l
.
 

BP
E-
8,
No
. 

3,
 
Se
pt
. 

19
67
.p
p.
18
1-
18
7.
 

4.
R.
A.
Bo
wa
rd
,*
Dy
na
mi
c 

P
r
o
g
r
a
m
i
n
g
 

an
d 

l
a
r
k
o
v
 

Pr
 

es',
 

N
I
T
 

P
r
e
s
s
,
 1
96
8.
 



NW
ER

 
O
F
 rn

sc
nn

i 
rn

sn
rv

 'IN
D

IC
A

TO
R

 
TA

S
K

S
. m

. 
L

E
F

T
 

S
lq

u
cc

 
1
. 
T
n
?
 

~
o

n
lt

o
c

in
q

 d
is

o
lt

y
 u

s-
d

 
in

 t
n

e
 

-x
oe

:i
n.

?n
t.

 
n 

ne
w

 
a

is
p

l.
?

y
 

li
n

c
 

v
3
.s

 
x

~
d

-
J

 e
v

e
ry

 2
 

s?
co

n
d

s.
 

T
h
e
 

-T
is

o
l-

y
 

w
as

 
q

u
e

n
tl

z
e

d
 

in
to

 1
1
 c

e
l
l
s
 
- 

.5
l 
o
 w

i.?
,?

. 
Th

v?
 

.3
is

n
l*

y
 

w
3
3
 

o
u

t 
of
 

to
1:
:a
nc
e 

i
f

 
i

t
 w

ss
 

in
 t

h
- 

o
u

te
rm

o
st

 
?

 
s
c
i
l
s
 

in
ji

c
2

tA
 

d
it

n
 t

n
c

 +
 

si
g

n
s.

 
4

t
 s

ta
le

s
 ?

3
 
*?

n
3

 
2

7
 

t
n
i
s
 

su
b

je
c

t 
3

2
~

1
~

x
1

 
to

 l
o

o
k

 
3*

?y
 

fr
o

- 
ti

w
 r

li
so

la
y

 t
o

 
J
o
 u

is
c

ro
te

 t
a
s
k
s
 
fo
r 

2 
an

.4
 
1
 s

ta
g

e
 ~

e
s

n
~

c
ti

v
e

lv
. 

P
lg

u
rc

 
2.

 
4
 
b
l
o
c
k
 
d
i
s
g
r
*
n
 

o
f 

th
e 

9u
m

m
 

io
q

it
o

r 
(f

ro
m

 
S
n
a
l
l
u
o
o
d
 

(
3

)
)

. 

F
ig

u
re

 
3.

 
T

h
e 

lt
tt

e
 o

f 
in

fo
ra

n
ti

o
n

 o
f 

a 
p

e
rf

e
c

t 
m

o
n

it
o

r 
s

ft
n

r 
I 

lo
o

k
in

g
 

sw
ay

 
fr

o
a

 
th

r 
o

u
tp

u
t 

o
f 

a 
f

ir
s

t 
e

r4
rt

 f
tl

te
r

 
! 

w
lt

n
 

b
a

n
d

u
ii

tn
 0

.2
 

ra
d

/r
tr

q
r 

d
ri

v
e

n
 b

y
 w

h
it

e
 
no
is
r.
 

F
ig

u
re

 4
. 

F
ra

c
ti

o
n

 o
f 

h
it

s
 v

s
 f

rx
-t

io
n

 
o

f 
ti

n
?

 o
n

 d
is

c
re

te
 

t
~

s
k

s
 

fo
r 

fo
u

r 
v

el
u

en
 

o
f 

p
ro

c
e

ss
 

b
3

n
3

w
i3

tn
. 

( 
o
 =
1.
8,
T=
1.
75
, 

~
fo

u
r)

=
a

.o
a

f'
 ) 

I 



F
&

T
IO

N
 O

F 
T

IM
E

 O
N

 D
IS

C
R

E
TE

 T
A

S
K

S
 

F
ig

u
rn

 
5

. 
T

h
e 

e
f

f
e

c
t 

o
f 

2
 

~
i

s
r

c
e

t
e

 
t
3
s
k
 

s
c

t 
u

p
 

c
o

s
t 

IC
) 

o
n

 
tk

* 
o

p
ti

m
a

l 
ti

m
e

 
s

9
-r

ln
3

 
s

tr
a

te
g

y
 f

o
r 

s
ta

t-
s

 
4

,T
 

an
3 

5
. 

In
 

s
ta

te
s

 1
.2

 
an

d
 

3 
tn

e
 o

p
ti

m
a

l 
d

s
c

is
io

n
 i

s
 

fl 
u

n
ti

l 
th

?
 

fr
a

c
ti

o
n

 
o

f 
ti

m
o

 
u

b
ic

o
 

m
u

st
 

b
e

 
d

"
v

o
t4

 
to

 d
is

c
re

to
 

ta
s

k
s

 
is

 
v

z
c

y
 h

ig
h

. 
(
n
*
?
p
 

c
,t

e
g

e
s,

w
 a
@
.
?
 

ra
?

/s
ta

q
?

, 
T
I
?
 .7

'.
,P

(o
l1

t)
 -"

.C
S

m
) 

1
 .o 

4 Y
 

0 
.I

 
2
 

3
 .

4 
.6

 
1
 .7

 
.8

 
9
 1

.0
 

F
R

A
C

T
IO

N
 O

F
 T

IM
E

 S
PE

N
T 

O
N

 D
IS

C
R

E
TE

 T
LS

K
S

 

F
iq

u
rc

 
5

. 
T

n
e 

e
f

f
e

c
t 

o
f 

a 
d

is
c

re
te

 t
?

sk
 
se

t 
u

p
 c

o
s

t 
o

n
 
n
o
n
i
t
g
r
i
n
n
 

p
e

rf
o

rm
a

n
c

e
 

fo
r 

th
?

 
3

y
n

a
n

ic
 

p
r?

ar
am

in
a 

~
0

3
?

1
 w

it
h

 
- 

ii
s

c
r

e
tc

 t
a

s
k

 c
u

n
sc

r 
s

in
t.

 
(1

71
30

 s
ta

g
a

s
, 

w
 

an
.?

 
rs

d
/s

t?
a

?
, 

T
tl

.7
5

, 
n
 

=
I.

"
, 

P
(o

u
t)

=
O

.:
?-

) 

F
R

A
C

T
IO

N
 O

F
 N

Y
L
 P

L
W

IO
N

 
T

U
lQ

 

F
ig

u
r

e
 

7.
 

T
n

2
 

e
f

f
c

o
t 

o
f 

d
is

c
c

?
t*

 
t3

sk
 

c
5

u
n

k
 
s
i
z
e
 

o
n

 
a

o
n

ie
o

ri
n

g
 

p
c

r 
fo

cm
an

ce
. 

h
u

 
ra

.2
 

c
a

j/
s

tr
g

n
, 

n
=

ll
 

s
ta

g
=

s
, 

o
 

=
l.

C
,T

=
I.

7
5

, 
P

(o
u

t)
=

R
.S

R
9

 
i 

F
ig

u
r?

 
3

. 
T

h?
 

e
f

f
e

c
t 

o
f 

o
is

o
la

y
 t

o
lt

c
a

n
c

r 
o

n
 m

o
n

it
o

ri
n

g
 

o
e

rf
o

r-
 

ct
zn

cc
. 

h
u

-0
.2

 
rs

c
i/

st
a

g
e

, 
u

=
1

.0
, 

n
-4

8
 

S
tr

r
q

~
S

 ) 



F
i3

u
c:

 
9

. 
T

n
e

 
fr

a
c

ti
o

n
 a

f 
n
i
t
s
 

fo
r

 d
is

r
r

c
t-

 
t-

c
t 

F
-t

 u
p

 c
o

s
ts

 
o
f
 

.1
 

a
n

3
 1

. 

' W
IU

L
C

T
 A

V
E

R
A

G
E

 
S

U
W

E
C

T 
A

V
E

R
M

E
 

E 
(C

- 
1)

 
4
 

A
V

E
 - 21

 
2
 

#
 - 0.7

 

a
r

r
r

r
o

 
2

4
0

~
1

0
 

S
lM

E
S

 O
N

 D
IS

C
R

E
TE

 T
A

W
S

 

F
ig

u
re

 
1

0
. 

F
re

q
u

n
n

cy
 o

f 
d

e
c

is
io

n
s 

co
 

so
en

d
 

v
a

ri
m

is
 

n
o

a
h

er
r 

o
f 

S
~

K
J

?
S

 
o

n
 3

is
rr

c.
t.

- 
ta

sk
s 

fo
e

 
t

k
 s

u
b

je
c

t3
 a

n
d

 
t

b
 r
u-

 
to

p
li

a
t 

fo
c

 
s

c
t

 u
p

 c
o
s
t
"
 
o
f 

a 
3
n
d
 

I
. 

P
iq

u
ce

 
11

. 
In

?
 n

um
be

r 
o

f 
d

is
z

r
e

te
 t

3
sk

s 
t

o
 d

o
 

((
8

) 
v

a
 
t
h
e
 

n
u
m

b
-r
 

o
f ? 

an
5 st

ag
;;

 
1.
 

to
 q

o
 

lo
) 

fo
r

 3
is

c
r

s
tc

 t
a

x
4

 s
e

t 
up

 c
o

s
ts

 o
f 

F
iq

u
re

 
1

2
. 

3
cm

a
n

ti
c 

B
if

f
c

t
n

t
is

l 
ra

ti
n

q
s 

fo
r

 
t
h
e
 

c
?

x
p

c
r

ir
n

tn
l 

ta
sk

 
w

it
n

 s
e
t
 

up
 c

o
st

 o
f 

e 
an

d
 

1
. 



N
A

V
IG

A
T

O
R

 P
E

R
F
C

K
th

U
N

C
E

 M
E

A
S

U
R

E
M

E
N

T
 I

N
 

N
A

P
-O

F
-T

H
E

-E
A

R
T

H
 

(N
O

E
) 

M
IS

S
IO

N
 

A
L

S
T

R
A

C
T

 

A
 
N

a
p
-o

f-
C

h
c
-E

a
rt
h
 

(
N
O
E
)
 fl

ig
h

t 
p
a
th

 f
o
r 

m
ta

ry
 w

in
g
 

a
~

rc
ra

ft
 c
a
n
 b
e
 
c
o
n
s
rd

e
re

d
 a
s
 
a

 s
e
q
u
e
n
c
e
 
o

f 
te

rr
a

in
 f

e
a
tu

re
s
 
p

ro
v
ld

ln
g

 
v
rs

u
a
l 

c
u
e
s
 t

o
 
tn

e
 
n

a
v
~

g
a

to
r/

p
$

lo
t.

 
S

a
lr
e
n
t 

g
e
o
g
ra

p
h
~

c
 fe

a
tu

re
s
 

a
lo

n
g
 

th
e
 

d
e

s
ir
e

d
 f

lt
g

h
t 

p
a
th

 a
re

 u
s
e
d
 a
s
 
c
u
e
a
 
(d

e
c
ts

k
a
r 

p
o
in

ts
) 

b
y
 
th
e 

n
a

v
ig

a
to

r 
a
n
d
 a

s
 
rn

c
tr

a
l 

p
o
in

ts
 

an
d

 
la

n
d
ln

g
 z
o
n
e
s
 b
y
 
tr
wr
 
ro

u
te

 p
la

m
e

r.
 

T
re

 s
u
c
c
e
s
s
fu

l 
N

O
E
 

n
a
v
ig

a
to

r 
rr

u
s

t 
u

s
e
 h

is
 v

is
u
a
l 

c
u
e
s
 
to

 m
a
k
e
 

c
o

rr
e

c
t 

&
C

IS
IM

S
 

a
t 

e
a
c
h
 d

e
c
ls

to
n
 p

o
w

 a
lo

n
g
 t
h
e
 
d

e
s

~
re

d
 p
a
th

. 
K

n
o
w

le
d
g
e
 o

f 
a
 
n
a
v
lg

a
to

r'
s
 

p
e

rf
w

m
a

n
c
e

 a
t 

e
a
c
h
 c
yp
e 

o
f 

d
e

c
ls

ra
, 

p
a
th

 i
s

 
re

q
u

lr
e

d
 t

o
 
p

re
d

~
c

t m
is

s
~

o
n

 s
u
c
c
e
s
s
, 

an
d
 t

o
 p

la
n

 a
n
d
 e

v
a
lu

a
te

 
m

 
t-

a
rn

rr
rg

 
p

ro
g

ra
m

s
. 

rw
 r

e
s
e

a
rc

h
 r

e
p

o
rt

e
d

 I
n

 t
h
is

 
p
a
p
e
r 

is
 a

n
 a
n
a
l
y
s
i
s
 

.r
 r

.
~

 
fi

l3
h

t 
da
ta
 
to

 
d
e
te

rm
m

e
 t

h
e
 
p

m
b

a
b

il
rt

y
 o

f 
a
 c

o
rr

e
c
t 

d
e
c
is

io
n
 

,. 
. ,,. 

:F+-
,e 

o
f
 d
e
c
~
s
l
o
o
 p
o
m

t.
 

A
ls

o
, 

th
e
 
e

ff
e

c
t 

o
f 

fl
~

g
h

t e
x
p

e
ri
e

n
c
e

 

a
r
 
: 

.-
 3 

-,
m

g
 
o
n
 
th

e
 
p

ro
b

a
b

~
ll

ty
 of
 

s
u
c
c
e
s
s
 a

t 
e
a
c
h
 &

c
is

la
, 

p
o
m

t 
ts

 
. 2

.
 

'.
t.

;.
 

A
 

m
et

h
o

d
 
o
f 

c
o
d
ln

g
 g

e
o
g
ra

p
h
ic

 
fe

a
lu

re
s
 t

e
rm

e
d

 U
lc
 
S

ta
r 

i
 
. * 

h
a

5
 d

e
v
e
lo

p
e
d
 a

n
d
 u

s
e
d
 t

o
 c

h
a

ra
c
te

r~
z
e

 th
e 

te
rr

a
in

 f
e
a
tu

re
s
 
a
t 

c
a

r
 

ie
c
 Is

lO
n
 p

o
ln

t.
 



A
IR

 T
R

A
F

F
IC

 C
O

N
T

R
O

L
 B

\ 
D

IS
T

R
IB

U
T

E
D

 
M

A
N

A
G

E
M

E
N

T
 I

N
 A

 M
L

S
 E

N
V

IR
O

N
M

E
N

T
 

J.
 
C
.
 K

rr
lf

el
d

t 
L

. 
P

ar
k

m
 

T
u:

ts
 

U
n

~
v

er
sc

ty
 

M
ef

o
rd

. 
M

as
sa

ch
u

se
tt

s 

S
. 

H
a

rt
 

S
an

 J
o

se
 S

ta
te

 U
n

~
v

e
rs

lt
y

 
S

an
 J

o
se

. 
C

n
li

fo
rn

ra
 

A
H

S
T

R
A

C
T

 

T
h

e 
rn

lc
 

.w
av

e 
la

n
d

m
g

 s
y

st
em

 (
M

L
S

) 
IS

 a
 t

ec
h

n
rc

al
ly

 f
e

a
s~

b
le

 m
ea

n
s 

fo
r 

In
cr

ea
si

n
g

 
I-

u
n

w
ej

 c
ap

ac
lt

y
 s

m
c

r 
11

 c
ou

ld
 s

u
p

p
o

rt
 c

u
rv

ed
 a

p
p

ro
ac

h
es

 t
o

 a
 s

h
o

rt
 f

ln
al

. 
T

h
e 

sh
o

rt
e

r 
th

e
 f

ln
el

 s
eg

m
en

t 
o

f 
th

e 
ap

p
ro

ac
h

, 
th

e 
w

~
d

e
r th

e 
va

 .
w

ty
 o

f 
sp

ee
d

 r
n

rx
es

 p
o

as
lb

le
 s

o
 th

at
 

th
im

-r
+

t~
ca

ll
y

. ca
p

ac
lt

y
 w

ou
ld

 u
lt

~
rn

at
el

y
 b
e 

It
m

it
~

d
 by

 r
u

n
w

ay
 o

cc
u

p
an

ce
 t

lm
e 

on
ly

. 

T
h

e 
d

en
sv

 t
ra

fl
tc

 e
n

v
rr

o
n

m
en

t 
re

su
lt

rn
g

 f
ro

m
 e

ff
~

c
ie

n
t u

se
 o

f 
th

e 
M

IS
 n

ec
es

sa
ri

ly
 

re
d

il
ce

s 
th

e 
p

er
m

is
st

b
le

 r
es

p
o

n
se

 t
u

n
es

 a
n

d
 t

o
le

ra
n

ce
s 

in
 t

h
e 

A
T

C
 s

y
st

em
 t

h
u

s 
em

p
h

a-
 

sl
zl

n
g

 t
h

e 
ta

ct
lc

al
 a

sp
ec

ts
 o

f 
tr

af
fr

c 
co

n
tr

o
l.

 

A
n 

e
x
p
e
ri

m
e
n
t 

u
sl

n
g

 t
he

 m
u

il
l-

m
an

 A
T

C
 f

ar
rl

rt
y

 o
f 

th
e 

M
an

-V
eh

lc
le

 S
y

st
em

s 
R

e-
 

~
e

a
r

c
h

 th
v

ls
ro

n
 a

t 
N

A
S

A
-A

R
C

 c
o

n
tr

as
te

d
 a

lr
 t

ra
ff

ic
 c

o
n

tr
o

l 
m

 a
 M

L
S

 e
n

v
ir

o
n

m
en

t 
u

n
d

er
 

a 
it

ra
l~

z
e

d
 fo

rm
 o

f 
m

an
ag

em
en

t 
an

d
 u

n
d

er
 d

rs
tr

h
u

te
d

 m
an

ag
em

en
t 

w
h

~
c

h
 w
as

 s
u

p
- 

- p
 

ed
 b

y 
a 

tr
a
ff

ic
 s

rt
u

at
lo

n
 d

ls
p

la
y

 I
n 

ea
ch

 o
f 

th
e 

3
 p

~
lo

te
d

 si
m

u
la

to
rs

. 

0b
je

c.
tl

ve
 

fl
kg

ht
 d

at
a,

 v
er

b
al

 c
o

m
m

u
n

ic
at

~
u

n
 an

d
 s

u
b
je

c
ti

v
e
 r

es
p

o
n

se
s 

w
er

e 
re

co
rd

ed
 

on
 1

8
 t

r
~

a
l ru

n
s 

la
st

in
g

 a
b

o
u

t 
20

 m
in

u
te

s 
ea

ch
. 

T
h

e 
re

su
lt

s 
w

er
e 

in
 g

en
er

al
 a

g
re

em
en

t 
w

~
th

 p
re

v
m

u
s 

d
~

s
tr

~
b

u
te

d
 

m
an

ag
em

en
t 

re
se

a
rc

h
. 

In
 p

ar
tk

cu
la

r,
 

d
rs

tr
~

b
u

te
d

 m
an

ag
em

en
t 

p
er

m
it

te
d

 a
 s

m
a

ll
e

r 
sp

re
ad

 o
f 

in
te

rc
ro

ss
rn

g
 t

u
n

e
s 

an
d

 b
ot

h 
p

il
o

ts
 a

nd
 c

o
n

tr
o

ll
er

s 
p

e
r-

 
c

a
v

e
d

 J
~

st
rl

b
u

te
d

 m
an

ag
em

en
t 

a
s

 t
h

e 
m

o
re

 "
id

ea
l"

 
sy

st
em

 m
 t

h
rs

 t
as

k
. 

It
 i

s
 c

o
n

cl
u

d
ed

 f
ro

m
 t

h
is

 a
n

d
 p

re
v

lo
u

s 
re

se
a

rc
h

 t
h

at
 d

is
tr

ib
u

te
d

 m
an

ag
em

en
t 

o
ff

er
s 

a 
v

ia
b

le
 a

lt
e

rn
a

t~
v

e
 to

 c
e

n
tr

a
l~

z
e

d
 m
an

ag
em

en
t 

w
it

h
 d

ef
in

it
e 

p
o

te
n

ti
al

 f
o

r 
d

ea
lm

g
 w

it
h 

d
en

se
 t

ra
ff

lc
 I

n 
a 

sa
fe

. 
o

rd
e

rl
y

 a
n

d
 e

x
p
e
d
it

io
u
s 

m
an

n
er

. 

IN
T

R
O

D
U

C
T

IO
N

 

In
 p

re
v

io
u

s 
p

ap
er

s 
w

e 
h

av
e 

d
rs

cu
ss

ed
 s

o
m

e 
of

 t
h

e 
ad

v
an

ta
g

es
 a

n
d

 d
~

sa
d

v
a

t~
ta

g
e

s 
th

at
 s

e
e

m
 t

o
 b

e
 i

n
h

er
en

t 
in

 o
p

er
at

rn
g

 a
1

r 
tr

af
fi

c 
co

n
tr

o
l 

rn
 

th
e 

te
rm

in
al

 a
re

a
 b

y 
d

~
st

ri
b

u
le

d
 

m
an

ag
em

en
t 

a
s

 o
p

p
o

se
d

 t
o

 a
 c

e
n

tr
a

k
e

d
 g

ro
u

n
d

 h
as

ed
 (

"v
ec

to
rr

n
g

"J
 

m
an

ag
em

en
t.

 
T

h
es

e 
d

~
sr

u
ss

to
n

s w
er

e 
b

as
ed

 o
n

 r
e

su
lt

s 
o

b
ta

m
ed

 o
v

er
 a

 p
er

io
d

 o
f 

5
 y

e
a

rs
 f

ro
m

 m
an

n
ed

 s
im

u
la

- 
ti

o
n

 e
x

p
er

u
n

en
ts

 a
t 

N
A

S
A

-A
R

C
 i

n
 t

h
e 

M
an

-V
eh

ic
le

 
S

y
st

em
s 

R
es

ea
rc

h
 D

iv
is

io
n

 u
si

n
g

 t
h

e 
m

u
lt

i-
m

an
 A

T
C

 s
im

u
la

ti
o

n
 f

ac
il

it
y

 d
ev

el
o

p
ed

 t
h

er
e.

 
T

h
is

 f
ac

il
tt

y
 w

as
 d

es
ig

n
ed

 t
o

 c
ap

- 
tu

re
 t

h
e 

ab
so

lu
te

ly
 v

~
ta

l p
~

lo
t-

p
il

o
t a

n
d

 p
il

o
t-

co
n

tr
o

ll
er

 
ln

te
ra

ct
m

n
s 

th
at

 a
re

 l
ac

k
in

g
 i

n 
sm

a
ll

e
r 

o
r 

to
:a

lly
 

co
rn

p
u

te
rr

ze
d

 s
tu

d
le

s.
 

T
h

e 
re

su
lt

s 
of

 e
ac

h
 e

x
p

er
u

n
en

t 
h

av
e 

co
n

si
st

en
tl

y
 i

n
d

ic
at

ed
 t

h
at

 d
ls

tr
ib

u
ie

d
 m

an
ag

e-
 

m
en

t,
 

m
ad

e 
p

o
ss

rb
le

 b
p 

th
e 

ap
p

ro
p

ri
at

e 
d

is
p

la
y

 o
f 

tr
af

fi
c 

in
fo

rm
at

io
n

 i
n

 t
h

e 
co

ck
p

it
, 

e
x

- 
h

ib
it

ed
 h

ig
h

ly
 d

es
ir

ab
le

 c
h

a
ra

c
te

ri
st

ic
s 

su
ch

 a
s

 a
 s

m
a

ll
e

r 
in

te
ra

rr
rv

a
l 

ti
m

e 
v

ar
ia

n
ce

 t
h

en
 

dt
d 

th
e 

g
ro

u
n

d
 b

as
ed

 m
an

ag
em

en
t 

al
te

rn
at

iv
e 

a
s

 w
el

l 
a

s
 d

ra
m

at
ic

al
ly

 r
ed

u
cm

g
 c

o
n

tr
o

ll
er

 
v

er
b

al
 w

o
rk

lo
ad

(3
.6

).
 

T
h

u
s 

d
ts

tr
ib

u
te

d
 m

an
ag

em
en

t 
h

a
s 

a 
d

ef
m

it
e 

*t
en

tl
a1

 
fo

r 
co

p
in

g
 

w
rt

h 
p

re
se

n
t 

a
d

 p
ro

je
ct

ed
 i

n
c

re
a

se
s 

In
 t

ra
ff

ic
 d

en
si

tr
es

 a
n

d
 r

is
in

g
 c

o
st

s 
in

 a
 n

at
u

ra
l,

 &
en

 
o

rd
er

ly
 a

nd
 e

x
p

ed
it

io
u

s 
m

an
n

er
 w

it
ho

ut
 r

n
cr

ea
si

n
g

 s
y

st
e

m
 w

o
rk

lo
ad

s.
 

T
h

e 
ex

p
er

u
n

en
ts

 l
ea

d
in

g
 t

o
 t

h
e 

ab
o

ve
 s

ta
te

m
en

ts
 e

re
 b

y 
r~

o
 

m
ea

n
s 

e
x
h
a
u
st

iv
e
. 

O
th

er
 

p
o

ss
~

b
le

 tr
af

fi
c 

p
ro

ce
d

u
re

s 
co

u
ld

 b
e 

d
ev

is
ed

 t
o

 d
ea

l 
w

it
h

 r
n

cr
ca

si
n

g
 t

ra
ff

ic
 d

e
n

s~
ti

e
s e

v
en

 
w

rt
ho

ut
 t

h
e 

co
n

ce
p

t 
of

 d
is

tr
rb

u
te

d
 m

an
ag

em
en

t 
an

d 
th

e 
n

at
u

ra
l 

q
u

es
ti

o
n

 a
ri

se
s 

a
s

 to
 w

h
et

h
er

 
o

r 
no

t 
su

ch
 p

ro
c

e
L

re
s 

co
ul

d 
th

em
se

lv
es

 b
e

 a
cc

o
m

m
o

d
at

ed
 u

n
d

er
 a

 d
is

tr
ib

u
te

d
 m

an
ag

em
en

t 
re

g
rm

e.
 

M
ic

ro
w

av
e 

L
an

d
m

g
 S

y
st

em
. 

T
h

c 
m

ic
ro

w
av

e 
la

n
d

in
g

 s
y

st
e

m
 (

M
L

S
) 

h
as

 b
ee

n
 p

ro
 

se
d

 a
s

 a
 t

ec
n

n
ic

al
 a

d
v

an
ce

 w
hr

ch
 

co
ul

d 
su

p
p

o
rt

 a
n

 r
n

cr
ea

se
 i

n
 a

ir
p

o
rt

 c
ap

ac
it

y
 a

n
d

 ~
a

f
e

ty
.F

:~
*

~
)

 
T

h
e

 a
n

ti
ci

p
at

ed
 p

re
c
is

io
n

 
an

d 
co

v
er

ag
e 

of
 t

h
e 

M
L

S
 c

o
u

ld
 d

ef
in

e 
p

re
c

is
e

 c
u

rv
ed

 d
es

ce
n

d
in

g
 a

p
p

ro
ac

h
es

 t
h

u
s 

in
c

re
a

s-
 

in
g 

ca
p

ac
it

y
 i

n
 e

x
is

ti
n

g
 a

ir
p

o
rt

 s
p

ac
e 

th
ro

u
g

h
 t

w
o 

m
e

c
h

a
n

~
sm

s.
 

T
h

e 
p

re
ci

si
o

n
 t

o
g

et
h

er
 

w
it

h 
cu

rv
ed

 a
p

p
ro

ac
h

es
 c

o
u

ld
 p

er
m

it
 i

n
d

ep
en

d
en

t 
o

p
er

at
io

n
s 

to
 c

lo
se

ly
 s

p
ac

ed
 r

u
n

w
ay

s 
an

d 
c

lo
se

r 
sp

ac
in

g
 e

ff
ec

ti
v

el
y

 i
n

cr
ea

si
n

g
 a

rr
p

o
rt

 c
ap

ac
it

y
. 

T
o

g
et

h
er

 w
it

h 
o

r 
in

d
ep

en
d

en
tl

y
 

of
 r

n
u

lt
~

p
le

 ru
n

w
ay

s.
 

th
e 

p
re

ci
se

 c
u

rv
ed

 a
p

p
ro

ac
h

es
 c

o
u

ld
 e

l-
4

 b
e 

u
se

d
 t

o
 s

h
o

rt
en

 t
h

e 
lo

n
g

 
co

m
m

o
n

 f
in

al
 a

ll
 A

/C
 m

u
st

 s
h

a
re

 o
n 

p
re

se
n

t 
IL

S
 a

p
p

ro
ac

h
~

r(
. 

A
 l

o
n

g
 c
o
m
m
o
n
 h

n
al

Jo
w

 
p

o
si

ti
o

n
 p

re
ci

si
o

n
 a

n
d

 w
ak

e 
tu

rb
u

le
n

ce
 n

ec
es

si
ta

te
s 

co
n

s 
d

er
ab

le
 r

n
te

ra
ir

cr
af

t 
sp

ac
in

g
 b

e-
 

tw
ee

n 
a

ir
c

ra
ft

 o
f 

d
if

fe
re

n
t 

sp
ee

d
 a

n
d

 w
e

~
g

h
t c

h
ar

ac
te

ri
st

ic
s.

 
R

ed
u

cl
n

g
 t

h
e 

co
m

m
o
n
 f

in
al

 
_ 

ap
p

ro
ac

h
 l

en
g

th
 a

ls
o

 i
n

c
re

a
se

s 
ru

n
w

ay
 c

ap
ac

it
y

. 

A
lt

ho
ug

h 
co

n
si

d
er

ab
le

 te
ch

n
ic

al
 w

o
rk

 i
s

 t
ak

in
g

 p
la

ce
 I

n 
M
L
S
 d

es
ig

n
 f

o
r 

cr
vU

 a
v

ia
ti

o
n

, 
no

 e
x

p
er

im
en

ta
l 

re
su

lt
s 

h
av

e 
b

ee
n

 f
ou

nd
 i

n
v

es
ti

g
at

in
g

 t
h

e 
im

p
ac

t 
o

f 
th

e 
M
L
S
 o
n
 u

r 
tr

a
ff

ic
 

m
an

ag
em

en
t 

in
c

o
rp

o
ra

t~
n

g
 th

e 
ca

p
ab

rl
it

y
 f

o
r 

m
u

lt
ip

le
 c

u
rv

ed
 a

p
p

ro
ac

h
es

 a
s

 a
 m

e
a

a
s 

lo
r 

In
cr

ea
si

n
g

 r
u

n
w

ay
 c

ap
ac

it
y

. 

E
X

P
E

R
L

M
E

N
T

A
L

 O
B

JE
C

T
IV

E
S

 A
N

D
 P

U
R

P
O

S
E

S
 

T
h

is
 e

x
p

er
im

en
t 

h
ad

 t
w

o
 p

ri
m

ar
y

 o
b

je
ct

iv
es

: 

A
) 

d
e

te
rm

~
n

e
 th
e 

fe
as

ib
il

it
y

 o
f 

d
is

tr
ib

u
te

d
 m

an
ag

em
en

t 
In

 a
 M

L
S 

en
v

ir
o

n
m

en
t 

of
 m

u
lt

lp
le

 c
u

rv
ed

 d
es

ce
n

d
in

g
 a

p
p

ro
ac

h
es

 

B
) 

st
u

d
y

 t
h

e 
u

n
p

ac
t 

of
 m

u
lt

ip
le

 c
u

rv
ed

 d
es

ce
n

d
m

g
 a

p
p

ro
ac

h
es

 o
n 

a
lr

 
fr

a
ff

~
c

 m
an

ag
em

en
t.

 

T
h

e 
pu

t p
o

se
s 

fo
r 

ea
ch

 o
b

je
ct

iv
e 

w
e

re
 r

es
p

ec
ti

v
el

y
: 

A
 -

1
) 

in
c

re
a

se
 t

h
e 

ra
n

g
e 

of
 u

n
d

er
st

an
d

in
g

 o
f 

th
e 

d
rs

tr
tb

u
te

d
 

m
an

ag
em

en
t 

co
n

ce
p

t 

A
-2

) 
a

c
c

ru
e

 e
v

id
en

ce
 a

s
 t

o
 i

ts
 s

it
u

at
io

n
al

 r
o

b
u

st
n

es
s 

B
-1

) 
p

ro
v

id
e 

b
as

ic
 l

n
fo

rm
at

lo
n

 p
e
rt

in
e
n
t 

to
 a

ir
 t

ra
ff

ic
 

m
an

ag
em

en
t 

in
 t

h
e 

M
L

S
 e

n
v

ir
o

n
m

en
t 

B
-2

) 
o

b
ta

in
 p

rl
o

t-
co

n
tr

o
ll

er
 r

ea
ct

io
n

s 
to

 M
L
S
 c

a
p

a
b

~
li

ti
e

s 



R
-3

) 
p

ro
v

ic
e 

b
as

rc
 i

n
fo

rm
at

io
n

 u
se

fu
l 

In
 t

h
e 

d
es

lg
n

 o
f 

a 
M

L
S

 
te

rm
in

al
 t

ra
ff

ic
 a

re
a

 u
ti

lr
zl

n
g

 m
u

lt
~

p
le

 cu
rv

ed
 a

p
p

ro
ac

h
es

. 

B
ot

h 
o

b
je

ct
rv

es
 w

e
re

 a
cc

o
m

p
lr

sh
ed

 u
n

d
er

 t
h

e 
sa

m
e

 e
x

p
er

im
en

t.
 

H
o

w
ev

er
, 

th
is

 
p

ap
er

 w
rl

l 
a

d
d

re
ss

 o
b

je
ct

rv
e 

A
 o

nl
y.

 
A

 s
ec

o
n

d
 p

ap
er

(l
O

) a
d

d
re

ss
e

s 
o

b
je

ct
iv

e 
B

. 

T
h

e 
m

et
h

o
d

o
lo

g
y

 u
sr

d
 t

o
 a

cc
o

m
 

li
sh

 t
h

e 
st

at
ed

 o
b

je
ct

iv
es

 w
as

 e
ss

en
ti

al
ly

 s
im

il
a

r 
to

 
th

at
 e

m
p

lo
y

ed
 I

n 
p

rr
o

r 
ex

p
er

rm
en

ts
.(

f-
6

) 
L

im
it

ed
 d

es
cr

ip
ti

o
n

s 
of

 c
o

m
m

o
n

 f
ea

tu
re

s 
w

il
l 

b
e 

g
iv

en
 h

er
e.

 
It

em
s 

p
cc

u
lr

ar
 t

o
 t

h
rs

 e
x

p
er

im
en

t 
w

il
l 

b
e

 d
e

sc
r~

b
e

d
 in

 m
o

re
 d

et
ai

l.
 

R
ef

er
- 

en
ce

 1
0 

m
ay

 a
ls

o
 b

e 
co

n
su

lt
ed

 f
o

r 
fu

rt
h

er
 d

eh
cr

rp
tr

o
n

s.
 

T
h

e 
b

as
rc

 s
lm

u
la

tr
o

n
 f

ac
ri

it
y

 c
o

m
p

rr
se

s:
 

th
re

e 
f~

x
e

d
-b

a
se

 si
m

u
la

to
rs

 W
I 

h 
th

ro
tt

le
. 

ar
le

ro
n

 a
nd

 e
le

v
at

o
r 

co
n

tr
o

l 
an

d 
C

R
T

 f
li

gh
t 

rn
fo

rm
at

 o
n
 a

n
d

 s
ta

tu
s 

d
rs

p
la

y
s 

. 
a 

tw
o

-m
an

 c
o

n
tr

o
ll

er
 s

ta
tr

o
n

 w
w

th
 a

 C
R

T
 d

rs
p

la
y

ed
 t

er
m

in
al

 
tr

af
fr

c 
an

d
 a

n
 a

lp
h

an
u

m
er

ic
 g

rd
p

h
rc

 1
10

 t
er

m
rn

al
 

. 
a 

p
ro

g
ra

m
m

ab
le

 r
n

te
rc

o
m

m
u

n
ic

al
ro

n
 s

y
st

em
 l

in
k

in
g

 a
ll

 
p

ar
ta

cl
p

an
ts

 

. 
an

 S
E

L
 8
4
0
 c

o
m

p
u

te
r 

W
IU

I a
 E

IS
 lm

e 
d

ra
w

rn
g

 s
y

st
em

. 
N

 5
 

A
ll

 f
l@

t 
d

y
n

ar
n

rc
s 

e
tc

..
 

T
or

 e
ac

h
 s

u
n

u
la

to
r 

a
s

 w
el

l 
a

s
 c

o
m

p
le

te
 e

x
p

er
tm

en
ta

l 
co

n
tr

o
l 

a
re

 
p

er
fo

rm
ed

 b
y 

th
e 

S
E

L
 8

40
. 

AL
L 

C
R

T
 g

ra
p

h
ic

s 
d

rs
p

la
y

s 
a

re
 s

u
p

p
o

rt
ed

 b
y 

th
e 

S
E

L
 8
4
0
 a

n
d

 
th

e 
E

m
 g

ra
p

h
lc

s 
sy

st
em

. 

T
h

is
 l

a
c

~
lr

tv
 Re
 
b

em
g

 e
x

p
an

d
ed

 a
n

d
 u

p
g

ra
d

ed
 a

s
 d

es
cr

rb
ed

 m
 a

n
o

th
er

 p
ap

er
(l

l'
 

b
u

t 
th

e 
b

as
rc

 i
n

te
ra

ct
rv

e 
n

at
u

re
 o

f 
th

e 
s

~
m

u
la

t~
o

n
 

fa
cr

lr
ty

 I
S

 
re

ta
in

ed
. 

TA
SK

 

1.
 

R
ou

te
 S

tr
u

ct
u

re
 

T
h

e 
b

as
ic

 t
as

k
 w

as
 s

tr
u

ct
u

re
d

 a
ro

u
n

d
 m

u
lt

rp
le

 c
u

rv
ed

 a
p

p
ro

a
c

h
~

s to
 t

w
o 

cl
o

se
ly

 s
p

ac
ed

 
S

T
O

L
 r

u
n

w
ay

s 
3
s 

sh
ow

n 
In

 
F

lg
u

re
a 

I 
a
n
d
 2

. 

T
h

e 
p

ro
b

le
m

 b
eg

rn
s 

ab
o

u
t 

5
 1

1
2

 n
m
 a

lo
n

g
 e

ac
h

 a
p

p
ro

ac
h

 f
ro

m
 t

h
re

sh
o

ld
. 

A
ll

 r
o

u
te

s 
m

e
rg

e
 a

t 
th

e 
F

m
al

 A
p

p
ro

ac
h

 F
u

 (
F

A
F

) 
1

 n
m

 f
ro

m
 th

re
sh

o
ld

. 
T

h
e

 r
o

u
te

s 
h

av
e 

d
if

fe
re

n
t 

tu
rn

 r
ad

rr
 w

rt
h 

th
e
 M

er
cu

ry
 A

-r
oa

ch
 

(1
8

L
) b

em
g

 m
o

st
 s

ev
er

e.
 

T
h

is
 d

if
fe

rs
 f

ro
m

 t
h

e 
te

ch
n

rq
u

e 
an

 
B

e
m

rr
. 

e
t 

a1
 (

8
) 

in
 w

hi
ch

 t
h

e 
ap

p
ro

ac
h

es
 t

an
g

en
tr

al
ly

 I
n

te
rs

ec
te

d
 a

 c
o

m
m

o
n

 
cu

rv
-d

 
p

at
h

 b
u

t 
at

 d
rf

fe
re

n
t 

''m
er

g
e"

 
p

a
n

ts
. 

T
ab

le
 1

 s
h

o
w

s 
th

e 
tu

rn
 r

a
d

ti
 a

n
d

 r
eq

u
ir

ed
 

ba
nk

 a
n

g
le

 a
t 

70
 k

ts
 l

o
r 

ea
ch

 a
p

p
ro

ac
b

 u
se

d
 i

n
 t

h
is

 e
x

p
er

rm
en

t.
 

F
IG

U
R

E
 

1
 

F
IN

A
L

 C
U

R
V

E
D

 S
T

O
L

 A
P

P
R

O
A

C
H

 R
O

U
T

E
S 

T
O

 A
Y

IS
 

S
T

O
L

P
O

R
T

. 
SI

M
U

L
A

T
O

R
S 

A
N

D
 C

O
M

P
U

T
E

R
 C

R
A

F
T
 

F
L

E
W

 A
P

P
R

O
A

C
H

E
S

 T
O

 R
U

N
W

A
Y

 
36

 L
E

F
I'.

 
G

R
O

U
IU

D
 

P
R

O
JE

C
T

IO
N

S
 A

R
E

 S
H

O
W

. 

T
A

B
L

E
 1

 - 
C

U
R

V
E

D
 A

P
P

R
O

A
C

R
 P

A
T

H
S

 

R
ad

tm
 

B
an

k 
A

q
le

 
C

u
rv

ed
 S

eg
m

en
t 

A
p

p
ro

ac
h

 
(f

i)
 

(
m
 kt
%)
 

(f
i)

 
de

g.
 

M
E

R
C

U
R

Y
 (

1
8

L
) 

1
6

1
6

 
1

5
 

4
7
S
5
 

P
IO

N
E

E
R

 (
1

3
L

) 
2
4
2
4
 

A 
W

L
L

O
'(

S
L

) 
3
2
3
2
 

G
E

M
IN

I 
(
4
L
)
 

4
0
4
0
 

V
M
I
N
G
 (

1
L

) 



,2
 

f
.
 

a
 

F
IG

U
R

E
 2

 
D

E
T

A
IL

S
 O

F
 T

H
E

 C
U

R
V

E
D

 A
P

P
R

O
A

C
H

E
S.

 

H
ad

ru
e 

an
d 

ba
nk

 a
n

g
le

 a
re

 m
o

n
o

to
n

e 
Iu

n
ct

lo
n

s 
o

f 
th

e 
ap

p
ro

ac
h

 r
o

u
te

 b
u

t 
P

IO
N

E
E

R
 

(1
3

L
) 

h
ad

 t
h

e 
lo

 
e

st
 c

u
rv

ed
 s

eg
m

en
t.

 
T

h
e 

ra
n

ge
 o

f 
ba
nk
 a

n
g

le
s 

1s
 s

tm
i1

.r
 

to
 t

h
at

 s
tu

c
it

d
 

In
 

ti
en

n
rr

, 
e

t 
a

3
"

)
 

T
h

e 
M
E
R
C
U
R
Y
 a

p
p

ro
ac

h
 (
18
L:
 w

as
 o

n
ly

 u
se

d
 l

o
r 

g
o

 a
ro

u
n

d
&

 
N

o 
si

rn
u

la
lo

r 
o

r
 c

o
m

- 
p1

:te
r 

c
ra

ft
 w

a
s

 ~
n

t&
ce

d
 
on
 1
8L
. 

T
n
e
 c

u
rv

rd
 s

eg
m

en
ts

 o
f 

th
e 

g
ro

u
n

d
 p

ro
jc

i!
~

o
n

 m
er

e 
o

m
it

te
d

 o
n 

th
e 

C
A

T
 d

ta
p

la
y

s 
b

e
- 

c
a
u
s
e
 o

f 
th

ew
 c

o
n

sr
d

er
zb

lc
 d

ra
a

v
ir

g
 o

v
e

rh
e

a
d

. 
P

re
v

lo
u

s 
e

~
p

e
ri

rn
e

n
ta

('
~

) h
ad

 t
n

d
,c

at
ed

 
th

at
 p

a%
 p

re
d

tc
to

rs
 a

ll
o

w
ed

 p
il

o
ts

 t
o

 f
ly
 o

m
it

te
d

 c
u

rv
ed

 s
eg

m
en

ts
 u
si
ng
 t

h
e

~
r p

at
h
 p

re
d

ic
lo

r 
a

s
 a

 "
;a

ir
tn

Q
n 

d
e

v
~

c
e

. 
It

 w
;. 

ho
pe

d 
th

at
 t

h
ts

 e
ff

ec
t 

co
u

ld
 b

e 
ad

%
an

ta
g

eo
u

sl
y

 u
se

d
 I

n 
V

ua
 

P
x

p
er

u
n

en
t.

 

A
il

 a
p

p
m

a-
h

es
 h

ad
 t

h
e 

sa
m

e 
re

q
k
:r

p
d
 a

lt
lt

u
d

e 
pr

o(
rl

e 
b

eg
tn

n
in

g
 a

t 
!ZO

O0
 

ft
, 

in
te

rs
ec

- 
u

n
g

 a
 6

O
 g

lt
d

e 
sl

o
p

e 
a!

 
th

re
e

 m
ll

es
 f

ro
m

 t
h

e 
:h

-e
sk

ol
d 

al
o

n
g

 t
h

e 
ap

p
ro

ac
h

 a
n

d
 d

es
ce

n
d

in
g

 
to
 

1
0
0
 f

t 
a

t 
th

e 
m

rs
se

d
 a

p
p

ro
ac

h
 p

ot
n

t 
(M

A
P

) 
LO

W
 f

\ 
fr

o
m

 t
h

rt
sh

o
ld

. 
F

ig
u

re
 3

 Q
e
t8

it
. 

th
is

 
p

ro
fi

le
 f

n
r 

re
fe

re
n

ce
. 

:\ 
w

in
d 

sh
e

a
r 

of
 2

5
 k

ls
 a

t 
m

-0
 
R
 l

in
ea

rl
y

 d
ec

rc
as

ln
g

 t
o

 1
5 

k
ta

 a
t 

g
ro

sn
d

 l
ev

el
 b
le
w 

co
n

at
ar

tl
y

 f
ru

n
 t
he
 N

or
th

. 
N

u
 t

u
rb

u
le

n
ce

 w
aa

 p
re

se
n

 

F
IG

U
R

E
 3

 
A

L
T

S
T

U
D

E
 P

R
O

F
IL

E
 F

O
R

 E
A

C
H

 O
F
 T

H
E

 C
U

R
V

E
D

 
A

P
P

R
O

A
C

H
E

S
 T

O
 T

H
E

 S
IM

U
L

A
T

E
D

 A
Y

E
S

 S
T

O
L

 P
O
R
T
.
 

2. 
P

il
o

t 
n

ju
ip

m
en

l 

P
il

o
t 

d
ro

p
la

y
s 

w
e

re
 C

R
T

 g
an

er
nt

cd
'1

'5
) 

w
it

h
 a

 V
er

ti
ca

l 
S

it
u

at
io

n
 I

n
lo

rm
at

im
 

(V
SI

) 
d

is
p

la
y

 a
n

d
 a

 H
o

ri
zo

n
ta

l 
S

lt
u

at
ro

n
 I

n
fo

rm
at

io
n

 (
H

S
II

 d
is

p
h

y
. 

T
h

e
 K

S1
 d

in
p

la
~

y
d

 
a 

m
o

v
in

g
 m

ap
 0

5 
g

ro
u

n
d

 t
ra

ck
s,

 
A

/C
 s

y
m

b
o

ls
 a
nd
 6

0 
se

e.
 
pa
th
 p

re
d

ic
to

r 
o
n
 m

n
 sh

ip
 

on
ly

. 
P

re
v

io
u

s 
e

x
p

e
ri

m
e

rd
2

) 
h

ad
 d

et
er

m
in

ed
 t

h
at

 p
at

h
 p
rr
di
cl
or
a 
o
n
 o

tb
er

 h
/C

 
w

er
e 

no
t 

n
ec

es
sa

ri
ly

 a
n

 a
d

v
an

ta
g

e 
an
d 

th
er

ef
o

re
 r

e
r

e
 e

li
m

tn
st

ed
. 

Th
is
 a

ls
o

 h
el

p
ed

 
re

d
u

ce
 d

ra
w

in
g

 r
e
q

u
ir

e
m

e
n

ts
. 

F
ig

u
re

 I
 s

h
ow

a 
a 

ty
p

~
c

d
 p
il

o
t 

C
R

T
 d

is
p

la
y

 t
n 

rh
ic

b
 

o
th

er
 l

rp
rf

ic
 i
s 

a
ls

o
 v

is
ib

le
. 

T
Y

P
lC

A
L

 C
R
T
 C

O
C

K
W

 D
IS

P
W

L
Y

. 
L

O
W

E
R

 D
L

SP
W

Y
 

S
H
O
W
S
 O

W
N

 S
H

IP
 C

E
N

T
R

A
L

L
Y

 U
3C

A
T

E
D

 A
N

D
 W

IT
H

 A
 

BO
 S

E
C

. 
P
A
T
H
 P

R
E

D
IC

T
O

R
. 



A
 r

n
o

v
ln

g
 p

o
rn

te
r 

g
ld

e
 s

lo
p

e
 m

d
rc

a
to

r 
w

a
s 

d
is

p
la

y
e

d
 o

n
 t
h

e
 r

lg
h

t 
o

f 
th

e
 V

S
I. 

H
o

rr
z

a
rt

a
l d

e
vr

a
tr

o
n
s 

w
e

re
 d

e
te

ct
e
d
 f

ro
m

 t
h
e
 H

S
I w

h
ic

h
 w

M
 a

u
to

s
c
a

le
d

 b
y
 a

lt
it

u
d

e
 

as
 a

n
 o

p
tl

a
r.

 
O

b
vi

w
s!

y.
 

b
e

tt
e

r 
tn

d
rc

a
to

n
 s

h
o

u
ld

 b
e

 d
c
ra

e
d

. 

P
~

lo
ts

 
h
a
d
 a

 s
w

rt
c
h

 s
e

le
c
ta

b
le

 c
h

o
ic

e
 o

f 
a

 t
ra

n
s
la

ta
n

g
 l

o
r
th

 ri
p

 m
a

p
 w

it
h

 a
 c

e
n

- 
te

re
d

 r
o

ta
tm

g
 A

/C
 s

y
m

b
o

l 
o

r 
of
 

a
 h

e
a
d
rn

g
 u

p
 c

e
n

te
re

d
 A

/C
 s

y
m

b
o

l 
a

n
d

 r
o

ta
tr

n
g

 t
ra

m
- 

L
a
tr

n
g
 m

ap
. 

A
 s

e
co

n
d
 o

p
ti
o

n
 a

llo
w

e
d

 s
e
le

ct
so

n
 o

f 
e

~
th

e
r a

 m
a

p
 s

c
a

le
 f

ix
e

d
 (

F
) 

lo
 a

 r
-?

rb
L

.&
 

a
tt

it
u

d
e

 o
f 

2
0
0
0
 f

e
e

t 
e
n
co

m
p
a
ss

in
g
 a

 h
a

lf
 u

~
d

th
 

o
f 

I2
 n

in
 o

r 
an

 a
u

to
m

z
'ic

 
s

c
d

rn
g

 (A
) 

o
p

ti
o

n
 w

h
rc

h
 m

o
n

u
to

n
rc

a
lly

 d
e
cr

e
a
se

d
 t

h
e
 h

a
lf

 w
rd

th
 w

~
th

 
d

e
a

c
rr

*t
ln

g
 a

!':
:u

de
 

lo
 a

p
- 

p
rn

x
im

a
te

ly
 0

.8
 

n
m

 a
t 
1
M
)
 R

. 
T

h
e

 s
c
a

li
n

g
 a

lg
o

r~
th

m
 re

Q
v;

re
s 

d
e
c
re

a
s
in

g
 s

e
n

s
~

ti
v

lt
y

 
w

rl
h

 a
lt

lt
u

d
r 

o
th

e
rw

is
e

 v
e

rt
y

rr
 e

e
n
a
a
tlo

n
s 

a
n
d
 lo

b
s
 o

f 
q

..
rs

p
e

ct
rv

e
 c

a
n

 e
a

s
ll
y
 r

e
s

u
lt

 
as

 a
lt

rt
u

d
e

 d
e

c
re

a
s
e

s
 a

n
d
 f

lu
c
tu

s
te

s
. 

A
u

tm
~

a
te

d
 nr
.tp

 
s
c
a

li
n

g
 r

e
q

u
ir

e
s
 c

o
n

s
~

d
e

ra
b

lc
 

d
e

s
m

 th
o
u
g
h
t 

a
n
d
 e

x
p

e
rm

e
n

t3
tl

o
n

. 

P
rl

o
ts

 h
a

d
 f

u
ll

 u
se

 o
f 

v.
;e

ro
n

. 
t
.
 

T
a
to

r 
a
n
d
 U

w
o

tt
le

 c
o

r.
tm

l. 
U

e
s
lr

e
d

 A
lr

 
S

pe
ed

 c
o

rr
e

u
p

a
rd

c
d

 t
o

 t
h
e
 ;

n
d

lr
a

le
d

 
A

ir
 S

p
e
e
d
 I

n
 s

tr
a

tf
it

 
a
n
d
 l

e
v

e
l f

lt
g

h
t 

w
h

~
c

h
 w
o

u
ld

 
b

e
 a

ch
re

ve
d
 a

t 
th

e
 p

re
s
e

n
t 

th
ro

tt
le

 s
e
tt

m
g
. 

A
p

p
ro

a
c
h

 p
:a

te
s 

lo
r 

e
a
ch

 o
; 

th
e

 5
 a

p
p

ro
a

c
h

n
 w

e
n

 a
v
a

il
a

b
le

 i
n

 th
e

 c
o

e
kp

rt
..
 

u
 

S
he

 c
o

n
tr

u
ll

e
r 

s
ta

ll
o

n
 m

as
 r

e
m

o
te

ly
 l
o

c
a

te
d

 f
ro

m
 a

ny
 o

f 
th

e
 o

rm
u

la
to

rs
. 

%
 

T
w

o
 c

o
n

ti
 o

ll
e

rs
 m

a
n
n
e
d
 t
h
e
 s

tp
tl

o
n

 w
it

h
 o

n
e
 p

o
s
~

tr
o

n
e

d
 b
e

fo
re

 a
 C

R
T

 s
h

o
v
m

g
 t

h
e

 
A

p
p

m
c

h
 g

ro
u

n
d

 t
ra

c
k
s
 a

n
d

 t
h

e
 A

fC
. 

T
h
e
 s

e
co

n
d
 c

o
n

tr
o

ll
e

r 
sa

t 
b

e
fo

re
 a

 H
a

z
e

l-
 

tr
m

 C
R

T
 (

te
n

 d
rs

p
la

y
) 

1
1

0
 T

e
rm

in
a

l 
v
h

rc
h

 d
rs

p
la

y
e

d
 f

l@
?

t n
u

n
b

e
r.

 
A

/C
 t
yp
e,
 

s
p

e
d

. 
a

lt
it

u
d

e
 a

n
d
 h

e
;r

d
rl
%

 fo
r 

e
a
ch

 A
IC

. 
A

/C
 w

e
re

 l
rs

lc
d

 w
it

h
 t

h
e

 m
o

s
t 

m
e

n
t
 

fl
ig

h
t 

a
t 

th
e

 t
o
p
. 

N
o

te
 L

5
a
t 
a

e
 tr

a
fn

c
 d

re
p
la

y 
sh

o
w

e
d
 o

n
ly

 t
h

e
 A

/C
 f

lr
g

h
t 

n
u

m
b

e
r.

 
T

h
e

 s
p

b
d

 It
s

e
lf

 d
is

p
la

y
e

d
 h

ea
dr

m
g 

m
fc

rm
a

tl
o

n
. 

A
lt

it
u

d
e

 a
n
d
 s

p
e
e
d
 ~

n
fo

rm
a

~
o

n
, 

h
o

w
e

n
r,

 
h
a
d
 t
o

 b
e
 &

ta
m

e
d
 

fr
o
m

 t
h

e
 t

e
x
t 

d
rs

p
la

y
 C

R
T

. 

S
e

p
a

ra
h

n
g

 t
h

e 
te

x
t 

fr
o

m
 t
h

e
 t

ra
ff

tc
 d

is
p

'a
y
 

A
/C

 s
y
m

b
o

ls
 w

a
s 

a
n
 c

x
p

e
d

~
e

n
t 

d
t.

c
is

~
o

n
 to

 r
c.

iu
ce

 
th

e 
a
m

o
u
n
t 

o
f 

g
ra

p
h

ir
 d

rs
p

la
y
 f

ro
m

 t
h

e
 E

 6
 S

 u
n

rt
 w

h
lc

h
. 

b
e

- 
ca

u
se

 o
f 

th
e
 a

ip
b

a
n

u
m

e
ri

c
s
 r

w
:d

 h
a
ve

 b
e
e
n
 p

ro
h

*h
rt

rw
. 

'T
t r

 c
o

n
tr

. 
L

r
r

 a
t 

t+
3e

 te
x
t 

d
a
sp

la
y 

c
o

u
ld

 e
n

tr
r 

s
e

le
c
te

d
 r

n
fo

rm
a

tl
o

n
 v

ia
 '.

he
 

hx
,-b

oa
rd

. 
F

u
r 

:x
+

m
p

lr
. 

h
e
 w

a
s 

re
s
p

o
n

s
~

b
le

 lo
r 

e
n

tc
rr

n
g

 A
/C

 s
p
e
e
d
 m

m
n

~
a

n
d

a
 

(u
n

d
er

 t
h
e
 t

ra
H

:c
 

c
o

n
tr

o
ll
e

r'
s
 

re
q
u
e
st

) 
tn

 c
o

m
p

u
te

r 
g
e
fie

ra
te

d
 

A
/C

 w
h

rc
h

 w
e

re
 o

th
e

r-
 

w
is

t 
p

re
p

rt
.g

ra
m

m
e

d
 
to

 i
ly

 t
h
e
 a

p
p
ro

a
ch

e
s 

a
lo

n
g
 t

h
e

 s
p

e
c
if
re

d
 a

lt
it

u
d

e
 a
nd
 s

p
e

e
d

 
p
ro

fr
.-

s.
 

:n 
U

;IS
 

ca
m

ca
ty

, 
ti

le
 t

c
x
t 

d
is

p
la

y
 c

o
n

tr
o

ll
e

r 
w

a
s 

d
e

si
g

n
a

te
d

 U
te

 "
su

p
e

r 
p

rl
o

t"
 

T
h
r ... 

m
i?

 w
1.

1 
b

r 
d

~
tr

-u
s

s
e

d
 fin
 m

o
m

 d
e

ta
~

l la
te

r.
 

B
o

ti
 s

rm
u

li
lt

n
rs

 a
n
d
 c

o
m

p
u

te
r 

c
ra

ft
 w

e
re

 p
m

g
ra

m
m

e
d

 t
o

 h
a

ve
 s

rm
p

le
 S

T
O

L
 (1

2
) 

sp
ee

c!
 c

h
a

rl
c

te
rl

s
tl

c
s

. 
T

h
e
 S

im
u

la
to

r 
d
ln

a
m

ic
s 

=
*r

e
 m

o
d

~
f~

e
d

 
a

A
V

lO
N

 d
yn

a
m

ic
s.

 
T

w
o

 t
y
p

e
s
 s
f 

S
T

O
I.

 c
ra

ft
 w

e
re

 s
lm

u
la

tr
 

as
 s

h
o
w

n
 m

 T
a

h
le

 2
. 

T
A

B
L

E
 2

 
- S

lN
U

L
A

T
E

D
 W

L
 

T
Y

P
E

S 

C
o

m
p

u
te

r 
cr

a:
t 

h
ad

 p
re

p
ro

g
ru

n
m

e
d

 s
p
e
e
d
 p

ro
fi

le
s

 f
ro

m
 t

e
r

r
~

i
d

 
to

 m
pp
r0
8c
n 

.p
rc

d
 

T
h

e
 s

u
p

e
r 

p
il

o
t 
c

o
n

tr
o

ll
e

r 
c
o

u
ld

 t
y
p

e
 i

n
 c

o
m

m
a
n
d
e
d
 s

p
e
e
d
 c

h
a
n
g
e
s 

-h
i&

 
w

e
re

 a
e
- 

ce
p

te
d

 (
w

rt
h

 r
c

u
m

m
b

le
 u

~
n

r
P

l
 

re
sp

o
n
se

) 
u
 1
- 

a
s
 t

h
e

 r
e

s
a

lu
n

t 
sp
e&
 

W
l 
b

e
tw

e
e
n

 
s

ta
ll

 a
nd
 t

e
rm

in
a

l 
sp

e
e
d
s.

 
O

th
e

rw
is

e
 a

n
 e

rr
o

r 
m

e
s-

 
r
a
ir
 
im

m
cd

ia
tr

lj
 e

n
r

o
 o

n
 

th
e

 C
U
T
.
 

A
ll

 c
o

m
p

u
te

r 
c

ra
ft

 f
o

ll
o

w
e

d
 t

b
c

ir
 a

p
p

ro
a

c
h

 r
o
u

te
 e

x
a

c
tl

y
 .
u
d
 M

 p
,?
th
 

s
t

r
c

t
c

~
,

 
p

 a
ro

tt
n

d
 o

r 
a

lt
e

rn
a

te
 h

w
le

s
 w

e
re

 p
e

rm
is

s
i5

le
. 

T
h

e
 3

 s
im

u
la

to
rs

 w
e

re
 o

n
ly

 r
e

s
tr

te
te

d
 b

e
tw

e
e
n
 m

a
ru

n
m

a
t 
an
d 

s
ta

ll
 s

p
e
e
d
s.

 
T

h
e

 I
A

S
 d

is
p

la
y
 i

n
d

ic
a

te
d

 S
T

A
L

L
 U

 s
u

c
h

 w
e

re
 t

h
e
 c

a
se

. 

A
n

 a
p

p
ro

x
im

a
te

ly
 5

0
-5

0
 m

ix
 o

f 
U

e
 tw

o
 ty

p
e

s
 o
i 

A
/C

 r
a

m
 m

rN
em

em
te

d 

5.
 

T
a

s
k
 D

c
s

c
rr

p
ia

u
 

T
k
 A

,'C
 

w
e

re
 r

q
a

rr
e

d
 to

 fl
y 

lb
e

 r
u

rr
rd

 a
p

p
ro

a
c
h

e
s
 t

o
 (
b
c
 
10

0 
ft

 r
id

e
 w

-
 

ra
y

s
 s

p
a

ce
d

 7
50

 f
t 

a
p

a
rt

 m
 c

.n
te

rl
m

e
8
. 

S
im

u
la

to
rs

 m
a

d
e

 a
p
p
ro

a
ch

e
s 

to
 m

ew
ay

 
3

6
L

 o
n
ly

 a
hm

g 
w

rt
h

 o
tk

r 
c
o

m
p

u
te

r 
c
ra

ft
. 

O
n

ly
 c

a
n

p
o
te

r 
c
r
o
R
 m

d
r

 a
p
p
ro

a
c
h
 t

o
 

3
6

R
 

T
k
 M

E
R

C
U

R
Y

 a
p

p
rw

c
h

 (
1

8
L

I 
w

a
s 

re
s
e

rv
e

d
 f

o
r 

a8
y 

s
rm

o
la

to
r 
p

 a
ro

e
d

s
. 

T
b

c
 b

a
s
rc

 t
a

s
k
 r

e
q

u
ir

e
d

 a
ll 

A
IC

 t
o

 c
ro

s
s

 (
b
e
 1

0
0
0
 f
l 

m
la

a
e

d
 a

p
p

ro
a

d
 p

o
in

t 
a

t 
6
0
 s

ee
. 

rn
te

rv
a

h
 o

n
 a

 6
 d

e
g

re
e

 g
li

d
e

 s
lo

p
e

 a
nd
 a

t 
th

e 
p

m
p

c
r 

b
o

d
il
y
( 

s
p

e
d

 f
o

r 
Ih

e
 A

/C
 t

yp
e 

(6
5

 o
r 

80
 k

t.)
. 

A
ir

c
ra

ft
 w

e
re

 c
o

n
tm

u
w

s
ly

 in
tr

o
d

u
c
e

d
 i
n

to
 I

b
e 

p
ro

b
le

m
 a

t 
5

.5
 a

m
w

t 
o

n
 a

n
 

a
p

p
ro

a
ch

 a
t 

a
p

p
ru

x
im

a
te

ly
 t

 m
in

u
te

 ~
n

te
rr

a
ls

. 
T

b
e

 a
p
p
ro

a
ch

 w
a

r 
r

a
d

a
d

y
 w

le
c

te
d

 
fr

o
m

 t
h

o
se

 n
o

t 
ju

a
l 

u
se

d
 1

 - the
 p

re
v

lw
s

 i
n

tr
o

d
u

c
ti
o

n
. 

A
m

y 
s
im

u
la

to
r 

w
h
rc

b
 c
or
n-
 

o
lc

tc
d

 a
 s

u
cc

rs
.iu

l 
a
p

p
m

h
rh

 w
a
s 

p
ia

c
d

 in
to

 t
bc
 q

u
e
u
e
 a

w
a

t1
*y

 
re

in
'r

o
d

P
c
ti

m
. 

T
n

u
a

 e
a

ch
 s

a
m

u
la

to
r 

c
o

u
ld

 f
ly

 s
e

v
e

ra
l 

n
cw

 a
p

p
ro

a
c

h
n

 d
u

rl
n

g
 t
b
.
 s

i-
le

 
ru

n 
oi
 &

o
a
t 

20
 m

in
u

te
s
. 

A
ft

e
r 

p
a

s
s

~
n

g
 th
e

 1
0U

O
 * 

m
a

rk
e

r.
 

a
 s

m
u

la
to

r 
w

a
s 

a
a

lo
n

u
ll

c
a

ll
 J

 l
an

d
ed

 i
f 

(h
e 

g
li
d

e
 s

lo
p
e
. 

h
e

a
d

rn
g

 a
nd
 l

a
te

ra
l d

e
v
ia

ti
o

a
 w

e
re

 w
it

h
in

 a
 n

a
rr

o
w

 p
e

rf
o

rm
a

n
c
e

 r
n

w
b

r.
 

If
 th

e
se

 w
ln

d
o

r 
re

q
u

tr
e

m
e

a
t.

 
w

e
re

 n
o
t 

m
e
t.

 
th

e
 p

il
o

t'
s
 
C
3
T
 f

la
s
h

e
d

 G
O

 A
R

O
U

N
D

 
a
n
d
 h

e
 e

xe
cu

te
d

 a
 m

ls
s
e

d
 a

p
p

ro
a

c
h

 l
o

 1
8
L
. 

C
u

o
tr

o
ll

e
rr

 c
o

u
ld

 a
ls

o
 r

e
p

o
e

s
l a

 p
il

o
t 

to
 e

xe
cu

te
 r

 g
o
 a

r
d

.
 

C
o

m
p

u
te

r 
c

ra
ft

 m
a

d
e

 p
er

fe
ct

 a
p

p
ro

a
c

b
u

 a
n
d
 l
a

n
d

iw
s

 (
c

lc
e

p
t 
-a
bl
y 

fo
r 

sp
e
e
d
).
 

N
o

 g
o 

a
m

a
d

d
 u

r 
m

is
s
e

d
 a

p
p
rc

u
e
b
e
s 

c
w

ld
 b

e
 e

x
e

m
te

d
 w

~
th

 
th

em
. 

T
h

is
 

ca
u

se
d

 c
o

n
s

id
e

rJ
le

 p
ro

b
le

m
s
 w

h
rd

 w
il

l 
b
e
 d

is
c

ru
s

d
 la

te
r 
an
d 

w
b

ic
h

 -1
11

 k
 

m
ti
f.

 
d

 i
n

 fu
tu

re
 e

xp
e

ri
m

e
n
t.

. 



T
w

o
 t

ra
fl

rc
 m

a
n
a
g
e
m

e
n
t 
c
o
n
d
rt

ro
n
s
 w

e
re

 a
tu

d
1

4
; 

A
 d

~
s

t
r
~

b
u

t
d

 
n

m
n

a
g

e
m

e
n

t 
m

n
r
*
 n

l (
S

c
q
u
e
n
c
rn

g
) 
-
4

 a
 g

ro
u

n
d

 c
m

tr
a

lr
z

e
d

 p
ro

c
e

d
u

re
 (

V
rc

to
r~

ry
) b
o

th
 u

s
e

d
 r

n
 

p
rc

v
rf

m
s
 r

x
p

e
rr

m
e

n
ts

. 
In

 s
e
q
u
e
n
c
r-

 
p
a
lo

ts
 h

a
d
 f

u
ll

 t
ra

fl
rr

 r
n

fo
rm

a
tr

o
n

 d
ra

p
la

y
-r

l 
o
n
 r

ht
. 

C
R

T
 H

S
I. 

th
a
t 

1
s
 
th

e
y

 h
a
d
 a

 T
ra

fh
r 

S
it
u
3
tr

o
n
 D

rs
p
ln

y
. 

In
 v

e
c
to

rr
ry

. 
p

il
o

ts
 

.-
:r
u
 

on
:y

 
th

e
~

r
 o
u

n
 A

 
C

 s
y
m

b
o
l.
 

In
 s

e
q
u
e
n
rr

n
g
, 

c
o

n
tr

o
ll
e

rs
 r

s
s
u
e
d
 s

e
q
u
e
n
c
e
 ~

;.
fo

rm
a

t~
o

n
 

o
n

ly
 t

o
 e

a
c
h

 s
rm

u
la

to
r 

a
- 

rt
 m

zd
e
 t

ts
 a

p
p
ro

a
c
h
 a

n
d
 r

e
fr

a
m

e
d

 f
ro

m
 a

n
y
 o

th
e

r 
s
ta

te
m

e
n

ts
 t

n
te

rp
ro

t.
b

le
 a

s
 r

 
re

q
u
t.
h
t 

n
r
 c

o
m

m
a
n
d
 e

x
c
e

p
t 

fo
r 

s
ta

tu
s
 
~

n
fo

rm
a

l~
o

n
. P

~
lo

ts
 

n
a

v
rg

a
te

d
 M

 n
e
e
d
e
d
 o

n
 

th
c

~
r
 

a
p
p
ro

a
c
h
 1

13
 
rs

ta
b

h
s
h

 l
h

e
rr

 g
lv

e
n

 s
e
q
u
e
n
c
e
 a

n
d
 s

a
tr

s
fy

 *
n
v
 b

a
s

~
c

 
ta

s
k
 r

e
q

u
rr

e
- 

m
e
-n

t-
 In

 v
e

c
to

rt
ri

p
, 

p
rl

o
ts

 f
o

llo
w

e
d

 c
o

n
tr

o
ll

e
r 

re
q

u
e

s
ts

. 
m

e
 s
u

p
e

r 
p

rl
o

t 
c
o

r.
tr

o
ll
e

r 
In

 b
o

th
 c

a
s

rr
 e

x
c

c
u

td
 t
h
e
 a

p
p

ro
p

rr
d

te
 s

p
e
e
d
 I

n
p

u
ts

 f
o

r 
Ih

t 
c
o

m
p

u
te

r 
c
ra

R
 a
s
 r

e
- 

q
u
c
s
le

o
 b

y
 I

h
e

 t
rd

fr
c

 c
o

n
tr

o
ll

c
r.

 
T

h
e

 s
u
p
e
r 

p
1
1
o
t a

ls
o

 p
m

v
rd

e
d

 t
h

e
 t

ra
fl

lc
 c

o
n

tr
o

i-
 

Ir
r
 

fl
rg

h
t 

rn
fo

rm
a

t~
o

n
 ~
f 
re

q
u
e
s
te

d
 f

m
m

 t
h
e
 C

R
T

 t
r
r
t 

d
la

p
la

y
 w

h
~

c
h

 u
a

s
 i.

1
~

0
 

ir
r
~

b
le

 
to

 t
h
e
 t

ra
ff

.?
 

c
o

n
tr

o
ll
e

r.
 

rn
 b

o
th

 m
a
n
a
g
e
m

e
n
t 
c
a

n
d

t~
o

n
s
. t

h
e
 p

ro
b

le
m

 w
a

s
 s

o
lv

e
d

 r
n

 a
 m

a
n

-m
le

n
s
iv

e
 

ra
th

e
r 

th
a
n
 r

o
m

p
u

te
r-

rn
te

n
s

rn
 f

a
a
h
ru

n
. 

S
p
e
c
ra

l 
p

rr
p

o
s
e

 a
u

to
m

a
t4

 s
c
q
u
e
n
c
rf

tg
, 

h
-r

a
c
rn

g
 d

n
d
 m

rt
e

rl
n

g
 a

lg
o

r~
th

m
r c

o
u

ld
 p

e
rh

a
p

s
 h

a
v
e
 b

e
e
n
 d

e
v
rs

e
d

 f
o

r 
th

ra
 p

a
rl

a
- 

N
 

ru
la

r 
e

x
p

e
ru

n
m

t.
 

H
ow

ev
e:

, 
th

e
 h

rs
to

ry
 o

f 
e

ff
o

rt
s
 o
n
 t

h
a

t 
a

p
p

ro
a

c
h

 s
u

~
e

s
t
s

 
th

a
t 

;S
 

.t
 
u

w
v

-r
s

a
ll

y
 
v

~
a

b
le

 p
ro

c
e

d
u

re
 s

h
o
u
ld

 m
a

k
e

 w
.r

n
n

w
c
 
u
s
2
 o

f 
th

e
 m

tr
rn

s
rc

 h
u

m
a

n
 

..
n

p
U

lr
l~

ta
m

 a
lr

e
a

d
y
 p

re
s
e

n
t 

m
 t

h
e
 s

y
s
te

m
. 

D
a
ta

 u
e

re
 o

b
t. 

fr
o

m
 3

 g
m

u
p

s
 o

f 
th

re
e

 p
m

fe
s
n

ro
n

a
l 
p

~
lo

ts
 

a
n
d
 t

w
o

 p
ro

- 
::
a
s
s
m

n
a
l 

c
o

n
tr

o
ll

e
rs

 p
e

r 
g
ro

u
p

. 
E

a
c
h

 g
w

u
p

 m
a
d
e
 t

h
re

e
 e

x
p

t.
rr

m
e

n
ta

1
 r

u
n

s
 o
I 

M
 

m
m

u
te

- 
u

n
d

e
r 

e
a

c
h

 o
f 
' .

e 
m

a
n
a
g
e
m

e
n
t 
c
o
n
d
rl
la

m
x
. 

T
h

e
 n

u
m

b
e

r 
of
 

a
p

p
ro

a
c
h

e
s
 

v
a

rr
e

d
 s

o
m

e
w

h
a
t 

a
m

- 
g

ro
u

p
s
 

T
a

b
le

 3
 o

u
tl

m
ts

 t
h
e 

e
x
p

e
ru

n
e

n
ta

l 
d

e
s

m
 f
o

r 
th

rs
 c

tu
tl
y
. 

T
A

B
L

E
 

3 
- 

M
P

E
R

IM
E

N
-A

L
 

D
G

IC
S

 P
D
R
 C

lr
f?

v
E

I:
 .\

P
X

iG
.iC

H
 

A
N

D
 D

IS
T

R
IS

U
T

E
D

 M
A

N
tG

C
M

E
N

T
 S
T
U
D
Y
.
 

E
a

c
h

 g
ro

u
p

 c
o

m
p

le
td

 r
U

 8
e
a
s1

o
a
9
 a

n 
m

 d
3
y.

 
T

h
e 

rw
rn

ln
g

 m
a
8
 s

p
e
n
t 

rn
 

fa
m

rl
ia

rr
z
a

tr
o

n
 w

it
h

 t
h

e
 e

g
P

lp
m

e
n
l.
 

p
ro

c
e

d
u

re
s
 a

m
 ta

s
k
 w

h
rl

e
 t
he
 a

-r
 

.m
e
n
ta

l 
s
e

a
s
to

n
 w

it
h

 3
 d

a
ta

 r
u

n
s
 a

n
d
 3

 p
ra

c
tr

c
e

 r
u
n
 o
n
 e

u
c
h
 m

a
n
a
g
e
m

e
n
t 

e
m

r
b

o
lu

 o
c
-
 

c
u

p
re

d
 t

h
e

 a
fte

r-
. 

S
u

b
je

c
ts

 w
e

re
 f

ir
s

t 
b

ri
e

fe
d

 a
d

 g
w

e
n

 a
 s

e
l o

f 
rn

s
tm

:t
ru

n
s
 

c
o

m
p

lc
te

lg
 d

e
s
c
ri

b
- 

ra
g

 I
h

e
 e

x
p

e
rt

m
e

n
t.
 

A
n

y
 q

u
e

s
tw

m
s
 r

e
r
e

 a
n

s
w

e
re

d
 a

n
d
 d

~
s
c
u

s
a

e
d

 a
s
 n

e
c
e

s
s
a

ry
. 

O
p

c
n

 m
ic

ro
p

h
o

n
e

s
 m

 th
e

 c
o
c
k
p
it
. 
an
d 
p
u
s
b
 t

o
 ?
d
 

m
ic
-6

 
a
t 

Ih
e
 c

o
a

lr
o

l-
 

le
r 

s
ta

ti
o

n
 c

o
n

n
e

c
te

d
 a

ll
 S

 p
.r

tl
c

ip
m

ts
 
la

 a
 m

m
m

o
n

 m
lw

o
rk

. 
T

h
u

s
 a
ll
 
~

rt
k

c
a

p
a

n
t8

 
o

v
e

rb
e

a
rd

 e
v

e
r
 c

o
m

m
u

n
ic

a
tr

m
. 

T
h

is
 i

s
 a

 s
e

n
a

it
rw

 c
o

n
d

it
io

n
 w

h
rc

h
 r

tq
u

rr
e

s
 f
u

r-
 

th
e

r 
s
tu

d
y
. 

It
 s

b
o

~
ld

 
b

e
 p

o
~

n
te

d
 o
u

t 
th

a
t 

e
a
c
h
 A

/C
 s

y
m

b
o

l 
o

n
 e

a
c
b
 C

R
T

 d
rs

p
la

x
 c

a
rr

re
d

 
a

 s
u

n
p

le
 r

d
e

n
l~

fy
m

g
 ta
g 

a
s
 t

o
 I
U
 

fl
rg

b
t 

n
u

m
b

er
. 

A
ll

 s
rm

u
la

t~
o

n
 w
e

re
 l

a
b

e
ie

d
 A

. 
B
 o

r
 C

 f
o

ll
o

w
e

d
 b

y
 a

 n
u

m
e

r 
11
 m

d
rc

a
b

ly
 1

1s
 (

re
ii
n

tr
o

d
u

c
tr

o
n

 n
u

m
b

e
r.

 
T

bu
a 

a
 s

im
- 

u
la

to
r 

c
o

u
ld

 b
e

 t
a

g
g

e
d

 a
8
 B
1.
 
B2
. 
B
3
-
-
-
 et
c
. 

If
 a

 s
ir

n
o

la
to

r 
m

a
d

e
 a

 g
o

-
a

r
d

 r
U

 
ta

g
 a

n
d
 1
l)
 d

id
 n

o
( 

c
h

a
r
~

e
 
A

U
 c

o
m

p
u

te
r 

c
ra

ft
 h

a
d

 I
D

n
s

 1.
 .u
n 
D
 . .

 als
o

 f
o

ll
o

w
e

d
 b
y 

th
e

rr
 (

re
)m

tr
o
d
u
c
::
o
n
 

n
u

n
ik

r.
 

A
lt

lh
d

a
 a

n
d
 s

p
e

d
 r
r~

fo
rm

a
ti

o
n

 o
n

 e
a
c
h
 A

t'C
 
c

la
ld

 b
e

 e
x
c
h
a
n
g
e
d
 a
n
u
n
u
 p
il
ot
8 

U
u

a
y

h
 d

r
r
tf

t 
u

id
rz

u
s

 o
r
 v

ra
 t

h
e
 c

s
a

lv
ll

e
r.

 

T
b

e
 m

u
 o
f 

A
/C

 ty
p

e
s
 w

a
a
 r

a
n

d
o

m
ly

 d
e

le
rm

rn
rd

 a
t 

lb
e

 b
e

g
rn

n
lr

y
 o

f 
e
a
c
h
 r

u
n

 
w

rt
h

 t
h

e
 p

ro
v
is

a
a

t 
tk

a
t 

o
n

ly
 t

w
o

 s
u

n
u

la
to

rs
 c

o
u

ld
 b
e
 o

f 
(b

c
 s

u
n

e
 t

>
p
e
. 

D
c

h
 c
u

n
- 

u
la

lo
r 

a
n
d
 c

o
m

p
u

te
r 

c
ra

ft
 t

h
e

n
 r

e
la

m
e

d
 r

ts
 t

y
p

e
 U

u
a
a
g
h
o
u
t 

lb
e
 r

u
n
. 

A
s
 a

 n
ew

 c
o

m
- 

p
o

te
r 

c
ra

'l 
w

a
s 

rn
tr

o
d

u
c
e

d
. 

a
t

 ty
p
e
 r

a
m

 r
an

d
om

ly
 a

a
s

y
m

d
. 

It
 r
a

m
 p

o
s
s
lb

lc
 t

o
 

h
a

v
e

 u
p

w
a

rd
s
 o

f 
7 

a
n

d
 m

o
re

 A
/C

 m
a

k
n

y
 a

w
m

a
c

h
e

s
 t

o
 3
6
L
.
 

A
ll

 A
.'C

 
m

a
k
rn

g
 a

v
- 

p
ro

a
c
h

e
s
 t
o
 3

6
R

 w
e

re
 c

o
m

p
u

te
r 

c
ra

ft
 a

n
d
 p

ro
c
e
e
d
e
d
 w

8
th

o
u
t 

m
le

rv
+

n
tt

o
n

 o
n 

(h
e
 

c
o

n
tr

d
le

rs
 p

a
rt

. 
It

 w
a
s 

o
rr

g
rn

rl
ly

 p
la

n
n
e
d
 t

o
 r

e
q

u
rr

e
 s

p
e
e
d
 c

o
n

tr
o

l 
b

y
 t
h 

c
w

tr
o

l-
 

r-
r 

o
f 

A
IC

 o
n 

3
6
R

 w
it

h
 l
b

e
 s

p
a

c
iq

 r
e

s
n

lt
s

 a
t 
Ih
. 

tn
m

r 
m

a
rk

e
r 

lo
 k
 u

m
td

 a
s
 a

 
s
e

c
o

n
d

a
ry

 t
an

k
 m

e
a

s
u

re
. 

T
b
e
 p

ro
b

le
m

 o
n
 3

6
L

 p
ro

v
e

d
 s

u
ff

ic
ie

n
li
y
 d

rf
fr

c
u

lt
 t

o
 d

ro
p

 
th

e
 3

6
R

 c
a
,:
e
rn

 
rn

 t
h

~
s

 
e

rp
c

ru
n

rn
t.

 
T

h
e

 t
w

c
 r

u
n

w
a

y
s
 w

e
re

 t
h

u
s
 o

p
e

ra
te

d
 r

n
d
e
p
e
n
- 

d
m

ll
y

. A
ll

 p
il

o
ts

 ~
n

c
lu

d
rn

g
 th
e

 s
u

p
e

r 
p

rl
o

t 
(f

o
r 

c
o

m
p

it
c

r 
c
ra

ft
) 

a
m

o
u

n
c
e

d
 t

h
e

w
 a

r
r
~

v
a

l 
o

v
e

r 
e

a
c
h

 a
p

p
ro

a
c
h

 a
d
 fr

o
m

 t
h

a
t 

p
o
rn

1
 p

ro
c
e
e
d
e
d
 a

c
c
o

rd
ra

g
 t

o
 t
h

e
 p

ro
b

le
m

 d
e

v
z
lo

p
- 

m
e

n
t.
 

S
~

m
u

la
to

rn
 c
o

u
ld

 b
e

 n
e

ld
 a

t 
a
n
y
 p

o
rn

1
 b

u
t 

w
e

re
 r

rs
tr

rc
te

d
 f

ro
m

 b
o

ld
ly

 a
w

e
 

o
n

 t
h

e
w

 d
e

s
c
e

n
t 

(
3

 n
m
 f

ro
m

 t
h

re
s
h

o
ld

).
 

C
o

m
p

u
te

r 
c

ra
ft

 c
o

u
ld

 n
o

t 
be
 b

o
ld

 o
n
c
e
 p

p
s
t 

tb
c 

5
 n
m
 a

p
p
ro

a
c
h
 I

-.
-r

k
e

r.
 

7.
 

D
a

ta
 R

e
c
o

rd
e

d
 

A
s
 m

 o
u
r 

p
re

v
ro

u
s
 e

x
p

e
ri

m
e

n
ts

. 
s
e

le
c
te

d
 f

lt
g

h
t 

~
n

fo
r
m

a
t~

m
 

fr
r
m

 e
a
c
h
 s

rm
u

la
- 

to
r 

w
a
s 

n
c

o
r

d
d

 a
?

 1
 s

e
c
o

n
d

 r
n
:e

rv
a
ls

 
("

o
b

jc
d

iv
e

" 
d
a
ta

).
 

A
ll

 v
e

rb
a

l 
e

o
m

m
u

n
ic

a
- 

ti
o

n
s
 w

e
re

 t
a

p
e

 r
e

c
o

rd
e

d
. 

in
 a

d
d
it
ro

n
. 

p1
:o

ts
 

fr
ll

e
d

 o
u
t 

q
u
e
s
t.
o
n
n
a
rr

e
s
 

a
ft

e
r 

e
a
c
o
 

8
u

c
c

~
s

s
h

l a
p

p
rc

u
c
h

 a
n
d
 a

il
 s

u
b
)e

c
ts

 f
il

le
d

 o
ur

 o
tb

e
r 

q
o

e
s
ti

w
n

s
rr

e
s
 a

ft
e

r 
e
a
c
h
 r
i
.
 

A
lr

 s
u

b
je

c
ts

 a
ls

o
 c

o
m

p
le

te
d

 a
 f

in
a

l 
q
u
e
s
ti
m

n
a
rr

e
2
 a

ft
e

r 
c
o

m
p

le
ti

n
g

 I
b

e
 l

o
tn

l 
e

x
p

e
rr

- 
m

e
n

t.
 

T
h

u
s
 o

b
)e

c
tr

v
e
. 

s
u

b
je

c
ti

v
e

 a
d
 v
e

rb
a

l 
d
a
ta

 w
e

re
 ~

v
a

r
lS

lr
 fo
r 

a
~

)~
ly

s
ts

. 



T
h

e 
g

ro
u

n
d

 t
ra

c
k

 p
o

si
ti

o
n

 o
i 

ea
ch

 a
u.

?u
i 

*
to

r .
m

d 
co

m
p

u
te

r 
c

ra
ft

 w
e

re
 r

ec
o

rd
ed

 d
s 

p
a

rt
 o

l 
th

e 
o

b
,e

ct
rv

e 
d

at
a 

an
d

 l
a

te
r 

pl
:r

* 
b-

ic
k.

 
T

h
e

se
 r

rr
cj

fi
ts

tr
u

ct
ro

n
s 

w
a

re
 v

id
ea

 
ta

p
ed

 I
n 

re
a

l 
ti

m
e

 a
n

d
 I

n 
a 

sp
ee

d
 u

p 
(1

U
:r

) 
v

er
sl

o
n

 f
o

r 
v

~
s

u
:~

l 
an

al
y

sr
s.

 

T
h

e
 o

b
je

ct
iv

e 
d

at
a 

p
r3

v
rd

a 
~

n
d

.r
at

ro
r.

s o
f 

-d
o

t 
m

an
ti

al
 w

o
rk

lo
ad

 a
s

 u
e

ll
 a

s
 s

p
x

-
 

ir
tg

 ~
n

f
~

.
 

m
at

io
n

 t
h

ro
u

g
h

au
t 

th
e 

il
~

g
h

ls
 an

d
 i

n
le

i 
c

ro
ss

rn
g

 t
lm

e
s 

at
 t

h
e 

m
w

se
a

 a
p

p
ro

ac
h

 
po

in
t 

2n
d 

fi
n

al
 d

p
p

ro
ac

h
 :I

X
 

(t
h

e
 m

e
rg

e
 p

or
nt

 l
o

r 
th

e
 c

u
rv

ed
 a

p
p

ro
ac

h
es

;.
 

V
er

b
al

 d
at

a 
w

e
rt

 r
ec

o
rd

ed
 f

o
r 

a
n

a
ly

si
s 

o
f 

v
er

o
al

 w
o

rk
lo

ad
 r

n 
th

e 
sy

st
t 

. 
n

c 
co

n
te

n
t 

an
al

y
sr

s 
o

f 
th

. 
m

e
ss

a
g

e
s.

 

S
u

b
je

ct
rv

e 
d

at
a 

w
e

re
 o

b
ta

in
ed

 I
n

 s
tu

d
y

 t
h

e 
un

iq
ue

ly
 l

iu
m

an
 p

e
rc

e
p

ti
o

n
s
, 

su
g

g
es

- 
ti

o
n

s,
 

cm
n

m
en

ts
, 

p
re

fe
re

n
c

e
s,

 e
tc

. 
,
 n

e
c

e
ss

a
ry

 f
o

r 
a 

fu
ll

 e
v

a
lu

a
t~

o
n

 of
 s

u
ch

 c
o

m
p

le
x

 
e

p
e

rl
m

e
n

ts
. 

T
h

e 
rn

rr
rc

ro
ss

ln
g

 t
~

m
e

 
d

at
a 

an
d 

so
m

e
 J

I L
!e

 
su

b
je

c
t~

v
e

 re
sp

o
n

se
 d

at
a 

w
il

l 
b

e 
p

re
se

n
te

d
 

rn
 t

h
~

s
 

pa
pe

r 

H
 E

S
U

L
T

S
 

A
 c

o
m

p
le

te
 p

re
se

ta
ta

il
o

n
 o

f 
re

su
lt

5
 w

rl
l 

b
e 

av
ai

la
b

le
 I

n 
la

te
r 

re
p

o
rt

s.
 

T
h

is
 

p
ap

er
 w

rl
l 

d
h

sc
u

ss
 ~

n
te

rc
ro

s
s

~
n

g
 

tr
m

r 
(

K
T

)
 to

 c
o

c
'r

a
st

 (
1

) 
4

1
st

rl
b

u
te

d
-v

s-
c

e
n

lr
a

l-
 

]r
ed

 m
an

ag
em

en
t 

an
d

 (
2

) 
d

~
ff

e
re

n
c

e
s o

b
ta

m
ed

 f
ro

m
 p

il
o

te
d

 s
im

u
la

to
rs

-v
s-

c
o

m
p

u
i-

 
rr

ia
e

d
 A

/C
. 

L
rm

it
ed

 a
n

al
y

 .I
S

 
of

 s
u

h
~

e
c

tr
v

r d
at

a 
w

il
l 

a
ls

o
 Ir

e 
p

re
se

n
te

d
. 

O
th

er
 

r,
es

u
lt

s 
a

re
 a

vz
11

db
le

 e
ls

e
w

n
rr

r.
(l

O
) 

- 
O

B
JE

C
T

IV
E

 D
A

T
A

 A
N

A
L

Y
S

IS
 

1.
 

ln
te

rc
ro

ss
rn

g
 t

u
n

e
s 

T
h

e
 r

n
te

rc
ro

ss
in

g
 t

u
n

e
s 

b
et

w
ee

n
 a

ir
c
ra

ft
 a

t 
th

e 
m

~
e

s
e

d
 ap

p
ro

ac
h

 p
or

nt
 a

re
 

so
m

ew
h

at
 c

o
m

p
lr

ca
te

d
 b

y 
th

e 
la

ck
 o

f 
an

y
 c

o
n

tr
o

l 
o

th
e

r 
th

an
 s

p
ee

d
 o

n 
th

e 
co

m
p

u
te

r 
rr

a
ft

 s
o

 t
h

d
 s

~
r

~
u

la
to

r
 

-n
d 

co
rn

pu
b 

r 
c

ra
ft

 r
e

su
lt

s 
m

u
st

 b
e

 t
re

a
te

d
 s

e
p

a
ra

te
ly

. 
A

cc
o

rd
rn

g
ly

, 
th

e 
fo

u
r 

c
o

m
b

~
n

a
t~

o
n

s 
of

 A
/C

 c
 

ss
m

g
s-

si
m

u
la

to
r 

p
re

c
e

d
e

s 
sr

m
u

la
- 

to
r 

(S
S

),
 

co
m

p
u

te
r 

p
re

c
e

d
e

s 
si

m
u

la
tr

o
 (

C
S

).
 c

o
m

p
u

te
r 

p
re

c
e

d
e

s 
co

m
p

u
te

r 
(C

C
) 

an
d 

si
n

ru
la

to
r 

p
re

c
e

d
e

s 
co

m
p

u
te

r 
fS

C
).

 a
re

 a
n

al
y

ze
d

 i
n

d
ep

en
d

e.
~

tl
y

. 
T

h
e

 f
ir

3
t 

tw
i 

p
ar

rm
g

s 
(S

S
, 

C
S

) 
ca

n
 b

e 
ta

k
en

 a
s

 r
e
p
re

s
e
n
ta

ti
v
e
 o

f 
sr

m
u

la
to

r 
o

n
ly

 i
n

v
o

lv
em

en
ts

 
sr

n
c

e
 t

h
e 

fo
ll

o
w

m
g

 c
r

4
 1 

m
o

re
 l

ik
el

y
 t

o
 m

ak
e 

a
ll

 a
d

ju
st

m
e

n
ts

 r
e

la
ti

v
e

 t
o

 t
h

e 
p

re
- 

ce
d

rn
g

 c
ra

ft
. 

T
h

e
 s

er
o

r.
a 

tw
o 

p
a

ir
in

g
s(

C
C

, 
S

C
) 

re
p

re
se

n
t 

co
m

p
u

te
r 

c
ra

ft
 ~

n
v

o
lv

e
- 

m
en

t,
 

t;y
 

th
e 

sa
m

e
 r

ea
so

n
rn

q
. 

C
er

ta
in

ly
 S

S
 a

n
d

 C
C

 a
re

 m
o

st
 c

le
a

rl
y

 r
e

p
re

se
n

ta
- 

ti
v

e 
of

 
a 

si
m

u
la

to
r 

on
ly

 s
tu

d
y

 a
nd

 a
 c

o
m

p
u

te
r 

o
n

ly
 s

tu
d

y
. 

B
e

si
d

e
s 

p
er

m
it

ti
n

g
 s

tu
d

y
 

o
f 

m
an

ag
em

en
t 

ro
n

d
~

t~
o

n
s

 
an

d 
cu

rv
ed

 a
p

p
ro

ac
h

es
, 

th
e 

m
ix

 o
f 

si
m

u
la

to
rs

 a
nd

 c
o

n
,-

 
p

u
te

r 
c

ra
ft

 a
ls

o
 p

ro
v

r.
je

s 
~

n
s

~
g

h
t 

in
to

 v
it

al
 d

~
ff

e
re

n
c

e
s b

et
w

ee
n

 c
o

m
p

u
te

r 
A

/C
 s

tu
dd

re
s 

a
c

' 
"l

rv
e"

 
st

u
d

ie
s 

w
~

li
 b
e

 s
e

e
n

. 

F
ig

u
re

 5
 s

h
o

w
s 

th
e 

c
~

m
u

la
t~

v
e

 
d

is
tr

1
b

u
t:

o
n

s 
of

 r
n

te
rc

ro
ss

m
g

 t
im

e
s 

(I
C

T
) 

u
n

d
er

 t
h

e 
se

q
u

en
cr

n
g

 a
n

d
 v

ec
to

rr
n

g
 c

o
n

d
it

io
n

s 
w

rt
ho

ut
 d

is
ti

n
c
ti

o
n
 a

s
 t

o
 t

h
c

 f
o

u
r 

p
a

rr
ry

s.
 

F
IG

U
R

E
 5

 
IN

T
E

R
C

R
O

S
S

IN
G

 T
IM

E
S

 F
O

R
 T

H
E

 S
E

Q
U

F
N

C
IP

lC
 A

N
D

 
V

E
C

T
O

R
IN

G
 M

A
X

A
G

E
M

E
N

T
 C

O
N

D
IT

IO
N

S
 

N
O

 D
IS

- 
T

IN
C

T
IO

N
S

 A
R

E
 M

A
D

E
 A

M
O

N
G

 S
IM

U
L

A
T

O
R

S
 A

N
D

 
C

O
M

P
U

T
E

R
 A

/C
. 

T
h

e
 h

rg
h 

d
e

g
re

e
 X

 s
im

tl
a

rr
ty

 u
n

d
er

 t
h

e 
tw

o
 m

an
ag

em
en

t 
co

n
d

it
io

n
s 
is
 

ac
tu

al
ly

 -
o

m
e-

 
w

ha
t 

m
is

le
ad

in
g

 s
in

c
e

 r
e

su
lt

s 
a

re
 h

ea
v

il
y

 w
ei

g
h

te
d

 b
y 

co
m

p
u

te
r 

c
ra

ft
 m

 t
h

e 
se

q
u

en
- 

ci
n

g
 c

o
n

d
it

io
n

 w
h

e
re

 h
al

f 
of

 t
h

e 
ap

p
ro

ac
h

es
 w

e
re

 c
o

m
p

u
te

r 
c

rl
ft

 h
an

d
le

d
 ?

m
m

 t
h

e
 

g
ro

u
n

d
 a

s
 m
 t

h
e 

v
ec

to
ri

n
g

 c
o

n
d

ti
o

n
. 

F
ig

u
re

 6
 s

h
o

w
s 

th
e 

1C
T

 d
is

tr
lb

u
ti

o
n

e 
fo

r 
th

e 
fo

u
r 

p
ai

ri
n

g
s 

u
m

le
r 
th
e 

tw
o

 m
an

ag
e-

 
m

en
t 

co
n

d
it

io
n

s.
 

T
h

e
 d

if
fe

re
n

c
e

s 
d

u
e 

to
 s

~
m

u
la

to
r an

d
 c

o
m

p
u

te
r 

c
ra

ft
 b

eh
P

v
io

r 
a

re
 e

v
id

en
t 

h
e

re
. 

N
o

te
 r

n 
p

a
rt

ic
u

la
r 

th
at

 t
h

e
 s

m
a

ll
e

st
 I

C
T

 v
al

u
es

 a
re

 o
tt

a
ln

e
d

 w
it

h
 

co
m

p
u

te
r 

c
ra

ft
 i

n 
th

e 
v

ec
to

rm
g

 c
o

n
d

it
ro

n
 w

hi
ch

 p
ro

b
ab

ly
 r

e
p

re
se

n
ts

 a
n 

ia
h

e
re

n
t 

la
rk

 
of

 r
e

sp
o

n
si

v
e

 c
o

n
tr

o
l 

fu
rt

h
e

r 
ag

g
ra

v
at

ed
 b

y 
th

e 
m

an
ag

em
en

t 
co

n
d

it
io

n
. 

F
rg

u
re

 7
 s

h
o

w
s 

th
e 

m
e

a
n

s 
an

d
 u

ta
n

d
u

d
 d

ev
ia

ti
o

n
s 

fo
r 

th
e

 f
w

r
 p

ai
rt

o
g

a 
u

n
d

er
 

se
q

u
en

ci
n

g
 a

n
d

 v
ec

to
ri

n
g

 m
an

ag
w

n
en

t 
co

n
d

it
ia

n
s.

 
T

h
e

se
 a

re
 t

h
e 

in
d

ic
at

ed
 v

al
u

es
 

fr
o

m
 F

ig
u

re
 6

. 
T

h
e

 d
is

tm
ct

io
n

s 
b

et
w

ee
n

 m
an

ag
em

en
t 

co
n

d
it

io
n

s 
an

d
 c

o
m

p
u

te
r 

c
r~

ft
-v

s
-s

~
m

u
la

to
rs

 
a

re
 e

a
sr

e
st

 t
o

 d
ra

w
 f

ro
m

 t
h

e 
S

S
 a

n
d

 C
C

 p
a

ir
in

p
. 

T
h

e
 m

e
a

n
 

IC
T 

v
al

u
es

 a
re

 e
ss

en
ti

al
ly

 t
h

e 
sa

m
e

 a
t 

72
 a

n
d

 7
0 

se
c

 f
o

r 
SS

 a
n

d
 6

1
 e

e
c

 f
o

r 
C

C
 i

n
 

se
q

u
en

cl
n

g
 a

nd
 v

ec
to

ri
n

g
. 

T
h

u
s 

th
e

re
 w

as
 n

o
 a

p
p

re
ci

ab
le

 d
if

fe
re

n
ce

 i
n

 m
ea

d
 I

C
T

 
b

et
w

ee
n

 m
an

ag
em

en
t 

co
n

d
it

io
n

e.
 

T
h

e
 d

l 
c

o
m

p
u

te
r 

c
ra

ft
 c

ro
ss

in
g

s 
(C

C
),

 
h

o
w

ev
er

, 
sh

o
w

 a
 I

C
T

 c
lo

se
r 

to
 t

h
e 

sp
ec

if
ie

d
 6

0 
se

c
. 

in
te

rv
af

 
th

an
 d

o
 t

h
e 

m
o

re
 r

e
d

is
ti

c
 S

S
 

p
il

o
te

d
 s

m
~

u
l a
to

rs
. 

H
o

w
ev

er
, 

th
e

 s
ta

n
d

a
rd

 d
w

ia
U

o
n

 f
o

r 
St 

w
as

 a
b
o
u
t 

h
al

f 
a

s
 l

a
rg

e
 i

n
 s

eq
u

en
ci

n
g

 
(1

7.
7 

se
c

. 
) 

a
s

 i
n 

v
ec

to
ri

n
g

 (
3

2
.1

 s
e

c
. 

w
h

il
e 

C
C

 a
ga

in
 s

h
o

w
ed

 n
eg

li
g

rb
le

 d
tf

fe
rm

c
c

s 
(2

3
 a

n
d

 2
2 

ee
c.

 )
. 



S
E
C
U
E
N
C
I
N
G
 

IC
T

 
S 

' , r" 
m

 
C

 

2
 

F
 

d
 

C
S

 
C

C
 

S
C

 
A

LL
 

V
E

C
T

O
R

IN
G

 
IC

7 
S 

F
IG

U
R

E
 

6
 

S
E

P
A

R
A

T
E

 A
N

A
L

Y
S

E
S

 O
F

 S
IM

U
L

A
T

O
R

 A
N

D
 C

O
M

P
U

T
E

R
 

C
R

A
F

T
 I

N
T

E
R

C
R

O
S

S
IN

G
 T

IM
E

S
 F

O
R

 S
E

Q
U

E
N

C
IN

G
 A

N
D

 
V

E
C

T
O

R
IN

G
 M

A
N

A
G

E
M

E
N

T
. 

T
h

e 
si

m
il

ar
il

y
 o

f 
m

ea
n

s 
an

d
 s

ta
n

d
ar

d
 d

e
v

ia
t~

o
n

s f
o

r 
C

C
 u

n
d

er
 b

o
th

 s
eq

u
en

c-
 

1
1
1
g
 e
n
d
 v

ec
to

ri
n

g
 i

s 
re

as
o

n
ab

le
 s

in
c

e
 t

h
e 

co
m

p
u

te
r 

c
ra

ft
 w

as
 a

lw
ay

s 
u

n
d

er
 t

h
e 

ru
p

e
r 

p
~

lo
t'

s c
o

n
tr

o
l 

an
d 

ap
p

ar
en

tl
y

 t
h

e 
m

an
ag

em
en

t 
co

n
d

it
~

o
n

 m
ad

e 
n

o
 c

o
n

tr
o

l 
d

if
fe

re
n

ce
. 

H
o

w
ev

er
, 

w
h

er
e 

th
e 

p
~

lo
ts

 co
ul

d 
e

x
e

rc
is

e
 s

o
m

e
 m

an
ag

em
en

t,
 (

se
q

u
en

ci
n

g
) 

th
e 

re
- 

d
u

ce
d

 s
p

re
ad

 o
f 

IC
T

 v
al

u
es

 d
em

o
n

st
ra

te
s 

b
et

te
r 

sy
st

e
m

 c
o

n
tr

o
l 

ab
o

u
t 

th
e 

av
er

ag
e 

a
rr

~
v

a
l tu

n
e.

 

F
IG

U
R

E
 7

 
D

IF
F

E
R

E
N

C
E

S
 I

N
 I

N
T

E
R

C
R

O
S

S
IN

G
 1

IM
E

S
 B

Y
 

M
A

N
A

G
E

M
E

N
T

 C
O

N
D

IT
IO

N
S

 A
N

D
 A

IR
C

R
A

F
T

 
P

A
IR

IN
G

S
. 

V
er

y
 s

im
il

a
r 

d
is

ti
n

ct
io

n
s 

ca
n

 b
e 

d
ra

w
n

 f
ro

m
 

th
e 

C
S

 a
nd

 S
C

 p
at

ri
n

#
n

 
in

 w
hi

ch
 

th
e 

st
an

d
ar

d
 d

ev
ia

ti
o

n
s 

fo
r 

C
S

 a
re

 a
b

o
u

t 
25

 p
er

ce
n

t 
sm

a
ll

e
r 

fo
r 

se
q

u
en

ci
n

g
 (

2
4

.8
 s

e
e

. )
 

th
an

 f
o

r 
v

ec
to

ri
n

g
 (

3
2

.7
5

 s
e

c
. )

 w
h

il
e 

S
C

 s
h

o
w

s 
a 

so
m

ew
h

at
 s

m
a

ll
e

r 
sp

re
a

d
 t

n 
v

ec
- 

to
ri

n
g

 t
h

an
 i

n
 s

eq
u

en
ci

n
g

. 

C
o

m
b

in
in

g
 t

h
e 

SS
 w

it
h 

C
S

 c
ro

ss
in

g
s 

an
d

 C
C

 w
it

h
 S

C
 c

ro
ss

ir
ig

a 
p

ro
v

id
es

 a
 

b
ro

ad
er

 d
is

t~
n

c
ti

o
n

 b
et

w
ee

n
 s

im
u

la
to

r 
ac

ti
v

e 
(S

S
 +

 C
S

) 
an

d
 c

o
m

p
u

te
r 

lc
t~

v
e

 
(C

C
 +

S
C

) 
re

su
lt

s.
 

N
o

n
p

ar
o

m
et

ri
c 

st
a

t~
e

ti
c

a
l a

n
al

y
si

s 
sh

o
w

ed
 a

 n
o

n
si

g
n

U
ic

an
t 

d
if

fe
re

n
ce

 U
I 

m
ez

n
 I

C
T

 v
al

u
es

 f
o

r 
se

q
u

en
ci

n
g

 a
n

d 
v

ec
to

ri
n

g
 (

7
6

 a
nd

 7
4 

se
c

.)
 b

u
t 

a 
b

ig
h

ly
 s

ig
n

if
ic

an
t 

d
if

fe
re

n
ce

 (
p

 
.0

0
2

) 
in

 s
p

re
a

d
s 

(2
2

 a
nd

 3
2

.5
 s

e
c

. 
) 

b
et

w
ee

n
 s

eq
u

en
ci

n
g

 a
nd

 v
ec

to
ri

n
g

 
co

n
fi

rm
in

g
 t

h
u

t 
th

e 
p

il
o

ts
 i

n
 a

n
 a

ct
iv

e 
ro

le
 w

e
re

 a
b

le
 t

o 
ex

er
ci

ae
 b

et
te

r 
sy

st
e

m
 ~

m
t

r
o

l
 

of
 t

h
ei

r 
IC

T
 t

h
an

 t
h

e 
g

ro
u

n
d

. 

T
h

e 
co

m
p

u
te

r 
ac

ti
v

e 
c

ro
ss

in
g

s 
(C

C
 +

 S
C

) 
d

is
p

la
y

ed
 n

o 
si

g
n

if
ic

an
t 

d
if

fe
re

n
ce

s 
in

 e
it

h
e

r 
m

ea
n

 I
C

T
 (

5
1

 a
n

d
 5

8
 s

e
c

. 
) 

o
r 

sp
re

a
d

s 
(2

3
 a

n
d

 2
1

 s
ec

. 
fo

r 
sa

q
u

en
ci

n
#

 o
r 

v
ec

to
ri

n
g

 r
es

p
ec

ti
v

el
y

. 
T

h
i 

is
 a

g
ai

n
 a

 r
ea

so
n

ab
le

 r
e

su
lt

 s
in

ce
 t

h
e 

c
rm

p
a

te
r 

c
ra

ft
 

la
ck

in
g

 i
n

d
iv

id
u

al
 p

il
o

ts
 w

as
 a

lw
ay

s 
d

ir
ec

te
d

 b
y 

th
e 

su
p

e
r 

p
il

o
t 

u
n

d
er

 t
h

e 
tr

af
fi

c 
C

on
- 

tr
o

ll
e

r'
s 

d
ir

ec
ti

o
n

. 



2.
 

S
ta

tr
st

rc
;.

 
A

n
a
ly

se
s 

st
a

n
d

a
rd

 d
ev

ia
ti

o
n

 w
e

re
 c

o
m

p
a

re
d

 b
y
 t
he
 f

a
m

il
ia

r 
ra

ti
o

 s
ta

ti
st

ic
. 

F
ip

u
ra

 8
 &

o
r8

 
th

e 
c
o

m
p

u
te

r 
g

e
n

e
ra

te
d

 h
y

p
o

th
et

rc
al

 "
no

 d
if

fe
re

n
c
e
" 

st
a

ti
st

ic
s 

fo
r 

a 
m

e
a

n
 a
nd
 a

 
st

a
n

d
a
rd

 d
ev

ia
ti

o
n

 c
o

m
p

a
ri

so
n

. 
T

h
e

 a
c
tu

a
l 

tc
st

 c
o

m
p

a
ri

so
n

s 
a

re
 a

ls
o

 s
b

o
w

a.
 

P
ri

o
r 

to
 a

n
y
 s

ta
ti

st
ic

a
l 

a
n

a
ly

sr
s 

an
 e

le
m

e
n

ta
ry

 t
re

a
tm

e
n

t 
of

 t
h

e
 d

a
ta

 w
as

 p
e

r-
 

fo
rm

e
d

. 
B

e
c

a
u

je
 f

u
ll

 e
x

p
e
rr

m
e
n

ta
l 

c
o

n
tr

o
l 

w
a
s 

n
o
t 

a
lw

a
y

s 
a

v
a

~
la

b
le

, s
e

v
e

ra
l 

n
o

n
- 

re
p

re
se

n
ta

ti
v

e
 i

n
te

rc
ro

ss
rn

g
 t

rm
e
s 

o
c

rn
rr

e
d

 d
u

e 
e

it
h

e
r 

to
 l

ac
k

 o
f 

su
ff

ic
ie

n
tl

y
 r

e
- 

sp
o

n
sr

v
e 

c
o

n
tr

o
l 

of
 t

h
e 

c
o

m
p

u
te

r 
c

ra
ft

, 
s

ta
rt

 u
p
 t

ra
n

sr
e

n
ts

, 
o

r
 l

u
ll

a
 d

u
e 

to
 t

h
e 

a
ir

- 
c

ra
ft

 m
tr

o
d

u
ct

io
n

 s
ta

tl
su

c
s.

 
T

h
e

se
 o

u
tl

ie
rs

 w
e

re
 r

em
o

v
ed

 t
o

 a
rr

rv
e

 a
t 

th
e 

ft
n

a
l 

n
k

m
b

er
 o

f 
a
p

p
ro

a
c
h

e
s 

u
se

d
 r

n 
th

e
 a

n
a
ly

sr
s 

a
s

 s
h
b
w

n
 i

n
 T

a
b

le
 4

. 

T
A

B
L

E
 4

 
- 

L
IS

T
 O

F
 O

U
T

L
IE

R
 I

N
T

E
R

C
R

O
S

S
IN

G
 T

IM
E

S
 

K
E

M
O

V
E

D
 F

R
O

M
 O

R
IG

IN
A

L
 N

U
M

B
E

R
 

O
F

 A
P

P
R

O
A

C
H

E
S

. 

A
IR

C
R

A
F

T
 

P
A

IR
IN

G
S

 
O

IJ
T

L
IE

H
S

 R
E

M
O

V
E

D
 

20
 s

e
c

. 
IC

T
 
17
5 

se
c

. 
S

e
q

u
e
n

c
in

g
 

V
ec

to
ri

rl
b

 

C
O

R
R

E
C

T
E

D
 N

U
M

B
E

R
 

O
F

 A
P

P
R

O
A

C
H

E
S

 
S

eq
u

en
ci

n
g

 
V

ec
to

rr
n

g
 

A
B

S
 

VA
L 

[ 
S

E
O

-V
E

C
] 

IC
T

 (
 A

LL
 

S
II

II
C

A
T

W
) 

S
C

 

T
O

T
A

L
S

 

N
 

S
o

m
e 

e
le

m
e

n
ta

ry
 r

n
st

ru
ct

rv
e 

o
b

se
rv

a
t~

o
n

s c
:ln

 
b

e 
m

a
d

e
 a

t 
th

is
 p

o
rn

t.
 

M
o

re
 t

h
an

 
tw

lc
c 

a
s

 m
an

y
 o

u
tl

~
e

rs
 (1

0
) 

h
ad

 t
o

 b
e

 r
em

o
v

ed
 u

n
d

er
 t

h
e 

v
ec

to
rr

n
g

 c
o

n
d

it
io

n
 t

h
an

 
u

n
d

er
 d

eq
u

en
cr

n
g

 (
4

) 
w

h
rl

e 
th

e 
n

u
m

b
er

 o
f 

a
p

p
ro

a
c
h

e
s 

w
as

 a
b

o
u

t 
th

e
 s

a
m

e
 i

n
 e

a
c
h

 
cd

s-
. 

M
o

re
 o

u
tl

ie
rs

 h
ad

 t
o

 b
e 

re
m

o
v

e
a
 I

n 
th

e 
c
o

m
p

u
te

r 
c

ra
ft

 a
ct

rv
e 

p
a
ir

rn
g

s 
(C

C
 +

 S
C

 =
 

1
2
) 

th
an

 i
n 

th
e
 s

im
u

la
to

r 
ac

tr
v

e 
(S

S
 +

 S
C

 =
 2

).
 

M
o
st

 o
u

tl
ie

rs
 w

e
re

 
re

m
o

v
e
d

 i
ro

m
 t

h
e 

s
tr

~
c

tl
y

 c
o

m
p

u
te

r 
ac

tr
v

e 
c

ro
ss

in
g

s 
(C

C
 =

 8
1,

 
fe

w
e
r 

fr
o

m
 a

 
c
o

m
p

u
te

r 
c

ra
ft

 t
o
li

o
w

rn
g
 a

 s
rm

u
ia

to
r 

(S
C

 =
 4

).
 

fe
w

es
t 

fr
o

m
 a

 s
~

m
u

k
to

r
 

fo
ll

o
w

in
g

 
a
 c

o
m

p
u

te
r 

c
ra

ft
 (

C
S

 =
 2

) 
an

d
 n

o
n

e 
a

t 
a

ll
 f

ro
m

 t
\e
 

to
ta

ll
y

 s
im

u
la

to
r 

a
c
tr

v
e
 c

ro
ss

- 
ln

g
d
 (
S
S
 =

 0
).

 
T

h
is

 1
s 

st
rr

c
tl

y
 r

n 
a
c
c
o

rd
a
n

c
e
 w

rt
h
 t

h
e
 f

le
x

ib
rl

rt
y

 o
f 

sy
st

e
m

 c
o

n
tr

o
l 

d
u

e
 b

o
th

 t
o

 d
is

tr
~

b
u

te
d

 m
an

ag
em

en
t 

an
d
 t

o
 I

rv
e

-v
s-

~
o

m
p

u
te

r s
im

u
la

ti
o

n
. 

In
it

ra
l 

x
2

 t
e

st
s 

of
 

th
e 

IC
T

 d
a
ta

 d
rd

 n
o
t 

su
p

p
o

rt
 a

 n
o

rm
a
lr

ty
 a

ss
u

m
p

tr
o

n
 f

o
r 

th
e
 

d
a
ta

 r
n 

e
v

e
ry

 p
ar

rr
n

g
 a

n
o

 m
an

ag
em

en
t 

co
n

d
it

ro
n

 a
s

 m
rg

h
t 

h
e 

su
p

p
o

se
d

 b
y 

ln
sp

ec
tr

o
n

 
of

 F
ig

u
re

 6
. 

T
h

e
 n

o
rr

n
al

rt
y

 a
ss

u
m

p
ti

o
n

 w
as

 r
e
je

c
te

d
 f

o
r 

th
e
 C

C
 p

al
rr

n
g

 a
lo

n
e 

in
 

v
ec

to
rr

n
g

 a
n
d
 f

o
r 

a
ll

 b
u

t 
C

S
 I

n 
L

ie
qu

en
c1

l.g
. 

R
a
th

e
r 

th
an

 d
ep

en
d

 o
n

 r
o

b
u

st
n

e
ss

 
~

rr
y

m
e

n
ts

 o
r 

c
o
m

p
a
r
is

o
n
 s

p
e

c
~

fl
c

 te
st

s,
 

a
 s

in
g

le
 n

o
n

p
d

ra
m

e
tr

lc
 t

e
st

 p
h
rl

o
ao

p
h
y
 (1

3
) 

w
as

 u
h
ed

 f
o

r 
a

ll
 t

h
e 

IC
T

 c
o

m
p

a
r
is

o
n

s
. 

S
E

O
iv

E
C

 
IC
T 

V
A

R
IA

N
C

E
 R

A
T

IO
 (

S
S

sC
S

 
F

L
T

S
) 

F
IG

U
R

E
 

6.
 

C
O

M
P

U
T

E
R

 G
E

N
E

R
A

T
E

D
 T

E
S

T
 S

T
A

T
IS

li
P

S
 F

O
R

 A
 

M
E
A
N
 V

A
L

U
E

 D
IF

F
E

R
E

N
C

E
S

 A
N

D
 A

 S
T

A
N

D
A

R
D

 
D

E
V

IA
T

IO
N

 R
A

T
IO

. 
A

C
T

U
A

L
 T

E
S

T
 V

A
L

U
E

S
 

A
L

S
O

 S
H

O
W

N
. 

E
ss

e
n

ti
a
ll

y
, 

th
e
 n

o
n

p
a
ra

m
e
tr

rc
 t

e
st

 h
y

p
o

th
es

rz
es

 f
o

r 
e
a
c
h

 c
o

m
p

a
rr

so
n

 
n

- 
tu

p
le

 t
h

at
 t

h
e
 g

ro
u

p
s 

rn
 q

u
e
st

io
n

 a
re

 s
u

n
p

ly
 r

an
d

o
m

ly
 s

e
le

c
te

d
 f

ro
m

 t
h

e 
p
o
o
le

d
 

c
o

m
p

a
rr

sm
 d

a
ta

 a
c
c
o

rd
in

g
 t

o
 e

a
c
h

 g
ro

u
p

 s
a

m
p

le
 s

tz
e

; 
th

rs
 h

y
p

o
th

es
is

 I
S

 t
?x

er
.-

is
ed

 
by

 c
o

m
p

u
te

r 
u

n
tr

l 
st

a
b

le
 e

s
tm

a
te

s
 a

re
 o

b
ta

rn
ed

 f
o

r 
e
a
c
h

 g
ro

u
p

 d
:s

tr
~

b
u

ti
o

n
 an

d
 

th
en

 c
o

n
f~

d
e

n
c

e
 Il
m

lt
s 

a
re

 s
e

t.
 

T
h

e
 a

rg
n

lr
lc

an
ce

 o
f 

th
e

 i
st

a
m

e
d

 s
ta

tr
st

ic
 (

e
. g

. 
m

z
a
n

 o
r 

st
a
n

d
a
rd

 d
e
%

 ?
t~

o
n

) is
 t

h
en

 a
cc

ep
te

d
 o

r
 r

e
je

c
te

d
 a

c
c
o

rd
m

g
ly

. 
C

o
n

p
a

ri
- 

so
n

s 
b

et
w

ee
n

 m
e
a
n

 v
 

=
s 

w
e

re
 b

as
ed

 o
n 

th
e 

u
n

si
g

n
ed

 d
rf

fe
re

n
ce

 s
ta

t~
s

ti
c

 w
h
rl

e 

T
h

e
 s

rg
n

if
ic

a
n

c
e
 l

e
v

e
ls

 o
f 

IC
T

 m
e

a
n

s 
an

d
 s

ta
n

d
 d

e
v

ia
ti

o
n

s 
a
r
e
 g

ra
p

h
e

d
 i

n
 

F
ig

u
re

 9
. 

A
ll

 th
e 

tw
o
 w

ay
 c

o
m

p
a

ri
ro

n
s 

a
re

 m
a
d

e
 b

et
w

ee
n

 t
h

e 
4 

a
ir

c
ra

ft
 p

a
ir

in
g

#
. 



S
O

. 
6

0
. 

1
0
. 

a3
 

J
C
L
O
N
O
J
 

IC
T

 
M

E
A

N
 

V
4

L
U

L
S

 
F

O
R

 
S

C
W

C
N

C
C

Q
 

F
U

G
w

T
J 

5 
2
0
 

2
5

 
30

 
3
s
 

S
C
C
O
U
S
 

IS
. 

2
0

 
2s
. 

3
0

 
3

s.
 

S
L
C
O
N
D
J
 

IC
T

 
JTA

ND
AR

D 
D

W
IA

TI
O

N
S 

FO
R 

1C
T 

S
T

A
N

D
A

ID
 

D
C

V
IA

T
IO

N
S 

F
O
R
 

V
L

C
T

O
R

E
D

 
F

L
IG

H
T

S
 

SE
O

Ll
ZN

C
ED

 
T

L
'G

H
T

S
 

F
IG

W
E

 9
 

P
A

IR
U

'IS
E

 C
O

M
P

A
R

IS
O

N
S

 O
F

 I
C

T
 M

E
A

N
S

 A
N
D
 

S
T

A
N

D
A

R
D

 3
E

V
IA

T
IO

N
S

 F
O

R
 T

H
E

 ?
O

U
R

 A
/C

 
P

A
IR

IN
G

S
. 

D
IF

F
E

R
E

N
C

E
S

 B
E

T
W

E
E

N
 T

H
E

 T
W

O
 

M
A
N
A
G
E
M
E
N
T
 C

O
N

D
IT

IO
N

S
 C

A
N

 B
E

 I
N

F
E

R
R

E
D

. 

3.
 

S
im

u
la

to
r 

- C
om

pu
te

. 
A

/C
 D

if
fe

re
n

ce
s 

T
h

e
 a

n
al

y
si

s 
o

f 
ef

fe
ct

s 
d

u
e 

to
 m

ix
in

g
 s

im
u

la
to

rs
 w

it
h

 c
o

m
p

u
er

r 
g

en
er

at
ed

 A
fC

 
is

 e
x

am
in

ed
 i

n
 t

h
is

 r
sc

ti
o

n
. 

a.
 

V
ec

to
ri

n
g

 

i)
 M

ea
n 

IC
T

 

W
it

hi
n 

th
e 

v
ec

to
ri

n
g

 c
o

n
d

it
io

n
 S

S
 a

n
d

 C
C

 p
ro

d
u

ce
d

 m
ea

n
 I

C
T

 
v

al
u

es
 n

o
t 

si
g

n
if

ic
an

tl
y

 d
tf

fe
re

n
t 

fr
o

m
 t

h
e 

g
ra

n
d

 a
v

er
s*

'=
 o

f 
6

4
.8

 s
e

e
. 

al
th

o
u

g
h

 C
S 

an
d

 S
C

 W
ith

 m
ea

n
s 

of
 7

7.
0 

an
d

 5
3

.3
 s

ec
. 

w
er

e 
si

g
n

if
i-

 
ca

n
tl

y
 d

if
fe

re
n

t 
fr

o
m

 t
h

e 
g

ra
n

d
 a

v
er

ag
e 

a
t 

th
e 

0
.0

0
2

 l
ev

el
 o

r 
b

et
te

r.
 

A
s

 F
lg

u
re

 9
 s

h
o

w
s,

 t
h

er
e 

w
as

 n
o 

si
g

n
if

ic
an

t 
d

if
fe

re
n

ce
 b

et
w

ee
n

 t
h

e 
al

l 
su

n
u

la
to

r 
an

d 
th

e 
a

ll
 c

o
m

p
u

te
r 

p
ai

ri
n

g
s 

(S
S

-C
C

) 
n

o
r 

b
et

w
ee

n
 m

e
 

tw
o 

si
m

u
la

to
r 

ac
ti

v
e 

p
ai

ri
n

g
s 

(S
S

-C
S

).
 

T
h

e 
tw

o
 c

o
m

p
u

te
r 

p
ai

ri
n

g
s 

(C
C

-S
C

) 
a

re
 m

ar
g

in
al

ly
 s

ig
n

if
ic

an
t.

 
H

o
w

ev
er

, 
w

h
er

e 
th

e 
co

m
p

ar
i-

 
so

n
s 

in
v

o
lv

e 
ei

m
u

la
to

r-
v

s-
co

m
p

lt
er

 
ac

ti
v

e 
(o

r 
v

tc
c 

v
e

rs
a

) 
p

a
lr

s,
 t

h
e 

d
rf

fe
re

n
ce

s 
a

re
 h

ig
h

ly
 s

rg
n

if
ic

an
t.

 

T
h

e
se

 t
e

st
s 

su
g

g
es

t 
th

at
 m

ix
in

g
 c

o
m

p
u

te
r 

an
d

 s
im

u
la

to
r 

c
ra

ft
 

in
 l

e
 sa

m
e

 v
ec

to
ri

n
g

 t
y

p
e 

e
x

p
e

rm
e

n
t 

c
a

n
 p

ro
d

u
ce

 v
er

y
 d

if
fe

re
n

t 
m

ea
n

 v
al

u
e 

re
su

lt
s 

d
u

e 
to

 s
eq

u
en

tr
al

 e
ff

ec
ts

 (
S

C
 o

r 
C

S
) 

w
h

er
ea

r 
th

e 
h

o
m

o
g

en
eo

u
s 

p
ai

rr
n

g
s 

(S
S

-C
S

),
 (

C
C

-S
C

) 
p

ro
d

u
ce

 m
o

re
 c

o
n

si
st

en
t 

m
ea

n
 v

al
u

es
. 

T
h

e
 s

m
a

ll
e

st
 I

C
T

 (
5

3
.3

 r
ec

. 
) 

w
as

 o
b

ta
in

ed
 w

it
h

 a
 

co
m

p
u

te
r 

fo
ll

o
w

in
g

 a
 s

im
u

la
to

r 
(S

C
J 

w
h

il
e 

a 
si

m
u

la
to

r 
fo

ll
o

w
in

g
 a

 
co

m
p

u
te

r 
(C

S
) 

p
ro

d
u

ce
d

 t
h

e 
lo

n
g

e8
1

1
C

T
 (

7
7

.0
 
sc

c.
 ).

 

ii
) 

S
ta

n
d

ar
d

 D
ev

ta
ti

o
n

r 
of

 I
C

T
 

T
h

e 
S

S
 I

C
T

 s
p

re
ad

 i
s

 s
lg

n
tf

ic
an

tl
y

 l
a

rg
e

r 
th

an
 t

h
o

se
 o

f 
C

C
 

an
d 

S
C

 (
th

e 
co

m
p

u
te

r 
ac

ti
v

e 
c

a
se

s)
 I

n 
v

ec
to

ri
n

g
. 

P
ar

al
le

li
n

g
 t

h
e 

re
su

lt
s 

fo
r 

th
e 

m
ea

n
 v

al
u

es
, 

th
e 

sp
re

ad
 o

f 
IC

T
 v

al
u

es
 I

s 
si

g
n

if
i-

 
ca

n
tl

y
 s

m
a

ll
e

r 
fo

r 
S

C
 t

h
an

 f
o

r 
C

S.
 

N
o 

o
th

er
 c

o
rn

p
a

ri
m

e
s 

s
h

o
re

d
 

an
y

 s
ig

n
if

ic
an

t 
d

if
fe

re
n

ce
s.

 

T
h

es
e 

re
su

lt
s 

su
g

g
er

t 
th

at
 v

ec
to

ri
n

g
 s

im
u

la
to

rs
 a
8
 0

p
p
08

ed
 

to
 c

o
m

p
u

te
r 

c
ra

ft
 r

e
su

lt
s 

in
 g

re
a

te
r 

st
an

d
ar

d
 d

ev
ia

ti
on

m
 w

h
ic

h
 i

s 
in

 k
ee

p
in

g
 w

it
h

 t
h

e 
m

ea
n

 I
C

T
 v

a
lu

~
s

. 

b.
 

S
eq

u
en

ci
n

g
 

i)
 M

ea
n 

IC
T

 

W
lt

hi
n 

th
e 

se
q

u
en

cr
n

g
 m

an
ag

em
en

t 
co

n
d

it
io

n
, 

th
e 

C
C

 c
ro

ss
in

g
s 

h
ad

 a
 I

C
T

 m
ea

n
 v

al
u

e 
si

g
n

if
ic

an
~

ly
 L
ow

er
 t

h
an

 t
h

e 
S

S
 c

ro
ss

in
g

s 
(6

1
.0

 
v

s 
7

2
.0

 s
e

c
. )

. 
In

 f
ac

t,
 t

h
e 

o
n

ly
 n

o
n

si
g

n
if

ic
an

t 
d

if
fe

re
n

ce
s 

(a
t 

tb
e 

0
.0

5
 l

ev
el

) 
w

er
e 

b
et

w
ee

n
 t

h
e 

p
a

ir
s 

SS
 a

n
d

 C
S

 (
b

o
th

 s
im

u
la

to
r 

ac
ti

v
e)

 
an

d 
C

C
 a

nd
 S

C
(b

o
tb

 c
o

m
p

u
te

r 
ac

ti
v

e)
. 

T
h

is
 i

n
d

ic
at

es
 t

h
at

 t
h
e 

p
il

o
t6

 
re

ce
iv

ed
 n

o
 d

if
fe

re
n

ti
al

 a
d

v
an

ta
g

e 
to

 f
o

ll
o

w
in

g
 a

n
o

th
er

 s
im

u
la

to
r 

o
r 



a 
co

m
p

u
te

r 
c

ra
ft

 (
g

ro
u

n
d

 c
o

n
tr

o
ll

ed
).

 
T

h
e 

g
ro

u
n

d
 l

ik
ew

is
e 

re
- 

ce
lv

ed
 n

o 
c

le
a

r 
ad

v
an

ta
g

e 
to

 s
ch

ed
u

li
n

g
 a

 c
o

m
p

u
te

r 
c

ra
ft

 a
ft

e
r 

e
it

h
e

r 
an

o
th

er
 c

o
m

p
u

te
r 

c
ra

ft
 o

r
 a

 s
~

m
u

la
to

r.
 

11
) 

S
ta

n
d

d
rd

 D
e

v
~

a
tr

o
n

s o
f 

IC
T

 

T
h

e 
o

n
ly

 s
ta

n
d

ar
d

 d
ev

ia
tr

o
n

s 
w

hr
ch

 a
p

p
ea

r 
to

 b
e

 s
ig

n
if

ic
an

tl
y
 

d
rf

le
re

n
t 

a
re

 t
h

o
se

 o
f 

S
S

 a
n

d
 C

S
, 

th
e 

tw
o 

sr
m

u
la

to
r 

a
c

ti
v

e
 p

ai
rr

n
g

s 
in

 w
h

ic
h

 t
h

e 
a

ll
 s

rm
u

la
to

r 
c

a
se

 h
a

s 
ab

o
u

t 
h

a
ll

 t
h

e 
sp

re
a

d
 o

f 
th

e 
m

u
e

d
 c

a
se

 (
1

7
.7

-v
s-

2
4

.8
 

se
c

.)
. 

T
h

e
 S

S
 I

C
T

 s
p

re
a

d
 I

S
 
th

e 
o

n
ly

 
o

n
e 

sr
g

n
rf

ic
en

tl
y

 s
m

a
ll

e
r 

th
an

 t
h

e 
o

th
er

 t
h

re
e

. 

C
o

m
b

ln
ln

g
 t

h
e

se
 o

b
se

rv
at

io
n

s 
In

 t
h

e
 s

eq
u

en
ci

n
g

 c
a

se
 s

u
g

g
e

st
s 

th
at

 I
n 

fa
c

t 
th

e 
m

ea
n

 I
C

T
 v

al
u

e 
is

 c
lo

se
r 

to
 t

h
e 

d
e

st
re

d
 v

al
lr

e 
of

 
60

 s
e

c
. 

fo
r 

th
e 

st
rl

c
tl

y
 c

o
m

p
u

te
r 

A
/C

 (
c

o
n

tr
o

ll
e

r 
m

an
ag

ed
) 

th
an

 f
o

r 
th

e 
st

rt
c

tl
y

 
si

m
u

la
to

r 
A

/C
 (

p
rl

o
t 

m
an

ag
ed

) 
an

d
 t

h
3

t 
th

e 
co

n
si

st
en

cy
 (

sp
re

a
d

) 
of

 
IC

T
 v

al
u

es
 I

S
 
th

e 
sa

m
e

 I
n 

bo
th

 c
a

se
s.

 
T

h
e

re
 I

S
 
o

o
m

e 
tn

d
ic

at
ro

n
 t

h
at

 
th

e 
p

re
se

n
c

e
 o

f 
co

m
p

u
te

r 
c

ra
ft

 m
ad

e 
th

rn
g

s 
h

a
rd

e
r 

fo
r 

th
e 

p
il

o
ts

 s
rn

ce
 

th
e 

SS
 s

p
re

a
d

 i
s 

sm
a

ll
e

r 
th

an
 f

o
r 

C
S 

an
d 

th
e 

m
ea

n
 I

C
T

 i
s

 b
e

tt
e

r 
fo

r 
S

S
 

th
an

 f
o

r 
C

S
 a

lt
h

o
u

g
h

 '
h

is
 I

S
 
m

ar
g

m
al

ly
 s

ig
n

lf
rc

an
t.

 

In
 t

h
e 

v
e
c
to

ri
n

g
 c

a
se

 (
c

o
n

tr
o

ll
e

r 
m

an
ag

ed
 a

ll
 A

/C
),

 
th

e 
m

ea
n

 
v

al
u

e 
IS

 
ag

ai
n

 c
lo

se
r 

to
 t

h
e 

GO
 s

e
c

. 
v

aI
u

e 
fo

r 
C

C
 t

h
an

 f
o

r 
S

S
 a

lt
h

o
u

g
h

 
th

e 
sp

re
a

d
 w

as
 c

o
n

si
d

er
ab

ly
 g

re
a

te
r 

w
he

n 
m

an
ag

in
g

 t
h

e 
"r

ea
l"

 A
/C

 
(3

2
.1

 -v
s 

-2
2

. 
3
 s

e
c

. 
).

 
F

o
r 

so
m

e
 r

ea
so

n
 i

t 
ap

p
ea

re
d

 e
a

sl
e

r 
to

 s
ch

ed
u

le
 

z 
:o

m
p

u
te

r 
c

ra
ft

 t
o

 f
ol

lo
w

 a
 s

u
n

u
la

to
r 

th
an

 v
rc

e 
v

e
rs

a
 a

nd
 r

a
th

e
r 

th
an

 
to

 f
ol

lo
w

 a
 c

o
m

p
u

te
r 

c
ra

ft
 o

r 
an

o
th

er
 s

im
u

la
to

r.
 

T
h

e
se

 o
b

se
rv

at
io

n
s 

su
g

g
es

t 
th

at
 r

e
su

lt
s 

b
as

ed
 o

n
 c

o
m

p
u

te
r 

st
u

d
re

s 
no

t 
u

sl
o

g
 s

u
n

u
la

to
rs

 o
r 

u
sr

n
g

 c
o

m
p

u
te

r-
sr

m
u

la
to

r 
m

ix
e

s 
m

u
st

 b
e

 c
au

tr
o

u
sl

y
 a

n
al

y
ze

d
 a

nd
 r

n
te

rp
re

te
d

 f
o

r 
ex

tr
ap

o
la

ti
o

n
 t

o
 a

ll
 

sm
iu

la
to

r 
h

eh
av

ro
r.

 
T

h
e

 p
ro

b
le

m
 o

b
v

~
o

u
sl

y
 is

 th
a

t 
n

o
th

in
g

 s
u

b
- 

st
rt

u
te

s 
fo

r 
th

e 
tn

h
er

en
t 

h
u

m
an

 c
h

a
ra

c
te

rr
st

rc
s 

w
hr

ch
, 

h
o

w
ev

er
. 

su
b

- 
tl

e 
th

ey
 m

ay
 b

e,
 h

av
e 

a
 p

ro
fo

u
n

d
 e

ff
ec

t.
 

4.
 

N
la

qa
ge

rn
en

t 
C

o
n

d
rt

io
n

s 

D
lf

fe
~

e
n

c
e

s d
u

e 
to

 m
an

ag
em

en
t 

co
n

d
rt

ro
n

s 
(s

eq
u

en
ce

 o
r

 v
ec

to
r)

 a
re

 e
x

am
- 

in
ed

 r
n 

th
is

 n
ec

tl
o

n
 a

s
 r

et
le

ct
cd

 r
n 

in
te

rc
ro

ss
in

g
 t

u
n

e
s 

(I
C

T
).

 
F

ig
u

re
s 

8 
an

d 
9 

m
ay

 b
e 

re
ex

am
in

ed
 w

lt
h 

th
e 

re
su

lt
s 

g
tv

cr
? 

In
 T

ab
le

 5
. 

T
h

e
 a

ll
 s

im
u

la
to

r 
p

ai
rl

n
g

 (
S

S
) 

m
ay

 b
e

 t
ak

.m
 t

o
 L

o
 t

h
e 

m
o

st
 r

e
p

re
se

n
ta

tr
v

e
 o

f 
th

e 
re

su
lt

s 
w

hr
ch

 w
ou

ld
 a

rr
se

 f
ro

m
 a

n
 a

ll
 s

im
u

la
to

r 
en

v
rr

o
rm

en
t.

 
T

h
e

re
 w

as
 a

 
n

o
n

si
g

n
d

ic
ar

.t
 d

if
fe

re
n
c
e
 (

2
.2

7
 s

e
c

.)
 m

 m
ea

n
 I

C
T

 v
al

u
es

 b
et

w
ee

n
 s

eq
u

en
cl

n
g

 a
nd

 
v

ec
to

rr
n

g
 p

ro
d

u
cr

n
g

 a
n

 a
v

e
ra

g
e

 I
C

T
 o

f 
ab

o
u

t 
70

 s
e

c
. 

H
o

w
ev

er
, 

th
e 

st
an

d
ar

d
 d

e
- 

v
ra

ti
o

n
 o

f 
IC

 i
 r

n 
se

q
u

en
ci

n
g

 (
i7

. 
7
 =

?
c

. 
) 

IS
 
n

ea
rl

y
 1

00
%

 s
m

a
ll

e
r 

th
an

 t
h

at
 f

o
r 

v
ec

- 
to

ri
n

g
 w

h
~

c
h

 1s
 h

tg
h

ly
 s

ig
n

rf
ic

an
t 

(p
 =

 .
0

0
1

) 
b

o
th

 p
ra

ct
ic

al
ly

 a
nd

 s
ta

ti
st

ic
a

ll
y

. 

N
eh

rl
y

 t
h

e 
sa

m
e

 o
b

ee
rv

at
ro

n
s 

ca
n

 b
e

 m
ad

e 
fo

r 
th

e 
C

S
 p

al
ri

n
g

 i
n

 w
hi

ch
 a

 s
tm

- 
u

la
to

r 
fo

ll
o

w
ed

 a
 c

o
m

p
u

te
r 

c
ra

ft
 i

n.
 

T
h

e
re

 w
as

 n
o

 s
ig

n
if

rc
an

t 
d

if
fe

re
n

ce
 i

n 
m

ea
n

 

T
A

B
L

E
 5

. 
C

O
M

P
A

R
IS

O
N

 O
F

 M
A

N
A

G
E

M
E

N
T

 C
O

N
D

IT
IO

N
S

 B
Y

 
IC

T
 S

IG
N

IF
IC

A
N

C
E

 L
E

V
E

L
S

 G
IV

E
N

. 

f 
I 

IC
T

 b
et

w
ee

n
 s

eq
u

en
cm

g
 a

n
d

 v
ec

to
ri

n
g

 b
u

t 
(m

ar
g

in
al

ly
) 

sl
g

ai
fi

ca
n

t 
d

fl
e

re
o

c
e

 in
 

st
a

n
d

a
rd

 d
ev

ra
ti

o
n

s 
w

it
h 

se
q

u
en

ci
n

g
 p

ro
d

u
ci

n
g

 a
 s

p
re

a
d

 o
f 

IC
T

 v
al

u
es

 a
b

o
u

t 
50

 %
 

sm
a

ll
e

r 
th

an
 t

h
at

 f
ro

m
 v

ec
to

ri
n

g
. 

T
h

e
 r

e
d

u
c

t~
o

n
 kn
 

th
e 

re
la

ti
v

e
 m

ag
n

it
u

d
es

 o
f 

sp
ra

a
d

s 
fo

r 
C

S
 c

o
m

p
ar

ed
 w

it
h

 S
S

 m
u

st
 b

e
 d

u
e 

to
 t

h
e

 r
ed

u
ce

d
 c

o
n

tr
o

l 
fl

ex
ib

il
it

y
 o
f 

a 
c

o
m

p
u

te
r 

c
ra

ft
-s

im
u

la
to

r 
p

ai
r.

 
In

 t
h

e 
SS

 p
ai

ri
n

g
 t

h
e

 l
ea

d
 A

/C
 c

a
n

 a
ls

o
 a

c
tw

e
- 

ly
 p

ar
ti

cr
p

at
e 

in
 m

a
in

ta
in

in
g

 s
p

ac
in

g
 f

ro
m

 t
h

e 
fo

ll
o

w
in

g
 A

IC
 m

 s
eq

u
en

ci
n

g
. 

R
em

o
v

in
g

 t
h

is
 o

p
p

o
rt

u
n

rt
y

 (
C

S
) 

d
e

c
re

a
se

s 
th

e 
c

o
n

tr
o

l 
co

n
si

st
en

cy
. 

N
o

ti
ce

 t
h

at
 i

n
 

v
ec

to
ri

n
g

 t
h

e 
sp

re
a

d
s 

o
f 
ss

 a
nd

 C
S

 w
e

re
 t

F
? 

sa
m

e
 s

h
o

w
tn

g
 t

h
at

 t
h

e 
p

ai
rr

n
g

 h
ad

 n
o 

ef
fe

ct
 o

n 
th

e 
sp

re
a

d
. 

C
o

m
b

in
in

g
 t

h
e

 s
u

n
u

la
to

r 
a

c
ti

v
e

 p
a

ir
s 

(S
S

 +
 C

S
) 

a
ls

o
 p

ro
d

u
ce

s 
n
o
n
si

g
n
if

ic
an

t 
m

ea
n

 d
if

fe
re

n
c

e
s 

b
e

tw
rm

 s
eq

u
en

cr
n

g
 a

n
d

 v
ec

to
ri

n
g

 a
n

d
 a

 h
ig

h
ly

 s
rg

ru
fr

ca
n

t 
ra

ti
o

 
o

f 
st

an
d

ar
d

 d
ev

ra
ti

o
n

s 
re

fl
e

c
tm

g
 t

h
e 

p
re

v
ro

u
s 

st
a

te
m

e
n

ts
 f

o
r 

S
S

 a
n

d
 C

S
. 

T
h

e
 r

e
su

lt
s 

fo
r 

th
e 

co
m

p
u

te
r 

ac
lr

v
e 

p
ai

ri
n

g
s 

(C
C

 +
 S

C
) 

a
re

 r
nc

lu
de

d 
fo

r 
c

o
m

- 
p

ar
ts

o
n

. 
N

ot
e 

th
at

 t
h

e 
tw

o 
m

an
ag

em
en

t 
co

n
d

it
io

n
s 

d
o

 n
ot

 p
ro

d
u

ce
 s

ig
n

lf
tc

an
tl

y
 

d
rf

fe
re

n
t 

m
ea

t,
 - 

n
o

r 
st

an
d

ar
d

 d
ev

ta
tt

o
n

s 
fo

r 
th

e 
co

m
p

u
te

r 
a

c
ti

v
e

 p
a

ir
s.

 
A

s 
re

- 
m

a
rk

e
d

 b
e

fo
re

 t
h

e 
"s

u
p

er
 p

rl
o

t"
 c

o
n

tr
o

ll
e

r 
h

an
d

le
d

 t
h

e
se

 A
/C

 t
h

e 
sa

m
e

 w
ay

 
("

v
ec

to
re

d
")

 
in

 b
ot

h 
co

n
d

rt
io

n
s.

 

It
 i

s 
o

b
v

lo
u

s 
th

at
 i

n
fe

re
n

ce
s 

d
ra

w
n

 f
ro

m
 t

h
e 

C
C

 o
r

 (
C

C
 +

 S
C

) 
p

ai
rr

n
g

e 
w

ou
ld

 
b

e
 v

er
y

 m
is

le
ad

tn
g

 c
o

m
p

ar
ed

 t
o

 t
h

e 
m

o
re

 r
e

a
ll

st
rc

 S
S 

p
ai

ri
n

g
s.

 

S
o

m
e 

of
 t

h
e 

m
o

re
 r

m
p

o
rt

an
t 

fr
n

d
rn

g
s 

b
as

ed
 o

n
 i

n
te

rc
ro

ss
in

g
 t

im
e

s 
a

re
 

su
m

m
a

rr
z

e
d

. 

1
. 

Dr
st
ri
bu
te
d-
vs
-C
en
tr
al
iz
ed
 M

an
ag

em
en

t.
 

. 
N

o 
st

g
n

lf
ic

an
t 

d
if

fe
re

n
ce

s 
in

 m
ea

n
 I

C
T

(7
1

 s
e

c
. 1

. 

. 
S

p
re

ad
 o

f 
IC

T
 t

w
ic

e 
a

s
 l

a
rg

e
 I

n 
ce

n
tr

al
iz

ed
 

m
an

ag
em

en
t 

a
s

 i
n

 d
is

tr
rb

u
te

d
 m

an
ag

em
en

t.
 



. 
S

h
o

rt
es

t 
IC

T
 (

1
5

 s
e

c
. 

) 
w

as
 p

ro
d

u
ce

d
 u

n
d

er
 c

en
tr

al
iz

ed
 

m
an

ag
em

en
t.

 
S

h
o

rt
es

t 
IC

T
 f

o
r 

d
is

tr
~

b
u

te
d

 m
an

ag
e-

 
m

en
t 

w
as

 4
7 

se
c

. 

T
h

es
e 

st
at

em
en

ts
 a

re
 b

as
ed

 o
n 

si
m

u
la

to
r-

su
n

u
la

to
r 

p
al

rr
n

g
s.

 

2.
 

P
il

o
te

d
 S
i
m
u
l
a
t
o
r
-
v
s
-
c
o
m
p
u
t
e
r
i
z
e
d
 A

/C
. 

. 
S

im
u

la
to

r 
m

ea
n

 K
T

 w
as

 g
re

a
te

r 
th

an
 f

o
r 

co
m

p
u

te
r 

A
/C

 
rn

 d
~

s
tr

~
b

u
te

d
 

m
an

ag
em

en
t 

an
d

 n
o

n
si

g
n

if
ic

an
tl

y
 g

re
a

te
r 

in
 c

e
n

tr
a

l.
-4

 
m

an
ag

em
en

t.
 

S
~

m
u

la
to

r IC
T

 s
p

re
ad

 w
as

 n
o

n
s~

g
n

lf
lc

an
tl

y
 sm

a
ll

e
r 

th
an

 
fo

r 
co

m
p

u
te

r 
A

/C
 I

n 
d

ts
tr

~
b

u
te

d
 m
an

ag
em

en
t 

an
d

 s
rg

n
if

i-
 

ca
nt

11
 

g
re

a
te

r 
In

 c
e
n
tr

a
li

z
e
d
 m

an
ag

em
en

t.
 

. 
X

ea
n

 I
C

T
 w

as
 s

ig
n

if
ic

an
tl

y
 g

re
a

te
r 

fo
r 

a 
si

m
u

la
to

r 
10

1-
 

lo
w

in
g 

a 
co

m
p

u
te

r 
A

/C
 t

h
an

 v
ic

e 
v

e
rs

a
 f

o
r 

b
o

th
 m

an
ag

e-
 

m
en

t 
co

n
d

~
ti

o
n

s.
 

IC
T

 s
p

re
ad

 w
as

 s
~

g
n

rf
~

c
a

n
tl

y
 

g
re

a
te

r 
fo

r 
a 

su
n

u
la

to
r 

fo
ll

o
w

~
n

g
 a 

co
m

p
u

te
r 

A
/C

 t
h

an
 v

ic
e 

v
e

rs
a

 i
n 

ce
n

tr
al

iz
ed

 
m

an
ag

em
en

t 
an

d 
n

o
n

si
g

n
lf

ic
an

tl
y

 g
re

a
te

r 
in

 d
ts

tr
~

b
u

te
d

 
m

an
ag

em
en

t.
 

. 
L

ar
g

es
t 

M
ea

n 
IC

T
 a

n
d

 I
C

T
 s

p
re

ad
 o

cc
u

rr
ed

 f
o

r 
ai

rn
u

la
to

rs
 

io
ll

o
w

ln
g

 c
o

m
p

u
te

r 
A

/C
. 

S
m

al
le

st
 m

ea
n

 I
C

T
 o

cc
u

rr
ed

 
w

rt
h 

co
m

p
u

te
r 

A
/C

 f
o

ll
o

w
~

n
g

 sr
m

u
!a

to
rs

. 
S

m
al

le
st

 I
C

T
 

sp
re

ad
s 

in
 d

~
s

tr
lb

~
~

te
d

 
m

an
ag

em
en

t 
o

cc
u

rr
ed

 f
o

r 
si

rn
u

la
tO

rS
 

fo
ll

o
w

ed
 b

y
 s

~
m

u
la

to
rs

 
S

m
al

ie
st

 I
C

T
 s

p
re

ad
 i

n 
c

e
n

tr
a

l-
 

Ir
ed

 m
an

ag
em

en
t 

o
cc

u
rr

ed
 f

o
r 

co
m

p
u

te
r 

A
/C

 f
o

ll
o

w
in

g
 

si
m

u
la

to
rs

. 

S
U

B
JE

C
T

IV
E

 R
E

S
P

O
N

S
E

S
 

A
t 

th
e 

en
d 

o
f 

th
e 

e
x

p
e
ri

m
e
n

t,
 

al
l 

su
b

je
ct

s 
w

er
e 

re
q

u
es

te
d

 t
o

 r
a

te
 t

h
e 

tw
o 

m
an

ag
em

en
t 

co
n

d
rt

~
o

n
s o

n
 8

 s
ca

le
d

 l
in

es
 r

ef
le

ct
in

g
 t

h
ei

r 
ow

n 
fe

el
in

g
s.

 
O

n 
a 

sc
a

le
 s

u
ch

 a
s

 "
v

~
su

a
l w

o
rk

lo
ad

",
 

th
e 

su
b

je
ct

 p
la

ce
d

 a
 l

ab
el

le
d

 m
a

rk
 s

o
m

ew
h

er
e 

b
et

w
ee

n
 t

h
e 

L
O

W
 a

n
d

 H
IG

H
 e

n
d

. 
T

h
e 

m
a

rk
 w

as
 l

ab
el

ed
 e

it
h

er
 v

ec
to

ri
n

g
 o

r 
se

q
u

en
cm

g
. 

T
h

e 
d

at
a 

w
e

re
 a

n
al

y
ze

d
 b

o
th

 f
o

r 
ab

so
lu

te
 s

tr
en

g
th

 o
f 

ea
ch

 r
at

in
g

 
(0

-1
0

) 
an

d 
fo

r 
ai

m
p

le
 r

an
k

 o
rd

e
r 

(d
o

m
~

n
a

n
c

e
i of

 t
h

e 
tw

o 
co

n
d

it
io

n
s.

 
T

h
e

 r
e

su
lt

s 
a

re
 s

ho
w

n 
rn

 F
tg

u
re

 1
0
. 

T
h

e 
p

rl
o

ts
 f

el
t 

sa
fe

ty
 t

o
 b

e 
so

m
ew

h
at

 h
ig

h
er

 I
n 

v
ec

to
ri

n
g

 t
h

an
 i

n
 s

eq
u

en
ci

n
g

 
.x

h
tr

e 
a

s
 t

h
e 

co
n

tr
o

l!
er

s 
w

e
re

 f
a

ir
ly

 u
n

an
lm

o
u

s 
an

d 
d

et
er

m
m

ed
 t

h
at

 s
eq

u
en

cm
g

 
w

as
 s

a
fe

r 
th

an
 v

ec
to

rl
n

g
. 

T
h

is
 a

ls
o

 a
p

p
h

e
s 

to
 e

x
p

ed
it

rw
sn

es
s 

an
d

 o
rd

e
rl

in
e

ss
. 

W
o

rk
lo

ad
 p

ar
tr

cu
la

rl
y

 v
is

u
al

 w
o

rk
lo

ad
. 

w
as

 j
ud

ge
d 

b
e

tt
e

r 
In

 v
ec

to
rl

n
(l

 b
y 

b
o

th
 p

xl
ot

s 
an

d
 c

o
n

tr
o

ll
er

s.
 

P
il

o
ts

 w
e

re
 u

n
an

lm
o

u
s 

in
 t

h
ei

r 
ag

re
em

en
t 

th
at

 v
ec

- 
to

rr
n

g
 p

ro
d

u
ce

d
 a

 s
o

m
ew

h
at

 l
o

w
er

 v
ls

u
al

 w
o

rk
lo

ad
 a

n
d

 t
o

ta
l 

w
o

rk
lo

ad
 t

h
an

 s
e

w
e

n
- 

cm
g

. 

W
E

T
*

 
Q

(D
C

R
M

5
5

 
C

X
S

O
IC

N
C

L 
V

IW
U

 W
LD

 
M

W
 W

L
D

 
w

 W
D

 
TO

TA
L 

V
Y

L
D

 
ID

L4
L 

5
Y

S
T

 

E
X

ff
 U

C
W

 
V

iY
M

L
 W

Q
D

 
M

R
llY

 W
IL

D
 

rw
w
 

W
LL

D
 

TO
TA

L 
ID

EA
L 

5
Y

S
T

 
W

cL
D

 

F
IG

U
R

E
 

1
0
 S

U
B

JE
C

T
IV

E
 R

E
S

P
O

N
S

E
S

 3
Y
 P

IL
O

T
S

 A
N

D
 C

O
N

T
R

O
L

L
E

R
S

 
T

O
 T

H
E

 D
IS

T
R

IB
U

T
E

D
 A

N
D

 C
E

N
T

R
A

L
IZ

E
D

 M
A

N
A

G
E

M
E

N
T

 
C

O
N

D
IT

IO
N

S
. 

A
B

S
O

L
U

T
E

 D
IF

F
E

R
E

N
C

E
S

 A
R

E
 S

H
O

W
N

 O
N

 
T

H
E

 L
E

F
T

 W
H

IL
E

 S
T

R
IC

T
 D

O
M

IN
A

N
C

E
 IS

 S
H

O
W

N
 

O
N

 T
H

E
 R

IG
H

T
. 

O
n 

th
e 

av
er

ag
e,

 b
o

b
 c

o
n

tr
o

?l
er

s 
an

d
 p

il
o

ts
 r

an
k

ed
 s

eq
u

en
cr

n
g

 o
v

e
r 

v
ec

to
ri

n
g

 
a

s
 b

ei
n

g
 c

lo
se

r 
to

 t
h

e
ir

 n
o

ti
o

n
 o

f 
an

 i
d

ea
l 

A
T

C
 S

y
st

em
 f

o
r 

th
is

 t
as

k
. 

In
d

iv
~

d
u

al
ly

. 
so

m
e

 p
ll

o
ts

 d
is

se
n

te
d

 f
ro

m
 t

h
rs

 v
ie

w
 v

ig
o

ro
u

sl
y

 e
n

o
u

g
h

 t
o

 m
ak

e 
th

e 
a

v
e

rw
e

 p
re

- 
fe

re
n

ce
 s

tr
en

g
th

 s
li

g
h

tl
y

 f
av

o
r 

v
ec

to
ri

n
g

. 

S
u

b
je

ct
iv

e 
re

sp
o

n
se

s 
in

 t
h

is
 e

x
p

er
im

en
t 

p
 

e 
ed

 s
e

v
e

ra
l 

an
o

m
al

ie
s 

co
m

- 
P

re
v

io
u

sl
y

, 
co

n
tr

o
ll

er
s 

p
ar

ed
 t

o
 t

h
o

se
 o

b
ta

in
ed

 i
n 

p
re

v
io

u
s 

ex
p

er
im

en
ts

. 
fe

lt
 v

ec
to

rl
n

g
 t

o
 p

ro
d

u
ce

 g
re

a
te

r 
sa

fe
ty

, 
o

rd
e

rl
m

e
ss

 a
n

d
 e

x
p

td
it

io
u

~
n

e
ss

 w
h

il
e 

p
il

o
ts

 f
av

o
re

d
 s

eq
u

en
ci

n
g

 o
n

 t
h

es
e 

at
tr

ib
u

te
s.

 
T

h
e 

p
re

se
n

t 
re

v
e

rs
a

ls
 o

f 
th

is
 s

ta
n

c
e

 
su

g
g

es
t 

th
at

 t
h

e 
M

L
S

 c
u

rv
ed

 a
p

p
ro

ac
h

 e
n

v
ir

o
n

m
en

t 
is

 a
n

 e
n

ti
re

ly
 n

ew
 a

n
d

 d
if

fr
rm

t 
ta

sk
 i

n
 w

hi
ch

 n
ei

th
er

 t
h

e 
p

il
o

t 
o

r 
co

n
tr

o
ll

er
 g

ro
u

p
 f

el
t 

it
se

lf
 t

o
 h

av
e 

p
ro

d
u

ce
d

 t
h

e 
b

es
t 

p
er

fo
rn

o
ii

ce
. 

T
h

is
 m

ay
 c

h
an

g
e 

a
s

 t
h

e 
cu

rv
ed

 a
p

p
ro

ac
h

 r
eg

im
e 

b
ec

o
m

es
 m

o
re

 
fa

m
il

ia
r 

a
n

d
/o

r 
m

u
ch

 h
ig

h
er

 l
e

v
e

ls
 

of
 p

ro
fi

ct
en

ci
es

 a
re

 d
ev

el
o

p
ed

 f
o

r 
th

is
 t
as
k.
 

P
ll

o
ts

 a
n

d
 c

o
n

tr
o

ll
er

s 
b

o
th

 f
el

t 
v

ec
to

ri
n

g
 t

c
 h

av
e 

a 
lo

w
er

 v
er

b
al

 w
o

rk
lo

ad
 

th
an

 s
eq

u
en

ci
n

g
 w

hi
ch

 a
g

ai
n

 i
s

 a
 r

e
v

e
rs

a
l 

of
 p

as
t 

re
su

lt
s.

 
T

h
e 

v
er

b
al

 a
n

al
y

si
s 

p
re

se
n

tl
y

 u
n

d
er

 w
ay

 w
il

l 
sh

ed
 d

ef
rn

it
iv

e 
li

g
h

t 
o

n
 t

h
is

. 

H
o

w
ev

er
, 

in
 s

p
it

e 
of

 t
h

e 
p

il
o

ts
 s

ta
n

c
e

 f
av

o
ri

n
g

 v
ec

to
ri

n
g

 o
n

 t
h

e 
fi

rs
t 

th
re

e
 

at
tr

ib
u

te
s 

an
d

 r
ts

 p
cr

ce
iv

ed
 f

av
o

ra
b

le
 w

o
rk

lo
ad

 m
e

a
su

re
s 

fr
o

m
 b

o
th

 p
il

o
t6

 a
n

d
 

co
n

tr
o

ll
er

s,
 

th
e 

g
ro

u
p

 c
o

n
se

n
su

s 
in

d
ic

at
ed

 t
h

at
 d

rs
tr

ib
u

te
d

 m
an

ag
em

an
t 
.s
 

c
la

e
r

 
to

 t
h

e 
n

o
tl

o
n

 o
f 

an
 i

d
ea

l 
sy

st
em

 t
h

an
 c

en
tr

al
iz

ed
 m

an
ag

em
en

t.
 

T
h

is
 a

p
p

ar
en

t 
cm

tr
ad

ic
ti

o
n

 s
u

g
g

es
ts

 t
h

at
 t

h
e

re
 a

re
 im

p
o

rt
an

t 
at

tr
ib

u
te

s 
n

o
t 

m
cl

u
d

ed
 i

n
 t

h
e

 o
n

es
 

ll
st

ed
 w

h
ic

h
 f

av
o

r 
d

is
tr

ib
u

te
d

 m
an

ag
em

en
t.

 
It

 c
w

ld
 a

16
0 

b
e 

th
at

 t
h

e 
"i

d
ea

l 
sy

st
em

" 
co

n
ce

p
t 

e
x

p
re

ss
e

s 
th

e 
p

il
o

ts
' 

d
e

si
re

 t
o

 p
ar

ti
ci

p
at

e 
m

o
re

 m
 t

h
ei

r 
ow

n 
lo

ca
l 

tr
af

fi
c 

m
an

ag
em

en
t 

(a
s 

in
 p

re
v

io
u

s 
ex

p
er

im
en

ts
) 

an
d

 t
h

e 
co

n
tr

o
ll

er
s'

 d
e

si
re

 i
n

 t
h

is
 t

as
k

 t
o
 

a
ss

u
m

e
 l

e
ss

 r
es

p
o
n
si

b
il

it
y
 (

u
n

li
k

e 
p

re
v

io
u

s 
ex

p
er

im
en

ts
),

 
in

 f
av

o
r 

of
 t

h
e 

im
p

ro
v

ed
 

p
er

fo
rm

an
ce

 w
h

ic
h

 o
cc

u
rr

ed
 u

n
d

er
 d

is
tr

ib
u

te
d

 m
an

ag
em

en
t.

 



C
O

N
C

L
U

S
IO

N
S

 

T
h

e
 f

o
ll

o
w

in
e 

co
n

cl
u

sr
o

n
s 

a
re

 d
ra

w
n

 f
ro

m
 t

h
e

 r
e

su
lt

s 
o

b
ta

in
ed

 I
n 

th
ls

 a
n

d
 

p
re

v
ro

u
s 

e
x

p
e
ri

m
e
n

ts
. 

. D
is

tr
~

b
u

te
d

 m
a
n

a
g

e
m

e
n

t 
w

h
ic

h
 a

ll
o

w
s 

p
il

o
ts

 t
o

 e
x

e
rc

is
e

 s
o

m
e

 t
a
c
ti

c
a
l 

c
o

n
tr

o
l 

w
il

l 
re

d
u

c
e
 t

h
e 

st
a
n

d
a
rd

 d
ev

ra
ti

o
n

 o
f 

rn
te

ra
rr

rv
a

l 
ti

m
e

s 
si

g
n

ih
- 

c
a

n
tl

j 
c
o

m
p

a
re

d
 t

o
 c

e
n

tr
a

lr
~

e
d

 m
an

ag
e 

.,
en

t.
 

. M
ea

n
 l

n
te

rc
ro

ss
rn

g
 t

u
n

e
 w

rl
l 

b
e

 a
b

o
u

t 
th

e
 s

a
m

e
 f

o
r 

d
~

st
ri

b
u

te
d

 o
r 

c
e

n
tr

a
l~

z
e

d
 m
an

ag
em

en
t.

 

S
tu

d
~

e
s

 u
sr

n
g

 d
ir

e
c
te

d
 c

o
m

p
u

te
r 

A
/C

 i
n

st
e
a
d

 o
f 

m
o

re
 r

e
a

li
st

ic
 

p
il

o
te

d
 s

im
u

la
to

rs
 m

ay
 p

ro
v

rd
e 

' 
g

h
ly

 m
rs

le
a
d

in
g

 r
e

su
lt

s.
 

D
is

tr
~

b
u

te
d

 m
a
n

a
g

e
m

e
n

t 
p

ro
d

u
ce

s 
sy

st
e

m
 p

e
rf

o
rm

a
n

c
e
 a

t 
le

a
st

 
a

s
 g

oo
d 

o
r 

b
e

tt
e

r 
th

en
 c

e
n

tr
a
li

z
e
d

 m
an

ag
em

en
t.

 

. D
rs

t-
~

b
u

te
d

 m
an

ag
em

en
t 

IS
 
a
 t

a
sk

 r
o

b
u

st
 c

o
n

ce
p

t.
 

P
~

lo
ts

 fa
v

o
r 

d
rs

tr
r 

.&
ed

 m
an

ag
em

en
t.

 
C

o
n

tr
o

ll
e

rs
 m

ay
 

fa
v

o
r 

it
 d

ep
en

d
in

g
 o

n
 t

h
e 

ta
sk

. 

T
ra

ff
lc

 m
an

ag
em

en
t 

o
f 

m
u

lt
~

p
le

 c
u

rv
e
d

 a
p

p
ro

a
c
h

e
s 

rs
 a

 c
o

m
p

le
x

 
p

ro
b

le
m

 r
e

q
u

lr
m

g
 s

p
e

c
ia

lu
e

d
 t

ec
h

n
iq

u
es

 a
n

d
 a

id
s.

 

In
 g

e
n

e
ra

l,
 d

rs
tr

~
b

u
te

d
 m

an
ag

em
en

t 
rn

 w
h
ic

h
 c

o
n

tr
o

ll
e

rs
 a

ss
ig

n
 a

 s
e
q

u
e
n

c
e
 

to
 e

a
c
h

 A
/C

 a
n
d
 a

ll
o
w

 t
h

e 
ln

d
~

v
id

u
a

l p
~

lo
ts

 th
e 

fr
e
e
d

o
m

 t
o

 a
c
c
o

m
p

li
sh

 i
t 

IS
 a

 n
a
t-

 
u

ra
l 

m
o

d
e 

of
 c

o
n

tr
o

l 
an

d
 p

ro
d

u
c
e
s 

sa
fe

, 
a

c
c

u
ra

te
 a

n
d

 c
o

n
si

st
e
n

t 
re

su
lt

s 
in

 a
n

 
o

rd
e

rl
y

 a
n

d
 e

x
p

e
d

~
t~

o
u

s
 

m
a
n

n
e
r.

 

R
E

F
E

R
E

N
C

E
S

 

1
. 

K
re

lf
e
ld

t.
 

J.
C

.,
 

W
e

m
p

e
,T

.,
 

"F
u

tu
re

 T
e

m
ln

a
l 

A
ir

 T
ra

ff
ic

 M
an

ag
em

en
t 

C
o

n
ce

p
ts

".
 

P
ro

r.
 

1
0
th

 A
n
n
u
al

 C
o

n
fe

re
n

c
e
 o

n
 M

an
u

al
 C

o
n

tr
o

l,
 
W

P
A

F
B

, 
A

p
rr

l 
9

-1
1

, 
1
9
7
4
. 

2.
 

K
re

~
fe

ld
t,

 J
. 

C
. 
, 

W
em

p
 
. T. 

. "
~

u
m

a
n

 Il
e

c
~

si
o

n
 M

ak
lr

,d
 i

n
 F

u
tu

re
 A

T
C

 S
y

st
e
m

s.
 

C
o

m
p

a
ra

t~
v

e
 S
tu

d
~

e
s

 In
 D

~
s

tr
~

b
u

te
d

 
T

ra
ff

~
c

 M
an

ag
em

en
t"

. 
P

ro
c

. 
1

9
7

4
 I

n
te

r-
 

n
a

t~
o

n
a

l C
w

fe
re

n
c

e
 o

n
 S

y
st

e
m

s,
 

M
an

 a
n

d
 C

y
b

e
rn

e
ti

c
s.

 
IE

E
E

-S
M

C
 

7
4

 C
H

O
-4

S
M

C
 O

ct
. 

2
-4

, 
1

9
7

4
. 

3.
 

K
re

~
fe

ld
t.

 J
. 

G
..

 
P

n
rd

o
.R

.,
 

W
e

m
p

e
.T

.,
 

H
u

ff
. E

..
 

"V
er

b
al

 W
o

rk
lo

ad
 I

n 
lh

st
r~

b
u

te
d

 A
lr

 T
ra

ff
rc

 ~
a

n
a

g
e

m
e

n
t"

. 
P

ro
c

. 
ll

th
 A

n
n
u
al

 C
o

n
fe

re
n

c
e
 o

n
 

M
an

u
al

 C
o

n
tr

o
l,

 
N

A
SA

 
A

R
C

, 
T

M
X

-6
2

. 
4

6
.4

, 
M

ay
 2

1
-2

3
. 

1
9

7
5

. 
-
-
 

o
n

 M
an

u
al

 C
o

n
tr

o
l.

 
N

A
S

A
-A

R
C

. 
T

M
X

-6
2

,4
6

4
, 

M
ay

 2
1
-2

3
, 

1
9
7
5
. 

5
. 

K
re

if
el

d
t.

 
J.

 G
.,

 
W

em
p

e,
T

.,
 

"I
m

p
li

ca
ti

o
n

s 
of

 a
 M

ix
tu

re
 o

f 
A

ir
c

ra
ft

 W
it
h 

an
d 

M
th

o
u

t 
T

ra
ff

ic
 S

it
u

at
ro

n
 D

is
p

la
y

s 
fo

r 
A

ir
 T

ra
ff

ic
 M

an
ag

em
en

t"
. 

P
ro

c
. 

1
2

th
 A

M
U

~
 

C
o

n
fe

re
n

c
e
 o

n
 M

an
u

al
 C

o
n

tr
o

l,
 

U
rb

an
a-

C
h

am
p

ai
g

n
, 

Il
l.
 

N
A

SA
 
T

M
X

-7
3
, 

1
7
0
, 

M
ay

 2
5
-2

7
, 

1
9
7
6
. 

6.
 

P
a
rd

o
, 

B
.,

 
E

ff
e
c
ts

 o
n 

V
er

b
aI

 C
o

m
m

u
n

ic
at

io
n

 a
nd

 T
a
sk

 V
a

ri
a

b
le

s 
o

f 
D

if
fe

re
n

t 
A

ir
 T

ra
ff

ic
 C

o
n

tr
o

l 
C

o
n

fi
g

u
ra

ti
o

n
s.

 
U

n
p

u
b

li
sh

ed
 M

. 
S

. 
T

h
e

si
s.

 
Sa
n 

Jo
se

 
S

ta
te

 U
n

iv
er

si
ty

, 
A

u
g

u
st

 1
9
7
5
. 

7.
 

C
h

e
rr

y
. 

G
.W

..
 

D
eW

o
lf

. 
B

.,
 

M
ac

K
in

n
o
n
, 

D
.,

 
'?

n
cr

ea
si

n
g

 
A

ir
p

o
rt

 C
ap

ac
rt

y
 

an
d

 T
e

rm
in

a
l 

A
re

a
 S

af
et

y
 b

y 
M

ea
n

s 
of

 t
h

e
 S

ca
n

n
ln

g
 B

e
a
m

 I
n

st
ru

m
e
n

t 
L

an
d

in
g

 S
y

st
em

".
 

A
IA

A
 G

u
id

an
ce

, 
C

o
n

tr
o

l 
an

d 
F

li
g

h
t 

M
ec

h
an

ic
s 

C
o

n
- 

fe
re

n
c

e
, 

A
IA

A
 N

o.
 

7
0
-1

0
3
3
. 

A
u

g
u

st
 1

7
-1

9
, 

1
9
7
0
. 

8
. 

B
e
n

n
e
r,

 
M

. 
S

. 
, 

S
aw

y
er

, 
R

. 
H

..
 

M
cL

au
g

h
li

n
. 

M
. 

D
.,
 

"A
 

F
ix

e
d

-B
a
se

 S
im

u
la

- 
ti

o
n

 S
tu

d
y

 o
f 

T
w

o
 S

to
l 

A
ir

c
ra

ft
 F

ly
ln

g
 C

u
rv

ed
, 

D
es

ce
n

d
in

g
 I

n
st

ru
m

e
n

t 
A

p
p

ro
ac

h
 P

a
th

s"
, 

N
A

SA
 T

N
D

-7
2
9
8
, 

O
ct

. 
1
9
7
3
. 

9
. 

B
ra

d
y

. 
F

. 
B

.,
 

"L
an

d
tn

g
 G

u
id

an
ce

 S
y

st
e

m
s"

 i
n

 A
 S

u
rv

e
y

 
o

f 
M

o
d

er
n

 A
ir

 
T

ra
ff

ic
 C

o
n

tr
o

l,
 V

ol
. 
II.
 

A
G

A
R

D
-A

G
-2

09
-V

ol
. 

11
, 

1
9
7
5
. 

1
0
. 

H
a
rt

, 
S

.,
 

M
c
P

h
e
rs

o
n

,D
.,

 
K

re
if

e
ld

t.
 
J.

, 
"M

u
lt

ip
le

 C
u

rv
ed

 D
es

ce
n

d
in

g
 

A
p

p
ro

a
c
h

e
s 

an
d

 t
h

e
 A

ir
 T

ra
ff

ic
 C

o
n

tr
o

l 
P

ro
b

le
m

".
 

p
a
p

e
r 

p
re

se
n

te
d

 a
t 

th
e
 1

3
th

 A
n
n
u
al

 C
o

n
fe

re
n

c
e
 o

n
 M

an
u

al
 C

o
n

tr
o

l,
 

M
IT

. 
Ju

n
e

 1
5

-1
7

, 
1
9
7
7
. 

1
1

. 
K

re
if

e
ld

t,
 
J.

 G
. 
. "D

es
ig

n 
O

u
tl

in
e 

fo
r 

a
 N

ew
 M

u
lt

im
an

 A
T

C
 S

im
u

la
ti

o
n

 
F

a
c
il

it
y

 a
t 

N
A

S
A

-A
R

C
".

 
p

a
p

e
r 

p
re

se
a

te
d

 a
t 

th
e
 1

3
th

 A
n
n
u
al

 C
o

n
fe

re
n

c
e
 

o
n

 M
an

u
al

 C
o

n
tr

o
l,

 
M

IT
, 

Ju
n

e
 1

5
-1

7
, 

1
9
7
7
. 

12
. 

K
re

if
e
ld

t,
 

J.
 G

. 
,
 W

em
p

e,
 

T
. 
,
 ''

P
il

o
t 

P
e

rf
o

rm
a

n
c

e
 D

u
ri

n
g

 a
 S

im
u

la
te

d
 

In
st

ru
m

e
n

t 
P

ro
c

e
d

u
re

 T
u

rn
 W

it
h
 a

n
d

 W
it

h
o
u
t 

a
 P

re
d

ic
ti

o
n

 M
sp

la
y

".
 

N
A

SA
 
T

M
X

-6
2

,2
0

1
, 

Ja
n
. 

1
9
7
3
. 

1
3
. 
Bo
ck
. 

R
. 

D
.,

 
M

u
lt

iv
a
ri

a
te

 S
ta

ti
st

~
c

a
l M

et
h

o
d

s 
in

 B
e
h

a
v

lu
ra

l 
R

e
se

a
rc

h
. 

M
cG

ra
w

-H
il

l,
 

1
9
7
5
. 

A
C

K
N

O
W

L
E

D
G

E
M

E
N

T
 

T
h

is
 w

o
rk

 w
a
s 

su
p

p
o

rt
e
d

 b
y 

fu
n

d
s 

fr
o

m
 N

A
SA

 G
ra

n
t 
N
S
G
 2

1
5
6
. 

T
h

e
 i

n
v

al
u

ab
le

 a
id

 p
ro

v
id

ed
 b

y 
st

af
f 

an
d
 c

o
n

tr
a

c
to

rs
 a

t 
N

A
S

A
-A

R
C

 
is

 v
e

ry
 g

ra
te

fu
ll

y
 a

ck
n

o
w

le
d

g
ed

. 

4.
 

K
re

tf
e
ld

t,
 

J
. 

G
. ,
 P

a
rk

rn
. 
L.
 ,
 "

S
u

b
~

e
c
tr

v
e
 E
v

al
u

at
io

n
 w

it
h

 F
A

A
 C

rl
te

rr
a

 -
 

A
 M

u
lt

rd
~

m
e

n
s~

o
n

a
l 

S
ca

lm
g

 A
p

p
ro

ac
h

".
 

P
ro

c
. 

ll
th

 A
n
n
u
al

 C
o

n
fe

re
n

c
e
 



M.
 

C
. 

lu
r.

r8
to

c
l 

8
. 

C
. 
s- 

a.
 

A.
 
w

im
- 

U
it

h
 t

hi
m

 
th

a
n

 i
n

 d
d
.
 t

b
a 

p
ap

er
 
f

im
t 

r
w

le
w

 t
be

 f
v

lr
ti

o
u

 o
f 

tb
. 

p
ro

cu
e 

o
p

er
at

o
r 

c-
ru

 
L
h
r 

u
it

b
 k

r
n

 o
p

er
8

to
r8

 i
n

m
lr

d
 i

n
 e

o
lr

tm
l 

e
it

ru
ti

o
c

r 
p

r
e

v
h

u
ly

 s
tu

d
ie

d
 0

u
t8

id
e 

o
f 

tb
e 

in
d
u
8
tr

i.
l 

aw
l-t
 

(p
il

o
tr

. 
a

ir
 t

r
d

f
ic

 
co

p
tr

o
ll

ar
8

. 
b
lm

m
n
, 

et
c.

).
 

A
 b

ri
d
 

h
im

to
ry

 o
f 

tb
. 

o
p

er
et

o
r 

in
te

rf
a

c
e

 i
n
 t

k
 

?
ro

e
u

s
 i

n
d

ru
tr

y
 m

d
 

c
b

. 
c

r
d

i
t

i
d

 w
tb

o
d

o
L

o
a

 q
lo

y
e

d
 i

n
 i

t8
 h

i
p

 i
e 
t
b
a
 

e
e

d
.

 
I

iu
ll

y
. 

a 
wm

eh
 

m
ra

 f
r

m
(.

m
u

l 
ap

p
ro

u
h

 u
tl

lf
- 

8
 m

od
el

 d
rf

ia
i-

 
o

f 
tb

. 
b

il
l 

o
p

8
ru

o
r1

8
 b

e
lu

ri
o

r 
in

 p
-t

d.
 

I 
m

an
 

to
 m

n
 c

o
n

x
w

n
lc

at
io

n
 

o
u

tp
u

t 

h
u

m
n

 
m

an
ua

l 
c

o
n

tr
o

l 

b
c

tw
to

rs
 
. 

tr
o

ll
e

r 
- 

d
is

tu
rb

a
n

c
e

s 

p
la

n
t 43 

d
is

tu
rb

a
n

c
e

s 
I 

I 
Z

IC
V

U
 1

%
 S

tR
V

It
O

ll
Y

 



o
u

tp
u

ts
 o

f 
th

t 
tr

a
n

sd
u

c
e

rs
 a

re
 c

a
p

a
re

d
 w

it
h

 s
e

tp
o

in
ts

 l
lr

l 
re

v
is

e
 c

o
n

tr
o

ll
e

r 
o

a
tp

u
ts

 t
o

 t
h

e
 f

in
s1

 a
c

tu
st

o
rs

. 
T

he
 h

U
.ll
 s

~
p

e
r

v
iw

r
 is
 i

~
f

o
m

e
d

 ab
o

u
t 

th
e

 
p

la
n

t 
e

o
n

d
lt

io
~

 
v

ia
 a

 d
is

p
la

y
 s

y
st

em
; 

h
e 

&
to

rs
 

th
e

 s
y

st
m

. 
h

e
 g

e
n

e
ra

tu
 

a
n

tp
o

in
ts

. 
he

 
u

k
e

s
 d

e
c

is
io

n
s 

u
h

e
th

e
r 

be
 s

h
o

u
ld

 i
n

te
rv

e
u

e
 o

r
 n

o
t,

 
h

a
 p

la
n

s 
co

n-
 

tr
o

l 
st

ra
te

g
ie

s.
 

an
d

 h
e 

c
m

m
ic

a
te

s
 w

it
h

 o
th

e
r 

h
u

u
r

 m
p

e
rv

ls
o

rs
. 

?h
e 

t
u

k
 o

f 
th

e
 h

rv
ll

 m
~

~
r

v
i

s
o

r
s

 
c

m
 b

e 
s-

ri
ze

d 
u
 f

o
ll

a
n

 (
F

ig
u

re
 2

):
 

L
ea

rn
in

g
, 

u
n

d
er

rt
au

d
in

g
, 

a
d

 in
te

rp
re

ti
n

g
 g
o&
 

re
q

u
ir

e
d

 o
f 

hi
m

 
(

a
C

t
d

1
~

 
c

o
n

~
tr

u
c

ti
n

g
) . 

b
i

t
o

r
l

a
g

 t
h

e
 s

y
s

tu
 o

u
tp

u
ts

 s
o 

th
a

t 
fr

o
m

 t
h

e
 c

o
n

tr
o

l 
a

c
ti

o
n

s,
 

h
e 

e
m

 
id

e
n

ti
fy

 t
h

e
 d

y
n

am
ic

s 
o

f 
th

e
 s

y
s
ta

 a
nd
 

th
e

 m
i

s
u

 a
c

ti
n

g
 o

n
 t

h
e

 p
ro

ce
ss

. 

P
lu

m
in

g
 a

nd
 

d
et

er
m

in
in

g
 u

h
ir

h
 c

o
n

tr
o

l 
a

c
ti

o
n

s 
sh

o
u

ld
 b

a 
p

e
rf

o
tr

d
. 

In
p

u
ti

n
g

 t
h

e
 a

p
p

ro
p

ri
a

te
 d

a
ta

 t
o

 t
h

e
 c

o
n

tr
o

l 
sy

st
em

 f
o

r 
b

o
th

 i
n

it
ia

li
u

-
 

ti
o

n
 m

d
 o

n
-l

in
e

 
d

ju
s

tu
n

ts
. 

- In
te

rv
e

n
in

g
 i

n
 o

rd
e

r 
to

 s
w

it
c

h
 f

ro
m

 u
n

u
a

l 
to

 s
u

p
e

rv
is

o
ry

 c
o

n
tr

o
l.

 

T
h
e
 
t
u

b
 u

s
~

ti
o

u
e

d
 d
o

v
e

 d
e

a
l 

w
it

h
 t

h
re

e
 c

a
te

g
o

ri
e

s 
o

f 
sy

st
em

 f
u

a
c

ti
o

lu
 

(R
* j

n
sd

o
rp

, 
R

ou
se

. 
19

77
) 
:
 

S
u

p
er

v
is

io
n

 .
n
d
 c

o
n

tr
o

l 
o

f 
p

ro
c

e
ss

 o
p

e
ra

ti
o

n
. 

C
op

in
g 

w
it

h
 r

lf
u

o
c

ti
o

n
s

. 

M
 

V
I 

. S
ys

te
m

 e
v

a
lu

a
ti

o
n

 m
d

 i
q

r
m

e
r

n
t.

 
1
0
 

T
bc

 
tn

m
m

 o
p

e
ra

to
r 

h
u

 b
ee

n 
st

u
d

ie
d

 i
n

 t
e

r
n

 o
f 

h
is

 t
a

s
k

s
 a

nd
 

fu
n

c
ti

o
n

 i
n

 r
a

y
 

si
tu

a
ti

o
n

s 
(p

il
o

t,
 

a
ir

 t
ra

ff
ic

 c
o

n
tr

o
l.

 
e

tc
.)

 
o

th
e

r 
tb

m
 a

n
 L

P
dp

.t
ri

.1
 

em
ir
o
m

- 
.L

P
r.
 

In
 t

h
e

 f
lu

id
 p

ro
c

e
ss

 i
n

d
u

st
ri

e
s 

(
c

h
a

iu
l,

 p
e

tr
o

l,
 

te
x

ti
le

a
, 

fo
o

d
 .
Id
 

dm
-.

 
r

t
a

l
s

, 
p

u
lp

 m
d

 p
ap

er
),

 
th

e
 h

-n 
su

p
e

rr
is

o
r'

s 
b

e
h

v
io

r 
(s
nd
 h

is
 t

u
k

)
 

is
 q

u
it

e
 d

if
fe

re
n

t 
fr

om
 t

h
t
 
in

 t
h

e
 y

a
y

 r
e

p
o

rt
e

d
 

at
u

d
if

m
 

in
 v

e
h

ic
le

 c
o

n
tr

o
l.

 

F
ou

r 
d

if
fe

re
n

t 
ss

p
e
c
ts

 o
f 

h- 
su

p
e

rv
is

o
r 

d
a

ta
 p

ro
c

e
ss

in
g

 c
an

 b
e 

re
eo

g
n

iz
8

d
 

w
it

h
 r

e
g

a
rd

s 
to

 t
h

e
 i

n
fo

ru
ti

o
n

 t
o

 h
e

 h
an

d
le

d
: 

IU
W

W
A

T
IO

N
: 

w
h

at
 t

y
p

e
 o

f 
in

fo
rm

st
io

n
 s

h
o

u
ld

 b
e 

p
re

se
n

te
d

 s
nd
 

ho
w

 
ru

th
 

o
f 

it
?

 

PR
ES

EN
TA

TI
O

N
: 

h
w

 s
h

o
u

ld
 t

h
e

 i
n

fo
ru

ti
o

n
 b

e
 p

re
se

n
te

d
7

 

IW
II

P
U

U
T

I9
U

: 
ho
v 

sh
o

u
ld

 t
h

e
 i

n
fo

ru
ti

o
n

 b
e 

m
ip

u
la

tc
ld

 b
y 

th
e

 o
p

e
ra

to
r?

 

C
O

IIP
IC

U
M

T
IO

N
: 

h
o
v
 

sh
o

u
ld

 t
h

e
 p

re
se

n
ta

ti
o

n
 a

n
d

 r
a

ip
u

la
c

io
n

 c
h

a
ra

c
te

ri
st

ic
s 

be
 

p
h

y
si

c
a

ll
y

 a
rr

an
g

ed
 

to
 f

or
m

 a
 w

or
k 

s
ta

ti
o

n
 f

o
r 

th
e

 h
u

n
n

 o
p

e
ra

to
r?

 

W
it

h 
re

fe
re

n
c

e
 

to
 t

h
e

se
 f

o
u

r 
a

sp
e

c
ts

 w
e

 c
an

 d
is

ti
o

q
u

is
h

 t
h

e
 d

if
fe

re
II

c
u

 b
.
N
.
.
I
l
 

v
sh

ic
k

 
c

o
n

tr
o

l 
an
d 

p
ro

c
e

ss
 c

o
n

tr
o

l;
 

th
e

se
 d

if
fe

re
n

c
e

s 
a

re
 l

is
te

d
 i

n
 T

ab
le

 1
. 

In
 d

d
it

io
n

 t
o

 t
h

is
 t

a
b

le
 w

e 
sh

o
u

ld
 a

dd
 
on
e 

o
th

e
r 

i.
p
o
rt

.n
t 

fa
c

t.
 

U
su

al
ly

 
p

lm
t 

is
 d

es
ig

n
ed

 i
n

it
id

ly
 f

ro
m

 a
 p

ro
c

e
ss

 p
o

in
t 

o
f 

v
ic

v
. 

th
e

n
 c

o
n

tr
o

ls
 a

re
 c

o
m

id
e

re
d

. 
m

d
 f

in
a

ll
y

 t
h

e
 h- 

ts
s
b

 a
re

 d
e

te
r

r
id

; 
.n
 l

u
te

g
a

te
d

 d
u

il
p

l 
o

f 
th

e
 r

m
- 

u
c

h
in

e
 f

u
n

c
ti

o
n

 i
s
 s

e
ld

a
 e

a
p

lo
~

e
d

. 

H
um

an
 

M
o

n
l t

o
r 

L
ea

rn
 

In
te

rv
e

n
e

 

T
ea

ch
 

C
o

n
tr

o
l 

S
y
s
t
e
m
 

m
 

P
r
o
c
e
s
s
 

A
ct

u
al

 
-
 

D
IS

PL
A

Y
S 

CO
N

'E
fO

LS
 

D
es

l r
e

d
 -
 

D
ls

 tu
rb

a
n

e
e

s 

LE
AR
N 
-
 Build I

n
te

rn
a

l 
M

od
el

 

W
ON

TT
OR

 
-
 Adjust 

In
te

rn
a

l 
W

o
je

l 

IN
TI

SR
V

I5
N

E 
-
 Assume %

sn
u

al
 

C
o

n
tr

o
l 

TE
A

C
H

 
r
-
-
-
-
-
-
-
)
 

O
en

er
at

e 
In

st
ru

c
ti

o
n

s:
 

S
e

t 
P

o
in

ts
 

PL
A

Y
 

c
-
-
-
-
)
 D

et
er

m
in

e 
C

o
n

tr
o

l 
S

tr
a

te
g

y
 

S
o

u
ev

er
, 

&
p

la
y

a 
fo

r 
th

u
e

 o
p

e
ra

to
rs

 i
n

 t
b
. 

fl
u

id
 p- 

id
u
tr

iu
 u
 u
ml
l 
u
 

th
e

 e
u

ta
w

ti
c

 c
m

tm
l 

a
p

ee
m

. 
p

la
y

 a
 .
ar
y 

C
r

i
t

i
c

a
l

 r
ol
e 
in
 
t
b
e
 ~

U
b

n
 

o
f 

a 
v

h
o

le
 p

la
n

t.
 

Io
d

w
d

, 
I
t
 q
 
be
 

st
a

te
d

 t
b
a
t:

 
"5

 w
ho

 s
p
c
i
f
i
s
d
 c
b
.
 

c
a

r
 

tr
o

l 
s

y
s

t
a

 (
a
d
 t

b
r 
ac- 

d
is

p
la

y
s)

 
sp

e
c

if
ie

s 
th

e
 p

h
t

 ap
e=
* 

p
ro

ce
d

u
ra

a 
- r

a
d

 l
u
!n

ce
 

th
e

 o
p

m
ra

ti
n

g
 e

~
o
a
a
iu

.~
 

T
M

m
 

t
h

t
 t

h
e

 d
a

ip
r
r
 

a
ls

o
 d

e
te

rr
in

e
s 

th
e

 c
as
k 

o
f 

tb
. 

s
q
p
rr

ri
.o

r 
an
d 

r
d

y
 8- 

tb
. 

sy
m

tr
 f

.r
- 

t
i

o
n

s
b

e
w

e
a

~
m

m
d

~
c

b
i

n
e

.
 

T
h

e
r

e
f
o

r
e

c
h

d
s

a
~

r
.h

r
ld

a
o

t
a

d
y

L
.b

m
r

 
le

d
p

rb
le

 a
b

o
u

t 
th

e
 c

m
tr

0
1

 p
~

i
b

i
l

i
t

-
t

.
 .n
d
 p-a

 
d

m
 

o
f 
t
L
.
 p

-. 
b.
t 

i 
h

e 
a

ls
o

 s
h

o
u

ld
 b

e
 a

b
le

 t
o

 t
a

k
e

 i
n

to
 K

C
O

(L
D

~
 

C
1
P

.b
il

it
fu

. 
E i 



'a
-3

rd
 

m
a

 v
 r

l
~
r
r
 

m
 

m
~ ?

m
a
w

=
 

p
ca

 'pm
pm

w
du e

m
 p

u
- 

n
m
 -
 qj
a
 

*.ro
;-W

 
*P. 

p
a

u
d

w
w

 61- 
.p
 oa p

.
p
a
n
 

a
d

*
 

-a
d

 
8
q
a
 

~
-

w
a

~
~

-
p

~
~

o
o

w
a

u
~

a
~

.
=

p
c

a
:

p
.

o
a

p
a

r
d

.
r

(
~

 
-ra

n
 

30 
8qa p

:
 

-3
 

q
 g

tm
a

 p
 a@

r. 
L

q
 !w

r
a

m
a

 m
w

-q
 

r
 ao a

w
c
p
m

 
.r 

3
0

 8
u

~
8

n
q

a
x

~
o

 
a

m
w

p
 p

a
 

'
~

f
m

 
J
* 
..o

n
 rR

 
v

a
a

o
.z

d
 

8W
 
W

m
 
l
j
r
r
r
c
n
 F
-
 

03- - L
D

m
.0

0
3

 
g
 

'
a

~
d

 
3
0
 ~

T
S

V
*

 
T

W
 

-- 
w

qa oa b
q

 B
 ..n

 ,w
=
w

a
n
trn

,, 
m

i 
m

a
** 

m
a

 p
.op

rm
.p

 
a
o
a
-lo

d
o
 
a

u
 -F

 d
~

r
 

w
 ru

o
q

m
 w

 
3-3- 

*
n
 q

a
p

 ,w
o

a
 
q
,
 

~
l
r
r
d

o
 

.rC
Z 

'm
m

 a@
T. 
P
.
 S

D
U

T
 
'8

- 
*&a 

N
 m

~
 

u
am

 w
aq

m
d
m

 
p
r lu

p
m

p
 a

0
3
 q

a
m

 p
g

x
o

n
 aoao&

 
w

 sfo
o
a
 
.

q
~

 
*-* 

p.a- 
wqa 

'w
 
u
,
 'oa 

a
m

 pa
n

0
1

 a
r
m

 
to

ra
w

3
 p

e
n

 2-m
...l1 

Q
aq-a 

.rr w
a

d
8

 s
s

w
a

o
a

d
/~

a
~

a
.d

o
 

w
qa 

aw
qa 

sww. 
.e

rr w
.9 

'
a

d
 q

a
 a*?- 

oa w
n

=
t2u

u
 .F

 
a
3
 ua3.a 

m
a

 0
0
9
. s

lrp
rc

la
 w

ro
l.9

 
a-a 

a
 .- 

a-r;m
. 

qs-rq, 
-3 

'- 
M

.II *W
lj.ld

 
8

W
a

.d
 

1-d 
8

T
W

 '
U

d
 

8
q
a
 z

o
q

 
-

m
a

n
q

.
T

 s-4 
-a 

O
l

 .
a

m
 

a
1

 N
 

.T
o
rlW

J 
r
l
 a* 

8
q
a
 v

 
m

n
 n

~
~

q
 

m
q

z
m

a
q

 *a 
3
0
 w

~
n

r
n

-
-
 8

 
.u

v
b

.a
 

-T
an- 

m
a

 m
u
- 

* 
.m

d
S
yp

 
m

- 
-3.P 

0
3
 U

~
P

F
R

P
. 

02 
W

T
W

T
U

 a
m

1
1
1
0
0
1
 

q
 w

q
a

 p
 m

d
 

8
 w

a
u

d
o

 o:, 
amma 

poaB
~.sm

 
m
q
 

a
m

 a
~

r
m

 
a
o
a
8
a
rb

o
 

h
 .rp

 W
S

 &-
.& 

0s 
W

E
O

P
 m

q
 

W
U

T
T

 'W
U

-m
 

q
w

 W
W

 







T
h

cs
s 

d
ir

e
c

ti
o

n
s

 a
re

 e
n
cc

u
ra

g
:u

g
 

b
u

t 
s

t
i

l
l

 m
r

e
 i

s
 r

e
q

u
im

d
. 

A
 a

sc
h

 m
r

e
 f

r
n

d
r

 
a

a
a

ta
l 

ap
p

ro
ac

h
 i

s
 w

c
e

ss
a

ry
. 

W
e 

th
e

re
to

-e
 

su
g

se
a

t 
to

 d
e

l
 th

e
 h

- 
o

p
e
ra

to
r'

s 
h

&
a

ri
o

r 
in

 s
u

c
h

 a
 r

a
y

 t
n

rt
 u
-.
 c

a
n

 e
x

p
la

in
 .
a
d
 p

re
d

ic
t 

to
 u

h
t 

u
te

m
t 

ta
sk

 
r

e
y

i
r

a
a

t
s

.
 s

y
st

em
 d

e
si

g
n

. 
d

is
tu

rb
a

n
c

e
s,

 
e

tc
..

 
m

y
 a

ff
e

c
t 

h
is

 p
er

fo
-o

. 
'
:
 4

s
 a

p
p

ro
ac

h
 f

o
ll

a
rs

 t
h

e
 m

an
y 

w
.n

ua
1.

 
c

o
n

tr
o

l 
d

e
b

 v
h

ic
h

 
b

v
e

 b
a
n
 g

w
rt

r8
te

d
 

o
re

r 
th

e
 p

a
st

 
Ze

w 
y

e
a

rs
 

fo
r 

o
th

e
r 

c
a

se
s 

o
f 

hu
m

an
 

su
p

e
rv

is
o

ry
 c

o
rr

tr
o

l 
(&

m
l 

W
u
.1

 C
a

n
fe

rm
c

e
a

. 
1

9
6

6
-7

7
).

 

1
0
 r

ev
ie

w
in

g
 

th
e

se
 v

e
 

C
L

~
 

C
is

ti
n

g
d

s
h

 t
v
o
 

d
if

fe
re

n
t 

t-
es

 
o

f 
m

od
el

m
: 

- D
e

sc
ri

p
ti

v
e

 
d

e
l

e
,

 1
.e

..
 

q
i

r
l

c
a

i
-

y
 t

e
s

ta
b

le
 m

&
ls

 b
a

e
d

 o
n

 s
o

u
 c

r
i

t
t

 
rl

o
n

 o
f 

f
i

t
 o

f 
h

u
u

n
 !

n
p

u
t 

an
d

 o
u

tp
u

t 
d

a
ta

. 

?
io

ru
ti

v
e

 
m

d
e

ls
, 

i.
e

..
 

d
e

l
s

 v
;~

o
se

 s
tr

u
c

tu
re

 
is

 p
ro

p
o

se
d

 
b

u
d

 m
 a

 n
or

m
 

c
r

 m
a

th
e

m
ti

c
a

l 
d

e
sc

ri
p

ti
rm

 
.p

d
 w

h
o
se

 
p

a
r8

u
te

rs
 a

re
 c

o
n

se
q

u
e

n
tl

y
 t

r
ti

u
te

d
 

by
 

th
e

 h
um

an
 

in
p

u
t 

.a
d

 
o

u
tp

u
t 

d
a

ta
. 

N
th

o
u

g
h

 
w

s
t

 m
d

e
ls

 a
re

 o
f 

th
c

 
f

ir
s

t 
ty

p
e.

 
th

e
se

 r
o

d
el

m
 
a

n
ly

 d
e

sc
ri

b
e

 8
 
h- 

p
r
f
o

r
m

a
c

e
 r

e
s

u
lt

 - 
an

y
 

a
tt

e
m

p
t 

to
 e

rp
la

ln
 w

hy
 
s
 
a
 b

eh
av

e-
 

li
k

e
 t

h
e

 4
.1

 
is

 n
o

t 
p

d
e

. 
A

n
 t

lp
o

r
tm

t 
e

u
m

p
le

 o
f 

- 
i

s
 t

y
p

e
 1

s 
th

e
 
cr

o
s-

o
v

ec
 

la
ic

1
 b

ar
ed

 
0
 

tb
e

 d
e

sc
ri

b
in

g
 f

u
n

c
ti

o
n

 u
th

o
d

 
(I

lc
R

ue
: 

K
re

n
d

el
. 

1
9

7
4

).
 
T
 

d
+

l
 h
c

d
e

re
r 

C
B

O
 

c
o

ly
 b

e 
a

p
p

li
e

d
 t

o
 t

h
e

 c
o

n
tr

c
.l

 o
f 

lo
w

 
d

y
.c

n
.i

a
, 

s
y

s
t

a
.

 

Tb
c 

m
r

u
t

i
v

e
 m

d
e

ls
. 

h
o
w

ev
er

. 
Y

J
 

b
e 

ex
p

ec
te

d
 

to
 c

o
rr

tr
ib

~
c

e
 m

c
h

 m
or

e 
to

 %
h

e 
u
rr

d
er

st
8
n
d
:n

g
 

o
f 

th
e

 p
er

fo
rm

an
ce

 
o

f 
h

u
v

n
 s

u
p

e
rr

ia
o

rs
 s

in
c

e
 c

hl
m

 
ty

p
e 

o
f 

w
d
e
l 

C
U

I 
b

e
 
w

e
d

 t
o

 v
e

ri
fy

 t
h

e
 

a
c

ti
o

n
 o

f 
th

e
 h

w
u

n
 o

p
e

ra
to

re
. 

h
ow

 t
L
e
 n

a
y

 IW
N-

 

ti
-
 

d
e

l
s

 p
ro

p
u

sd
. 

su
ch

 a
- 

th
e

 
d

e
c

is
io

n
 r

o
d

e
1

 
(E

lk
in

d
. 

1
M

8
) 

an
d

 
th

e
 m

d
e

l 
to

 d
e

sc
rt

b
e

 a
 
h

e
A

n
'

s
 b

e
h

a
v

io
r 

d
u

ri
rg

 s
u

p
e

rt
a

n
k

e
r 

c
o

n
tr

o
l 

(V
rl

d
w

s
e

a
. 

19
76

).
 

th
e

 m
o
at

 
g

e
n

e
ra

l 
m

e
 i

s
 t

h
e

 o
p

ti
m

l 
c

o
n

tr
o

i 
m

>
-1

 (B
ar

on
. 

U
lc

a
ir

n
. 

1
5

6
8

).
 

T
h

is
 

v
e
ry

 
g

e
o

e
ra

l 
&

e
l 

ca
n

 
a

ls
o

 ?
e

 a
p

p
ll

c
d

 t
o

 m
lt

iv
a

ri
a

b
le

. 
ti

.~
v

a
r

y
ia

g
 s

y
s

te
a

 
su

ch
 u

 
fo

u
o

d
 

la
 t

h
e

 p
ro

c
e

ss
 

im
d

ru
tr

iz
s.

 

T
h
e 

d
o

1
 i

s
 b

as
ed

 
a

n
 
th

e
 w

s
r

q
ti

o
n

 t
h

a
t 

l
 
v

c
ll

-t
ra

io
e

d
 

h- 
c

o
n

tr
o

ll
e

r 
b

e
b

- 
L
a 

M
 
z

c
i

u
l

 r
n

a
e

r
 t

d
-

ln
l 

in
to

 a
cc

o
u

n
; 

in
h

e
re

n
t 

h
t

v
n

 l
id

ta
ti

o
n

s
. 

c
o

lu
tr

a
l~

t8
. 

an
d

 
ta

sk
 r

e
q

u
:r

rr
n

ts
. 

In
 c

~
t

r
o

l
 

e
n

g
in

e
e

ri
n

g
 

t
e

r
n

 t
h

is
 I
C
Y
I
U
:
 

h
u

u
o

 b
e

in
~

s
 

a
re

 o
p

ti
m

iz
in

g
 a

 
c

e
rt

a
in

 t
ri

te
r-

o
n

. 
T

h
ey

 p
o

sr
e

ss
 a

n
 i

a
te

m
a

l 
r

d
r

l.
 o

f 
t
k
 

81
.- 

t
a

 d
y

n
a

ic
s

. 
o

f 
th

e
 s

y
s

L
n

 n
o

fw
 m

d
 o

f 
th

e
 t

a
s

k
 r

e
q

u
ir

s
c

n
t 

c
o

n
si

st
e

o
t 

w
it

h
 

d
e

g
re

e
 o

f 
tr

a
in

in
g

 o
r

 e
x

p
e

rl
e

a
-e

 
th

ey
 

h
a
v

e
. 

T
h
e 

lo
d

e
1

 u
i

a
l

y
 c

o
n

s
is

ts
 o

f 
tw

o 
p

a
rt

s
 

(F
ig

u
re

 
7)
: 

(1
) 

An
 

o
b

se
rv

e
r 

w
h

ic
h

 
em

ti
- 

u
t

e
s

 t
h

e
 d

n
i

u
 v
a

ri
a

n
c

e
 e

s
t

i
~

a
i

e
 

o
f 

th
o

 s
y

st
em

 u
n&

r 
:o

n
fr

o
1

 
fr

o
m

 t
h

e
 d

im
- 

p
la

y
4

 i
a

f
o

r
v

ti
o

a
 

(t
a

k
in

g
 i

n
to

 a
cc

o
u

n
t 

u
b

se
w

a
ti

o
n

 m
im

e
);

 
an

d
 

(:) 
h

 
c

o
o

tr
o

ll
e

r 
.a

d
 

d
e

c
is

ln
t\

-m
&

ln
g

 e
l

c
r

n
t

 t
h

a
t 

y
en

er
rt

er
n

 
s

r
tp

o
h

ts
 s

o
d

 
th

a
t 

d
e

c
id

e
8

 
w

h
e

tt
e

r 
th

e
 o

p
er

ar
 

r 
sh

o
u

ld
 t

a
k

e
 o

v
er

 
th

e
 p

la
n

t 
u

.x
u

1
1

y
 
d-

w
 

to
 p

o
ss

ib
le

 s
y

s
t

a
 

fa
i1

u
;e

s 
H

en
ce

. 
th

e
 w

d
e

l 
I
r
 c

a
p

a
b

le
 o

f 
d

o
c

ri
b

in
8

 t
h

e
 

fo
li

u
w

in
(l

 W
 w

p
m

'- 
v

is
o

r 
fm

c
ti

o
n

s
: 

m
o

n
it

o
ri

n
g

. 
:a

ll
u

re
 

d
e

te
c

ti
o

n
. 

se
tp

o
in

t 
g

ea
cr

at
o

rm
. 

a
r.

i 
m

m
u.

1 
c

m
ti

s
l 

o
r 

in
te

rv
e

n
in

g
. 

ln
ro

u
&

 
th

e
se

 
f~

m
c

ti
o

n
s

 ir
 v

o
u

ld
 
b

e 
m

s
s

ib
rc

 
to

 m
u

ly
x

e
 

th
e

 h
r

v
n

 o
p

e
ra

to
r'

s 
'b

fl
it

y
 

to
 c

o
n

tr
o

L
*

p
ro

ce
-a

s 
p

la
n

t 
c

o
n

a
tj

a
ri

lr
g

 t
h

e
 b

u
i

c
 

s
tr

u
c

tu
re

 o
f 

h
is

 g
o

a
ls

. 
a

ss
ig

n
e

d
 

ta
&

u
. 

h
o

u
le

d
g

e
 o

f 
th

e
 p

ro
ce

s,
, 

d
e

g
re

e
 o

f 
in

te
ra

c
ti

o
n

 w
it

h
 

th
e

 c
m

tt
o

l 
e

q
u

i
~

~
~

n
t

 
a:d 

th
e

 
in

f
o

r
u

ti
o

n
 d

is
p

la
y

e
d

. 
S

p
e

c
tf

i-
 

c
a

ll
, 

th
e

 l
o

d
c

li
n

~
 e
ff

o
rt

 e
rn

 a
d

d
re

ss
: 
k
 a

c
ru

ra
c

y
 o

f 
th

e
 u

p
e

ra
to

r'
s 

is
te

ro
a

l 
-e

l 
in

 m
ak

in
8

 c
o

n
tr

o
l 

d
e

c
is

io
n

s;
 

th
e

 a
p

e
d

 6
':
 

v
h

ic
h

 :
he

 
o

p
e

ra
to

r 
c

h
~

~
 

b
is

 
mo
de
! 

u
ad

rr
 

c
rr

g
e

r,
iy

 c
o

n
d

it
io

n
.:

 
th

e
 r

e
ln

ti
w

is
h

lp
 b

e
tw

e
n

 t
h

e
 i

n
f@

-=
N

iO
U

 d
is

- 
p

la
y

ed
 

an
d
 

th
e

 d
y
n
am

ic
 

re
c

o
n

f*
g

u
ra

b
ll

f?
y

 of
 

th
e

 
in

te
rn

a
l 

d
e

l
 (i

n
tl

u
d

ic
y

 

O
p
t
l
a
e
l
 

C
o
n
t
r
o
l
 

M
e

l
 

o
f
 
t
h
e
 

ii
m

n
 
S
u
p
e
r
v
i
s
o
r
 

D
IS

PL
A

Y
 

D
l
s
t
u
r
h
a
n
c
e
~
 

O
b

se
rv

ed
 

O
u
t
p
u
t
 

P
la

n
, 

S
t
a
t
e
 

V
a
r
l
a
b
l
e
 

E
s
t
i
m
a
t
o
r
 

I C
o
n
t
r
o
l
 

In
p

u
t 

S
a
m
p
l
e
.
 

F
a
i
l
u
r
e
 

De
te

ct
io

n 

I
n
t
e
r
v
e
n
e
.
 

A
d
J
u
c
t
 

S
t
a
t
e
 
V
a
r
i
a
b
l
e
s
 

-- 



p
o

ss
ib

le
 s

a
tu

ra
ti

o
n

 e
ff

e
c

ts
 o

f 
to

o
 u

c
h

 d
a

ta
);

 
en

d
 t

h
e

 r
e

la
ti

o
n

e
h

ip
 b

et
w

ee
n 

th
e

 
d

is
p

la
y

s 
w

e
d

 e
nd

 t
h

e
 m

ea
su

re
 o

f 
p

e
rf

o
ru

n
c

e
. 

A
n 

im
p

o
rt

en
t 

fe
a

tu
re

 o
f 

th
e

 
m

od
el

 
i
s
 t

h
e

 d
ir

e
c

t 
re

la
ti

o
m

h
ip

 b
er

v
ee

n
 t

h
e

 p
m

y
ch

o
lo

g
ic

al
 

fu
n

c
ti

o
u

e
 o

f 
th

e
 

hl
m

vn
 s

u
p

e
rv

is
o

r 
en

d 
th

e
 s

u
b

se
c

tl
o

o
r 

- o
b

se
rv

e
r,

 
c

o
n

tr
o

ll
e

r 
en

 
d

e
c

is
io

n
 u

lu
r
 - 

o
ft

h
e

m
o

d
e

l 
@

k
. 

v
au

Y
ij

k
, 

1
9

7
7

).
 

Th
e 

t
u

k
 s

f 
u

i
n

g
 t

h
e

 i
n

te
rn

a
l 

m
od

el
 

to
 d

e
sc

ri
b

e
 t

h
e

 b
eh

av
io

r 
o

f 
h

rr
m

 o
p

er
a-

 
to

r 
am

 
p

a
rt

 o
f 

th
e

 u
n

-m
ec

h
in

e 
sy

st
em

 i
n

 t
h

e
 p

ro
c

e
ss

 i
n

d
u

at
ri

em
 i

s
 j

u
s

t 
b

eg
in

n
in

g
. 

T
he

 e
x

p
er

ie
n

ce
 i

n
 a

p
p

ly
in

g
 t

h
e

 d
e

l
i

n
g

 te
ch

n
iq

u
e 

im
 e

x
p

ec
te

d
 

to
 r

e
v

e
a

l 
em

 
u

e
h

 
ab

o
u

t 
th

e
 o

p
e

ra
to

r 
h

ir
e

lf
 .
s
 

th
e

 p
ow

er
 o

f 
th

e
 i

n
te

rn
a

l 
v

d
e

l
 a

p
p

ro
ac

h
. 

IV
 

R
EF

ER
EN

C
ES

 

A
nn

ue
l 

C
o

n
fe

re
n

ce
s 

on
 U

en
ru

l 
C

o
n

tr
o

l 
P

ro
ce

ed
ia

g
8

, 
S

p
ri

q
fi

e
ld

. 
=

IS
. 

2n
d 

N
A

SA
 
- U

n
iv

e
rs

it
y

 C
o

n
fe

re
n

ce
, 

C
m

b
ri

d
g

e,
 

Il
u

m
. 

(H
IT

).
 

19
66

. 
41

7 
p.

. 
NA

SA
 

S
P

-1
26

. 

3
rd

 N
AS

A 
- U

n
iv

er
m

it
y

 
C

o
n

fe
re

n
ce

.h
m

 
k

q
e

le
s

 (
U

S
C

), 
19

67
. 

45
9 

p
.,

 
M

A
 S

P
-1

U
. 

4
th

 N
AS

A 
- U

n
iv

e
rs

it
y

 C
o

n
fe

re
n

ce
. 

A
na

 
A

rb
or

 
(U

n
),

 
19

68
. 

59
4.

 
p.

. 
NA

SA
 

S
P

-2
15

. 

5
th

 N
AS

A 
- U

n
iv

er
m

it
y

 
C

o
n

fe
re

n
ce

. 
C

am
br

id
ge

. 
M

es
s.

 
(H

IT
).

 
19

69
, 

71
3 

p
..

 
NA

SA
 

S
P

-2
15

. 
\
 

5
th

 C
o

n
fe

re
n

ce
. 

D
ay

tr
m

 
(V

PA
PB

). 
19

70
, 

29
6 

p.
 

7
th

 N
AS

A 
- U

n
iv

e
rs

it
y

 C
o

n
fe

re
n

ce
, 

lo
8

 &
#
e
l-

 
(U

SC
). 

19
71

, 
3

6
1

 p
..

 
NA

SA
 

SP
 

28
1.

 

8
th

 C
o

n
fe

re
n

ce
. 

D
ay

to
n 

(V
P
m

). 
1

9
7

2
, 

6
6

5
 p

., 
AF

FD
L 

n
-7

2
-9

2
. 

9
th

 C
o

n
fe

re
n

ce
. 

C
m

b
ri

d
g

e,
 

W
e

.
 (
UI
T)
. 

1
9

7
3

, 
4

5
1

 p
. 

1
0

th
 C

o
n

fe
re

n
ce

. 
D

ay
to

n 
(V

P
A

II
))

, 
19

74
. 

74
6 

p.
 

1
1

th
 C

o
n

fe
ro

n
ce

, 
U

o
ff

e
tt

 F
ie

ld
 

(A
R

C
), 

19
75

. 
7

1
1

 p
..

 
IK
X-
62
. 

46
4.
 

1
2

th
 C

o
n

fe
re

n
ce

, 
U

o
ff

e
tt

 
F

ie
ld

 
(A

R
C

),
 

19
76

, 
1

0
2

0
 p

.,
 

TX
X

-7
3,

 
1

7
0

. 

1
3

th
 C

o
n

fe
re

ac
e.

 
W

r
i

d
g

e
. 

Il
u
s
 
(H
IT
).
 

19
77

. 
40

0 
p.

 

i 
B

ar
on

. 
S.

, 
D

. 
L.

 
Il

lc
ia

m
an

 e
n

d
 W

. 
8
. 

L
ev

is
o

n
, 

"A
 

C
o

n
tr

o
l 

T
h

e
o

re
ti

c
 A

pp
ro

ac
h 

t
o

 
h

m
e

d
-V

e
h

ic
le

 
S

ys
te

m
 A

nr
ly

si
m

."
 
IE
EC
 T
ru
rr
. 

o
n

 A
.C

., 
V

ol
. 

A
C

-1
6.

 
X

o.
 

6
. 

19
71

. 
. 

&
.v

er
st

oc
k,

 
M.
 

C
., 

"T
he

 
3 

R
'B

 
of

 
C

o
n

tr
o

l 
S

y
m

ta
 D

es
ig

x~
."

 P
ro

ce
ed

in
g

s 
o

f 
th

e
 

T
h

ir
d

 A
nn

ue
l 

M
v

ao
ee

d
 C

o
n

tr
o

l 
C

o
n

fe
re

n
ce

, 
P

u
rd

e 
U

n
iv

er
m

it
y

. 
A

p
ri

l 
19

7.
 

B
u

v
e

ra
tv

c
k

, 
U

.c
..a

nd
 

J.
 

Y
. 

Ik
rr

u
rd

, 
"M

v-
ed

 
C

o
n

tr
o

l:
 

P
u

d
y

, 
Y

it
in

g
. 

? 
A

cc
ep

te
d?

";
 

5
th

 I
FA

C
/I?

ID
 

In
te

n
u

ti
o

n
e

l 
C

o
n

fe
re

n
ce

 o
n

 D
ig

iu
l 

C
o

q
u

te
r 

A
p

p
li

c
a

ti
o

n
 t

o
 P

ro
c

e
m

 C
o

n
tr

o
l.

 
Ju

n
e 

19
77

. 

E
lk

in
d

, 
J.

 
I
. 

an
d 

D
. 

C
. 

U
il

le
r,

 
"A

d
~

p
ti

v
e

 C
h

.r
a

c
te

ri
.t

ic
s 

o
f 

th
e

 B
um

o 
C

o
n

tr
o

ll
e

r 
in

 T
im

-V
u

y
in

g
 

S
y

st
e

m
. 

"
 
S

p
ri

n
g

fi
e

ld
. 

W
T

IS
, 

1
9

6
8

. 

G
u

id
el

in
es

 
fo

r 
th

e
 D

e
si

m
 o

f 
M

en
-U

ac
hi

ne
 

In
te

rf
a

c
e

8
 f

o
r 

P
ro

cw
*

 
C

o
n

tr
o

l,
 
W

I
 

C
o

la
it

te
e

 o
f 

th
e

 I
a

te
m

a
t$

o
m

l 
P

u
rd

u
e 

V
or

kr
ho

p 
fo

r 
In

d
ru

tr
ia

l 
C

a
q
u
tr

r 
S

y
e

U
, 

E
n

g
in

as
ri

n
g

 k
p

e
r

iu
n

t 
S

ta
ti

o
n

 B
u

ll
e

ti
n

. 
1

4
3

 S
e

ri
e

s,
 

P
ur

du
e 

W
iv

e
lr

iW
. 

O
et

o
b

ar
 1

9
7

5
. 



IV
 
Re

PE
RE

NC
ES

 
(C

o
n

ti
n

u
ed

) 

7.
 

K
it

c
h

e
n

k
a

. 
F

. 
L

. 
an

d
 

R
. 

A
. 

W
il

li
an

m
o

n
, 

J
r.

. 
"P

ro
c

e
ss

 
O

p
e

ra
to

r 
In

te
rf

a
c

e
 P

a
st

 
an

d
 

F
u

tu
re

";
 

p
u

b
li

c
a

ti
o

n
 p

en
d

in
g

. 
In

s
tr

u
m

n
ta

ti
n

n
 T

e
c

h
n

o
lo

u
. 

8.
 

K
ok

. 
J

. J
. 

an
d 

R
. 

A
. 

v
a

n
d

ij
k

. 
"A

 
M

od
el

 a
f 

th
e

 H
um

an
 

S
u

p
e

rv
is

o
r,

 
"
 
A

n
n

u
al

 
C

o
n

fe
re

z
x

a
 o

n 
E

la
n

u
l 

C
o

n
tr

o
l.

 
N

IT
. 

1
9

7
7

. 

9
. 

M
cR

ce
r.

 
D

. 
J

. 
an

d
 
2

. 
S

. 
K

re
n

d
el

. 
'%

th
e

m
ti

c
a

l 
Il

o
d

e
ls

 o
f 

b
u

n
 P

il
o

t 
B

e
h

a
~

io
r,

"
 

re
p

o
rt

; 
-.
TO
. 

1
9

7
6

. 
A

G
A

R
D

-A
C

-1
88

. 

1
0

. 
R

ij
n

sd
o

rp
, 
J.
 

e.
 a

d
 W.
 

B
. 

R
o

u
se

, 
"

~
e

s
ig

n
 o
f 

I*
m

-&
ch

in
e 

In
te

rf
a

c
e

s 
in

 P
ro

c
e

ss
 

C
o

n
tr

o
l,

" 
5

th
 I

fA
C

/I
F

IP
 

C
o

n
fe

re
n

ce
, 

T
h

e 
H

ag
ue

 
- T

he
 

N
e

th
e

rl
a

n
d

s,
 

Ju
n

e
. 

1
9

7
7

. 

11
. 

V
el

d
h

u
y

zn
n

. 
W

. 
an

d
 

H
. 

G
. 

S
ta

sa
e

n
. 

"T
he

 
In

te
rn

a
l 

M
od

el
: 

A
 U

se
fu

l 
C

o
n

ce
p

t 
ir

.t
h

e
 

A
n

a
ly

si
s 

of
 

Y
an

-M
ac

hi
ne

 
S

y
st

e
m

."
 



D
E

IG
N

 W
N

E
 FO

R 
A 

N
B

I 
W

UL
TlH

AN
 A

X
 

SI
M

U
IA

l'I
O

N
 

F
A

C
IL

IR
 A

T 
NA

SA
-A

II
ES

 
RE
iE
AA
CH
 C

EN
TE

R 

A 
ne

w
 

an
d 

u
n
iq

u
e 

fa
c

il
it

y
 f

o
r 

st
u

d
y

in
g

 h
um

an
 f

a
c

to
rs

 a
sp

ec
ts

 I
n 

ac
1'

on
au

ti
cs

 i
s
 h

ei
n#

 p
la

nn
ed

 f
o

r 
ua
e 

la
 t

h
e

 M
an

-V
eh

ic
le

 S
y

st
au

s 
R

es
eu

ch
 

D
iv

is
io

n
 a

t 
th

e
 N

A
SA

-A
m

es
 

R
es

eu
cn

 C
en

te
r.

 
%

Is
 

fa
c

il
it

y
 w

il
l 

re
p

la
ce

 t
h

e
 

ex
is

ti
n

g
 t

h
re

e 
co

ck
p

it
-s

la
g

la
 

g
m

m
d

 c
on

k;
!.

lr
r 

st
a

ti
o

n
 a

nd
 b
 

ex
pa

nd
ab

le
 t
o 

in
cl

u
d

e 
ap

p
ro

x
h

at
el

y
 a

ev
en

 c
o

ck
p

it
s 

an
d
 t

w
o 
g
n
u
d
 c

o
n

tr
o

ll
ex

 s
ta

ti
o

n
s.

 

U
n

li
k

e 
th

e 
p

re
vi

ou
s 

sy
st

ar
, 

ea
ch

 c
o

rk
p

it
 w

il
l 
be
 m

ln
l-

co
lp

u
te

r 
ce

n
to

ra
d

 
an

d 
li

n
k

ed
 

to
 a

 m
ai

n 
C

R
J 

to
 e

ff
ec

t 
a 

d
is

tr
ib

u
te

d
 c

om
pu

ta
ti

on
 f

a
c

il
it

y
. 

h
c

h
 

si
m

u
la

to
r 

w
il

l 
c

o
lp

lt
e

 i
ts

 m
. 

fl
ig

h
t 

d-c
s 

an
d 

fl
ig

h
t 

p
st

h
 p

m
d

la
to

r.
 

M
ec

ha
ni

ca
l 

fl
ig

h
t 

in
st

n
m

e
n

ts
 i

n
 e

ac
h

 c
o

ck
p

it
 w

il
l 

he
 l

o
c

a
ll

y
 s
up
po
rt
ad
 a
nd
 

CR
T 

co
ck

p
it

 d
is

p
l.

y
a 

of
 

(0
.6

.) 
tr

a
ff

ic
 a
nd
 o

r 
RN

AV
 

id
a

m
a

ti
o

n
 w

il
l 
bm
 

c
m

ta
li

y
 c

om
pu

te
d 
an
d 

d
is

tr
ib

u
te

d
 a
s
 a

 U
U

M
 

of
 

ex
te

n
d

in
g

 t
h

e 
ax

ls
ti

n
g

 
co

m
p

ta
ti

o
n

al
 a

nd
 g

ra
p

h
ic

al
 r

es
o

u
rc

es
. 

An
 

o
u

tl
in

e 
of
 
th
e 

to
ta

l 
d

es
ig

n
 w

il
l 

be
 
p

re
se

n
te

d
 
wh

ic
h 

sd
d

re
ss

es
 t

h
e 

te
ch

n
ic

al
 d

es
ig

n
 o

p
tt

o
n

s 
an
d 

ra
ae

rr
ch

 p
o

sa
iM

li
ti

e
s 

o
f 

th
is

 u
ni

qu
e 

u
n

u
e

h
ln

e
 

fa
c

il
it

y
 a

nd
 w

hi
ch

 u
y

 a
ls

o
 s

er
v

e 
as
 a

 m
od

el
 f

o
r 

o
th

er
 r

e
d

 t
in

e
 d

is
tr

ib
u

te
d

 
si

m
u

la
ti

o
n

 f
a

c
il

it
ie

s.
 

E
ta

d
y

iw
 a
ir
 t

ra
ff

ic
 

c
o

n
v

c
l 

sy
sr

en
rr

 r
eq

u
ir

es
 a

 r
e

a
li

st
ic

 s
i.

u
la

ti
X

i 
fa

c
il

it
y

 u
hl

ch
 f

a
it

h
fu

ll
y

 c
ap

tu
re

s 
p

il
o

t-
p

il
o

t 
an

d 
p

ll
o

t-
c

o
n

tr
o

ll
a

 
in

*-
-u

rn
s

 
as

 w
el

l 
a

s
 t

h
o

se
 u

ni
qu

e 
c

h
M

c
te

ri
s

ti
c

s
 v
it
al
 

to
 a

ny
 c

v
n

?\
u

ti
o

n
 o

f 
cm

p
ia

x
 

sy
st

ea
s.

 
k 

re
ce

n
t 

st
ud

yw
ha

s 
sh

ow
n 

th
e 

d
an

g
er

s 
of

 
d

ra
w

in
g

 c
o

n
cl

u
si

o
n

s 
f,

-o
n
 

a
ll

 c
om

pu
te

r 
st

u
d

ie
s 

o
r 

ev
en

 f
ro

m
 s

h
u

lu
ti

o
n

 s
tu

d
ie

s 
n

o
t 

w
in

g
 a
ct
ua
l 

p
i'

~
o

te
d

 
si

m
u

la
to

rs
. 

T
he

 h
u
u
n
 f

a
c

to
rs

 p
ro

hl
em

s 
in

 t
h

e
 p

re
se

n
t 

an
d
 
pr

op
ci

sm
i 

A
X

 s
ys

te
sr

r 
a

re
 

ex
te

n
si

v
e.

 
F

o
r 

em
m

pl
e,

 
to

 a
cc

o
n

0
d

at
.e

 f
u

tu
re

 h
ic

m
&

so
a 

In
 &

h
c
m

ft
 de

ns
: 
t
i
e
s
 

a 
ve

ry
 h

ig
h

 e
m

ph
an

is
 w

il
l 

be
 p

la
ce

d
 o

n 
p

ro
c

is
iw

 i
n

 b
ot
h 

ri
r 

an
d
 g
a
v
w
l
 s

id
es

. 
S

o
w

 o
f 

th
e

w
 h

w
v
n
 f

ac
to

ra
 p

b
l

a
s

 im
p

ac
ti

n
g

 p
c

is
io

n
 m

e
 1

is
tr

.d
 b

lo
w

. 

T
he

 i
n

te
1

cu
:t

lv
e 
&-
gr
ou
nd
 

an
d 

a
ir

-a
ir

 c
o

n
tm

l 
lo

o
p

s 
w

il
l 

a
ff

e
c
t 

p
e

c
ls

io
n

 
th
ro
ug
h 

th
e
 

ti
m

a 
d

el
ay

s 
an
d 

la
g
s 

be
tw

ee
n 

si
tu

a
ti

o
n

 a
p

p
ri

se
aa

n
t,

 C
O

C
IM

JS
 

an
d 

e
~

~
~

u
t

i
o

n
s

. 

Q
ro

rs
. 

h
lu

n
d

et
s,

 
a

e
rg

sn
c

ie
s,

 
fd

lu
m

s
, 

p
ri

o
rl

tl
c 
s,
 

et
c.

 
M

 w
e

ll
 a
6
 

&
lo

r 
p

e
rt

u
rb

ti
o

n
6

 f
ro

m
 p

il
o

t 
or
 

c
o

n
tr

o
ll

a
 d

a
c

ld
o

n
s 

w
il

l 
h

v
e

 a
 

d
ec

id
ed

 e
ff

e
c

t 
on

 r
a
f
n
t
a
l
n
h
g
 a

ny
 r
eq
ui
re
d 

-i
d

o
n

. 
B

e
e

m
 Ir

a
 

lo
c

a
l 

un
pl

rn
ne

d 
si

tw
tl

o
n

a
 a
t
e
 
c

ru
c

ir
l 

hu
m

an
 
fa

c
to

rs
 a

sp
ec

t.
. 

B
ps

ic
 A: 

p
ro

ce
d

u
re

s 
fo

r 
a

c
tu

a
l 

tr
a

ff
ic

 u
n

y
.e

n
t 

(0.
1. 

m
u

lt
ip

le
 

cu
rv

ed
 a

p.
ln

oa
ch

es
) 

w
il

l 
a

ff
e

c
t 

p
re

ci
si

o
n

. 
W

fe
re

n
t 

a
lt

u
n

u
tl

v
c

s 
 s

t 
bm
 

st
u

d
le

d
 i
n 
th
e 

h
u

u
n

 c
o

n
te

x
ts

 o
f 

la
fm

v
ti

o
o

 d
ir

rp
k

y
 r

q
u
ir

a
- 

m
en

ts
 a

n
d

 r
er

li
sa

ti
o

n
s.

 

B
ot

h 
p

il
o

ts
 a
nd
 c

o
n

tr
o

ll
o

r8
 w

il
l 

re
q
u
lx

e 
d

is
p

la
y

s 
sp

ec
ia

ll
y

 d
ss

@
n

d
 

fo
r 

in
fo

m
at

io
n

, 
co

n
tr

o
l 
an
d 

n
a

v
ig

ti
o

n
 p

u
p

o
~

e
s

 in
 o
r
d
u
 t

o
 a

ch
ie

v
e 

a 
h

ig
h

 d
m

e
 of

 
p

e
c

is
io

n
 w

it
h

o
u

t 
e

a
e

e
ss

iw
 w

or
kl

&
. 

H5
.g

h 
d

en
si

ty
 

co
ul

d 
R
O

U
I 

hi
gh
 d

is
p

la
y

 c
lu

tc
%

er
 

fo
r 

o
o

n
tm

ll
sr

s.
 

P
il

o
t 

an
d 

co
n

tr
o

ll
er

 a
cc

o
p

tm
ce

s 
of
 
th
a 

d
lf

fa
re

n
t 
or
 a

lt
e

rn
a

ti
v

e
 r

o
u

l~
e

s
 

fo
r 

tn
f

f
ic

 c
o

n
tr

o
l 

n
u
;t

 
he

 d
et

ar
rL

n
ed

 t
o

 p
re

v
en

t 
e

n
fo

rc
in

g
 a

 t
n

e
o

ra
t 

ic
a

ll
y

 w
o

x
h

b
le

 b
u

t 
p

m
e

ti
c

a
ll

y
 u

n
ar

ti
sf

ac
to

ry
 a

nd
 h

m
ce

 e
rr

o
r 

pr
on

e 
sy

st
m

. 

Th
e 

h
s

ic
 p

il
o

t 
an

d 
c

o
n

tr
o

ll
e

r 
w

or
kl

oa
d8

 c
o

u
ld

 b
c 

ex
ce

ss
iv

e 
in

 s
a

-
c

 
co

n
tr

o
l 

p
u

ti
c

u
la

rl
y

 a
8
 x

el
at

ed
 t
o 

cl
o

se
ly

 s
pa
ce
d 

ru
m

y
s 

m
d
 o

th
er

 
m

et
ho

ds
 o

f 
h

an
d

ll
n

g
 h

ig
h
 d

en
s1

 ty
 t

d
f
 ic

 . 
H

ig
h 

sp
e
d
 d

ec
is

io
n

 d
t

3
q

 ty
 

c
o

n
tr

o
ll

e
rs

 a
nd
 p

il
o

t.
 
d
l1

 b
e 

te
qu

lr
eE

 
to

 u
in

ta
ln

 h
ig

h
 p

re
ci

si
o

n
 u

rd
 s

af
et

y
. 

Th
is
 W

c
 a

m
i

t
y

 i
s
 a
n 

is
su

e
 

it
s

e
lf

 a
nd

 c
an

 h
e 

ex
p

ec
te

d
 t

o
 i

n
te

ra
c
t 

st
ro

n
g

ly
 w

lt
h

 t
he
 

d
Js

p
h

y
s 

us
ed

 Y
, 

w
el

l 
a8
 p

o
~

i
b

l
a

 
c

a
p

u
k

r
 a

id
. 

to
 d

ec
is

io
n
 u

k
in

6
. 

G
en

er
al

 a
v

ia
ti

o
n

 m
ua

t 
bm
 

ac
ca

m
o

d
ah

d
 i

n
 t
he
 f

u
tu

re
 W

AS
 M

 u
s1

1
 u
 c

o!m
er- 

c
la

l 
a
v

ia
ti

o
n

. 
B

M
IC

 
k

c
h

n
iq

w
s,

 u
p

m
li

ti
e

s
, 

M
o

d
s

.
 d

is
p

la
~

~
. 

st
& 

m
us

t 
be

 
d

a
t

d
n

e
d

 f
o

r 
g

en
er

al
 a

ri
a

ti
o

n
 t

ra
ff

ic
 c

o
n

tr
o

l 
Ju

st
. u
s 

fo
r 

c
o

p
e

rc
ia

l 
av

ia
ti

o
n

. 
In

 f
a

c
t,

 a
ll
 o
f 
t
h
 c

a
u

n
h

 ..
d
. 

pr
sr

lO
U

6l
y 

ap
p

ly
 

to
 g

en
er

al
 a

v
ia

ti
o

n
 M

 w
el

l.
 













S e s s i o n  V 

M A N I P U L A T O R S  AND P R O S T H E T I C S  

C h a i r m a n :  J .  W .  H i l l  



D
IS

PL
A

Y
S 

FO
R

 
SU

PE
R

V
IS

O
R

Y
 

C
O

N
T

R
O

L
 O

F
 W

IP
U

U
M

W
*

 

A
. 

L
. 

R
ej

cr
y

 
C

. 
P

a
in

e
 

k
&

er
 

of
 

T
e

c
h

n
ir

a
l 

S
ta

ff
 

M
el

b
er

 
o

f 
T

e
c

h
n

ic
a

l 
S

ta
ff

 

J
e

t 
P

ro
p

u
ls

io
n

 
la

b
o

ra
to

ry
 

C
a

li
fo

rn
ia

 
In

s
ti

tu
te

 o
f 

T
ec

h
n

o
lo

g
y

 

P
as

ad
en

a.
 

C
a

li
fo

rn
ia

 9
1

1
0

3
 

A
b

st
ra

c
t 

t
h
c
 

p
ro

b
le

m
 o

f 
d

is
p

la
y

in
g

 i
a

f
o

r
u

ti
a

n
 g

e
n

e
ra

te
d

 
by

 
se

n
so

rs
 a

tt
a

c
h

e
d

 t
o

 t
h

e
 

te
rm

in
a

l 
d

e
v

ic
e

 o
f 

a 
re

m
o

te
ly

 
c

o
n

tr
o

ll
e

d
 m

a
n

ip
u

la
to

r 
is

 c
o

n
si

d
e

re
d

. 
T

he
 

se
n

so
rs

 u
n

d
er

 
c

u
n

si
d

e
ra

ti
o

n
 a

re
 p

ro
x

im
it

y
. 

fo
rc

e
-t

o
rq

u
e

, 
ta

c
ti

le
 a

n
d

 
-.

li
p-

 
*R

e 
se

n
so

rs
. 

T
h
e 

p
ap

er
 

d
e

sc
ri

b
e

s 
an

d
 e

v
a

lu
a

te
s 

se
v

e
ra

l 
ex

am
p

le
s 

th
a

t 
h
a
v
e
 

b
ee

n
 

i.
g

l&
rn

re
d

 i
n

 t
h

e
 J
PL
 

te
le

o
p

e
ra

to
r 

p
ro

je
c

t 
u

si
n

g
 a

u
d

io
 a

n
d

 
g

ra
p

h
ic

 
d

is
p

la
y

s 
c

f 
in

f
o

r
u

ti
o

n
 g

en
er

a:
ed

 
by

 
fo

u
r 

p
ro

x
im

it
y

 
se

n
so

r.
 

a
tt

a
c

h
e

d
 t

o
 a

 
m

a
n

ip
u

la
to

r 
en

d
 

e
ff

e
c

to
r.

 
D

es
ig

n
 

sc
h

em
es

 a
r

e
 a

ls
o

 d
is

c
u

ss
e

d
 

re
ls

te
d

 t
o

 
th

e
 d

is
p

la
y

 o
f 

in
f

o
r

u
ti

o
n

 g
e

n
e

ra
te

d
 

by
 

a 
~

ix
-

d
ir

n
s

io
n

a
l f

o
rc

e-
co

rq
u

e 
se

n
so

r.
 

a 
u

lt
ip

o
in

t 
p

ro
p

o
rt

io
n

a
l 

ta
c

ti
le

 
se

n
so

r,
 

an
d

 a
 

d
i

n
 

-o
m

1
 s

li
p

p
a

g
e

 
se

n
so

r.
 

m
e 

p
ap

er
 

c
o

n
c

lu
d

e
s 

w
it

h
 a

 
d

ir
u

r
s

io
n

 o
f 

fu
tu

re
 i

n
te

g
ra

te
d

 
d

is
p

la
y

s 
o

f 
v

is
u

a
l 
(
T
V
)
 a

n
d

 
h

an
d

b
as

ed
 

se
n

so
r 

in
fo

rm
ti

o
n

. 

I
.
 

In
tr

o
d

u
c

ti
o

n
 

S
p

ac
e 

m
is

si
o

n
s 

p
la

n
n

ed
 

fo
r 

th
e

 s
h

u
tt

le
 e

ra
 w

il
l 

in
v

o
lv

e
 a

n
 e

x
te

n
si

v
e

 u
se

 o
f 

v
a

ri
o

u
s 

u
a

ip
u

la
ro

rs
 v

lt
h

 a
ss

o
c

ia
te

d
 t

o
o

ls
 c

o 
p

er
fo

rm
 a

 v
a

ri
e

ty
 o

f 
s

c
~

m
c

e
 

an
d

 e
n

g
in

e
e

ri
n

g
 t

a
sk

s 
in

 s
p

a
c

e
. 

P
ay

lo
ad

 
h

a
n

d
li

n
g

 i
n

 t
h

e
 s

h
u

tt
le

. 
u

t
e

l
l

i
t

e
 

s
e

rv
ic

in
g

 o
r

 r
e

tr
ie

v
a

l 
in

 e
a

rt
h

 o
rb

it
. 

a
s

s
e

d
l j

 
of

 
la

rg
e

 a
re

a
 s

tr
u

c
tu

re
s

 i
n

 
sp

a
c

e
 s

u
ch

 a
s

 a
n

te
n

n
a

s.
 

s
o

la
r 

po
w

er
 

st
a

ti
c

m
s 

an
d

 
sp

a
c

e
 p

ro
c

e
ss

fa
8

 s
y

st
em

s.
 

ur
rp

ln
ne

d 
in

 s
it

u
 e

x
p

lo
ra

ti
o

n
 o

f 
lu

n
a

r 
an

d
 

p
la

n
e

ta
ry

 t
e

rr
a

in
s

 a
n

d
 u

t
e

r
i

a
l

s
 

o
r

 s
am

p
le

 a
n

s
lv

s
is

 
in

 s
e

a
le

d
 s

p
a

c
e

 l
a

b
o

ra
to

ri
e

s
 v

il
l 

re
q

u
ir

e
 t

h
e

 e
x

te
n

si
o

n
 

an
d

 
a

u
m

n
ta

ti
o

n
 o

f 
u

n
's

 
m

a
n

ip
u

la
ti

v
e

 
c

a
p

a
b

il
it

ie
s

 b
y

 c
ll

p
lo

y
in

a
 r

c
l

~
t

e
l

y
 

o
p

e
ra

te
d

 u
n

ip
u

la
to

r 
sv

st
e

n
s 

v
lt

h
 o

r
 w

it
h

o
u

t 
s

p
e

c
ia

l 
p

u
rp

o
se

 
to

o
ls

. 
l

l
m

t
c

 
m

n
ip

u
la

ti
o

n
 

il
p

li
e

s
 o

p
e

ra
ti

n
g

 c
o

n
d

it
io

n
s 

w
h

ic
h

 
il

p
o

s
e

 v
a

ri
o

u
s 

in
fo

rm
ti

o
n

 
an

d
 c

o
n

tr
o

l 
c

o
u

n
ic

a
ti

o
n

 c
ro

s
tr

a
in

tq
. 

A
 m

aJ
o

r 
c

h
a

ll
e

n
g

e
 

in
 t

h
e

 d
ev

el
o

p
m

en
t 

o
f 

rc
m

te
ly

 c
o

n
tr

o
ll

e
d

 r
n

ip
u

la
to

r
 

sy
st

em
+

 i
s

 t
h

e
 a

c
q

u
is

it
io

n
 

a
n

4
 u

se
 o

f 
se

n
so

: 
in

fo
rm

ti
o

n
 v

h
ic

h
 s

u
p

p
le

m
en

ts
 

th
e

 v
is

u
a

l 
in

f
o

r
u

ti
o

n
 f

o
r 

ro
n

tr
e

l.
 

N
on

-v
is

-a
al

 
in

fo
rm

a
ti

o
n

 
re

la
te

d
 t

o
 

*
n

i
s

 w
or

k 
re

p
re

se
n

ts
 o

n
e 

p
h

as
e 

o
f 

re
se

a
rc

h
 c

a
rr

ie
d

 o
u

t 
a

t 
th

e
 J

e
t 

P
ro

p
u

ls
io

n
 

L
a

b
o

ra
to

ry
. 

C
a

li
fo

rn
ia

 
In

s
ti

tu
te

 o
f 

T
ec

h
n

o
lo

g
y

. 
u

n
d

er
 

c
o

n
tr

a
c

t 
M

A
S

?-
10

0.
 

sp
o

n
so

re
d

 
by

 
th

e
 N

a
ti

o
n

a
l 

A
e

ro
n

a
u

ti
c

s 
an

d
 

S
p

ac
e 

A
d

ri
n

is
tr

a
ti

o
n

. 

m
c

ip
u

la
to

r 
c

m
tr

o
l 

ca
r.

 b
e 

o
b

ta
in

e
d

 
fr

o
m

 p
ro

x
im

it
y

, 
ta

c
ti

le
. 

sl
ip

p
a

g
e

 a
n

d
 

fo
rc

e
-t

o
rq

u
e

 
se

n
so

rs
 a

tt
a

c
h

e
d

 t
o

 t
h

e
 t

e
r

r
i

~
l

 
d

e
v

ic
e

 o
r

 a
rm

 m
ec

ha
ni

sm
. 

P
ro

x
im

it
y

 s
e

n
so

rs
 p

ra
v

id
e

 i
n

fo
-t

io
n

 
o

n
 

sh
o

rt
 

(f
ew

 
c

e
n

ti
r

te
r

s
)

 
di

nt
-&

 
in

 k
n
o
w
n
 

d
ir

e
c

ti
o

n
 b

et
w

ee
n

 
te

rm
in

a
l 

d
e

v
ic

e
 a

n
d

 
o

b
fv

c
ts

. 
T

a
c

t*
le

 s
m

e
o
rs

 
p

ro
v

id
e

 
in

fo
rm

a
ti

o
n

 
on

 
th

e
 d

is
tr

ib
u

ti
o

n
 a

n
d

 
a

lo
u

n
t 

nf
 

c
o

n
ta

c
t 

a
re

a
 p

re
s-

 
s

u
re

 b
et

- 
E

n
 

te
rm

ia
a

l 
d

e
v

ic
e

 a
n

d
 

o
b

je
c

 ts
. 

S
li

p
p

a
g

e
 s

e
n

so
rs

 p
~

o
v

id
e

 ia
fo

r-
 

s
v

ti
o

n
 o

n
 

th
e

 s
li

p
 a

n
d

 
p

o
ss

ib
ly

 a
ls

o
 o

n
 

th
e

 d
ir

e
c

ti
o

n
 o

f 
s

li
p

 o
f 

m
 o

b
je

c
t 

o
n

 t
h

e
 i

n
n

e
r 

su
rf

a
c

e
 o

f 
th

e
 m

ec
h

an
ic

al
 

"f
in

g
er

s"
. 

F
o

rc
e-

to
rq

u
e 

s
e

u
w

rs
 

w
u

n
te

d
 b

et
w

ee
n

 
th

e
 t

e
rm

in
a

l 
d

e
v

ic
e

 a
n

d
 

la
s

t 
w

ri
s
t 

jo
in

t 
p

ro
v

id
e

 
in

fo
r-

 
m

at
io

n
 o

n
 

th
e

 D
lo

u
n

t 
o

f 
fo

rc
e

 a
n

d
lo

r 
to

rq
u

e
 e

-e
rt

e
d

 
b

y
 

th
e

 t
e

r
r

ir
v

l 
d

e
v

ic
e

 
o

n
 o

b
je

c
ts

 a
lo

n
g

 t
h

re
e

 o
rt

h
o

g
o

n
a

l 
d

ir
e

c
ti

o
n

s
 r

e
fe

re
n

c
e

d
 

t
o

 t
h

e
 t

e
r
d

p
.1

 
d

e
v

ic
e

. 

T
la

is
 

p
ap

er
 

c
o

n
si

d
e

rs
 t

h
e

 p
ro

b
le

m
 o

f 
d

is
p

la
y

in
g

 i
n

fo
rr

rt
io

n
 g

e
n

e
ra

te
d

 b
y 

p
ro

x
im

it
y

. 
fo

rc
e-

L
o

rq
u

e.
 

ta
c

ti
le

 a
n

d
 s

li
p

p
a

g
e

 s
e

n
so

rs
 a

tt
a

c
h

e
d

 t
o

 t
h

e
 

te
rr

in
a

l 
d

e
v

ic
e

 o
f 

a 
r-

te
ly

 
c

o
n

tr
o

ll
e

d
 m

ip
u

la
to

r
. 

T
h
c
 

se
n

so
r 

in
fo

r-
 

m
ti

o
n

 d
is

p
la

y
e

d
 

to
 t

h
e

 o
p

e
ra

to
r 

se
rv

e
s 

se
v

e
ra

l 
p

u
rp

o
se

s 
d

e
p

e
n

d
in

8
 m

 
th

e
 d

e
s

 a
v

a
il

a
b

le
 t

o
 t

h
e

 o
p

e
ra

to
r 

fo
r 

m
n

ip
u

la
to

r 
c

o
n

tr
o

l.
 

In
 

r
n

o
ll

l 
c

o
n

tr
o

l 
w

d
e

. 
th

e
 s

e
n

so
r 

in
f

o
m

ti
o

n
 d

is
p

la
y

s
 a

re
 e

l
c

m
t
s

 i
n

 t
h

e
 c

on
- 

*. 
ti

n
- 

o
f 

a 
re

a
l-

ti
m

e
 

c
o

n
tr

o
l 

lo
o

p
 i

n
 t

h
e

 s
en

ae
 
th

s
t 

th
e

y
 .&

de 
th

e
 

o
p

e
ra

to
r'

s 
c

o
n

tr
o

l 
in

p
u

ts
 b

v
 

p
rw

id
in

g
 c

o
n

ti
n

u
o

u
s 

in
fo

rm
ti

e
n

 I
e

c
o

%
rk

 
ro

 t
h

e
 o

p
e

ra
to

r 
o

n
 

th
e

 a
p

p
ro

p
ri

a
te

 "
e

x
te

rn
a

l 
e

rr
o

r 
s

ta
te

"
 

o
f 

th
e

 m
ip

u
-

 
la

to
r.

 
In

 a
 

r
a

p
u

te
r

 c
o

n
tr

o
l 

m
d

e
. 

th
e

 s
e

n
so

r 
in

f
o

r
m

ti
m

 d
is

p
la

y
s 

a
re

 
d

is
c

re
te

 e
le

m
e

n
ts

 o
u

ts
id

e
 t

h
c

 r
e

a
l-

ti
m

e
 

c
o

n
tr

o
l 

lo
o

p
. 

'I
hc

y 
p

ro
v

id
e

 
la

f
o

r
4

 
m

ti
o

n
 t

o
 t

h
e

 o
p

e
ra

to
r 

p
ri

o
r 

to
 t

h
e

 s
rl

e
c

ti
o

n
 m

d
 

in
it

ia
li

s
a

ti
o

n
 o

f 
a

n
 

a
p

p
ro

p
ri

a
te

 c
o

n
tr

o
l 

a
lg

o
ri

th
m

. 
an

d
 

in
fo

- 
th

e
 o

p
e

ra
to

r 
a

b
o

rt
 

th
e

 p
e

rf
o

r-
 

m
n

c
r

 o
f 

th
r 

c
o

n
tr

o
l 

a
lg

o
ri

th
m

 s
e

le
c

te
d

 f
o

r 
th

e
 t

m
sk

 
a

t
 b

an
d
. 

S
u

p
e

rr
iw

ry
 

c
o

n
tr

o
l 

b
y

 
d

e
fi

n
it

io
n

 
i

v
l

i
e

s
 t

h
e

 a
v

a
il

a
b

il
it

y
 a

n
d

 u
se

 o
f 

b
o

th
 c

a
p

u
te

r
 

an
d

 u
n

u
a

l 
c

o
n

tr
o

l 
w

d
e

s
 f

o
r 

r
e

w
te

 m
n

ip
u

la
to

r 
c

o
n

tr
o

l.
 

T
he

 b
a

si
c

 c
h

a
ll

e
n

g
e

 
in

 d
i%

p
la

y
in

8
 se

n
so

r 
in

fo
rm

ti
o

n
 t

o
 t

h
e

 o
p

e
ra

to
r 

is
 

tu
o

fo
ld

: 
a

) 
s

e
le

c
ti

o
n

 o
r

 d
e

si
g

n
 o

f 
a 

p
ro

p
e

r 
t~

 
o

f 
d

is
p

la
y

. 
a
n
d
,
 
b)
 
s
d
u
-
 

ti
o

a
 o

r
 d

e
si

g
n

 o
f 

a 
p

ro
p

e
r 

fo
rm

at
 

fo
r 

4
 

8
i

m
 ty

p
e

 o
f 

d
is

p
la

y
 s
o 

th
a

t 
th

e
 

d
is

p
la

y
 p

re
se

n
ts

 a
l

l
 n

e
c

e
ss

a
ry

 i
n

fo
rm

a
ti

o
n

 
in

 a
 

t
i

r
l

y
 ~

n
e

r
 

an
d 

in
 a

 
fo

rm
 

e
a

s
il

y
 p

e
rc

e
iv

a
b

le
 b

y
 

th
e

 o
p

e
ra

to
r.

 
S

in
c

e
 t

h
e

 u
se

 o
f 

d
ir

e
c

t 
o

r 
in

d
ir

e
rr

 
(
N
)
 

v
is

u
a

l 
in

f
o

r
r

ti
o

a
 i

s
 i

n
e

v
it

s
b

le
 i

n
 r

m
t

e
 m

n
ip

u
la

to
r 

c
o

n
tr

o
l,

 
a 

f
u

n
d

a
~

~
n

ta
l 

to
p

ic
 
is

 
th

e
 i

n
te

g
ra

ti
o

n
 o

r
 i

n
te

g
rr

te
d

 d
is

p
la

_
l:

 o
f 

ri
s

u
a

l 
as

 
n

o
n

-v
is

u
al

 
se

n
so

r 
in

fo
rm

ti
o

n
. 

S
e

c
ti

o
n

 1
1
 o

f 
th

e
 p

ap
er

 
is

 d
ev

o
te

d
 

K
O

 
sa

w
 g

e
n

e
ra

l 
c

o
n

a
id

e
ra

ti
m

a
 m

 
v

a
ri

o
u

s 
d

is
p

la
y

 c
o

n
c

e
p

ts
. 

S
e

c
tl

a
. 

1
1
1
 s

-r
is

es
 

o
m
 w

r
k

 o
n 

a
d

l
o

 m
d
 

g
ra

p
h

ic
 d

is
p

la
y

s 
o

f 
p

ra
x

im
it

y
 

a
e

n
w

r 
in

f
o

r
~

.t
io

n
, m

d
 

c
o

q
a

r
e

s
 t

h
e

 t
w

o
 

ty
p

e
s 

o
f 

d
is

p
la

y
s 

in
 t

e
r

m
 o

f 
a

c
tu

a
l 

c
o

n
tr

o
l 

p
er

f-
m

e 
d

a
ta

. 
h

p
h

i
c

 
d

is
p

la
y

 o
f 

fo
rc

e
to

rq
u

e
 s

e
n

so
r 

d
a

ta
 t

s
 d

is
c

u
ss

e
d

 
in

 S
c

c
ti

o
n

 I
V.
 

C
ra

p
h

lc
 

d
is

p
la

y
 o

f 
ta

c
ti

le
 a

n
d

 
sl

ip
p

a
g

e
 s

e
n

so
r 

in
fu

rm
ti

o
n

 i
s
 t

re
a

te
d

 i
n

 k
c

ti
o

n
 V

. 
Im

p
le

m
en

ta
ti

o
n

 c
o

n
c

e
p

ts
 

fo
r 

in
te

g
ra

ti
n

g
 v

is
u

a
l 

an
d

 n
o

n
-v

is
u

al
 

-r 
in

fo
r-

 
r

t
i

o
n

 a
re

 b
ri

e
fl

y
 d

is
c

u
ss

e
d

 
in

 k
c

tl
o

n
 V

1.
 



1
1

. 
D

is
p

la
y

 C
o

n
ce

p
ts

 

A
 
w

id
e 

v
a

ri
e

ty
 o

f 
d

is
p

la
y

 
ty

p
e

s 
a

re
 a

v
a

il
a

b
le

 a
n

d
 c

a
n

 b
e 

u
se

d
 

in
 t

c
le

- 
o

p
e

ra
to

r 
s

y
s

te
u

. 
D

is
p

l~
y

s
 c
a

n
 c

q
lo

y
 a

 
s

in
g

le
 b

u
lb

. 
th

e
 

o
p

e
ra

to
rs

 a
m

s
e

 
o

f 
to

u
ch

. 
a

n
a

lo
g

 a
n

d
 

d
ig

it
a

l 
r

t
e

r
s

.
 

b
a

r 
d

is
p

la
v

s.
 

a
u

d
io

 t
o

n
e

s.
 

an
d

 b
la

c
k

 
an

d 
b

h
it

e
 o

r
 c

o
lo

r 
N
.
 

T
h

e 
d

is
p

la
y

m
 m

y
 c

it
'l

e
r 

b
e

 p
re

se
n

te
d

 
s
e
p
a
ra

te
ly

 o
r

 
in

te
sr

a
te

d
 

in
to

 a
n

 o
v

e
ra

ll
 w

rk
s

p
a

c
e

 d
is

p
la

y
. 

E
ar

h
 o

f 
th

e
se

 
is

 a
p

p
ro

p
ri

a
te

 
to

 s
om

e 
se

n
so

r 
d

a
ta

 t
y

p
e

s 
o

r 
te

lc
o

p
e

ra
to

r 
a

p
p

li
c

a
ti

o
n

s
 a

n
d

 
in

a
p

p
ro

p
ri

a
te

 t
o

 
o

rh
e

rs
. 

lh
e

v
 a

re
 c

o
n
si

d
e
re

d
 

h
e

re
 i

n
 t

h
e

 c
o

n
te

x
t 

o
f 

su
p

e
rv

is
o

ry
 c

o
n

tr
o

l 
o

f 
m

a
n

ip
u

la
to

rs
 

w
it

h
 

d
a

ta
 d

ev
el

o
p

ed
 

fr
o

m
 h

an
d 

m
u

n
te

d
 s

e
n

so
rs

. 

T
he

 
s

in
p

le
s

t 
d

is
p

la
v

 
li

s
te

d
 r

bm
ve

 
is

 
th

e
 s

i
n

~
l

c
 

b
u

lu
 o

r
 L

ED
 

d
is

p
la

y
. 

I
t 

c
a

n
 

in
d

ic
a

te
 t

a
sk

 c
~

l
e

t
f

o
r

.
 In

it
ia

ti
o

n
 o

r
 c

m
p

lc
rl

u
.,

 
zf
 
s
o
~
c
 e
v

e
n

t.
 

o
r

 
th

e
 

s
i

~
~

I
t

n
n

e
o

~
s

 
e

x
is

te
n

~
e

 o
f 

w
a
e
 

s
e

t 
o

f 
co

n
d

it
io

n
s.

 e
.g

..
 

a 
h

a
d

 i
s
 a

t
 

th
e

 p
ro

p
e

r 
o

ri
e

n
ta

ti
o

n
 a

n
d

 d
is

ta
n

c
e

 
fr

o
m

 a
 p

a
rt

ic
u
la

r 
o

b
je

c
t.

 
U

n
le

ss
 

th
e

 
d

a
ta

 
to

 b
e 

p
re

se
n

te
d

 
is

 b
in

a
ry

 
in

 f
o

rm
 t

h
is

 t
y

p
e

 o
f 

d
is

p
la

y
 
is

 l
im

it
e

d
. 

C
li

n
k

in
&

 t
h

e
 d

is
p

la
y

 a
l

l
w

s
 w

 
re

li
e

f 
fr

o
m

 t
h

e
 b

a
si

c
 

h
in

a
ry

 n
a

tu
re

 o
f 

th
e

 d
is

p
la

v
. 

In
d

iv
id

u
a

l 
b

a
r 

d
is

p
la

y
s 

w
h

er
e 

th
e

 b
a

r 
le

n
g

th
 
is

 a
n

 u
n

d
er

st
o

o
d

 
fu

n
c

ti
o

n
 o

f 
th

e
 a

e
n

so
r 

o
u

tp
u

t 
p

ro
v

id
e

 
iq

ro
v

e
d

 r
e

so
lu

ti
o

n
 

an
d

 e
a

se
 o

f 
in

te
rp

re
ta

ti
o

n
 

b
u

t 
a

re
 1

'1
fl

ex
ib

le
 

in
 a

n
 a

p
p

li
c

a
ti

o
n

 .
h

e
re

 *
 is

 d
e

s
ir

a
b

le
 t

o
 s

h
w

 t
h

e
 

se
n

so
r 

d
a

ta
 

f
ir

s
t 

in
 o

n
e 

o
ri

e
n

ta
ti

o
n

 a
d

 th
e

n
 m

o
th

e
r.

 
A

 
d

is
p

la
y

 w
u

l
i

 b
e 

u
 

re
q

u
ir

e
d

 
fo

r 
e

a
c

h
 o

ri
e

n
ta

ti
o

n
 

in
 t

h
is

 c
a

se
. 

T
he

 d
is

p
la

y
 c

a
n

, 
h

o
w

ev
er

. 
b
e 

in
te

rp
re

te
d

 
q

u
ic

k
ly

. 
A

n
al

o
e 

r
t

e
r

s
 p

ro
v

id
e

 
so

w
-v

ha
t 

g
re

a
te

r 
re

so
lu

ti
o

n
 

b
u

t 
a

r
e

 l
e

s
s

 q
si

c
k

1
- 

in
te

rp
re

te
d

. 
D

ig
it

a
l 

r
t

e
r

s
.

 
o

n
 

th
e

 o
th

e
r 

h
an

d
. 

p
ro

v
id

e
 
c
o
n
si

d
e
ra

b
ly

 
in

cr
ea

m
ed

 
re

s
e

iu
ti

o
n

 a
n

d
 a

c
c

u
ra

c
y

 b
u

t 
re

q
u

ir
e

 w
e

n
 

a
r
c

 t
ir

e
 

fo
r 

in
te

lp
re

ta
ti

o
n

. 

T
he

 
u

se
 o

f 
a

u
d

io
 t

n
n

e
s 

In
 r

e
w

te
 u

n
ip

u
la

to
6

 c
o

n
tr

o
l 

h
a

s 
b

u
n

 e
ll

p
lo

re
a

 
fo

r 
p

ro
x

im
it

y
 

se
n

so
rs

 t
o

 s
om

e 
e

x
te

n
t 

an
d

 s
h
o
w
n
 t

o
 b

e
 e

ff
e

c
ti

v
e

 i
n

 i
q

r
o

v
in

a
 

p
e

rf
o

n
v

n
c

e
 a

s
 r

a
a

~
r

e
d

 
by

 
ti

m
e

 t
o

 t
a

a
k

 c
o

lp
le

ti
m

. 
e

ff
ic

ie
n

t 
u

se
 o

f 
re

so
u

rc
e

s.
 

o
r

 t
a

sk
 .

cc
u

ra
cy

 
(R

ef
. 

1
;.
 

T
he

 
p

r
iu

r
y

 s
c

h
r

r
 e

q
lo

y
e

d
 i

s
 t

o
 

d
is

p
la

r 
L

ne
 o

u
tp

u
ts

 f
r

m
 v

a
ri

o
u

s 
s

m
a

o
rs

 a
s

 f
re

q
u

en
cy

 o
r

 r
.q

li
tu

d
e

 
ch

an
g

es
. 

C
od

ed
 

to
n

e
 m

es
sa

g
es

. 
e.

8
..

 
M

or
se

 
co

d
e 

o
r

 t
h

e
 c

d
e

 d
~

v
l

a
t

i
o

n
 s
c

h
a

e
s

 w
e

d
 

in
 f

ir
e

 s
ta

ti
o

n
s

 c
o

u
ld

 a
ls

n
 b

e 
e

q
lo

y
e

d
. 

W
il

e
 c

o
d

ed
 

to
n

e
s 

c
a

n
 t

r
a

n
s

d
t 

a
 

m
c

h
 w

id
e

r 
ra

n
g

e
 o

f 
r

s
,a

g
e

s
 t

h
e

y
 a

ls
o

 a
re

 s
lw

. 
T

on
e 

d
is

p
la

y
s 

a
ls

o
 

c
v

rp
e

te
 v

ir
h

 b
ac

k
g

ro
u

n
d

 
n

o
is

e
 a

n
d

 
th

u
s 

th
e

 d
a

ta
 c

a
n

 b
e 

lo
s

t.
 

H
ow

ev
er

. 
th

e
y

 d
o 

u
k

e
 u

se
 o

f 
a

 
h

v
u

n
 p

e
rc

e
p

ti
o

n
 c

h
a

n
n

e
l 

th
a

t 
is

 
a

lw
a

y
s 

o
p

en
. 

Is
 

o
m

id
ir

e
c

ti
o

n
a

l.
 

an
d

 d
o

e
s 

n
o

t 
d

ep
en

d
 

o
n

 
th

e
 o

p
e

ra
to

r'
s 

fo
c

u
s 

o
f 

a
tt

e
n

ti
o

n
. 

In
 

c
o

a
n

 p
rd

c
ti

c
e

 (
R

ef
. 

2
) 

u
9

e 
o

f 
a

u
d

io
 p

re
se

n
ta

ti
o

n
 o

f 
re

le
v

a
n

t 
in

fo
r-

 
m

at
io

n
 
is

 r
ec

o
.l

cn
d

ed
 

i:
. 

a
) 
lh

 r
rs

s
a

g
e

 i
s
 s

il
p

le
. 

b
) 

T
he

 r
s

u
g

e
 I

s
 

sh
o

rt
. 

c
)

 T
he

 m
es

sa
g

e 
w

il
l 

n
o

t 
b

e 
re

fe
rr

e
d

 t
o

 l
a

te
r.

 
d

) 
T

he
 r

s
s

a
g

e
 d

e
a

ls
 

w
ft

h
 e

v
e

n
ts

 i
n

 t
i
n
=

. 
e

)
 T

he
 

r
s

s
s

g
e

 c
a

ll
s

 f
o

r 
il

c
d

ia
te

 a
c

ti
o

n
. 

f
)

 T
hc

 
v

is
u

a
l 

sy
st

em
 o

f 
th

e
 p

er
so

n
 
is

 o
v

er
b

u
rd

en
ed

. 
rh

e
se

 c
o

n
d

it
io

n
s 

d
e

fi
n

e
 

b
o

th
 

th
e

 a
d

v
a

n
ta

g
e

s 
an

d
 

:h
e 

li
m

it
a

ti
o

n
s

 o
f 

d
is

p
h

y
in

; 
se

n
so

r 
ia

E
o

rr
ti

o
n

 
bv

 
a

u
d

io
 l

e
a

n
s.

 

In
 

a
n

 e
ff

o
rt

 
to

 o
v

e
r

c
o

r
 s

a
c

 o
f 

th
e

 l
im

it
a

ti
o

n
s

 
in

h
e

re
n

t 
to

 a
u

d
ic

 d
is

p
la

y
s.

 
g

ra
p

h
ic

 d
is

p
la

y
s 

a
r

e
 b

e
in

g
 

in
v

e
st

ig
a

te
d

. 
T

h
cs

e 
d

is
p

la
y

s
 o

ff
e

r 
ad

ea
u

cl
te

 
re

s
o

lu
ti

m
 f

o
r 

a
n

 o
p

e
ra

to
r 

to
 m

n
it

o
r

 o
r

 c
o

n
tr

o
l 

a
 r

a
ip

w
ls

to
r,

 
a

re
 e

a
sy

 
to

 c
h

an
g

e 
so

 
th

a
t 

th
e

 s
e

n
so

r 
d

a
ta

 c
a

n
 b

e
 s

e
e

n
 l
a 

d
if

fe
re

n
t 

p
e

rs
p

e
c

ti
v

e
s.

 
an

d
 a

re
 f

a
s

t 
en

o
u

g
h

 t
o

 k
ee

p
 u

p 
w

it
h

 
th

e
 p

ro
c

e
ss

 8
nd

 
d

o
 n

o
t 
a
d
d
 

w
r

e
 t

h
a

n
 

a
 

fe
u

 h
u

n
d

re
d

th
s 

o
f 

a
 

se
co

n
d

 
ti

m
e 

d
e

la
y

. 
N

 d
is

p
la

y
3

 c
a

n
 b

e 
c

o
n

rt
rw

te
d

 
ru

in
g

 v
e

c
to

r.
 

li
n

e
, 

o
r

 o
th

e
r 

sc
rn

n
in

g
 m

ec
h

an
is

m
. 

L
in

e 
W

 
d

is
p

la
y

s 
h

a
v
e
 

b
ee

n
 

e.
p

lo
y

ed
 

h
e

re
 

fo
r 

c
o

s
p

a
ti

b
il

it
~

 w
it

h
 

o
th

e
r 

d
is

p
la

y
s 

an
d

 b
e

c
a

u
se

 o
f 

th
e
 

p
o

te
n

ti
a

l 
fo

r 
in

te
ll

ra
ti

o
n

 o
f 

th
e

 s
e

n
so

r 
d

a
ta

 i
n

to
 t

h
e

 o
p

e
ra

to
r'

s 
s

te
re

o
 o

r
 -

no
 

sc
e

n
e

 d
is

p
la

y
. 

C
o

lo
r 

d
is

p
la

y
 ~

f 
se

n
so

r 
d

a
ta

 w
h

il
e

 a
l

w
 

p
ra

c
ti

c
a

l 
h

a
s 

n
o

t 
y

e
t 

b
ee

n
 

in
v

e
st

ig
a

te
d

. 
I

t 
o

f
f

e
r

s
 a

 l
e

a
n

s
 o

f 
x

o
v

id
in

g
 

s
c

a
le

 c
h

an
g

e 
d

a
ta

 r
o

 t
h

e
 o

p
e

ra
te

r.
 

11
1.
 

P
ro

x
im

it
y

 S
e

n
so

r 
M

sp
la

y
s 

an
d

 
P

er
fo

t-
.m

ce
 

I.
v

a
lu

st
io

n
 

P
ro

x
im

it
y

 s
e

n
w

rs
 w

h
ic

h
 

r
a

s
u

r
r

 t
h

e
 d

is
ta

n
c

e
 b

et
w

ee
n

 
th

e
 h
a
n
d
 

an
d 

a
n

 o
b

je
c
t 

a
lo

n
g

 a
 

v
e

c
to

r 
fi

x
e

d
 t

o
 t

k
 h
an

d
. 

h
a

m
 b

ee
n

 
s

h
a

m
 t

o
 b

e 
e

ff
e

c
ti

v
e

 w
it

h
 t

om
e 

d
is

p
la

y
s

 a
s

 s
h

o
rn

 
in

 R
ef

. 
1
. 

I
t

 w
as

 a
ls

o
 s

h
a

m
 t

h
a

t 
fo

u
r 

to
n
es

 w
re

 l
c

u
 

e
ff

e
c

ti
v

e
 t

h
a

n
 t

w
 

d
u

e 
to

 t
h

e
 c

o
rp

le
x

it
y

 o
f 

in
te

rp
re

ti
n

g
 t

h
e

 d
a

ta
 i

n
 t

h
a
t 

p
a

rt
ic

u
la

r 
e
x

p
e
rl

m
t.

 

F
o

r 
c

o
g

le
te

n
e

s
s

. 
m

a
 

pe
rf

o-
ce

 
d

a
ta

 r
e

la
to

d
 t

q
 t

h
e

 c
o

d
in

e
d

 u
ae

 o
f 

v
is

u
a

l 
an

d
 

p
ro

x
ir

it
y

 
se

n
so

r 
a

u
d

io
 i

n
fo

rm
ti

o
n

 a
re

 q
u

o
te

d
 i

n
 T

a
b

le
 1

. 
I
n
 

th
e

 
p

e
rf

o
rm

n
c

e
 e

x
p

e
r

ir
n

t 
a

 
p

a
ra

ll
e

l 
fi

n
s

e
r 
hs
nd
 

w
as

 e
q

u
ip

p
e

d
 v

it
h

 f
o

u
r 

p
ro

x
im

it
y

 
se

n
so

rs
. 

w
it

h
 
t
v
o
 
s

e
n

m
rs

 o
n

 
ea

ch
 

f'
n

g
er

 
in

 a
 

c
m

rf
ig

u
ra

ti
o

n
 a

a
 

sh
ow

n 
in

 F
ig

u
re

 
I.

 
m

e
 p

ro
x

im
it

y
 s

e
n

so
rs

 a
re

 d
e

sc
ri

b
e

d
 

in
 R

ef
. 

3.
 

In
 

th
c

 c
m

tr
o

l 
e

x
p

e
ri

rn
ts

. 
th

e
 s

ig
n

a
ls

 o
f 

e
a

c
h

 p
ro

x
im

it
y

 
se

n
so

r 
a

re
 

p
re

se
n

te
d

 t
o

 t
h

e
 o

p
e

ra
to

r 
a

s
 a

 d
is

"-
~

c
t 

a
u

d
io

 t
o

m
. 

Th
e 

to
n

e
s 

a
r

e
 d

is
ti

n
c

t 
in

 b
o

th
 

p
it

c
h

 a
n

d
 s

o
u

rc
e

 (
1

0
4

 s
p.

. 
r)

 
lo

c
a

ti
o

n
. 

Yh
c 

p
it

c
h

 o
f 

th
e

 t
o

n
e

 
g

e
n

e
ra

te
d

 
th

ro
u

g
h

 
th

e
 v

o
lt

a
g

e
 o

u
tp

u
.-

 o
f 

th
e

 p
ro

x
im

it
y

 
s

e
n

w
r

 i
n

d
ic

a
te

s 
th

e
, 

d
is

ta
n

c
e

 b
e

t
n

m
 t

h
e

 u
m

w
r

 h
u

d
 a

n
d

 t
h

e
 o

b
je

c
ts

. 
E

ac
h 

a
u

d
io

 d
is

p
la

v
 o

f 
th

e
 

fo
u

r 
se

n
so

rs
 c

o
v

e
rs

 a
 d

if
fe

re
n

t 
p

it
c

h
 r

an
g

e.
 

T
he

 
r

x
i

r
r

n
 a

m
6

4
 d

is
- 

ta
n

c
e

 i
s
 a

b
u

t
 6

-1
0
 

c
n

. 
T

h
e
 

c
o

n
tr

o
l 

is
 p

e
r

f
o

r
r

d
 f

ro
m

 a
 

r
m

t
e

 c
o

n
tr

o
l 

1.
 

s
ta

tf
u

n
 f

u
ll

y
 i

s
o

la
te

d
 

fr
o

m
 t

h
e

 t
a

sk
 

sc
e

n
e

. 
T

he
 

o
p

e
ra

to
r 

in
 t

h
e

 r
w

r
e

 
* 

c
o

n
tr

o
l 

s
ta

ti
o

n
 c

an
 u

ti
li

z
e

 b
o

th
 

v
n

o
 a

n
d

 
s

te
re

o
 N
 

d
is

p
la

y
s,

 
an

d
 

li
s

te
n

 
to

 t
h

e
 a

u
d

io
 t

o
n

e
s 

o
f 

th
e

 
fo

u
r 

lo
u

d
sp

e
a

k
e

rs
 

d
is

p
ia

y
ln

g
 t

h
e
 

p
r

o
x

iu
ty

 s
e

n
so

r 
s

~
p

a
l

s
.

 T
he

 
fo

u
r 

lo
u

d
sp

e
a

k
e

rs
 

a
re

 a
rr

a
n

g
e

d
 i

n
 a

 
tm

 b
y 

ta
n

, 
r

t
e

r
s

 v
e

rt
ic

a
l 

q
u

a
d

ra
n

g
le

 a
ro

u
n

d
 

th
e

 c
p

rr
a

to
r.

 
ln

 t
h

is
 n

a
y

, 
th

e
 o

p
e

ra
to

r 
ca

n
 e

a
s

il
y

 
id

rn
ti

fy
 t

h
e

 
te

n
so

r 
so

u
rc

e
 o

f 
th

e
 i

n
d

iv
id

u
a

l 
s

i
g

a
l

. 

Th
 

#
m

ta
g

e
 p

o
in

t 
o

f 
th

o
 

s
te

re
o

 N
 

c
a

r
r

a
s

 i
s
 

fr
o

m
 t

h
e

 s
h

o
a

ld
e

r 
o

f 
th

e
 

s
l 

ar
m

 a
n

d
 a

b
o

u
t 

0
.5

 
m

 a
b

o
v

e 
i

t
.

 
Th

e 
v

a
n

ta
w

 p
o

in
t 

o
f 

th
e

 m
an

o 
c

m
r

a
 

is
 

~
r

a
 

th
e

 s
id

e
. 

v
a

ry
in

g
 b

et
w

ee
n

 
5

0
 t

o
 9
0
 d

e
g

x
e

s
 r

e
la

ti
v

e
 t

o
 t

h
e

 f
ie

ld
 

o
f 

v
ie

w
 

o
f 

th
e
 

s
te

re
o

 c
a

r
r

a
s

. 
N

e
it
h
e
r 

th
e

 s
te

re
o

 n
o

r 
th

e
 m

m
o

 v
ie

w
 c

a
n

 
p

ro
v

id
e

 
a

 
co

m
p

le
te

 v
is

u
a

l 
fe

ed
b

ac
k

 
t

o
 t

h
e

 o
p

e
ra

to
r 

u
n

d
e

r 
th

e
 d

e
sc

ri
b

e
d

 
se

tu
p

. 
In

 p
a

rt
ic

u
la

r.
 

th
e

 v
is

m
l 

fe
ed

b
ac

k
 
is

 b
i&

.?
y

 
d

eg
ra

d
ed

 
a

d
 o

b
a
c
o
r
d

 
w

he
n 

th
e

 h
an

d 
m

ov
es

 
n

e
a

r 
s

o
li

d
 o

b
je

rt
s

. 



T
he

 m
ai

n
 

p
o

in
t 

o
f 

th
e

 r
em

o
te

 
c

o
n

tr
o

l 
e

x
p

e
ri

m
e

n
ts

 
is

 t
o

 t
e

s
t 

w
h

et
h

er
 

th
e

 
o

p
e

ra
to

r 
ca

n
 

in
te

g
ra

te
 

th
e

 i
n

fo
rm

a
ti

o
n

 c
o

n
te

n
t 

o
f 

th
e

 p
ro

x
im

it
y

 
se

n
so

r 
s

ig
n

a
ls

 p
re

;e
n

te
d

 
by

 
a

u
d

io
 t

o
n

e
s 

v
it

h
 a

n
 

in
co

m
p

le
te

 
v

is
u

a
l 

fe
ed

b
ac

k
 a

n
d

 
fi

n
d

 c
o

n
tr

o
l 

s
tr

a
te

g
ie

s
 t

o
 p

er
fo

rm
 

re
m

u
te

 
m

a
n

ip
u

la
to

r 
ta

s
k

s
 w

h
ic

h
 

a
re

 v
e

ry
 

d
if

fi
c

u
lt

 u
r 

n
e

a
r 

~
m

p
o

s
s

ib
le

 u
n

d
er

 
th

e
 e

x
is

ti
n

g
 v

is
u

a
l 

fe
ed

b
ac

k
 

a
rr

a
n

g
e

- 
m

en
ts

. 
T

he
 

in
fo

rm
a

ti
o

n
 

c
o

n
te

n
t 

o
f 

th
c.

 p
ro

x
im

it
y

 
se

n
so

r 
s

ig
n

a
ls

 c
an

 p
ro

v
id

e
 

c
lu

e
s

 t
o

 t
h

e
 o

p
e

ra
to

r 
to

 s
o

lv
e

 t
w

o 
h

a
s

ic
 p

ro
b

le
m

s:
 

o
v

er
co

m
e 

th
e

 l
a

c
k

 o
f 

d
e

p
th

 
in

fo
rm

a
ti

o
n

 
a

p
p

a
re

n
t 

in
 t

h
e

 T
I 

d
is

p
la

y
s,

 
an

d
 

lo
c

a
te

 o
b

je
c

ts
 o

r
 p

a
rt

s
 

o
f 

th
e

 w
or

k 
sc

e
n

e
 i

n
.m

si
h

le
 

in
 t

h
e

 T
V 

d
is

p
la

y
s.

 

F
ig

u
re

 
2 

sh
ow

s 
tw

o 
ty

p
ic

a
l 

ta
sk

 a
rr

a
n

g
e

m
e

n
ts

 f
o

r 
p

ro
x

im
it

y
 

c
o

n
tr

o
l 

p
e

rf
o

r-
 

m
an

ce
 

te
s

ts
. 

T
he

 
tw

o
 t

a
s

k
s

 w
er

e:
 

T
as

k
 
1
: 

M
ov

e 
fr

o
m

 s
ta

n
d

b
y

 p
o

si
ti

o
n

 
to

 t
h

?
 

re
c

ta
n

g
u

la
r 

b
lo

c
k

 
a

t 
"A

",
 

p
ic

k
 
i
t
 
up

. 
an

d
 

p
la

c
e

 i
t

 u
n 

to
p

 o
f 

a
n

o
th

e
r 

re
c

ta
n

g
u

la
r 

b
lo

c
k

 
lo

c
a

te
d

 
a

t 
"

0
"

. 
an

d
 

a
li

g
n

 t
h

e
 t

w
o 

b
lo

c
k

s.
 

T
he

 
tw

o 
b

lo
c

k
s 

a
re

 o
f 

e
q

u
a

l 
s

iz
e

. 

T
as

k
 

2:
 

M
ov

e 
fr

o
m

 s
ta

n
d

b
y

 p
o

si
ti

o
n

 a
n

d
 p

ic
k

 u
p 

a
 

p
a

rt
ia

ll
y

 
-- o

b
sc

u
re

d
 

ir
re

g
u

la
r 

o
b

je
c

t 
(a

 r
o

c
k

).
 

T
he

 p
ei

fo
rm

an
ce

 
d

a
ta

 s
ho

w
n 

in
 T

a
b

le
 1

 a
re

 r
e

la
te

d
 

to
 T

as
k

 
1
 a

b
o

v
e.

 
T

he
 

d
a

ta
 c

le
a

rl
y

 s
ho

w
 

th
e

 v
a

li
d

it
y

 o
f 

th
e

 f
o

ll
o

w
in

g
 c

o
n

c
lu

si
o

n
s:

 
1

) 
P

ro
x

i-
 

m
it

y
 

se
n

so
r 

in
fo

rm
a

ti
o

n
 

ca
n

 
re

p
la

c
e

 o
r 

su
p

p
le

m
en

t 
p

a
rt

 o
f 

th
e

 v
is

u
a

l 
in

fo
r-

 
m

at
io

n
 

re
q

u
ir

e
d

 
fo

r 
c

o
n

tr
o

l.
 

2
) 

C
o

n
tr

a1
 t

a
sk

s 
w

h
ic

h
 

ca
n

n
o

t 
b

e 
p

er
fo

rm
ed

 
U

 

u
si

n
g

 v
is

u
a

l 
in

fo
rm

a
ti

o
n

 
a

io
n

e
 c

a
n

 b
e

 p
er

fo
rm

ed
 

u
si

n
g

 a
 

co
m

b
in

at
io

n
 

o
f 

p
ro

x
im

it
y

 
se

n
so

r 
a

u
d

io
 

to
n

e
s 

an
d

 
v

is
u

a
l 

in
fo

rm
a

ti
o

n
. 

3)
 

C
o

n
tr

o
l 

p
e

rf
o

r-
 

m
an

ce
 
is

 s
e

n
si

b
ly

 i
n

fl
u

e
n

c
e

d
 b

y 
th

e
 l

o
c

a
ti

o
n

 o
f 

th
e

 
p

ro
x

im
it

y
 

se
n

so
rs

 o
n

 
th

e
 t

e
rm

in
a

l 
d

e
v

ic
e

. 
4

) 
N

um
be

r 
o

f 
in

d
ep

en
d

en
t 

p
ro

x
im

it
y

 
se

n
so

r 
s

ig
n

a
ls

 
s

ig
n

if
ic

a
n

tl
y

 a
ff

e
c

ts
 o

p
e

ra
to

r'
s 

c
o

n
tr

o
l 

p
er

fo
rm

an
ce

. 
T

h
is

 l
a

s
t 

co
n-

 
c

lu
si

o
n

 
ir

 o
n

e 
o

f 
th

e
 m

ai
n 

m
o

ti
v

a
ti

o
n

s 
fo

r 
in

v
e

s
ti

g
a

ti
n

g
 g

ra
p

h
ic

lT
7

1
 

te
c

h
n

iq
u

e
s 

to
 d

is
p

la
y

 p
ro

x
im

it
y

 
an

d 
o

th
e

r 
se

n
so

r 
in

fo
rm

a
ti

o
n

 
to

 t
h

e
 o

p
er

a-
 

to
r.

 

A
s

 s
e

e
n

 
in

 T
a

b
le

 
1
. 

v
h

en
 

th
e

 o
p

e
r

a
tx

 h
ad

 
to

 d
e

a
l 

w
it

h
 

s
ig

n
a

ls
 f

ro
m

 f
o

u
r 

p
rg

x
im

it
y

 
se

n
so

rs
 t

h
e

 p
er

fo
rm

an
ce

 
ti

m
e

 
in

c
re

a
se

d
 b

y 
3

0
4

0
%

 a
s

 c
om

pa
re

d 
to

 t
h

e
 p

er
fo

rm
an

ce
 

ti
m

e
 r

e
la

te
d

 
to

 t
h

e
 u

se
 

o
f 

o
n

ly
 t

w
o 

p
ro

x
im

it
y

 
se

n
so

rs
. 

I
t 

sh
o

w
s 

th
a

t 
s

ig
n

a
l 

d
e

te
c

ti
o

n
 a

n
d

 
p

ro
c

e
ss

in
g

 c
a

p
a

b
il

it
ie

s
 o

f 
m

an
 

a
re

 
v

e
ry

 
li

m
it

e
d

, 
an

d
 

ca
n

 b
e 

sa
tu

ra
te

d
 

v
e

ry
 

e
a

s
il

y
. 

M
an

 
is

 e
s

s
e

n
ti

a
ll

y
 a

 
si

n
g

lr
-c

h
a

n
n

e
l 

s
ig

n
a

l 
d

e
te

c
to

r 
an

d
 p

ro
c

e
ss

o
r 

a
t 

a
 

g
iv

e
n

 
in

s
ta

n
t.

 
I
t 

is
 

in
te

re
s

ti
n

g
 

to
 n

o
te

 t
h

a
t 

th
e

 i
n

fo
rm

a
ti

o
n

 
c

o
n

te
n

t 
o

f 
fo

u
r 

p
ro

x
im

it
y

 
se

n
so

r 
s

ig
n

a
ls

 w
as

 
c

o
n

si
d

e
ra

L
ly

 
m

or
e 

co
m

p
le

te
 

fo
r 

th
e

 c
o

n
tr

o
l 

ta
s

k
 t

h
a

n
 

th
e

 
in

fo
rm

a
ti

o
n

 c
o

n
te

n
t 

o
f 

o
n

ly
 t

w
o 

p
ro

x
im

it
y

 
se

n
so

rs
. 

C
o

n
se

q
u

en
tl

y
, 

o
n

e 
c

o
u

ld
 h

av
e 

ex
p

ec
te

d
 

a 
fa

s
te

r 
an

d
 m

or
e 

e
rr

v
r 

fr
e

e
 o

p
e

ra
to

r 
p

er
fo

tm
an

ce
. 

I
t

 w
as

 
n

o
t 

so
, 

h
o

w
ev

er
, 

s
in

c
e

 t
h
e
 

h
u

w
n

 
o

p
e

ra
to

r 
ha

d 
to

 d
e

ri
v

e
 t

h
e

 "
co

m
- 

p
le

te
n

e
ss

" 
o

f 
in

fo
rm

a
ti

o
n

 b
y 

a 
m

en
ta

l 
in

te
g

ra
ti

o
n

 p
ro

c
e

ss
 c

o
rr

e
la

ti
n

g
 

d
if

fe
re

n
t 

m
o

ti
o

n
s 

w
it

h
 

d
if

fe
re

n
t 

se
n

so
r 

si
g

n
a

ls
. 

T
he

 
TV

 
g

ra
p

h
ic

s 
o

ff
e

rs
 a

n
 a

lt
e

rn
a

ti
v

e
 m

ea
ns

 
to

 d
is

p
la

y
 

th
e

 p
ro

x
im

it
y

 
se

n
so

r 
d

a
ta

 
in

 a
n

 e
a

s
il

y
 i

n
te

rp
re

te
d

 
(g

e
o

m
e

tr
ic

) 
fo

rm
. 

I
t 

is
 t

h
e

 f
o

rm
 

in
 w

h
ic

h
 

th
e

 d
a

ta
 
is

 n
o

rm
a

ll
y

 p
e

rc
e

iv
e

d
. 

G
iv

en
 

g
re

a
te

r 
c

o
m

p
u

ta
ti

o
n

a
l 

c
a

p
a

b
il

it
ie

s
 

an
d

 
d

e
d

ic
a

te
d

 s
p

e
c

ia
l 

p
v

rp
o

se
 

d
is

p
la

y
s

 t
h

e
 d

a
ta

 c
o

u
ld

 b
e

 e
v

en
 p

re
se

n
te

d
 

in
 

s
te

re
o

, 
ra

th
e

r 
th

a
n

 
in

 p
o

n
o

 a
s

 d
o

n
e 

h
e

re
. 

IL
.1

 
d

if
fe

re
n

t 
g

ra
p

h
ic

 d
is

p
la

y
 r

e
p

re
se

n
ta

ti
o

n
s 

h
av

e 
b

ee
n

 
tr

ie
d

. 
T

he
 

f
ir

s
t,

 
se

e
 F

ig
u

re
 

3
, 

sh
ow

s 
a

 
li

n
e

 d
ra

w
in

g
 o

f 
th

e
 h

an
d 

in
 b

ro
ad

 
li

n
e

s
. 

T
he

 
se

n
so

r 
d

a
ta

 i
s
 r

e
p

re
se

n
te

d
 b

y
 

th
e

 f
o

u
r 

n
ar

ro
w

 l
in

e
s

. 
T

he
 

tw
o 

fo
rw

ar
d

 
se

n
so

rs
 a

re
 

nu
m

be
re

d 
1
 a

n
d

 
2

; 
an

d 
th

e
 t

w
o 

do
w

n 
se

n
so

rs
 a

re
 n

um
be

re
d 

3
 a

n
d

 
4

. 
T

he
 

le
tt

e
r

s
 "

P
" 

g
iv

e
 t

h
e

 o
rl

g
in

, 
an

d
 

th
e

 
le

n
g

th
 o

f 
th

e
 n

ar
ro

w
 

li
n

e
 s

ho
w

 
th

e
 

se
p

a
ra

ti
o

n
 b

et
w

ee
n

 
th

e
 s

e
n

so
r 

an
d

 
th

e
 o

b
je

c
t.

 
F

o
r 

o
b

je
c

ts
 b

ey
o

n
d

 
th

e
 s

e
n

so
r'

s 
ra

n
g

e 
th

e
 l

in
e

 l
e

n
g

th
 
is

 h
o

u
n

d
ed

. 
In

 t
h

e
 c

a
se

 w
h

er
e 

th
e

 o
b

je
c

t 
is

 t
o

o
 c

lo
s

e
, 

th
e

 s
e

n
so

r 
o

u
tp

u
t 

is
 o

n
 

th
e

 i
n

s
id

e
 o

f 
th

e
 b

e
ll

 s
h

ap
ed

 m
u

lt
iv

a
lu

e
d

 r
e

sp
o

n
se

 
c

u
rv

e
 a

n
d

, 
s

in
c

e
 n

o
 d

is
c

ri
m

in
a

ti
o

n
 i

s
 p

o
ss

ib
le

. 
a

 
fa

ls
e

 v
a

lu
e

 
is

 s
h

a
m

. 
T

he
 

lo
c

a
ti

o
n

 o
f 

ri
le

 
se

n
so

rs
 i

s
 s

h
m

 i
n

 t
h

e
 l

e
f,

 
p

a
rt

 o
f 

F
ig

m
e

 3
. 

an
d 

a
ls

o
 

in
 F

ig
u

re
 
1
. 

In
 F

ig
u

re
 

3
, 

n
o

n
e 

o
f 

th
e

 s
e

n
so

rs
 

"s
ee

" 
an

 o
b

je
c

t 
an

d
 a

1
1

 t
h

e
 

p
ro

x
im

it
y

 
se

n
so

r 
o

u
tp

u
ts

 a
re

 s
ho

w
n 

a
s

 f
u

ll
 l

e
n

g
th

. 

F
ig

u
re

 4
 

sh
ow

s 
a

n
 a

c
tu

a
l 

ta
sk

 
sc

e
n

e
 

to
g

e
th

e
r 

w
it

h
 

g
ra

p
h

ic
 d

is
p

la
y

 o
f 

p
ro

x
i-

 
m

it
y

 
se

n
so

r 
s

ig
n

a
ls

 a
s

 t
h

e
 o

p
e

ra
to

r 
u

se
s 

th
e

 g
ra

p
h

ic
 d

is
p

la
y

 c
o

m
b

in
ed

 v
it

h
 

s
te

re
o

 N
 

d
is

p
la

y
 i

n
 t

h
e

 r
em

o
te

 
c

o
n

tr
o

l 
s

ta
ti

o
n

. 
S

in
c

e
 

th
e

 ~
c

h
a

n
i

c
a

l
 h
an

d
 

p
a

rt
ly

 o
b

sc
u

re
s 

th
e

 b
lo

c
k

s 
in

 f
ro

n
t 

an
d

 b
el

o
w

 
th

e
 h

an
d

, 
tb

e
 o

p
e

ra
to

r 
h
as

 
to

 r
e

lv
 o

n
 

th
e

 g
ra

p
h

ic
 d

is
p

la
y

 o
f 

p
ro

x
im

it
y

 
se

n
so

r 
d

a
ta

 t
o

 d
e

te
rm

in
e

 
th

e
 

h
a

n
d

's
 

g
e

o
m

e
tr

ic
a

l 
re

la
ti

o
n

 t
o

 t
h

e
 n

ea
rb

y
 

h
lo

c
k

s.
 

A
s 

se
e

n
 i

n
 t

h
e

 u
p

p
er

 
ri

g
h

t 
p

a
rt

 
o

f 
F

ig
u

re
 4

. 
th

is
 d

e
te

rm
iv

a
ti

o
n

 c
a

n
 b

e
 d

o
n

e 
e

a
s

il
y

 a
n
d
 a

c
c

u
ra

te
ly

 
fr

o
m

 t
h

e
 g

ra
p

h
ic

 d
is

p
la

y
. 

T
he

 
a

b
il

it
y

 o
f 

th
in

 d
is

p
la

v
 c

o
n

ce
p

t 
to

 s
ho

w
 g

e
o

m
e

tr
ic

 
re

la
ti

o
n

s
h

ip
s

 c
a

n
 b

e
 

se
e

n
 

fr
o

m
 a

 
co

m
p

ar
is

o
n

 
o

f 
F

ig
u

re
 
5a
 v

it
h

 F
ig

u
re

 S
b:

 
F

ig
u

re
 

S
a 

w
it

h
 F

ig
u

re
 k

;
 

an
d

 
F

ig
u

re
 

5b
 w

it
h

 
F

ig
u

re
 

S
c.

 
In

 e
ac

h
 

p
a

ir
 t

h
e

 f
ir

s
t 

fi
g

u
re

 s
ho

w
s 

th
e

 s
c

e
n

e
 

b
e

in
g

 s
en

se
d

. 
an

d
 

th
e

 s
ec

o
n

d
 

sh
o

w
s 

th
e

 s
e

n
so

rl
d

in
p

la
y

 r
e

sp
o

n
se

. 

T
he

 
se

co
n

d
 

d
is

p
la

y
 r

e
p

re
se

n
ta

ti
o

n
 

tr
ie

d
 i

s
 s

ho
w

?.
 i

n
 F

ig
u

re
 6

. 
?h

er
e 

th
e

 
p

re
c

e
d

in
g

 d
is

p
la

y
 h

a
s 

b
ee

n
 p

u
t 

in
 a

 
J

if
fe

re
n

t 
p

e
rs

p
e

c
ti

v
e

. 
I
t 

is
 t

h
is

 
re

p
re

se
n

ta
ti

o
n

 w
h

ic
h

 
w

as
 

u
se

d
 

in
 t

h
e

 p
er

fo
rm

an
ce

 
te

s
ts

 s
u

m
a

ri
z

e
d

 i
n

 
T

a
b

le
 2

. 

Ih
e

 p
er

fo
rm

an
ce

 d
a

ta
 s

h
o

rn
 

in
 T

a
b

le
 2

 
a

re
 r

e
li

te
d

 t
o

 t
h

e
 f

o
ll

o
w

in
g

 s
ir

p
le

 
ta

sk
: 

M
ov

e 
th

e
 t

e
rn

i:
~

a
l d

e
v

lc
e

 
fr

o
m

 t
h

e
 s

te
n

d
b

y
 p

o
si

ti
o

n
 

to
 a

 b
lo

c
k

 o
n

 
th

e
 t

a
b

le
 a

n
d

 
s

to
p

 i
t 

a
t

 a
 

p
re

d
e

fi
r'

d
 

d
is

ta
n

c
e

 
in

 f
ro

n
t 

o
f 

th
e

 b
lo

c
k

 w
it

h
 

a
 

p
re

d
e

fi
n

e
d

 
e

le
v

a
ti

o
n

 a
b

o
v

e 
th

e
 t

ab
:*

. 
In

 t
h

e
 f

ir
s

t 
s

e
t 

o
f 

e
x

p
e

ri
m

e
n

ts
 

th
e

 a
u

d
io

 t
o

n
e

s 
u

se
d

 
w

er
e 

g
e

n
e

ra
te

d
 

b
y

 
t
v
o
 

(o
n

e 
o

u
t 

an
d

 o
n

e 
d

a
m

) 
o

f 
th

e
 

fo
u

r 
p

ro
x

im
it

y
 

se
n

so
rs

 i
n

 t
h

e
 f

o
re

 d
e

sc
ri

b
e

d
 

p
re

v
io

u
sl

y
. 

In
 t

h
ls

 f
ir

s
t 

s
e

t 
o

f 
e

x
p

e
ri

m
e

n
ts

 
th

e
 p

re
d

e
fi

n
e

d
 s

to
p

 d
is

ta
n

c
e

 a
n

d
 e

le
v

a
ti

o
n

 w
er

e 
s

e
t 

fo
r 

2.
7 

in
c

h
e

s.
 

In
 t

',
?

 
se

co
n

d
 

s
e

t 
of

 
e

x
p

e
ri

m
e

n
ts

 
th

e
 o

p
e

ra
to

r 
u

se
d

 
g

ra
p

h
ic

 
in

fo
rm

a
ti

o
n

 
d

is
p

la
y

 o
f 

p
ro

x
im

it
y

 
se

n
so

r 
s

ig
n

a
ls

 i
n

 a
 

fo
rm

 a
s

 
sh

ow
n 

in
 F

i~
u

r
e

 6
. 

In
 t

h
e

 s
ec

o
n

d
 s

e
t 

o
f 

e
x

p
e

ri
m

e
n

ts
 

th
e

 s
to

p
 d

is
ta

n
c

e
 



an
d

 e
le

v
a

ti
o

n
 w

er
e 

s
e

t 
fo

r 
2.

4 
in

c
h

e
s.

 
In

 e
ac

h
 

s
e

t 
tc

n
 e

x
?

e
ri

m
e

n
ts

 w
er

e 
p

er
fo

rm
ed

. 
T

b
r 

a
c

tu
a

l 
a

m
 m

o
ti

o
n

 
in

v
o

lv
e

d
 a

b
o

u
t 

20
 

in
c

h
e

s 
tr

a
v

e
l 

in
 e

a
c

h
 

c
a

se
. 

F
ro

m
 

ti
w

 
to

 t
im

e
 t

h
e

 b
lo

c
k

 w
as

 
s

li
g

h
tl

y
 r

e
p

o
si

ti
o

n
e

d
 i

n
 o

rd
e

r 
to

 
p

re
v

e
n

t 
th

e
 o

p
e

ra
to

r'
s 

m
o

ti
o

n
 

fr
o

m
 t

h
e

 s
ta

n
d

b
y

 p
o

s
it

io
n

 t
o

 t
h

e
 d

e
si

re
d

 
st

o
o

p
in

g
 c

o
n
d
it

io
n
s 

fr
o

m
 b

ec
o

m
in

g
 

a 
"h

a
b

it
".

 
T

he
 
N

 
v

is
u

a
l 

fi
e

ld
 w

as
 

a
rr

a
n

g
e

d
 

s
o

 t
h

a
t 

th
e

 s
to

p
p

in
g

 r
o

n
d

it
io

n
s 

c
o

u
ld

 o
n

ly
 p

a
rt

ly
 b

e 
a

ss
e

ss
e

d
 

v
is

u
a

ll
y

, 
an

d
 

ev
en

 
th

is
 p

a
rt

ia
l 

v
is

u
a

l 
a

ss
e

ss
m

e
n

t 
c

o
u

ld
 o

n
ly

 b
e 

a 
ro

u
g

h
 

e
st

im
a

te
. 

T
h

e 
o

v
e

ra
ll

 e
x

p
e

ri
m

e
n

ta
l 

se
t-

u
p

 
w

as
 

id
e

n
ti

c
a

l 
t

o
 t

h
a

t 
d

e
sc

ri
b

e
d

 
p

re
v

io
u

sl
y

. 

T
;l

b
le

 
2

 s
ho

w
s 

th
a

t 
g

ra
p

h
ic

 
d

is
p

la
y

 
im

p
ro

v
es

 
ta

sk
 p

er
fo

rm
an

ce
 

a
c

c
u

ra
c

y
 b

y 
a 

fa
c

to
r 

r
f

 n
e

a
rl

y
 t

h
re

e
 a

s
 c

om
pa

re
d 

to
 t

a
sk

 
p

er
fo

rm
an

ce
 a

c
c

u
ra

c
y

 w
he

n 
a

u
d

io
 d

is
p

la
y

s 
a

re
 u

se
d

. 
T

h
is

 a
c

c
u

ra
c

y
 

im
p

ro
v

em
en

t 
c

a
n

 b
e 

a
tt

ri
b

u
te

d
 

to
 t

w
o 

fa
c

to
rs

: 
a

) 
T
h
e
 

e
y

e
 c

a
n

 m
or

e 
e

a
s

il
y

 c
om

pa
re

 
a

b
so

lu
te

 m
ea

su
re

m
en

ts
 

fr
o

m
 n

 
m

u
lt

ic
h

a
n

n
e

l 
s

ig
n

a
l 

th
a

n
 c

an
 

th
e

 e
a

r.
 

b
) 

T
he

 
g

e
o

m
e

tr
ic

a
l 

p
a

tt
e

rn
 

c
u

n
te

x
t 

o
f 

L
he

 
se

n
so

r 
s

ig
n

a
ls

 
i

s
 i

n
m

e
d

ia
te

ly
 

a
p

p
a

re
n

t 
to

 t
h

e
 e

y
e.

 
In

 
a

d
d

it
io

n
 

to
 a

c
c

u
ra

c
y

 
im

p
ro

v
em

en
ts

, 
ta

sk
 

p
er

fo
rm

an
ce

 
ti

m
e

 w
it

h
 a

u
d

io
 d

is
p

la
y

 
w

as
 

1
4

.7
 

se
c

. 
w

it
h

 
5

.3
 

se
c

. 
st

a
n

d
a

rd
 d

e
v

ia
ti

o
n

. 
b

u
t 

ta
sk

 p
er

fo
rm

an
ce

 
ti

m
e

 
w

it
h

 
g

ra
p

h
ic

 
d

is
p

la
y

 h
a

s 
b

ee
n

 
re

d
u

ce
d

 
to

 1
3

.3
 

se
c

. 
w

it
h

 
4

.0
 

se
c

. 
st

a
n

d
a

rd
 

d
e

v
ia

ti
o

n
. 

F
u

rt
h

e
r 

p
er

fo
rm

an
ce

 t
im

e 
im

p
ro

v
em

en
ts

 c
an

 b
e 

o
b

ta
in

e
d

 w
it

h
 

g
ra

p
h

ic
 d

is
p

la
y

 t
h

ro
u

g
h

 
an

 
im

p
ro

v
ed

 
sy

st
e

m
 i

n
te

g
ra

ti
o

n
 i

n
 t

h
e

 c
o

n
tr

o
l 

s
ta

ti
o

n
. 

It
 
is

 n
o

te
d

, 
h

o
w

ev
er

, 
th

a
t 

a 
s

e
le

c
ti

v
e

 a
n

d
 

in
te

rp
re

ti
v

e
 

p
re

p
ro

- 
c

e
ss

in
g

 o
f 

th
e

 s
e

n
so

r 
s

ig
n

a
ls

 b
e

fo
re

 t
h

e
 g

e
n

e
ra

ti
o

n
 o

f 
th

e
 a

u
d

io
 t

o
n

e
s 

w
o

u
ld

 
re

d
u

c
e

 t
h

e
 m

en
ta

l 
lo

a
d

 
fo

r 
th

e
 o

p
e

ra
to

r 
t

o
 i

n
te

rp
re

t 
th

e
 c

o
a

p
le

x
it

y
 

o
f 

th
e

 t
o

n
e

s.
 

T
h

is
 p

ro
c

e
d

u
re

 w
o

u
ld

 
a

ls
o

 l
e

a
d

 t
o

 i
m

p
ro

v
ed

 
ta

sk
 

p
er

fo
rm

an
ce

. 

F
o

r 
b

o
th

 d
is

p
la

y
 r

e
p

re
se

n
ta

ti
o

n
 

ty
p

e
s 

(a
s

 s
ho

w
n 

in
 F

ig
u

re
s 

3
 a

nd
 

6
, 

re
a

p
e

c
- 

ti
v

e
ly

) 
e

q
u

iv
a

le
n

t 
d

a
ta

 p
ro

c
e

ss
in

g
 w

as
 

em
p

lo
y

ed
. 

T
he

 d
a

ta
 

fr
o

m
 e

ac
h

 
se

n
so

r 
w

as
 c

o
n

v
e

rt
e

d
 

in
to

 d
ig

it
a

l 
fo

rm
 b

y 
a 

8
 b

it
 h

ig
h

 
sp

ee
d

 
(5

 
u

s 
c

o
n

v
e

rs
io

n
) 

A
ID

 
c

o
n

v
e

rt
e

r.
 

An
 

IH
S

A
I 

m
ic

ro
p

ro
c

e
ss

o
r,

 
se

e
 F

ig
u

re
 

3
, 

w
h

ic
h

 
em

p
lo

y
s 

th
e

 
In

te
l 

8
0

8
0

 m
ic

ro
p

ro
c

e
ss

o
r 

c
h

ip
, 

c
o

rr
e

c
te

d
 t

h
e

 s
e

n
so

r 
d

a
ta

 
fo

r 
n

o
n

li
n

e
a

ri
ti

e
s

, 
an

d
 

co
m

pu
te

d 
th

e
 d

is
p

la
y

e
d

 
sc

e
n

e
. 

T
he

 d
is

p
la

y
 u

se
d

 
h

a
s 

al
p

h
a-

n
u

m
er

ic
 

an
d 

g
ra

p
h

ic
 c

a
p

a
b

il
it

ie
s

. 
In

 t
h

e
 l

a
tt

e
r

 m
od

e 
a 

st
a

n
d

a
rd

 T
V 

fr
am

e 
ca

n
 b

e 
su

b
- 

d
iv

id
e

d
 

in
to

 a
 

4
8

 x
 1

2
8

 m
a

tr
ix

 o
f 

p
o

in
ts

. 
E

ac
h 

se
n

so
r'

s 
o

u
tp

u
t 

w
an

 
ra

p
re

- 
se

n
te

d
 a

s
 a

 b
a

~
 

0
 

to
 1

2
 o

r
 0

 
to

 3
1 

p
o

in
ts

 l
o

n
g

. 
W

h
il

e 
th

is
 a

ll
o

w
s 

ra
p

id
 

in
te

rp
re

ta
ti

o
n

 o
f 

th
e

 d
a

ta
 

i
t

 p
ro

v
id

e
s 

o
n

ly
 l

ow
 a

c
c

u
ra

c
y

. 
N

th
o

u
g

h
 

th
e

 
sc

e
n

e
 
is

 d
is

p
la

y
e

d
 a

t 
st

a
n

d
a

rd
 T

V
 

ra
te

s
, 

th
e

 c
h

an
g

es
 w

er
e 

u
p

d
at

ed
 

o
n

ly
 

e
v

e
ry

 1
0-

30
 

m
s 

d
ep

en
d

in
g

 o
n

 
th

e
 d

is
p

la
y

 
re

p
re

se
n

ta
ti

o
n

 a
n

d
 

v
a

ri
o

lu
 

ti
r

in
g

 
p

a
ra

m
e

te
rs

. 
T

he
 

so
ft

w
a

re
 f

o
r 

th
is

 p
ro

c
e

ss
in

g
 r

e
q

u
ir

e
s 

o
n

ly
 a

b
o

u
t 

80
0 

w
o

rd
s 

of
 

8
 b

it
s

 e
ac

h
. 

T
he

 
c

o
d

in
g

 w
as

 
p

er
fo

rm
ed

 
in

 a
ss

em
b

ly
 

la
n

g
u

a
g

e
. 

IV
. 

F
or

fe
 

S
en

so
r 

D
is

p
la

y
 

A
 

fo
r:

e/
to

rq
u

e 
se

n
so

r 
h

a
s 

b
ee

n
 

w
u

n
te

d
 a

t 
th

e
 w

ri
s

t 
o

f 
th

e
 

JP
L

 
CU

RV
 

a
s

 s
ho

w
n 

in
 F

ig
u

re
 7

. 
T

he
 s

e
n

so
r 

i
s
 d

e
sc

ri
b

e
d

 
in

 d
e

ta
il

 i
n

 R
ef

. 
4

. 
I
ts

 
m

ec
ha

ni
sm

 
h

a
s 

b
ee

n
 

d
ev

el
o

p
ed

 
by

 
V

ic
an

n
 

In
c

..
 

w
h

il
e

 
it

s
 e

le
c

tr
o

n
ic

s
 h

a
s 

h
ee

n
 

d
ev

el
o

p
ed

 
a

t
 J

P
L

. 
Th
@ 

p
ri

m
ar

y
 

u
se

 o
f 

th
e

 s
e

n
so

r 
w

il
l 

b
e 

in
 s

u
p

e
r-

 
v

is
o

ry
 c

o
n

tr
o

l 
v

h
e

re
 

th
e

 c
o

n
tr

o
l 

c
o

m
p

u
ta

ti
o

n
s 

a
re

 p
er

fo
rm

ed
 

b
y

 
an

 
In

te
rd

a
ta

 

w
d

e
l 

70
 

co
m

p
u

te
r.

 
T

o 
p

ro
v

id
e

 
th

e
 o

p
e

ra
to

r 
v

it
h

 a
d

d
it

io
n

a
l 

d
a

ta
 b

y
 w

h
ic

h
 

to
 m

o
n

it
o

r 
th

e
 c

o
n

tr
o

l 
p

ro
c

e
ss

 a
 

fo
rc

e
 d

is
p

la
y

 I
s
 b

e
in

g
 d

ev
el

o
p

ed
. 

T
o 

re
li

e
v

e
 t

h
e

 I
n

te
rd

a
ta

 f
ro

m
 t

h
e

 d
is

p
la

y
 c

o
m

p
u

ta
ti

o
n

s 
an

d
 

to
 s

im
p
li

fy
 

th
e

 
so

ft
w

a
re

 d
e

v
e

lo
p

~
c

n
t a

 
d

is
tr

ib
u

te
d

 
p

ro
c

e
s

~
in

g
 sc

h
e

p
e

 w
il

l 
b

e 
em

p
lo

y
ed

. 
H

er
e,

 
s

in
c

e
 t

h
e

 
se

n
so

r 
s

ig
n

a
ls

 a
re

 a
lr

e
a

d
y

 d
ig

it
iz

e
d

 f
o

r 
th

e
 I

n
te

rd
a

ta
. 

n
o

 
se

p
a

ra
te

 A
/l

l 
c

o
n

v
e

rs
io

n
s 

w
il

l 
b

e 
la

d
e

. 
In

st
e

a
d

 
a 

s
p

e
c

ia
l 

b
u

ff
e

r 
h

a
s 

b
ee

n
 

d
ev

el
o

p
ed

 w
h

ic
h

 
a

ll
o

w
s 

th
e

 
Il

lS
A

I 
m

ic
ro

p
ro

re
a

so
r 

to
 "

li
a

te
n

"
 

in
 o

n
 

th
e

 C
UR

V 
In

te
rd

a
ta

 b
u

s 
to

 a
c

q
u

ir
e

 t
h

e
 s

e
n

so
r 

d
a

ta
. 

P
re

li
m

in
a

ry
 

fo
rc

e
 

se
n

so
r 

d
is

p
ln

#
 r

e
p

re
se

n
ta

ti
o

n
s 

a
re

 s
ho

w
n 

in
 P

is
u

re
 
8

. 
In

 
th

e
 l

e
f

t 
p

a
rt

 
o

f 
F

ig
u

rt
i 

6 
rn

e
 

fo
rc

e
 u

m
s

o
r 

o
u

tp
u

ts
 i

n
 h

nn
d 

re
fe

re
n

c
e

 
fr

am
e 

up
 

(U
).

 
dr

w
n 

(D
),
 

fo
rv

n
rd

 
(P
),
 

b
ac

k
w

ar
d

s 
(8

).
 

ri
g

h
t 
(H
).
 

an
d

 
le

f
t 

(L
) 

a
re

 a
h

w
n

 
n

e
st

e
d

 
in

 a
 

ha
nd

 
sc

h
em

at
ic

. 
In

 t
h

e
 r

ig
h

t 
p

a
rt

 o
f 

F
lg

u
re

 8
 

th
e

 p
ro

x
im

it
y

 
se

n
so

r 
d

a
ta

 r
e

p
re

se
n

ta
ti

o
n

 h
a

s 
b

ee
n

 
in

c
lu

d
e

d
 a

ls
o

. 
In

 b
o

th
 c

a
se

s 
th

e
 

fo
rc

e
 s

e
n

so
r 

d
a

ta
 A

S 
sh

ow
n 

in
 e

a
c

h
 o

f 
i

t
s

 t
h

re
e

 o
rt

h
o

g
o

n
a

l 
co

m
p

o
n

en
ts

. 
A 

si
m

i;
ar

 
re

p
re

se
n

ta
ti

o
n

 
is

 b
e

in
g

 c
o

n
si

d
e

re
d

 f
o

r 
a 

to
rq

u
e

 d
is

p
la

y
. 

Ti
.?
 

d
y

n
am

ic
 

ra
n

g
e

 o
f 

th
e

 s
e

n
so

r 
is

 w
r

e
 t

h
a

n
 
tw

 o
rd

e
rs

 o
f 

m
ag

n
it

u
d

e:
 

fr
o

m
 

2
 o

r.
 

to
 8

0
0

 o
z.

 
fo

rc
e

 a
n

d
 

fr
o

m
 3

 i
n

. 
o

r.
 

to
 1

8
4

0
 i

n
. 

o
z

. 
to

rq
u

e
. 

I
t

 i
s
 e

x
p

e
c

te
d

 
th

a
t 

fo
rc

e
-t

o
rq

u
e

 
c

o
n

tr
o

l 
ta

s
k

. 
c

a
n

 b
e 

su
b

d
iv

id
e

d
 

in
to

 
th

re
e

 r
e

g
io

n
s:

 
lo

w
 

(2
-4

0
 

o
r.

),
 

m
ed

iu
m

 
(4

0-
12

0 
o

r.
) 

an
d

 u
p

p
er

 
(1

20
-8

00
 

o
r.

) 
d

y
n

am
ic

 
re

g
io

n
s.

 
In

 o
rd

e
r 

to
 o

b
ta

in
 a

d
e

q
u

a
te

 d
is

p
la

y
 r

e
so

lu
ti

o
n

 
in

 a
l

l
 

th
re

e
 

re
g

io
n

s,
 

th
e

 u
se

 o
f 

a
p

p
ro

p
ri

a
te

 m
a

le
 c

h
an

g
es

 
is

 c
o

n
si

d
e

re
d

 m
at

ch
- 

in
g

 t
h

e
 r

a
n

g
e

 
o

f 
e

a
c

h
 d

y
n

am
ic

 
re

g
io

n
. 

A 
fu

rt
h

e
r 

c
o

n
si

d
e

ra
ti

o
n

 i
s
 t

h
e

 
d

is
p

la
y

 o
f 

th
e

 f
o

rc
e

 a
n

d
 

to
rq

u
e

 v
e

c
to

rs
 i

n
 a

d
d

it
io

n
 t

o
 t

h
e

ir
 t

h
re

e
 o

rt
h

o
- 

g
o

n
al

 
co

m
p

o
n

en
ts

. 
T

he
 

v
e

c
to

r 
d

la
p

la
y

m
 w

o
u

ld
 

a
id

 t
h

e
 i

n
te

g
ra

te
4

 W
rc

e
p

- 
ti

o
n

 o
f 

th
e

 f
u

ll
 d

y
n

am
ic

al
 c

h
an

g
es

 a
c

ti
n

g
 a

t 
th

e
 t

e
rm

in
a

l 
d

e
v

ic
e

. 

T
ne

 d
is

p
la

y
 

of
 

fo
rc

e
 o

r
 t

o
rq

u
e

 d
a

ta
 i

s
 n

u
d

e 
w

r
e

 d
if

fi
c

u
lt

 b
y

 
th

e
 f

a
c

t 
th

a
t 

it
 
is

 n
o

t 
fu

n
d

a
m

e
n

ta
ll

y
 g

e
o

a
tr

ic
 p

e
rc

e
iv

e
d

. 
W

it
h

 
fo

rc
e

 o
r 

to
rq

u
e

 
th

a
 p

o
in

t 
n

f 
a

p
p

li
c

a
ti

o
n

 
re

la
ti

v
e

 
to

 t
h

e
 a

e
n

so
r 

an
d

 
th

e
 g

ra
sp

in
g

 i
lp

le
- 

m
an

e 
m

u
t 

b
e

 c
o

n
si

d
e

re
d

 
in

 a
d

d
it

io
n

 t
o

 t
h

e
 f

o
rc

e
 o

r 
to

rq
u

e
 

ae
n

se
d

 
a

t 
th

e
 

w
ri

s
t 

b
aa

e 
o

f 
th

e
 h

an
d

. 
T

h
u

s,
 

th
e

 d
ev

el
o

p
m

en
t 

o
f 

u
se

fu
l 

fo
rc

e
-t

o
rq

lu
 

d
a

ta
 d

is
p

la
y

s
 i

s
 a

 d
em

an
d

in
g

 a
n

d
 n

o
n

-t
ri

v
ia

l 
ta

sk
. 

T
he

 p
r

o
b

le
r

 o
f 

fo
rc

e
-t

o
rq

u
e

 
se

n
so

r 
in

fo
m

a
ti

o
n

 d
is

p
la

y
 h

av
e 

a
ls

o
 b

ee
n

 r
e

c
o

g
n

iz
e

d
 
el

se
- 

w
h

er
e 

(R
ef

. 
5

).
 

V.
 

T
a

c
ti

le
 a

n
d

 
S

li
p

p
a

n
e

 S
e

n
so

r 
D

is
p

la
y

s 

F
ig

u
re

 9
 

sh
ow

s 
th

e
 b

re
a

d
b

o
a

rd
 o

f 
a 

w
lt

ip
o

in
t 

p
ro

p
o

rt
io

n
a

l 
ta

c
ti

le
 s

e
n

so
r 

v
it

h
 a

 
v

is
u

a
l 

d
is

p
li

~
y

 b
as

ed
 

on
 

a
n

 a
rr

an
g

em
en

t 
o

f 
li

g
h

t 
b

u
lb

s.
 

E
ac

h 
b

u
lb

 
c

o
rr

e
sp

o
n

d
s 

to
 a

 
s

e
n

s
it

iv
e

 s
p

o
t 

on
 

th
e

 s
e

n
s

it
iv

e
 

su
rf

a
c

e
. 

T
h

e 
s

e
n

s
it

iv
e

 
su

rf
a

c
e

 
is

 b
u

il
t 

o
f 

tv
o

 n
e

ts
 o

f 
e

le
c

tr
o

d
e

s 
se

p
a

ra
te

d
 b

y
 

c
o

n
d

u
c

ti
v

e
 r

u
b

b
e

r.
 

T
he

 
tw

 n
e

ts
 o

f 
e

le
c

tr
o

d
e

s 
fo

rm
 R

 
4

 x
 

6
 m

at
t 

:x
 

p
a

tt
e

rn
. 

T
he

 
s

e
n

s
it

iv
e

 
su

rf
a

c
e

 w
il

l 
c

o
v

e
r 

th
e

 
in

n
e

r 
an

d
 o

u
te

r 
su

rf
a

c
e

s 
o

f 
th

e
 m

e
c

h
a

n
ic

a
l 

"
fh

W
rs

"
. 

T
he

 
se

n
so

r 
w

il
l 

se
n

se
 t

h
e

 a
m

ou
nt

 
o

f 
n

o
m

l
 f

o
rc

e
 

(p
re

ss
u

re
) 

a
c

ti
n

g
 a

t
 a

 
R

iv
en

 
p

o
in

t 
("

sp
o

t"
) 

on
 

th
e

 f
in

g
e

r.
 



T
he

 
li

g
h

t 
b

u
lb

s 
u

se
d

 
in

 t
h

e
 h

re
ad

b
o

ar
d

 
d

is
p

la
y

 p
ro

v
id

e
 o

n
ly

 a
 v

e
ry

 
ro

u
g

h
 

in
d

ic
a

ti
o

n
 

of
 

th
e

 
am

ou
nt

 
o

f 
p

re
ss

u
re

 
se

n
se

d
 

a
t 

a
 g

iv
e

n
 s

p
o

t.
 

T
he

 
d

ev
el

o
p

- 
m

en
t 

o
f 

a
 

g
ra

p
h

ic
 

c
o

lo
r 

d
is

p
la

y
 
is

 u
n

d
er

 
c

o
n

sl
d

e
ra

tI
o

n
 w

h
er

e 
c

o
lo

rs
 w

ou
ld

 
b

e 
u

se
d

 
to

 i
n

d
ic

a
te

 t
h

e
 a

m
ou

nt
 

o
f 

p
re

ss
u

re
 

se
n

se
d

 a
t 

a
 

g
iv

e
n

 
p

o
in

t 
o

n
 a

 
fi

n
g

e
r.

 
A

n 
a

lt
e

rn
a

ti
v

e
 d

is
p

la
y

 c
o

n
ce

p
t 

w
ou

ld
 

u
tl

li
z

e
 o

n
ly

 b
la

c
k

 
an

d 
w

h
it

e
 

fr
am

e.
 

T
he

 
fr

am
e 

w
o

u
ld

 
sh

ow
 

th
e

 
g

e
o

m
e

tr
ic

a
l 

c
o

n
to

u
rs

 o
f 

e
s

rh
 p

a
rt

 
o

f 
th

e
 

fi
n

g
e

r 
eq

u
ip

p
ed

 v
it

h
 t

h
e

 a
r

ti
f

ic
ia

l 
sk

in
. 

T
he

 
s

e
n

s
it

iv
e

 
sp

o
ts

 
w

o
u

ld
 

b
e 

in
d

ic
a

te
d

 b
y 

a
 

sq
u

a
re

 n
eL

 
in

si
d

e
 o

f 
th

e
 g

e
o

m
tr

ic
a

l 
c

o
n

to
u

rs
, 

ea
ch

 
sq

u
a

re
 

c
o

rr
e

sp
o

n
d

in
g

 t
o

 o
n

e 
s

e
n

s
it

iv
e

 s
p

o
t.

 
T

l~
e

 am
ou

nt
 

o
f 

p
re

ss
u

re
 

se
n

se
d

 a
t

 a
 

sp
o

t 
w

ou
ld

 
h

e 
in

d
ic

a
te

d
 b

y
 

a
 n

um
be

r 
In

si
d

e
 t

h
e

 
sq

u
a

re
 

sc
a

le
d

 
to

 t
h

e
 m

ea
su

ra
b

le
 

p
re

ss
u

re
 

ra
n

g
e

. 
S

in
c

e
 

th
e

 d
y

n
am

ic
al

 
ra

n
g

e
 o

f 
th

e
 

-e
n

si
n

g
 

d
e

v
ic

e
 u

n
d

er
 

c
o

n
si

d
e

ra
ti

o
n

 
i
s
 q

u
it

e
 w

id
e 

(m
or

e 
th

a
n

 
tw

o 
o

rd
e

rs
 o

f 
m

a
g

n
it

u
d

e
),

 
th

e
 c

o
m

b
in

at
io

n
 

o
f 

c
o

lo
rs

 v
it

h
 n

u
m

h
er

s 
co

u
ld

 
a

ls
o

 b
e 

e
x

p
lo

re
d

 
to

 i
n

d
ic

a
te

 i
re

s
s

u
re

 
in

te
n

s
it

y
 a

t 
a

 @
v

an
 

sp
o

t.
 

F
o

r 
in

st
a

n
c

e
, 

a
 m

or
e 

re
fi

n
e

d
 

e
x

te
n

si
o

n
 o

f 
a

 c
o

lo
r 

is
o

c
li

n
a

l 
d

ls
p

la
y

 f
o

rm
at

 
c

o
u

ld
 b

e 
th

a
t 

a
 

g
iv

e
n

 c
o

lo
r 

in
d

ic
a

te
s

 a
 c

e
rt

a
in

 p
re

ss
u

re
 

ra
n

g
e 

an
d

 
th

e
 n

um
be

r 
co

d
ed

 
in

 
th

a
t 

c
o

lo
r 

in
d

ic
a

te
s

 t
h

e
 l

e
v

e
l 

o
f 

p
re

ss
u

re
 

w
it

h
in

 
th

a
t 

p
re

ss
u

re
 

ra
n

g
e.

 
In

 t
h

is
 c

a
se

, 
th

e
 n

cm
b

er
s 

c
o

u
ld

 h
e 

re
s

tr
ic

te
d

 
to

 a
 

fe
w

, 
fo

r 
in

st
a

n
c

e
 

fr
o

m
 1

 t
o

 9
, 

si
n

c
e

 y
el

lo
w

 9
 c

o
u

ld
 b

e 
e

q
u

iv
a

le
n

t 
fo

r 
in

s
ta

n
re

 t
o

 9
 o

z
. 

p
re

ss
u

re
, 

g
re

e
n

 9
 t

o
 1

9
 o

z
..

 
re

d
 9

 
to

 2
9 

o
z

.,
 

an
d

 
so

 o
n

. 
F

ig
u

re
 

1
0

 s
ho

w
s 

th
e

 s
k

e
tc

h
 o

f 
a

 
ta

c
ti

le
 

se
n

so
r 

g
ra

p
h

ic
 d

is
p

la
y

 c
o

n
c

e
p

t.
 

In
 R

e
fe

re
n

c
e

s 
b 

to
 8

 a
lt

e
rn

a
ti

v
e

 s
ch

em
es

 
an

d
 

te
c

h
n

iq
u

e
s 

a
re

 d
e

sc
ri

b
e

d
 

fo
r 

ta
c

ti
le

 s
e

n
si

n
g

 
d

is
p

la
y

s.
 

IU
 

-4
 

.D
 

S
e

n
si

n
g

 t
h

e
 s

li
p

 o
f 

a
n

 o
b

je
c

t 
on

 
th

e
 

su
rf

a
c

e
 o

f 
th

e
 

fi
n

g
e

r 
d

u
e 

to
 i

n
su

f-
 

fi
c

ie
n

t 
g

ra
sp

 f
o

rc
e

 
(

t
h

~
t

 
is

, 
se

n
si

n
g

 a
 

ta
n

g
e

n
ti

a
l 

fo
rc

e
 a

c
ti

n
g

 o
n 

th
e

 
su

rf
a

c
e

 o
f 

th
e

 m
ec

h
an

ic
al

 
fi

n
g

e
r)

 
ca

n
 b

e 
ac

co
m

p
li

sh
ed

 
by

 
d

ir
e

c
t 

an
d

 
in

- 
d

ir
e

c
t 

m
ea

ns
. 

An
 

in
d

ir
e

c
t 

se
n

si
n

g
 c

o
n

ce
p

t 
ca

n
 b

e 
b

as
ed

 
o

n
 m

n
it

o
ri

n
g

 
ch

an
g

es
 

in
 t

h
e

 a
re

a
 d

is
tr

ib
u

ti
o

n
 o

f 
p

re
ss

u
re

 
p

a
tt

e
rn

s
 s

e
n

se
d

 b
y 

a
 m

u
lt

i-
 

p
o

in
t 

ta
c

ti
le

 s
e

n
so

r.
 

An
 

a
p

p
ro

p
ri

a
te

 p
a

tt
e

rn
 r

e
c

o
g

n
it

io
n

 
sc

he
m

e 
c

o
u

ld
 

ev
en

 
in

d
ic

a
te

 t
h

e
 m

ea
n 

d
ir

e
c

ti
o

n
 o

f 
s

li
p

 r
e

la
ti

v
e

 t
o

 t
h

e
 c

o
n

ta
c

t 
su

rf
a

c
e

. 
T

he
 

d
is

p
la

y
 o

f 
s

li
p

 c
an

 e
a

s
il

y
 b

e 
in

c
o

rp
o

ra
te

d
 

in
to

 t
h

e
 g

ra
p

h
ic

 d
is

p
la

y
 

fo
rm

at
 

o
f 

ta
c

ti
le

 s
e

n
si

n
g

 b
y 

u
si

n
g

 a
n 

ar
ro

w
 r

e
fe

re
n

c
e

d
 

to
 t

h
e

 c
o

n
to

rt
 

su
rr

a
c

e
. 

T
hc

 
o

ri
e

n
ta

ti
o

n
 o
f
 
a

rr
o

v
 w

ou
ld

 
in

d
ic

a
te

 t
h

e
 

d
ir

e
c

ti
o

n
 o

f 
s

li
p

. 

If
 

;h
e 

se
n

si
n

g
 o

f 
s

li
p

 i
s
 a

cc
o

m
p

li
sh

ed
 

by
 

d
ir

e
c

t 
m

ea
ns

 
(t

h
a

t 
is

, 
by

 
u

si
n

g
 

a
 

sl
ip

p
a

g
e

 s
e

n
so

r)
, 

th
e

 i
n

fo
rm

a
ti

o
n

 
d

is
p

la
y

 c
an

 
b

e 
b

as
ed

 
o

n
 

th
e

 
ro

ta
ti

n
g

 
b

a
r 

o
r

 r
o

ta
ti

n
g

 a
rr

o
w

 c
o

n
ce

p
t 

sh
ow

n 
in

 a
 g

ra
p

h
ic

 d
is

p
la

y
 s

c
re

e
n

. 
T

he
 

le
n

g
th

 o
f 

th
e

 b
a

r 
o

r 
a

rr
o

v
 c

o
u

ld
 

in
d

ic
a

te
 

th
e

 
ra

te
 o

f 
s

li
p

 s
in

c
e

 d
ir

e
c

t 
se

n
si

n
g

 o
f 

s
li

p
 c

a
n

 a
ls

o
 p

ro
v

id
e

 
in

fo
rm

a
ti

o
n

 
o

n
 

th
e

 s
li

p
 r

a
te

. 
S

e
v

e
ra

l 
s

li
p

 s
e

n
so

r 
c

o
n

c
e

p
ts

 a
re

 c
u

rr
e

n
tl

y
 u

n
d

er
 

im
p

le
m

en
ta

ti
o

n
 

a
t 

JP
L

. 
F

ig
u

re
 
11

 
sh

ow
s 

an
 

L
E

D
 d

is
p

la
y

 o
f 

a
 d

ir
e

c
ti

o
n

a
l 

s
li

p
 s

en
n

il
r 

b
re

ad
b

o
ar

d
 

m
od

el
 

u
n

d
er

 
d

ev
el

o
p

m
en

t 
a

t 
JP

L
. 

T
he

 
d

is
p

la
y

 
in

d
ic

a
te

s
 s

ix
te

e
n

 d
ir

e
c

ti
o

n
s

 i
n

 e
q

u
a

l 
a

n
g

u
la

r 
in

c
re

m
e

n
ts

 o
n

 a
 

f
u

ll
 c

ir
c

le
. 

V
I.

 
In

te
g

ra
te

d
 D

is
pl

* 

Ic
te

g
ra

te
d

 
d

is
p

la
y

 o
f 

in
fo

rm
a

ti
o

n
 

g
e

n
e

ra
te

d
 

b
y

 
se

n
so

rs
 a

tt
a

c
h

e
d

 t
o

 t
h

e
 

te
rm

in
d

l 
d

e
v

ic
e

 o
f 

a
 

re
m

o
te

ly
 

ro
n

tr
o

ll
e

d
 

m
a

n
ip

u
la

to
r 

c
a

n
 b

e
 c

o
n

si
d

e
re

d
 

in
 

tv
o

 
st

a
g

e
s.

 
In

 
th

e
 

f
ir

s
t 

s
ta

g
e

 t
h

e
 c

o
n

ce
rn

 
an

d
 

ta
sk

 a
re

 t
h

e
 

in
te

g
ra

ti
o

n
 

o
f 

p
ro

x
im

it
y

, 
fo

rc
e

-t
o

rq
u

o
. 

tn
c

ti
le

 a
nd

 
n

li
p

p
am

e 
se

n
so

r 
in

f
o

r
u

ti
o

n
 

v
it

h
in

 a
 g

iv
e

n
 g

ra
p

h
ic

 d
im

p
la

y
 

fr
am

e.
 

In
 

th
e

 
ae

ro
n

d
 

s
ta

g
e

, 
th

e
 p

ro
b

le
m

 
an

d
 

g
o

a
l 

a
re

 t
h

e
 i

n
te

g
ra

ti
o

n
 o

f 
g

ra
p

h
ic

 d
is

p
la

y
 o

f 
th

e
 a

b
o

v
e 

q
u

o
te

d
 u

l
t
i
-
 

se
n

so
r 

i
a

f
~

r
u

t
i

o
n

 
w

it
h

 
a

n
d

/o
r 

w
it

h
in

 
th

e
 p

ic
tu

re
 

o
f 

n
 T

V
 d

is
p

la
y

 f
ra

m
e.

 
S

in
c

e
 n

o
t 

a
ll

 s
en

m
o

r 
in

fo
ra

rt
io

n
 m

y
 o

c
c

u
r 

a
im

lt
a

n
e

o
u

s
ly

 
il

l 
a

1
1

 c
am

en
. 

th
e

 
in

ta
p

ra
ti

o
n

 s
c

h
e

u
, 

c
a

n
 b

e 
b

aa
ed

 
on

 
a

 
"c

a
ll

" 
c

o
n

c
e

p
t 

c
o

n
tr

o
ll

e
d

 b
y

 
th

e
 

o
p

e
ra

to
r.

 

T
he

 
d

en
ig

n
 

of
 

ln
te

g
ra

to
d

 d
is

p
la

y
 

fo
rm

at
#

 
im

 u
n

d
er

 
d

ev
el

o
p

m
en

t 
a

t 
th

e
 J

P
L

 
ta

le
o

p
e

ra
to

r 
p

ro
g

ra
m

. 
P

re
li

m
in

a
ry

 f
o

r
u

t
 c

o
n

c
e

p
tn

 a
re

 n
ho

vn
 

in
 F

ig
. 

1
2

. 
C

o
n

si
d

e
ra

ti
o

n
 i

s
 a

ls
o

 g
iv

e
n

 t
o

 t
h

e
 h

w
u

n
 

fa
c

to
ra

 r
e

le
v

a
n

t 
to

 t
h

e
 d

e
si

g
n

 
an

d
 

in
te

g
ra

ti
o

n
 o

f 
a

u
d

io
 a

n
d

 
g

ra
p

h
ic

 d
is

p
la

y
s 

fo
r 

se
n

ro
r 

in
f

o
r

u
ti

o
n

 
w

h
ic

h
 
is

 b
a
s
ic

a
ll

y
 

n
o

n
-v

is
u

al
 

in
 n

a
tu

re
. 

T
he

 d
ev

el
o

p
m

en
t 

o
f 

v
a
ri

o
u
s
 

v
in

w
l 

an
d 

n
o

n
-v

is
u

al
 

d
in

p
ln

y
s 

in
 t

o
 b

e
 f

o
ll

o
w

ed
 

by
 

a
 

p
ro

g
ra

m
 o

f 
e

v
a

lw
tl

n
p

 t
h

e
 

u
ti

li
ty

 o
f 

th
e

 d
is

p
la

y
s 

in
 t

h
e

 p
e

rf
o

rv
n

c
e

 o
f 

re
m

o
te

 
ru

n
ip

u
la

ti
o

n
 w

it
h

in
 

th
e

 c
o

n
te

x
t 

o
f 

a
 

su
p

e
rv

is
o

ry
 c

o
n

tr
o

l 
m

ym
te

m
, 

em
p

lo
y

in
g

 
s

e
v

e
ra

l 
te

s
t 

p
er

so
n

a.
 

V
II

. 
C

an
cl

u
n

io
n

 

T
he

 
d

is
p

la
y

 o
f 

f
n

f
o

r
m

~
lo

n
 g
e

n
e

ra
te

d
 b

y 
n

o
n

-v
is

u
al

 
se

n
n

o
rs

 a
tt

a
c

h
e

d
 t

o
 

th
r 

te
rm

in
a

l 
d

e
v

ic
e

 o
f 

a
 

re
m

o
te

ly
 c

o
n

tr
o

ll
m

d
 a

u
n

ip
u

la
to

r 
is

 a
 

re
la

ti
v

e
ly

 
nc

w
 

a
re

a
 o

f 
re

se
a
rc

h
 

an
d

 
d

e
v

e
lo

p
n

m
t.

 
In

 f
a

c
c

. 
ev

en
 

th
e

 d
ev

el
o

p
m

en
t 

o
f 

th
e

 r
e

le
v

a
n

t 
m

en
m

or
n 

is
 a

 
re

lu
ti

v
e

ly
 n

ew
 

en
d

ea
v

o
r.

 
P

re
li

m
in

a
ry

 e
x

p
e

ri
a

a
ta

 
a

t 
JP

L
 

h
av

e 
sh

ow
n 

th
e

 u
ti

li
ty

 a
nd

 
li

m
it

m
ti

o
n

m
 o

f 
a

 
fe

u
 a

u
d

io
 a

n
d

 v
is

u
a

l 
d

is
p

la
y

 
sc

h
em

es
 

em
pl

oy
ed

 
fo

r 
p

ro
x

im
it

y
 s

e
n

so
rs

. 
In

 p
a

rt
ic

u
le

r.
 

it
 h

am
 

b
re

n
 

m
ho

w
n 

th
a

t 
a

p
p

ro
p

ri
a

te
 g

ra
p

h
ic

 d
is

p
la

y
s 

ca
n

 a
u

b
m

ta
n

ti
a

ll
y

 
in

c
re

a
rs

 
c

o
n

tr
o

l 
p

er
fo

rm
an

ce
 

in
 a

c
c

u
ra

c
y

 a
n

d
 
ti

-.
 

K
w

e
v

e
r,

 
c

o
n

si
d

e
rr

b
ls

 w
o

rk
 
is

 
ah

ea
d

 
b

e
fo

re
 

th
e

 d
ev

el
o

p
m

en
t 

o
f 

v
is

u
a

l 
an

d
 n

o
n

-v
is

u
al

 
d

ln
p

la
y

s 
o

f 
no

n-
 

v
is

u
a

l 
se

n
so

r 
in

fo
rm

ti
o

n
 f

o
r 

m
a

n
ip

u
la

to
r 

c
o

n
tr

o
l 

w
il

l 
re

a
c

h
 a

 h
ig

h
 l

e
v

e
l 

o
f 

m
a

tu
ri

ty
. 



R
e
f
e
r
e
n
c
e
s
 

1.
 

Be
jc
zy
. 

A.
 
K.
 

Pe
rf

or
ma

nc
e"

, 
Th

eo
ry

. 
(1

97
7 

, 
"E

ff
ec

t 
o
f
 H
an

d-
Ba

se
d 

S
e
n
s
o
r
s
 
on
 
M
a
n
i
p
u
l
a
t
o
r
 
C
o
n
t
r
o
l
 

to
 a
p
p
e
a
r
 
in

 a
 
sp

ec
ia

l 
is

su
e 

o
f
 M

e
c
h
a
n
i
s
m
 
an
d 

v 
h
i
n
e
 

')
 . 

2.
 

H.
 
P.
 
Va

n 
Co
t .

t 
an

d 
R.
 
K
i
n
k
a
d
e
 
(e
di
to
rs
).
 
"l

um
an

 
E
n
g
i
n
e
e
r
i
n
g
 
G
u
i
d
e
 
to
 

Eq
ui

pm
en

t 
De
sl
gn
".
 
Ha

nd
bo

ok
. 

U.
 
S.
 
Go
ve
rn
ln
en
t 

P
r
i
n
t
i
n
g
 
Of
fi
ce
. 

0-
41

4-
25

6 
(1
97
2)
. 

3.
 

Jo
hn

st
on

. 
A. 

R.
, 

"O
pt

ic
al

 
P
r
o
x
i
m
i
t
y
 
S
e
n
s
o
r
s
 
Eo
r 

~
a
n
i
p
u
l
a
t
o
r
s
"
.
 J
P
L
 

TH
 
33
-6
78
, 

(1
97
4)
. 

4
. 

Br
jc

zy
, 

A.
 
K.
. 

"I
ss

ue
s 

in
 A
dv

an
ce

d 
A
u
t
o
m
a
t
i
o
n
 
of

 M
a
n
i
p
u
l
a
t
o
r
 
Co
nt
ro
l"
, 

P
r
o
c
e
e
d
i
n
g
s
 o
f 

rn
e 

i
9
7
6
 J
oi

nt
 
Au

to
ma

ti
c 

Co
nt

ro
l 

C
o
n
f
e
r
e
n
c
e
,
 
P
u
r
d
u
e
 

Un
iv

er
si

ty
. 

W.
 
La
fa

ye
tt

e.
 
In

di
an

a.
 
J
u
l
y
 
27
-3
0.
 
19

76
. 

5.
 

G
r
o
o
m
.
 
R.
 
C.
. 

Jr
.,
 

"F
or

ce
 
F
e
e
d
b
a
c
k
 
St

ee
ri

ng
 
of

 
a
 
T
e
l
e
o
p
e
r
a
t
o
r
 
Sy
st
em
".
 

HI
T 

Dr
ap

er
 
La
b.
 
Re

po
rt

 
T-
57
5.
 
Au

gu
st

 
19
72
. 

6.
 

S
t
r
i
c
k
l
e
r
,
 
T.
 
G.
 
1
1
1
.
 
"D

es
ig

n 
of

 
an

 
O
p
t
i
c
a
l
 T

o
u
c
h
 
S
e
n
s
i
n
g
 
S
y
e
t
e
m
 f

o
r
 

a
 
Re

mo
te

 
Ha

ni
po

la
to

r"
. 

H
I
T
 D
ep

t.
 
of

 M
e
c
h
a
n
i
c
a
l
 
E
n
g
i
n
e
e
r
i
n
g
 
S
M
 T
h
e
s
i
s
,
 

C
J
 

19
66

. 

z 
7.
 

IE
EE

 T
r
a
n
s
a
c
t
i
o
n
s
 o

n
 K

m
-
M
a
c
h
i
n
e
 
S
y
s
t
e
m
.
 
S
p
e
c
i
a
l
 
I
s
s
u
e
 o
n
 
t
h
e
 T
a
c
t
i
l
e
 

Di
sp

la
y 

Co
nf

er
en

ce
. 

SR
I.
 
?%
en
lo
 
Pa
rk
. 

Ca
li

fo
rn

ia
. 

A
p
r
i
l
 
19
69
, 

I
E
E
E
 

Re
po

rt
 
V
o
l
u
m
e
 
W
S
-
1
1
.
 
No
. 

1
. 
Ma

rc
h 

19
70

. 

8.
 

Hi
ll
. 

J.
 

Id
., 

Bi
is

s,
 
J.
 
C..
 

"T
ac

ti
le

 
P
e
r
c
e
p
t
i
o
n
 
S
t
u
d
i
e
s
 R
el
at
ed
 
t
o
 

T
e
l
r
o
p
e
r
a
t
o
r
 ~

y
s
t
e
m
s
"
.
 F
in

al
 
Co

nt
ra

ct
 
Re

po
rt

 
NA
S2
-5
40
9.
 
S
t
a
n
f
o
r
d
 

R
e
s
e
a
r
c
h
 
In

st
it

ut
e,

 
M
e
n
l
o
 
P
a
r
k
,
 
Ca

li
fo

rn
la

. 
Ju

ne
 
19
71
. 

T
A
B
L
E
 1

 
P
e
r
f
o
r
m
a
n
c
e
 
d
d
i
.
 
f-

r 
co
mb
in
ed
 
u
s
e
 o
f 

vi
su
al
 

an
d

 p
ro
xi
mi
ty
 

ne
ns
or
 
a
u
d
i
o
 
i
n
t
o
m
a
t
i
o
n
 

0 
0.

1 
0.

2 
0.

3 
In

 
1
 

I
 

A
U

D
IO

 
k
"'
- 

1.
 

LE
FT

 F
R

O
N

T 
G

R
A

PH
IC

 
Y-i 

-
 

4
 

A
U

D
lO

 
I 2. RIG

H
T 

FR
O

N
T 
I
C

R
A

P
H

I
C

r
 

A
U

D
IO

 
3.

 
LE

FT
 D

O
W

N
 

G
R

A
PH

IC
 
t
-
;
 

1 

A
U

D
IO

 
4.

 
R

IG
H

T 
D

O
W

N
 

T
A
B
L
E
 2

 
P
e
r
f
o
r
m
a
n
c
e
 
d
a
t
a
 
fo
r 

c
o
m
p
a
r
i
n
g
 
ut
il
it
y 

of
 
a
u
d
l
o
 d
i
e
p
l
a
y
 

v
e
r
r
u
s
 
gr
ap
hi
c 

di
sp
la
y 

of
 
pr
ox
im
it
y 

se
nl
or
 
da
ta
. 

(B
ar
s 

s
h
o
w
 d
i
f
f
e
r
e
n
c
e
 
b
e
t
w
e
e
n
 
r
e
q
u
e
s
t
e
d
 a

n
d
 a
c
t
u
a
l
 
p
o
r
i
t
i
o
n
i
n
~
 

ac
cu

ra
cy
 
Fo
r 

t
e
n
 ~

x
p
e
r
l
a
r
n
t
s
.
)
 









P
R

O
X

IM
IT

Y
 

1 

FO
R

C
E

-T
O

R
Q

U
E

 

TA
C

TI
LE

-S
LI

P
 PI
C

TU
R

E 

FI
G

U
R

C
 
1
2
 

I
n
t
e
g
r
a
t
e
d
 
d
i
s
p
l
a
y
 
c
o
n
c
e
p
t
s
.
 

P
R

O
X

IM
IT

Y
 

FO
R

C
E

 
TO

R
Q

U
E

 

TA
C

TI
LE

-S
LI

P
 

A
 



T
H

IR
T

E
E

N
T

H
 A

N
N

U
A

L
 C

O
N

F
E

R
E

N
C

E
 

O
N

 
M
A
N
U
A
L
 C

O
N

T
R

O
L

 

M
.1. 

T
.,
 

C
am

b
ri

d
g
e 

M
as

s.
 ,
 Ju

n
e 

1
9
7
7
 

In
fo

rm
al

 D
is

cu
ss

io
n
 

M
u
lt

i-
u
d
a 

H
an

d 
C

o
n

tr
o

ll
e
r 

fo
r 

th
e
 

Sh
ut
tl
e 

R
em

o
te

 
M

an
ip

u
la

to
r 

S
y
st

em
 

A
n
d
re

w
 

L
. 

U
p

p
a

y
, 

S
ta

if
 
E

n
g
in

ee
r,

 
M

a
a
n

d
 S

y
st

em
s 

C
A

E
 
E

le
c
tr

o
n

ic
s,

 
M

sn
tr

ea
l,

 
C
u
u
d
r
 

T
h
e 

S
h
u
tt

le
 R

em
o
te

 M
an

ip
u
la

to
r 

S
y
st

em
 (
S
R
A
S
)
,
 a

 C
8
a
8
d

iu
1
 c

o
o
tx

i-
 

b
u

ti
m

 t
o

 t
h
e 

N
A

SA
 S

p
ac

e 
P

ro
g

ra
m

, 
h

u
 m

 a
rt

ic
P

k
ta

d
 a

rm
 o

f 
50

 f
t. 

1- 
w

it
h
 a

k
 m

o
to

r-
d
ri

v
an

 j
o
in

ts
. 

T
h
e 

b
as

ic
 p

u
p

o
s
e

 i
s
 t
a
 s

st
a
b

li
.h

 p
b
y
8
L

.l
 

co
n
ta

ct
 w

it
h
 v

a
ri

o
u

s 
sp

a
c
e
 h

ar
d
w

ar
e 

it
e
m

s 
a
n
d
 m

an
av

er
 

tb
e
se

 t
o

 tb
a 

d
e
- 

si
re

d
 p

o
si

ti
m

 a
nd
 a

tt
it

d
e

 w
it
h
 r

e
sp

e
c
t 

to
 t
h

e
 O

r
b

b
r
, 

n
rr

lli
P

g
 o

lr
t 

re
la

ti
v

e
 

v
el

o
ci

ti
es

 a
n
d
 s

t8
b
U

h
ir

q
 t

h
e
 f

re
e-

b
o
d
y
 s

y
8
t.

m
 

b
y 

a
n

8
n

8
- 

x
e

s
W

 e
n
e
r-

 
g
ie

s.
 

T
h
e 

n
o

rm
a
l 

o
p
er

at
in

g
 m

o
d
e 

is
 r

e
so

lv
w

-x
n

o
ti

m
 e

n
d

-p
d

n
t 

ra
te

 c
a
r
-
 

tr
o

l 
bY
 m

an
-i

n
-l

o
o
p
 

co
m

m
an

d
. 

T
h
e 

tr
8
n
s'

h
ti

o
P

.l
 

fr
ee

d
- 

a
r
e

 d
ef

in
ed

 0
0
 

th
a
t 

th
e 

E
n
d
 E

ff
ec

to
r 

(E
E

F
T

B
) 

of
 t

h
e
 a

rx
t 
w

ill
 m

w
e

 i
n

 p
la

n
es

 p
~
r
r
l
l
d
 to

 
th

e
 p

ri
n

c
ip

a
l 

t
~

s
l

a
t

i
~

n
a

l
 

p
la

n
es

 o
f 

t
h

 O
rb

it
e
r,

 
at
 8

 r
a
te

 c
o

m
m

m
d

e
d

 b
y 

th
e
 d

is
p
la

ce
m

en
t 
of
 t

h
e
 T

ra
n

sl
a
ti

o
r 

H
.n

d
 C

a
fr

o
ll

a
r 

(T
H

C
) 

in
 t

h
e
 c

o
n

--
 

p
o

n
d

in
g

 f
re

ed
o
m

 a
n
d
 d

ir
ec

ti
o
n
. 

%
'h

e r
o

ta
ti

a
d

 f
r

e
d

r
 .s

 a
re

 r
a

te
-c

o
n

lr
d

ld
 

b
y 

th
e
 R

o
ta

ti
o
n
 H

a
d

 C
o

n
tr

o
ll

rz
 (

R
H

C
) 

a
b

a
U

 p
iv

o
t 

ax
em

 p
rr

rl
le

l 
t
o
 O

rb
it

e
r 

ro
ll

, 
p
it

ch
 a
n
d
 y

aw
, 

o
ri

g
iw

-d
n
g
 a

t 
th

e 
E
E
F
T
R
 r

e
fe

re
n

c
e
 p

o
in

t 
B
a
b
 s

a
U

 
of
 c

o
o
rd

in
8
te

m
 m

ay
 b
e 

tr
-a

sp
o

se
d

 t
o

 th
e
 E
E
F
T
R
 o

r 
t
o
 t

h
e
 m

rs
8
lg

-a
tr

ic
 

c
a
n

te
r 

of
 t

h
e
 P

ay
lo

ad
, 

by
 a

p
p

ro
p

ri
a
te

 s
o

d
tr

a
re

 s
r

l
d

a
u

 la
d
 8

d-
*. 

fo
ll

o
w

in
g
 w

M
ch

 t
h

e 
rr

ee
d
o
m

s 
w

il
l 

b
e 

d
rd

n
d

 b
y
 t

h
e
 E
E
F
T
R
 o

r 
-7

.d
 

at
ti

to
d
e 

w
it
h
 r

e
r
p

x
t 

to
 t

h
e 

O
rb

it
er

. 

T
h
e 
T
H
C
 a
n
d
 R

H
C

 f
o
rm

 a
 b

i-
m

.8
1

~
~

I 
c
o

n
tr

d
le

r 
c

o
m

g
l6

 w
it

h
 d

r
 

in
d
iv

id
-A

 a
x

e
s 

of
 f

re
ed

o
m

s,
 
a
r
c
h
 o

f 
w

h
ic

h
 m

y
 b
e
 d

i.
p

k
c
d

 M
i* 

o
r 

I-. 
m

y
 c

o
m

b
ii

ti
o

a
 t

o
 e

ff
e
c
t 
co

o
rd

in
8
te

d
 (

v
sc

to
rk

l)
 m

w
cl

m
so

t.
 

T
h
r 

~
7

8
- 

t
m

 d
ep

en
d
s 
a
~
 co

m
p
u
te

r 
8
u

g
n

s
n

ta
ti

o
a
 f

o
r 

d
-p

o
k

r
t 

w
m

tr
d
 8

ad
 f

o
r 

8
d

-
 

8
u
to

rm
ti

c 
an

d
 N

ly
 p

ro
g

ru
n

m
e
d

 s
q

1
e
n

c
e
8

 s
el

ec
t8

b
l.

t 
by

 t
h

e
 

Jo
in

t-
b
y
-j

o
in

t 
co

n
tr

o
l 

is
 a

v
ai

la
b
le

 w
it

h
 c

am
p
rd

er
 s

o
p
p
o
rt

 a
d
 by
 a

 k
r

d
- 

w
ir

ed
 d

ir
e
c
t 

m
an

u
al

 c
o
n
tr

o
l 

sy
st

em
 p

ro
v
id

ed
 t
o
 p

er
m

it
 t

h
e 

o
rd

e
rl

y
 t

e
rm

i-
 

n
at

io
n
 o

f 
a 

m
is

si
o
n
 u

n
d
er

 c
o
n
ti

n
g
an

cy
 c

o
n
d
it

io
n
s.

 
T

h
e 

T
H

C
 a

zu
d 
R
H
C
 a

re
 

n
o
t 

u
ti

li
ze

d
 in

 t
h
e 

jo
in

t-
b
y
-j

d
at

 
m

o
d
e.

 

W
ei

g
h
t 

a
d

 en
v
el

o
p
e 

co
nm

tr
8i

nt
m

 l
im

it
 t

h
e 

m
lP

tp
lS

It
o

r 
a

rm
 s

t
r

e
 

to
 1

0 
lh

t 
ap

p
li

ed
 t
o
 t
?r

e 
E

E
F

T
R

 a
t 

ri
g
h
t 

an
g
le

s.
 

F
d

y
 a

r
ta

d
d

. 
th

e
 u

rn
 w

il
l 

th
en

 d
ef

le
ct

 1
.0

 
in

. 
T

h
e 

la
rg

e
st

 p
la

n
n
ed

 P
ay

lo
ad

 h
u
 a

 m
a
ss

 o
f 

65
.0

00
 
lb
 

in
 r

 6
0
 f

t 
lo

n
g
 I

S
 f

t 
d

ia
m

e
te

r 
en

v
el

o
p
e.

 
S

tr
u

c
tu

ra
l 
m

o
d
es

 o
f 

th
e
 l

a
d

d
 8

n
n

 
wi
ll
 p

e
rm

it
 P

a
y

1
4

 m
o
v
em

en
ti

 8
t 

ra
te

s 
a
d
 rc

c
d

e
ra

ti
m

s
 s

im
il

a
r 
t
o
 -

0
 

ca
u
se

d
 b

y 
th

e
 a

r
k

 r
es

p
o
n
d
in

g
 t

o
 d

ri
v

e
 i
n
p
st

s.
 

C
le

a
ra

n
c
e
s 

in
 t

h
e
 C

a
r

p
 

b
y

 a
re

 in
 t

h
e 

o
rd

e
r 
of
 3

.0
 

Ip
s.

 
M

o
st

 O
f 

th
e 

la
rg

e
r 

P
a
y

lo
d

m
 w

il
l 

h
a
re

 c
or

n-
 

p
le

a
 c

o
n
to

u
rs

 m
d

 a
p
p
en

d
ag

es
 e

a
si

ly
 d

a
m

a
g

d
 b
y 

e
v
m

 8
 li

g
h

t 
c

d
li

.b
o

 
w

it
b

 
th

e
 a

rm
 o

r 
th

e 
O

rb
it

e
r.

 
T

h
e 

O
rb

it
e
r 

it
s

e
lf

 w
ff

l 
h
a 

u
~

b
A

e
 

to
 b
a
d
 

If
 o
m
e
 o

f 
it

s 
C

ar
g
o
 B

ay
 d

o
o
r 

h
in

g
es

 i
s
 d

am
ag

ed
 a
n
d
 w

ill
 b

u
rn

 u
p
 a
~
 rr

a
Q

tr
y

 
if

 
of
 i

ts
 c

e
ra

m
ic

 t
U

es
 i

s
 c

ra
ck

ed
. 

A
Sl

 
of
 W

s
 in

d
ic

at
es

 t
lu

t 
8
m

o
Q

b
. 

c
o

d
-

 
n
at

ed
 a
nd
 t

ra
n

si
e
n

t-
fr

e
e
 
o

p
e
rr

ti
o

o
 o

f 
th

e 
S

R
lv

s 
is
 a

 e
8

.
d

 *
@

- 

T
h
e 

d
ev

el
o
p
m

en
t 

ef
fo

rt
 a
n
d
 m

a
ri

n
d

 t
e
st

 r
e
a
o

lt
s 

c
u

ri
e

d
 W

 t
o 

d
a
te

 t
o 

p
ro

d
u
ce

 a
 T

r.
n

s
tt

ia
r 

H
an

d
 C

o
n

tr
o

ll
e
r 

su
ih

b
le

 f
o

r 
th

is
 t

a
8
k

 w
il

l 
be
 U

te
 

to
p
ic

 o
f 

th
is

 d
is

cr
m

si
o
%

 



C
R

IT
E

R
lA

 L
 C

O
N

S
T

R
A

IN
T

S
 

It
 i

s
 a

 w
el

l-
k
n
o
w

n
 f

ac
t 

th
at

 e
ac

h
 n

ew
 m

an
u

al
 c

m
tr

o
l 

ap
p

li
ca

ti
o

n
 h

a
s 

it
s 

ow
n 

c
h

a
ra

c
te

ri
st

ic
 r

a
q

d
re

m
e

n
ts

 a
n

d
 t

h
at

 t
h

e
 c

o
n

tr
o

ll
e
r 

m
u

st
 t

y
p

ic
d

y
 

b
e
 u

n
iq

u
e 

an
d

 c
o

m
p

at
ib

le
 w

it
h
 t

h
e
 p

a
rt

ic
u

la
r 

sy
st

e
m

 a
n
d
 i

ts
 t

a
sk

, 
in

 o
rd

e
r 

to
 a

ch
ie

v
e 

p
ro

p
e
r 

fu
n

ct
io

n
al

 m
at

ch
in

g
 a

t 
th

e 
rn

an
-m

ac
h

in
e 

in
te

rf
ac

e.
 

T
h

e 
p

ro
b

le
m

 i
s 

n
d

 s
o

 m
u

ch
 t

h
at

 o
f 

p
ro

v
id

in
g

 t
h

e 
v

a
ri

o
u

s 
co

rn
p

o
p

ea
ts

 t
h

at
 w

ff
l 

g
e
n

e
ra

te
 t

h
e 

n
e

c
e

ss
a

ry
 i

n
p

u
ts

 f
o

r 
th

e 
m

ac
h
in

e.
 

a
s
 i

t 
L

 
o
n
e 

of
 p

c
k

a
g

in
g

 
th

em
 i

n
to

 a
 d

ev
ic

e 
th

at
 c

a
n

 b
e
 o

p
er

at
ed

 a
s

 a
 c

o
m

fo
rt

ab
le

 h
aa

d
 t

o
o

l 
in

 s
p

a
ti

a
l 

h
a

rm
m

y
 w

it
h
 t

h
e
 o

v
e
ra

ll
 s

y
st

e
m

 u
r
k
 u

n
d

er
 d
l 

c
m

d
it

io
n

s,
 

an
d

 t
h

at
 v

U
J 

g
e
n

e
ra

te
 p

ro
p

ri
o

ce
p

ti
v

e 
fe

ed
b

ac
k

 t
o

 i
n

st
il

l 
co

n
fi

d
en

ce
 a
n
d
 t

o
 e

n
ab

le
 t

h
e

 
h
u
m

an
 s

e
n

so
ry

 s
y

st
e
m

 t
o

 b
e 

co
n
v
in

ci
n
g
ly

 p
ro

je
c
te

d
 i

n
to

 t
h

e
 U

1
k

 a
rm

, 
w

it
h
 

a
n

 a
cc

ep
ta

b
le

 w
o
rk

lo
ad

. 
R

ig
o

ra
u

 s
y

st
e
m

 i
d

en
ti

fi
ca

ti
o

n
 a

n
d

 e
le

g
an

t 
m

at
h

e-
 

m
a
ti

c
s 

fr
eq

u
en

tl
y

 o
v

er
sh

ad
o

w
 t

h
e
 i

m
p

o
rt

an
ce

 o
f 

th
e
 b

as
ic

 p
b

y
si

c
d

 a
n
d
 

h
an

d
li

n
g
 q

u
al

it
ie

s 
of

 t
h

e
 h

a
rd

w
a
re

 i
n

 d
ir

e
c

t 
co

n
ta

ct
 w

it
h
 t

h
e
 h

u
m

an
 n

so
ro

- 
m

u
sc

u
la

r 
c

h
m

a
e

ls
, 

an
d
 o

n
ly

 t
h

e 
g

re
a

t 
ad

ap
ti

v
e 

ca
p

ab
il

it
y

 o
f 

th
e
 o

p
e
ra

to
r 

en
ab

le
s 

h
im

 t
o

 c
o

m
p

en
sa

te
 f

o
r 

th
e

se
 i

m
p

er
fe

ct
io

n
s 
ur
d 

st
il

l 
p

re
d

ic
t 

sy
st

e
m

 
re

sp
o

n
se

. 

O
rb

it
e
r 

co
cl

rp
it

 l
ay

o
u

t.
 

ri
s
e

 a
n
d
 w

ei
g
h
t 

c
o

n
st

ra
in

ts
 h

av
e 

d
ef

in
ed

 m
an

y
 

of
 t

h
o
 d

es
ig

n
 p

a
ra

m
e

te
rs

 f
ro

m
 t

b
e
 s

ta
rt

. 
T

h
e

 T
H

C
 e

n
v

el
o

p
e 

w
as

 n
o
t 

to
 

ex
ce

ed
 6

 x
 4

 x
 4

.5
 

in
ch

es
. 

T
h

is
 a

n
d

 l
im

it
at

io
n

s 
in

 w
ei

g
h
t 
a
n
d
 a

v
ai

la
b

le
 

co
m

p
u

ta
ti

o
n

al
 c

ap
ac

it
y

 r
u

le
d

 o
u

t 
an

 a
c
ti

v
e
 f

o
rc

e
 f

u
el

 f
e

e
d

b
c

k
 s

y
st

e
m

. 

i 
(D

ev
el

o
p
m

en
t 

of
 a

 s
in

g
le

-i
n

p
u

t-
p

o
in

t 
co

m
m

an
d
 d

ev
ic

e 
w

as
 d

en
ie

d
 a

s
 a

 h
ig

h
 

sc
h

ed
u

le
 a

n
d
 d

es
ig

n
 r

is
k

 it
-.

) 
T

h
e 

T
H

C
-R

H
C

 c
o

m
p

le
x

 m
u

st
 b

e 
o

p
e
ra

b
le

 
by

 
5t

h
 p

e
rc

e
n

ti
le

 f
em

al
e 

to
 9

5t
h

 p
e
rc

e
n

ti
le

 m
a
le

 C
re

w
m

em
b

er
s.

 
A

ll
 w

il
l 

b
e
 e

le
v

at
ed

 t
o

 t
h

e
 s

a
m

e
 d

es
ig

n
 e

y
e 

p
o
in

t 
ap

p
ro

x
im

at
el

y
 i

n
 l

in
e
 w

it
h
 t

h
e 

ca
n

- 
te

r 
of

 t
h

e
 a

ft
 w

in
do

w
. 

C
o

af
ig

u
ra

ti
o

n
 
" G

" 
of

 
a 

N
A

S
A

-J
S

C
 

sc
u
d
y
 o

f 
c
o

n
tr

o
ll

e
r 

lo
ca

ti
o

n
s 

p
la

c
e
s 

th
e
 T

H
C

 n
e

a
r 

sh
o

u
id

er
 h

ei
g

h
t 

an
d

 s
o

m
e

 1
1 

in
ch

es
 l

ef
t 
of
 t

h
e

 
bo

dy
 c

en
te

rl
in

e.
 

T
h

is
 i

s
 c

u
rr

e
n

tl
y

 r
u

e
d

 a
s

 a
 b

as
el

in
e.

 

C
o

ac
ep

tu
al

 d
es

ig
n

 s
p
ec

U
ic

at
io

as
 

re
q

u
ir

e
d

 a
 4

 2
.0

 
in

s 
o

r 
a

rc
-i

n
s 

tr
a

v
e

l 
on

 e
ac

h
 a

x
is

 f
o

r 
ad

eq
u

at
e 

m
an

u
al

 r
es

o
lu

ti
o

n
. 

F
ro

m
 p

re
v

io
u

s 
ex

p
er

ie
n

ce
, 

a 
d

ef
le

ct
io

n
-t

y
p

e 
ac

ti
o

n
 w

u
 p

re
fe

rr
e

d
 t

o
 a

 f
o

rc
e-

st
ic

k
. 

In
pu
t 

ra
te

 l
im

it
in

g
 

(d
am

p
in

g
) 

w
- 
s 

to
 b

e 
g

en
er

at
ed

 b
y 

th
e

 T
H

C
 r

a
th

e
r 

th
an

 b
y 

e
le

c
tr

o
n

ic
s 

fu
rt

h
e

r 
d

o
w

n
st

re
am

, 
in

 o
rd

e
r 

to
 p

re
se

rv
e

 t
a
c
ti

le
 f

ee
d
b
ac

k
. 

S
p

ri
n

g
lo

ad
ed

 r
e

tu
rn

 t
o

 
z

e
ro

 w
as

 r
e
q

u
ir

e
d

, 
s

o
 i

t 
w

as
 d

ec
id

ed
 t

o
 i

n
it

ia
ll

y
 s

e
t 

th
e
 m

ax
im

u
m

 r
a
te

- 
d

ep
en

d
an

t 
re

si
st

a
n

c
e

 e
q

u
al

 t
o

 t
h

e
 m

ax
im

u
m

 d
ef

le
ct

io
n

-d
ep

en
d

en
t 

fo
rc

e
s,

 
th

e
 s

u
m

 n
e

v
e

r 
to

 e
x

ce
ed

 1
0 

lb
f 

in
 v

ie
w

 o
f 

th
e 

w
ei

g
h

tl
es

s 
o

p
e
ra

to
r.

 
T

h
e 

sp
ri

n
g

 s
y

st
e
m

 w
as

 t
o

 b
e
 p

re
lo

ad
ed

 t
o

 p
ro

v
id

e 
a 

b
re

ak
o

u
t 

st
e

p
 f

o
rc

e
 a

n
d
 

id
en

ti
fy

 t
h

e
 n

u
ll

 p
o
in

t 
on

 u
c

h
 4

s
.

 A
 d

et
en

t 
c

a
rt

ri
d

g
e

 h
a

s 
b
ee

n
 d

es
ig

n
ed

 
b

u
t 

n
o
t 

te
st

e
d

 S
O

 f
ar

. 
A

ll
 o

f 
th

e
 a

b
o
v
e 

w
as

 b
as

ed
 o

n
 b

es
t 

e
st

im
a
te

s 
of

 s
y

st
e

m
 

c
h

a
ra

c
te

ri
st

ic
s 

an
d

 o
n 

m
ax

im
- 

p
e

rm
is

si
b

le
 e

n
er

g
y

 t
ra

n
sf

e
r 

th
ro

u
g

h
 t

h
e 

a
rm

, 
si

n
c
e
 n

o
 v

al
id

 m
o

d
el

 e
x

is
te

d
 a

t 
th

e 
ti

m
e.

 
In

 o
rd

e
r 

to
 e

n
h

an
ce

 d
is

p
la

y
 

d
y

n
am

ic
s 

an
d

 f
ac

w
it

at
e 

p
re

d
ic

ti
v

e
 c

o
n

tr
o

l.
 

a 
q
u
ic

k
en

ed
 c

a
n

m
u

sd
la

c
tr

u
l 

d
is

p
la

y
 w

as
 p

ro
p

o
se

d
, 

bu
t 

th
is

 b
ec

am
e 

im
p

ra
c
ti

c
a
b

le
 w

h
en

 t
h

e
 r

a
te

 m
e

te
rs

 
w

e
re

 d
el

et
ed

 f
r
a

n
 t
h

e
 S

R
hC

S 
p
aa

d
 d

es
ig

n
. 

R
a

te
-d

o
p

a
d

e
n

t 
d

u
n

p
in

g
 w

as
 s

e
e

n
 a

s
 t

h
e
 m

o
st

 a
p

p
ro

p
ri

a
te

 p
u

s
iv

e
 

m
e

m
s

 o
f 

g
en

er
at

in
g

 i
n
p
u
t 

ra
te

 f
ee

d
b
ac

k
, 

fo
rc

e
 f

e
d

, 
st

a
ti

c
 d
 m

o
t

i
d

 
st

8
b
U

ii
y
. 

V
is

c
o

t~
e

 d
a

m
p

e
rs

 o
ff

er
ed

 a
c
c
e
p

ta
b

le
 d

t
 

s
ir

e
 f

o
r 

th
e
 f

o
rc

e
 

le
v

e
ls

, 
cu

n
v
aa

i-
t 

ad
ju

st
m

en
t 

an
d

 f
re

ed
o

m
 f

ro
m

 t
h

e
 v

e
ry

 o
b
je

ct
io

aa
b
lm

 
st

ic
k

-s
li

p
 c

h
8

ra
c

te
ri

st
lc

s 
of
 o

th
e
r 

fr
ic

ti
o

n
 d

ev
ic

es
. 

V
is

- 
dr

m
pS

ag
 i

n
 

m
a

d
 c
o

a
tr

o
ll

e
rs

 b
 b

y 
n

o
 m

e
a
n

s 
n
ew

, 
b

at
 s

o
m

a
 r

re
rp

e
c
te

d
 o

k
e

rv
lt

im
s

 
w

il
l 

b
e 

re
la

te
d

 h
er

e.
 

T
E
S
T
 O

B
JE

C
T

IV
E

S
 k

 A
P

P
R

O
A

C
H

 

A
 T

H
C

 D
a

n
m

st
ra

ti
a

n
 M

o
d
el

 h
a

s 
be

am
 h

il
t
 b
y 

C
A

E
 E

le
e

tr
a

P
ic

s 
kr

 
M

o
n

tr
ea

l 
t
o
 v

er
if

y
 t

a
rt

 a
d

eq
u

at
e 

m
ec

h
an

ic
al

 d
es

ig
n

 r
a
d

 h
aa

d
U

n
g

 +
ti

e
s

 
ca

n
 b

e 
co

n
ta

in
ed

 i
n

 t
h

e 
en

v
el

o
p
e 

sp
ec

if
ie

d
, 
an
d 

to
 s

e
t 

th
e

 i
n

it
ia

l 
fo

rc
e

 f
e

d
 

v
ar

ia
b

le
s.

 
D

es
ig

n
 r

.c
o

m
m

an
&

ti
o

n
s 

w
o

u
ld

 t
h
a
n
 b
r
 m

a
d

e
 W

e
d

 m
 m

an
n

ed
 

te
st

in
g

. T
h

e 
M

od
el

 w
ar

 a
q

p
ip

p
d

 w
it

b
 a

 T
-b

ar
 

h
aa

d
g

ri
p

, 
v

e
rt

ic
a

l 
a

t 
fi

rs
t 
an
d 

ro
ta

te
d

 t
o

 h
o

ri
so

n
ta

l 
fo

r 
th

e
 5

a
8
l 

te
st

s.
 

T
h

e 
H

a
d

 P
re

s
s
u

re
 P

o
in

t 
-P

i 
w

a
s 

d
ef

in
ed

 a
s
 t

h
e
 i

o
te

rs
e

c
ti

m
 o
f 

tb
e

 s
ta

m
 w

it
h
 t

h
e

 T
-b

u
 d
 a
ll
 t

n
v

a
t

 
ro

d
 f

o
rc

e
s 

w
e

re
 r

e
fe

rr
e

d
 t

o
 th

lm
 p

o
in

t.
 

A
nr

(lL
.r 

d
~

p
k

c
a

m
~

t
a

 
o

f
t
 1

2 
&

g 
o

r 
t
 1

.0
 

a
rc

-i
n

s 
c

s
s
ti

tu
te

d
 t

h
e

 r
a

r
t
id

 (2
-u

i.
) 
d
 t

h
e

 l
a

te
ra

l 
(Y

-a
x
is

) 
fr

ee
d

o
m

s.
 

T
h

e
 X

-a
x

is
 w

a
s 

m
.d

u
n

k
e

d
 a

s 
a 
r
 0

.5
5 

in
 W

r
 

d
is

p
tr

e
e
m

rp
t,

 
th

e
 m

ax
im

u
m

 p
e
rm

it
te

d
 b

y 
th

e
 e

n
cl

o
su

re
. 

C
o

n
tr

o
l 

la
w

s 
of
 t

h
e

 S
R

B
S

 .a
d
 a

 t
as

k
 p

ra
se

n
ta

ti
o

a
 &

w
ar

e 
w

e
re

 
in

se
rt

e
d

 i
n

 a
 r

e
d

-t
im

s 
d

ig
it

a
l 

fa
c
il

it
y

 u
s

o
c

lt
a

d
 w

it
b
 t

b
e

 S
R
1
6
 m

o
d
al

lb
ag

 
.a

d
 s

o
ft

w
a
re

 d
ev

el
o

p
m

en
t 

e
ff

o
rt

 a
t 

C
A

E
. 

A
 L

in
a

n
a

ti
c

 m
o

d
el

 o
f 

th
e

 a
rm

 w
as

 
la

g
g

ed
 b

y 
a

rb
it

ra
ry

 t
h

e
 c

w
1
s1

IP
ts

 o
f 

3.
0 

se
c

 I
n
 a
ll
 =

a
s 
to
 a

p
p

r
b

t
e

 
d

y
n

am
ic

 b
e

b
v

h
u

r 
of
 t

h
e

 l
o

ad
ed

 E
E

F
T

R
. 

T
h

e
 t

a
sk

 .&
w

ar
e 

w
a
s 

de
s-

 
to

 d
ri

v
e

 o
r 

p
o

si
ti

o
a 

a 
ta

rg
e

t,
 

to
 a

c
c
e
p

t 
c

a
n

m
a

a
d

 im
p
rt

s 
m

d
 m

w
e

 a 
c
a

n
o

r
 

sy
m

b
o
l.

 
E
E
F
T
R
 a

n
d
 t

o
 c

d
e

d
a

ta
 v

e
c

to
ri

a
l 

an
d

 p
a
rt

id
 e

rr
o

r 
(X

, 
Y

, 
Z
)
 a

d
 

p
r

ti
a

l 
ra

te
s 

o
n
 L

in
e.

 
T

h
e 

re
sa

lt
in

g
 t

ra
c
k

in
g

 t
a

sk
 w

as
 p

ra
m

an
ta

d
 t
o
 t
h

e
 

T
e

st
 O

p
e

ra
to

rs
 m

 a
 X

i 
in

 C
R

T
 a

s
 tw

o
 t

ri
a

n
g

u
la

r 
sy

m
b

o
ls

 d
 d

if
fa

ea
t 

c
d

o
r.

 
T

h
e
 b

rg
a

t 
m

o
v
ed

 v
e

rt
ic

d
l~

la
te

rd
ly

, r
o

ta
te

d
 t

o
 r

ep
re

s-
t 

O
rb

it
e

r-
re

fe
r-

 
m

c
e

d
 r

o
ll

, 
ro

d
 v

a
ri

e
d

 i
n

 s
is

e
 a

c
c
o

rd
in

g
 t

o
 i
ts

 c
o

s
n

p
d

d
 d

is
ta

o
c

e
 t

o
 th

e
 

o
b

se
rv

e
r,

 a
ll

 w
it

h
in

 t
h

e
 g

eo
m

et
ry

 o
f 

th
e

 O
rM

te
r 

C
a

rg
o

 b
y

. 

P
o

st
ti

m
in

g
, 

ra
te

-t
ra

c
k

in
g

 a
n
d
 t

ra
je

c
to

ry
-c

o
n

tr
o

l 
ta

sk
 m

o
d

u
le

s 
w

e
re

 
d
ev

el
o
p
ed

, 
to

td
in

g
 m

o
re

 t
h
n
 s

&
y

. 
d

es
ig

n
ad

 t
o

 &
it

 
si

n
g
L

e-
, 

h
o
-
, 

o
r 

th
re

e
-u

d
s 

in
p

u
ts

 f
ro

m
 t
he
 O

p
sm

at
o
r,

 
L

a.
, 

a
e

rc
im

e
 t

h
e

 b
rP
d 

c
o

m
tr

d
le

r 
in

 
an

y
 4

s
 o
r 

c
a

n
b

k
u

ti
m

 d
e

si
re

d
, 

fr
o

m
 f

u
ll

-s
c
a
le

 m
ax

im
u

m
-r

at
e 

d
is

p
la

c
e
- 

m
e
n

t 
to
 m

in
lm

u
m

 u
n

p
li

tu
d

e
 p

re
c

ia
lm

 a
d

ju
st

m
an

ta
. 

Q
u
ic

k
-s

t*
 

M
n

e
rr

e
ra

 
w

e
re

 i
n

d
m

d
ed

 t
o

 s
im

u
la

te
 a

n
 e

rr
o

r 
in

 t
h

e
 o

ri
g

in
a

l 
e

st
k

a
rt

e
 of
 

th
e

 ta
rn

a 
p

o
si

ti
o

n
 o

r 
tr

a
je

c
to

ry
. 

T
h
e 

ro
ll

 u
d
s 

w
u

 a
ls

o
 a

v
a
il

a
b

le
 b

o
t 

se
ld

o
m

 p
.4

 
si

n
c

e
 t

h
e

 a
v

a
il

a
b

le
 A

p
o

ll
o

 A
C

A
 .
a
d
 a

 b
re

ad
b

aa
rd

 R
H
C
 m

o
d

el
 w

a
re

 a
c

t 
re

p
re

- 
se

n
ta

ti
v

e 
of

 t
h

e
 S

R
k

S
 re

q
p
ir

am
ao

tm
. 

W
h

er
ev

er
 p

o
ss

ib
le

, 
th

e
 t

a
sk

 s
in

a
u

la
td

 
ev

en
ts

 a
n

d
 c

o
a

tr
o

ll
e

r 
ac

ti
v

it
y

 e
x

p
ec

te
d

 t
o

 b
e
 

se
e

n
 i

n
 S

R
M

 m
is

s
is

s
. 



P
e
rf

o
rm

a
n

c
e
 d

a
ta

 w
e

re
 c

o
ll

e
c
te

d
 o

n 
d

is
c

 a
n
d
 r

e
c

o
rd

e
r 

h
a
rd

 c
o
p
y
*
 

sh
o
w

in
g
 t

h
e
 c

o
m

m
a
n

d
 a

c
ti

v
it

y
 i

n
 e

a
c
h

 a
x

is
, 

th
e
 v

e
c
to

ri
a
l 

e
rr

o
r 

an
d
 i

ts
 t

im
e

 
in

te
g

ra
l.

 
N

o 
st

a
ti

st
ic

a
l 

a
n

a
ly

si
s 

w
a
s 

p
e
rf

o
rm

e
d

 s
in

c
e

 t
h

e
 b

a
si

c
 o

b
je

c
ti

v
e
s 

co
u
ld

 b
e 

a
c
h

ie
v

e
d

 b
y 

in
sp

e
c
ti

o
n

 a
n

d
 d

e
b

ri
e
fi

n
g

, 
b
u
t 

fu
ll

 p
e
rf

o
rm

a
n

c
e
 a

n
a
ly

si
s 

w
il

l 
b
e 

a
rr

c
u

te
d

 p
ro

b
a
b

ly
 f

o
ll

o
w

in
g
 S

R
M

S
 s

y
st

e
m

 i
n

te
g

ra
ti

o
n

. 

T
h

e
 O

p
e
ra

to
r,

 
th

e
 T

H
C

 
M

o
d
el

 a
n

d
 t

h
e
 T

a
sk

 D
is

p
la

y
 w

e
re

 e
n

c
lo

se
d

 i
n

 
a
 d

a
rk

e
n

e
d

 c
u

b
ic

le
 w

it
h
 r

e
a
so

n
a
b

le
 i

so
la

ti
o

n
 f

ro
m

 e
x

te
rn

a
l 

n
o

is
e
 a

n
d

 d
im

tu
r-

 
b
an

ce
s.

 
A

 s
im

p
le

 s
e
t 

of
 

b
lo

ck
a 

w
as

 u
se

d
 t

o
 e

le
v

a
te

 t
h

e
ir

 e
y

e
s 

to
 t

h
e
 c

e
n

te
r 

of
 
th

e
 C

R
T

 s
e
rv

in
g

 a
s
 t

h
e
 a

ft
 w

in
d
o
w

. 
T

h
e 

T
H

C
 h

a
n

d
g

ri
p

 a
n
d
 t

h
e
 (

in
a
c
ti

v
e
) 

R
H

C
 w

e
re

 i
n

st
a
ll

e
d

 i
n

 r
e
p

re
se

n
ta

ti
v

e
 p

o
si

ti
o

n
s 

a
c
c
o

rd
in

g
 t

o
 N

A
S
A

 C
d

ig
u

r
-
 

a
ti

o
n

 C
, 

th
e
 l

a
tt

e
r 

u
se

d
 a

a
 a

 h
u

rd
 p

o
si

ti
o

n
e
r.

 

R
E
S
U
L
T
S
 &

 C
O

N
C

L
U

S
IO

N
S

 

T
w

o
 T

e
st

 O
p

e
ra

to
r 

g
ro

u
p

s 
c
o

n
si

st
e
d

 o
f 

o
n

e
 5

th
 p

e
rc

e
n

ti
le

 f
e
m

a
le

, 
a
 

m
e
d

iu
m

 a
n
d
 a

 t
a
ll

 m
a

le
 s

u
b

je
c
t 

e
a
c
h

. 
T

h
e
 f

e
m

a
le

s 
h
ad

 l
it

tl
e

 o
r 

n
o

 m
a
n

- 
m

a
c
h

in
e
 e

x
p

e
ri

e
n

c
e
, 

th
e
 m

a
le

s 
w

e
re

 f
a
m

il
ia

r 
w

it
h
 t

h
e
 S

R
M

S
 a

n
d
 i

ts
 t

a
sk

..
 

T
w

o
 h

ad
 h

ad
 

p
re

v
io

u
s 

p
ra

c
ti

c
e

 d
u

ri
n

g
 t

h
e
 s

h
ak

ed
o
w

n
 t

ri
a

ls
, 

th
e
 o

th
e
r 

tw
o
 

h
a
d

 e
x

te
n

si
v

e
 c

o
n

tr
o

l 
e
x

p
e
ri

e
n

c
e
 i

n
 a

ir
c

ra
ft

 a
n
d
 f

li
g

h
t 

si
m

u
la

to
rs

. 

S
ix

te
e
n

 t
e

s
ts

 w
e
re

 c
o
n
d
u
ct

ed
 w

it
h
 t

h
- 

in
it

ia
l 

fo
rc

e
 s

e
tt

in
g

s.
 

E
le

v
e
n

 
N

 
m

 
Y

 
te

s
ts

, 
e
ss

e
n

ti
a
ll

y
 r

e
p

e
ti

ti
o

n
s 

of
 t

h
e
 a

b
o

v
e
 w

e
re

 p
e
rf

o
rm

e
d

 w
it

h
 t

h
e
 +

a
n

p
e

rs
 

d
is

c
o

n
n

e
c
te

d
. 

F
iv

e
 f

u
rt

h
e

r 
te

s
ts

 h
ad

 t
h

e
 T

-b
a
r 

h
a
n

d
g

ri
p

 o
ri

e
n

te
d

 h
o

ri
z
o

n
- 

td
ly

 a
n

d
 t

h
e
 d

a
m

p
in

g
 s

e
t 

a
t 

5
0
%

 o
f 

t.
e

 i
n

it
ia

l 
v
al

u
e.

 
E

a
c
h

 d
a
ta

 r
u

n
 w

a
s 

re
p

e
a
te

d
 t

h
re

e
 t

im
e
s.

 
O

p
e
ra

to
rs

 w
e
re

 i
m

m
e
d

ia
te

ly
 d

e
b

ri
e
fe

d
 b

y 
d

is
c
u

ss
in

g
 

th
e
 c

o
m

m
an

d
 t

ra
c

e
s
 a

n
d
 h

av
in

g
 t

h
e
m

 e
x

p
la

in
 t

h
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 b
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b
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h
e
 i

n
c

re
a

se
/d

e
c

re
a

se
 o

f 
im

a
g

e
 s

iz
e

 b
ei

n
g
 
a
 

S
te

p
 

fu
n
ct

io
n
 o

f 
th

e
 C

R
T

 r
a

s
te

r 
li

n
e
 d

im
e
n

si
o

n
s,

 
bu

t 
si

m
il

a
r 

d
if

fi
c
u

lt
ie

s 
w

il
l 

a
i
a

t
 in

 r
e

a
l 

li
fe

 d
u
e 

to
 o

p
ti

c
a
l 

e
ff

e
c
ts

. 

S
p

a
ti

a
l 

c
o

rr
e
sp

o
n

d
e
n

c
e
 w

a
s 

g
o
o
d
, 

v
e
ry

 f
ew

 s
ta

rt
in

g
 e

rr
o

rs
 w

e
re

 n
o
te

d
. 

T
h

e
 t

w
o
 a

n
g

u
la

r 
fr

e
e

d
a

n
s
 w

e
re

 u
m

ed
 

si
m

u
lt

a
n

e
m

sl
y

 b
y 

in
st

in
c
t,

 
a

n
ri

 w
e

re
 

re
p

o
rt

e
d

 t
o

 h
a
v

e
 s

u
ff

ic
ie

n
t 

tr
a

v
e

l,
 

g
o
o
d
 p

o
si

ti
o

n
a
l 

fe
e
d

b
a
c
k

 a
n
d
 l

it
tl

e
 t

e
n

- 
d

e
n

c
y

 t
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p
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c
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p
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b
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c

o
n

s
is

ts
 o

f 
a 

d
if

fe
re

n
ti

a
l 

to
 s
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c
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c
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ra
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e
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c
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a
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r
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a
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 m
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v
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n
d
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w
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e
 

a
tt
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a
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n
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e
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e
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n
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h
e
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n
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c

ti
o

n
a
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w
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or
m
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Th
e 

o
u
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u

t 
o

f 
th

e
 s

m
o

o
th

in
g

 f
il

te
r

 b
e

a
rs
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 m

o
n

o
to

n
ic

 
r

e
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tt
m

 t
o

 c
o

n
tr

a
c

ti
o

n
 

1 
e

ff
o
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In
 

st
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id
y

 
s

ta
te

. 
H

ow
ev
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, 

th
e

 o
u

tp
u

t 
h

a
s 

a
 

n
o

is
e

 s
u

p
er

im
p

v
se

d
 

o
n

 
i

t
, 

s
im

il
a
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~

n
r

r
c

ti
f
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d

 
E
W
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h
a

t 
in

c
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se

s 
w

it
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c
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n
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 c
o

n
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o
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l 
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d
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 c
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c
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c
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 f
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 b
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c
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w
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 r
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r.

u
ti

n
1

 
ti

m
e

 
la

g
 l

e
a

d
in

g
 t

o
 a

 
sl

u
g

g
is

h
 

sy
st

em
 r
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c
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a
c
k
 o
f
 
p
r
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c
t
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c
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c
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c
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 b
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c
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c
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i
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l
e
m
e
n
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r
e
d
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t
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f
e
e
d
b
a
c
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r
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s
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r
c
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i
n
v
e
s
t
i
g
a
t
i
o
n
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a
s
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n
d
e
r
t
a
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e
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d
e
t
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r
m
i
n
r
 t
h
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s
u
i
t
a
b
i
l
i
L
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i
s
u
a
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p
r
e
d
i
c
t
~
v
r
 f
e
e
d
b
a
c
k
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i
n
 
c
o
n
t
r
o
l
l
i
n
g
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s
l
m
u
l
a
t
r
d
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i
s
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v
l
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d
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T
h
e
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i
l
i
 
p
r
o
v
i
d
e
 
h
n
s
i
r
 
i
n
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o
r
m
a
t
i
o
n
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n
 
a
 
n
e
w
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p
p
r
o
a
r
h
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i
n
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o
m
,
~
t
i
o
n
 

f
e
e
d
b
a
c
k
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o
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 E
M
G
 
c
o
n
t
r
o
l
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f
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s
s
i
s
t
a
n
c
e
 d
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t
h
i
s
 
a
p
l
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c
l
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u
c
c
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s
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u
l
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a
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n
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u
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u
c
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c
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n
g
 -

 s
l
u
g
g
i
s
h
n
e
s
s
 r
e
l
a
t
i
o
n
s
h
i
p
 w
h
i
c
h
 
g
o
v
e
r
n
8
 s
i
m
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c
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h
e
s
e
 
t
w
o
 
m
a
j
o
r
 
h
y
p
o
t
h
e
s
c
.
~
 a
 s
u
b
j
e
c
t
i
v
e
 a
n
s
e
s
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r
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h
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T
h
e
 d
y
x
a
m
i
n
r
s
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ar
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e
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i
c
e
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 d
e
v
e
l
o
p
t
h
e
 s
i
m
u
l
a
t
e
d
 p
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or
 

e
q
u
a
t
l
o
n
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 w
e
r
e
 o
b
t
a
i
n
e
d
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r
o
m
 
th
e 
E
W
 
c
o
n
t
r
o
l
l
e
d
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B
o
s
t
o
n
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 p
r
o
t
o
L
y
p
e
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f
 
w
h
i
c
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i
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l
o
r
a
t
e
d
 a
t 
th
e 
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ib
er
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 M
u
t
u
a
l
 
R
e
s
e
a
r
c
h
 C
en
te
r.
 
H
o
p
k
i
n
t
o
n
,
 M
a
s
s
a
c
h
u
s
e
t
t
s
.
 

T
h
e
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rm

" 
is
 
a
 
s
i
n
g
l
e
 r
!e
gr
ee
 
o
f
 f
r
e
e
d
o
m
 p
r
r
~
s
t
h
e
s
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c
a
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o
n
t
r
o
l
l
e
d
 b
y 

a
b
o
v
e
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l
b
o
w
 

a
m
p
t
u
e
e
s
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s
i
n
g
 
e
l
e
c
t
r
o
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o
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r
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p
h
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c
 s
i
g
n
a
l
s
 
f
r
o
m
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b
i
c
e
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s
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A
 
bl
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k 
d
i
a
g
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dv
an

ce
 

of
 

th
e

 N
eu

 
M

A
-2

3 
F

o
rc

e 
R

e
fl

e
c

ti
n

g
 H

a
n

ip
la

to
r 

S
y

st
em

,"
 

P
ap

er
 

p
re

se
n

te
d

 
a

t
 t

h
e

 
R

oH
an

S
y-

76
 

S
ym

po
si

um
. 

W
ar

sa
w

. 
P

o
la

n
d

, 
1

4
-l

?
 S

ep
te

m
b

er
 

1
9

7
6

 (
P

ro
ce

ed
- 

in
g

s 
w

il
l 

b
e 

p
u

b
li

sh
e

d
 

th
ro

u
g

h
 C

IS
M

 
in

 1
9

7
7

).
 

7.
 

P.
 
N.
 

f
it

ts
. 

'T
h

e
 

In
fo

rm
a

ti
o

n
 

C
a

p
a

c
it

y
 

of
 

th
e

 H
ua

an
 

M
ot

or
 

S
y

st
em

 I
n

 
C

o
n

tr
o

ll
in

g
 A

m
p

li
tu

d
e 

o
f 

Il
ov

em
en

t.
" 

J
a

rr
n

a
l 

o
f 

E
x

p
er

im
en

ta
l 

P
sy

ch
o

lo
g

y
. 

V
o

l.
 

4
7

, 
pp

. 
3

8
1

-3
9

1
 

(1
9

5
4

).
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PR
Er
)l
C'
iI
ON
 O
F
 
P
I
L
D
T
-
A
I
R
C
R
A
F
T
 
S
P
A
B
l
L
l
T
Y
 

B
O
L
X
D
A
R
I
E
S
 
A
N
D
 
P
E
R
K
N
U
A
N
C
E
 C

O
N
T
O
U
R
S
 

R
o
b
e
r
t
 
F.
 
S
t
e
n
g
e
l
 
a
n
d
 
J
o
h
n
 
R
.
 
B
r
o
u
s
s
a
r
d
 

T
h
e
 
A
n
a
l
y
t
i
c
 
S
c
i
e
n
c
e
s
 
C
o
r
p
o
r
a
t
i
o
n
 

S
I
X
 J
a
c
o
b
 
W
a
y
 

R
e
a
d
l
n
g
.
 
M
a
s
s
a
c
h
u
s
e
t
t
s
 
0
1
8
6
7
 

C
o
n
t
r
o
l
-
t
h
e
o
r
e
t
i
c
 
p
i
l
o
t
 
m
o
d
e
l
s
 
c
a
n
 
p
r
w
i
d
e
 
i
m
p
o
r
t
a
n
t
 
n
e
w
 

l
n
s
i
g
h
t
s
 
r
e
g
a
r
d
i
n
g
 
t
h
e
 s
t
a
b
i
l
i
t
y
 
a
n
d
 
p
e
r
f
o
r
m
a
n
c
e
 
c
h
a
r
a
c
t
e
r
-
 

i
s
t
i
c
s
 o
f
 
t
h
e
 p
i
i
o
t
-
a
i
r
c
r
a
f
t
 
s
y
s
t
e
m
.
 
O
p
t
i
m
a
l
-
c
o
n
t
r
o
l
 
p
i
l
o
t
 

m
o
d
e
l
s
 
c
a
n
 
b
e
 
f
o
r
m
e
d
 
f
o
r
 
a
 
w
i
d
e
 
r
a
n
g
e
 o
f
 
f
l
i
g
h
t
 
c
o
n
d
i
t
i
o
n
s
,
 s
u
g
-
 

F
e
s
t
i
n
g
 
t
h
a
t
 
t
h
e
 
h
u
m
n
 p
i
l
o
t
 
c
a
n
 
m
a
i
n
t
a
i
n
 
s
t
a
b
i
l
i
t
y
 
if
 
h
e
 
a
d
a
p
t
s
 

h
i
s
 
c
o
n
t
r
o
l
 
s
t
r
a
t
e
g
y
 
t
a
 
t
h
e
 
a
i
r
c
r
a
f
t
'
b
 
c
h
a
n
g
i
n
g
 
d
y
n
a
m
i
c
s
.
 
O
f
 

p
a
r
t
i
c
o
;
a
r
 
c
o
n
c
e
r
n
 
i
s
 
t
h
e
 
e
f
f
e
c
t
 o
f
 
s
u
b
-
o
p
t
i
m
a
l
 
p
i
l
o
t
 
a
d
a
p
t
a
t
i
o
n
 

"
 

,- 
a
s
 
a
n
 
a
i
r
c
r
a
f
t
 
t
r
a
n
s
i
t
i
o
n
s
 
f
r
o
m
 
l
o
w
 
LO
 
h
i
g
h
 
a
n
g
l
e
-
o
f
-
a
t
t
a
c
k
 
d
u
r
-
 

u
 

i
n
g
 
r
a
p
i
d
 m
a
n
e
u
v
e
r
i
n
g
.
 
a
s
 
t
h
e
 c
h
a
n
g
e
s
 
in
 
a
i
r
c
r
a
f
t
 
s
t
a
b
i
l
i
t
y
 
a
n
d
 

c
o
n
t
r
o
l
 
r
e
s
p
o
n
s
e
 
c
a
n
 
be
 
e
x
t
r
e
m
e
.
 
T
h
i
s
 
p
a
p
e
r
 
e
x
a
m
i
n
e
s
 
t
h
e
 e
f
f
e
c
t
s
 

o
f
 
o
p
t
i
m
a
l
 
a
n
d
 
s
l
r
b
-
o
p
t
i
m
a
l
 
e
f
f
o
r
t
 
d
u
r
i
n
g
 
a
 
t
y
p
i
c
a
l
 

h
i
g
h
-
g
m
 

m
a
n
e
u
v
e
r
.
 
a
n
d
 
it
 
i
n
t
r
o
d
u
c
e
s
 t
h
e
 
c
o
n
c
e
p
t
 
o
f
 
m
i
n
~
m
u
m
-
c
o
n
t
r
o
l
 e
f
f
o
r
t
 

(
Y
C
E
)
 a
d
a
p
t
a
t
i
o
n
.
 

L
i
m
i
t
e
d
 
e
x
p
e
r
i
m
e
n
t
a
l
 
r
e
s
u
l
t
s
 
t
e
n
d
 
t
o
 s
u
p
p
o
r
t
 

t
5
e
 M
C
E
 
a
d
a
p
t
a
t
i
o
n
 
c
o
n
c
e
p
t
.
 

I
h
T
R
D
D
U
C
T
I
O
N
 

S
i
n
c
e
 T
u
s
t
i
n
 
f
i
r
s
t
 
l
l
k
e
n
e
d
 
t
h
e
 c
o
m
m
a
n
d
 
a
n
d
 
r
e
s
p
o
n
s
e
 

p
a
t
t
e
r
n
s
 
o
f
 
an
:i
-a
ir
cr
af
t 

g
u
n
n
e
r
s
 
t
o
 
r
u
d
i
m
e
n
t
a
r
y
 
c
o
n
t
r
o
l
 
s
y
s
-
 

t
e
m
s
 
(
R
e
f
.
 1
)
.
 
t
h
e
 
i
n
t
r
i
g
u
i
n
g
 n
o
t
i
o
n
 
t
h
a
t
 
c
o
n
t
r
o
l
-
t
h
e
o
r
e
t
i
c
 

m
r
t
h
e
~
t
l
~
a
l
 

m
d
e
l
s
 c
a
n
 
c
h
a
r
a
c
t
e
r
i
z
e
 
t
h
e
 
n
u
m
a
n
 
o
p
e
r
a
t
o
r
 
h
a
s
 

b
e
e
n
 
c
a
r
r
i
e
d
 
t
u
 
a
 
hi
gl
. 
s
t
a
t
e
 
o
f
 
d
e
v
e
l
o
p
r
n
t
.
 

F
r
e
q
u
e
n
c
y
-
d
m
i
n
 

m
r
d
e
l
s
 
h
a
v
e
 
p
r
o
v
e
n
 
c
a
p
a
b
l
e
 
o
f
 c
a
p
t
u
r
i
n
g
 
f
u
n
d
a
m
e
n
t
a
l
 
a
s
p
e
c
t
s
 o

f
 

t
h
e
 
h
u
m
a
n
 
o
p
e
r
a
t
o
r
'
s
 
b
e
h
a
v
i
o
r
 
in
 
a
 
s
t
r
a
i
g
h
t
f
o
r
n
a
r
d
 
a
n
d
 
l
o
g
i
c
a
l
 

f
a
s
h
i
o
n
 
(
a
s
 i
n 

R
e
f
s
.
 
2
 
a
n
d
 
3
)
.
 
w
h
l
l
e
 
t
i
m
e
-
d
o
m
a
i
n
 m
o
d
e
l
s
 
h
a
v
e
 

d
e
n
a
n
s
t
r
a
t
e
d
 
t
h
a
t
 
a
 
w
e
l
l
-
n
u
t
:
v
a
t
e
d
 
s
u
b
?
e
c
t
 
c
a
n
.
 
in
 
f
a
c
t
.
 
b
e
h
a
v
e
 

l
i
k
e
 
a
n
 
o
p
t
i
m
a
l
 
c
o
u
t
r
o
l
 
sy
st
ec
n 
in
 
v
a
r
i
o
u
s
 
s
i
n
g
l
e
-
 
a
n
d
 
m
u
l
t
i
-
 

a
x
l
s
 
t
r
a
c
k
i
s
g
 
t
a
s
k
s
 
(
R
e
f
s
.
 4
 
t
o
 
6

)
. 

N
e
v
e
r
t
h
e
l
e
s
s
.
 
a
 
n
u
m
b
e
r
 
o
f
 

p
e
r
p
l
e
x
i
n
g
 
p
r
o
b
l
c
m
s
 
r
e
m
a
i
n
 
In
 
t
h
e
 
s
t
u
d
y
 o
f
 
wh
a'
 

m
i
g
h
t
 
b
e
 
c
r
l
l
e
d
 

t
h
e
 p
i
l
o
t
'
s
 
"
d
i
s
c
r
e
t
i
o
n
a
r
y
 
c
o
n
l
r
o
l
 
be

ha
vi

or
."

 
i
.
e
.
.
 
g
i
v
e
n
 
t
h
a
t
 

t
h
e
 
s
u
b
j
e
c
t
 
i
s
 
p
h
y
s
i
c
a
l
l
y
 
a
n
d
 
e
m
o
t
i
o
n
a
l
l
y
 
c
a
p
a
b
l
e
 
o
f
 
p
e
r
f
o
m
-
 

i
n
g
 
a
 
t
a
s
k
 
in
 
a
n
 
o
p
t
i
m
a
l
 
m
a
n
n
e
r
.
 
w
h
y
 
m
i
g
h
t
 
t
h
a
t
 
s
u
b
j
e
c
t
 
c
h
o
o
s
e
 

t
o
 
d
o
 
o
t
h
e
r
w
i
s
e
?
 

*
P
r
e
s
e
n
t
e
r
n
e
 13
:h
 

h
n
u
a
l
 
C
o
n
f
e
r
e
n
c
e
 o
?
 
M
a
n
u
a
l
 
C
o
n
t
r
o
l
.
 

C
a
m
b
r
i
d
g
e
.
 
U
a
s
s
a
c
h
u
s
e
t
t
s
,
 
J
u
n
e
 
1
5
-
1
7
.
 
1
9
7
7
.
 

T
h
e
 
m
a
t
t
e
r
 
4
s
 o
f
 
p
a
r
t
i
r
:
u
l
a
r
 
c
o
n
c
e
r
n
 w
h
e
n
 
t
h
e
 s
u
b
j
e
c
t
 
i
s
 

a
 
s
k
i
l
l
e
d
 
p
i
l
o
t
 
a
n
d
 
t
h
e
 
t
a
s
k
 
i
s
 c
o
n
t
r
o
l
l
i
n
g
 
a
 
m
a
n
e
u
v
e
r
i
n
g
 

a
i
r
c
r
a
f
t
.
 
f
o
r
 
t
b
e
 s
s
c
c
e
s
s
 
o
f
 
t
h
e
 m
i
s
s
i
o
n
 
8
n
d
 
t
h
e
 p
il
ot
's
 
o
m
 

s
a
f
e
t
y
 a
r
e
 
s
t
r
o
n
g
 
m
o
t
i
v
a
t
i
n
g
 
f
a
c
t
o
r
s
.
 

D
u
r
i
n
g
 
r
a
p
i
d
 
l
u
r
e
u
v
e
r
i
n
g
.
 

t
h
e
 
a
i
r
c
r
a
f
t
'
s
 
d
y
n
a
m
i
c
 
c
n
a
r
a
c
t
e
r
i
a
t
i
c
a
 
c
a
n
 
c
h
~
g
e
 

n
r
k
e
d
l
y
 
i
n
 
a
 

m
a
t
t
e
r
 
o
f
 
s
e
c
o
n
d
s
.
 
a
n
d
 
t
h
e
 p
i
l
o
t
 
n
y
 b
e
 
c
a
l
l
e
d
 
u
p
0
0
 
t
o
 .
I*
e 

c
h
a
n
g
e
s
 i
n
 
h
i
s
 
c
o
n
t
r
o
l
 
s
t
r
a
t
e
g
y
 
j
u
s
+
.
 t
o
 m
i
n
t
a
i
n
 
s
t
a
b
i
l
i
t
y
.
 
m
u
c
h
 

l
e
s
s
 c
a
r
r
y
 
o
u
t
 
h
i
s
 m
i
s
s
i
o
n
.
 

M
or

e 
o
l
t
e
n
 
t
h
a
n
 n
o
t
.
 
t
h
e
 p
i
l
o
t
 

w
h
o
 
p
e
r
f
o
r
m
s
 
s
u
c
h
 
m
a
n
e
u
v
e
r
s
 
h
a
s
 m
a
s
t
e
r
e
d
 
t
h
e
 I
.e
ce
ss
8r
y 

p
r
o
c
e
-
 

d
u
r
a
l
 
a
d
a
p
t
a
t
i
o
n
 
a
n
d
 
e
x
e
c
u
t
e
s
 
it
 
w
i
t
h
 
p
r
e
c
i
s
i
~
n
.
 

O
n

 
r
a
r
e
 

o
c
c
a
s
i
o
n
s
.
 
e
v
e
n
 
t
h
e
 
s
k
i
l
l
e
d
 
p
i
l
o
t
 
m
8
y
 
g
e
t
 
i
n
t
o
 
t
r
o
u
b
l
e
.
 
a
d
a
p
t
-
 

i
n
g
 h
i
s
 
c
o
n
t
r
o
l
 
s
t
r
a
t
e
g
y
 
t
o
 
s
u
i
t
 
p
o
o
r
l
y
 
c
h
o
s
e
n
 
c
r
i
t
e
r
i
a
,
 o

r
 

p
e
r
h
a
p
s
 
n
o
t
 
a
d
a
p
t
i
n
g
 

t
 a
l
l
.
 

I
n
 
h
i
g
h
-
p
e
r
f
o
r
p
.
~
c
e
 a
i
r
c
r
a
f
t
.
 

t
h
i
s
 
a
p
p
a
r
e
n
t
 
l
a
p
s
e
 c
r
u
 
c
a
u
s
e
 
a
 
p
i
l
o
t
-
i
n
d
u
c
e
d
 
"
d
e
p
r
t
u
r
e
.
"
 

i.
e.
. 

a
 
l
o
s
s
-
o
f
-
c
o
n
t
r
o
l
 
i
n
c
i
d
e
n
t
 r
b
l
c
h
,
 
if
 
no
' 

c
o
r
r
e
c
t
e
d
 
i
~
.
e
-
 

d
i
a
t
e
l
y
,
 
c
a
n
 
l
e
a
d
 
t
o
 
a
 
s
p
i
n
 
8
n
d
 
p
o
s
s
i
b
l
e
 
l
o
s
s
 o
f
 t
h
e
 a
i
r
c
r
a
f
t
.
 

T
h
e
 p
r
o
b
l
e
r
s
 
f
o
r
 s
t
u
d
y
 
a
r
e
 
n
o
t
 
o
n
l
y
 
h
o
r
 
t
o
 P
o
d
e
l
 
t
h
e
 p
il
ot
's
 

d
i
s
c
r
e
t
i
o
n
a
r
y
 
b
e
h
a
v
i
o
r
 
i
n
 
d
e
p
a
r
t
u
r
e
-
p
r
o
n
e
 m
n
e
u
v
e
r
i
n
g
 

tr
e

k
s

. 
b
u
t
 
h
o
w
 
t
o
 
r
e
l
a
t
e
 
s
u
c
h
 
a
 m
o
d
e
l
 
t
o
 t
h
e
 l

o
r
e
 f

r
e
q
u
a
n
t
,
 n
e
a
r
-
 

o
p
t
i
m
a
l
 
b
e
h
a
v
i
o
r
 
o
f
 
t
h
e
 
s
k
i
l
l
e
d
 
p
i
l
o
t
.
 

T
h
e
 
a
p
p
r
o
a
c
h
 
t
a
k
e
n
 
in
 
t
h
i
s
 p
a
p
e
r
 
i
s
 
t
o
 d
e
f
i
n
e
 
a
 
s
e
-
 

q
u
e
n
c
e
 
o
f
 o
p
t
i
m
a
l
-
c
o
n
t
r
o
l
 
p
i
l
o
t
 
m
d
e
l
s
 w
h
i
c
h
 
c
o
r
r
e
s
p
b
n
i
,
 t
o
 
t
h
e
 

a
i
r
c
r
a
f
t
'
s
 
c
h
a
n
g
i
n
g
 
d
y
n
a
m
i
c
s
 
8
s
 
it
 
p
e
r
f
o
r
p
q
 
a
 
n
O
P
i
n
8
l
 P
l
l
e
i
l
v
e
r
 

a
n
d
 
t
o
 
e
x
a
m
i
n
e
 
t
h
e
 e
f
f
e
c
t
s
 
o
f
 
p
i
l
o
t
-
a
i
r
c
r
a
f
t
 
a&
l 

mi
cl
rm
rt
cb
 
o
n
 

c
l
o
s
e
d
-
l
o
o
p
 
s
t
a
b
i
l
i
t
y
 
a
n
d
 
s
t
a
t
i
s
t
i
c
a
l
 
t
r
a
c
k
i
n
g
 
e
r
r
o
r
.
 

T
h
e
 

m
a
n
e
u
v
e
r
 
--

 a 
"
w
i
n
d
-
u
p
 
t
u
r
n
"
 
--

 be
g
i
n
s
 
a
t
 
l
o
r
 a
n
g
l
e
 
o
f
 a
t
t
a
c
k
 

(
a
o
)
 a
n
d
 
p
r
o
c
e
e
d
s
 
t
o
 
a
 
h
i
g
h
 
a
o
.
 

A
s
 
t
h
e
 m
a
n
e
u
v
e
r
 
p
r
o
g
r
e
s
s
e
s
.
 

t
h
e
r
e
 
i
s
 a
 
d
r
a
m
a
t
i
c
 
v
a
r
i
a
t
i
o
n
 
in
 
t
h
e
 o
p
t
i
m
a
l
 
p
i
l
o
t
i
n
g
 
s
t
r
a
t
e
g
y
.
 

i
n
c
l
u
d
i
n
g
,
 
in
 
s
o
m
a
 
c
a
s
e
s
.
 
a
 
c
h
a
n
g
e
 
i
n
 
s
i
g
n
 
o
f
 t
b
e
 p
il
ot
's
 
st
*-
 

b
i
l
i
z
i
n
g
 
c
o
m
m
a
n
d
s
 
t
o
 
t
h
e
 
a
i
r
c
r
a
f
t
.
 
P
r
o
m
 
t
h
e
 
,
m
t
s
e
t
,
 i
t 

i
s
 

c
l
e
a
r
 
t
h
a
t
 
s
u
f
f
i
c
i
e
n
t
 
mi
sl
rn
te
h 

c
o
u
l
d
 
l
e
a
d
 
t
o
 
c
l
o
s
e
d
-
l
o
o
p
 
i
n
s
t
8
-
 

b
i
l
i
t
y
.
 
b
u
t
 
t
h
e
 
r
a
t
i
o
n
a
l
e
 
f
o
r
 l
a
r
g
e
 s
i
s
m
a
t
c
b
 r
e
m
a
i
n
s
 
t
o
 b
e
 
d
e
-
 

t
e
r
m
i
n
e
d
.
 

A
 
h
y
w
t
h
e
s
i
s
 
f
o
r
 s
i
s
m
a
t
c
b
 
i
s
 
f
o
u
n
d
 
i
n
 
t
h
e
 m
in
i-
co
n-
 

t
r
o
l
-
e
f
f
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P
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P
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n
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u
l
t
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.
 

T
h
e
 p
i
l
o
t
 
m
a
y
 
c
h
o
o
s
e
 t
.o
 
a
d
o
p
t
 

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

o
p
t
i
m
a
l
 
w
i
t
h
 
r
e
s
p
e
c
t
 
t
o
 t
h
e
 
c
r
i
t
e
r
i
a
 
u
s
e
d
 
t
o
 g
e
n
e
r
a
t
e
 
t
h
e
 p
i
l
o
t
 

m
o
d
e
l
.
 

F
u
r
t
h
e
r
m
o
r
e
,
 
e
v
e
n
 
i
f
 
t
h
e
 p
i
l
o
t
 
c
h
o
o
s
e
s
 t

o
 a
d
a
p
t
 
o
p
t
i
m
a
l
l
y
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a
 
d
y
n
a
m
i
c
 
m
a
n
e
u
v
e
r
,
 
t
h
e
r
e
 
i
s
 
l
i
k
e
l
y
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 b
e
 
a
 
l
a
g
 b
e
t
w
e
e
n
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e
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i
r
c
r
a
f
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'
s
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c
t
u
a
l
 
f
l
i
g
h
t
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n
d
i
t
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n
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d
 
t
h
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 p
i
l
o
t
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s
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p
t
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n
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o
i
n
t
.
 

C
o
n
s
e
q
u
e
n
t
l
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,
 
it
 
i
s
 
i
n
s
t
r
u
c
t
i
v
e
 
t
o
 e
x
a
m
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n
e
 
c
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t
h
e
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r
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s
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s
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d
 
t
h
e
 c
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c
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.
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s
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c
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 p
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c
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t
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m
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a
c
k
,
n
p
 
, 
w
h
i
c
h
 
m
a
y
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r
 m
a
y
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b
e
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a
m
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r
c
r
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f
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n
g
l
e
 
o
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t
t
a
c
k
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a
A
,
 d
u
r
i
n
g
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 m
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v
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b
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c
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p
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n
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 p
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c
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c
e
s
 

r
e
g
i
o
n
s
 
a
f
 D
u
t
c
h
 
r
u
i
l
 a
n
d
 
s
p
i
r
a
l
 m
o
d
e
 
i
n
s
t
a
b
i
l
i
t
y
 w
h
i
c
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p
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c
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c
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c
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c
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c
k
 
(
F
i
g
.
 
2b
).
 

s
t
a
b
i
l
i
t
y
 
m
a
r
g
i
n
s
 
a
r
e
 
s
u
b
s
t
a
n
t
i
a
l
l
y
 
i
n
c
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 c
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 m
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c
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b
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h
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p
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 p
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p
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t
a
b
l
e
 

e
s
t
i
m
a
t
e
 o
f
 
t
h
e
 a
i
r
c
r
a
f
t
'
s
 s
t
a
t
e
.
 
"
V
e
r
t
i
g
o
"
 
I
s
 a
n
 
e
x
a
m
p
l
e
 o
f
 

a
 
c
i
r
c
u
m
s
t
a
n
c
e
 i
n
 
w
h
i
c
h
 
t
h
e
 p
i
l
o
t
 
e
s
t
i
m
a
t
o
r
 d
o
n
s
 n
o
t
 
c
o
n
v
e
r
g
e
.
 

I
n
 
t
h
e
 p
r
e
s
e
n
t
 
c
a
s
e
,
 t
h
e
 p
i
l
o
t
 
m
o
d
e
l
 
e
x
p
e
r
i
e
n
c
e
s
 e
s
t
i
m
a
t
o
r
 d
i
v
e
r
-
 

g
e
n
c
e
 w
i
t
h
 
d
u
a
l
 
c
o
n
t
r
o
l
 
a
t
 
h
i
g
h
 
a
A
 
(
F
i
g
.
 
2
b
)
 b
e
c
a
u
s
e
 
t
h
e
 
s
i
g
n
a
l
-
 

d
e
p
e
n
d
e
n
t
 n
e
u
r
o
m
o
t
o
r
 
n
o
i
s
e
 i
s
 
f
r
e
e
 t
o
 
g
r
o
w
 w
i
t
h
o
u
t
 
b
o
u
n
d
 
i
n
 
t
h
e
 

e
s
t
i
m
a
t
o
r
 s
o
l
u
t
i
o
n
 
(
R
e
f
.
 
9
)
;
 
h
o
w
e
v
e
r
,
 i
f
 
t
h
e
 n
e
u
r
o
m
o
t
o
r
 n
o
i
s
e
 

l
e
v
e
l
 
i
s
 b
o
u
n
d
e
d
 
(
s
t
a
n
d
a
r
d
 d
e
v
i
a
t
i
o
n
 o
f
 
1
 
in
 
f
o
r
 s
t
i
c
k
 m
o
t
i
o
n
 
a
n
d
 

0
.7

 
i
n
 
f
o
r
 p
e
d
a
l
 
m
o
t
i
o
n
)
,
 
a
 
s
t
a
b
l
e
 e
s
t
i
m
a
t
o
r
 s
o
l
u
t
i
o
n
 
i
s
 o
b
t
a
i
n
e
d
 

f
o
r
 a
l
l
 
a
p
.
 

P
E
R
F
O
R
K
A
N
C
X
 C
O
N
T
O
U
R
S
 

I
n
 a
d
d
i
t
i
o
n
 
t
o
 p
r
e
d
i
c
t
i
n
g
 s
t
a
b
i
l
i
t
y
 b
o
u
n
d
a
r
i
e
s
 f
o
r
 v
a
r
y
-
 

i
n
g
 
f
l
i
g
h
t
 c
o
n
d
i
t
i
o
n
s
,
 t
h
e
 p
i
l
o
t
-
a
i
r
c
r
a
f
t
 
m
o
d
e
l
 
(
F
i
g
.
 
1)
 
c
a
n
 
b
e
 

u
s
e
d
 
t
o
 
p
r
e
d
i
c
t
 
t
h
e
 s
t
a
t
i
s
t
i
c
s
 o
t 

t
r
a
c
k
i
n
g
 e
r
r
o
r
s
 a
n
d
 
c
o
n
t
r
o
l
 u
s
a
g
e
 

w
i
t
h
i
n
 
t
h
e
 s
t
a
b
l
e
 r
e
g
i
o
n
s
.
 

(
O
u
t
s
i
d
e
 t
h
e
 s
t
a
b
l
e
 r
e
g
i
o
n
s
.
 t
h
e
s
e
 

s
t
a
t
i
s
t
i
c
s
 g
r
o
w
 w
i
t
h
o
u
t
 
b
o
u
n
d
)
.
 

T
h
e
 m
e
t
h
o
d
 
a
p
p
l
i
e
d
 
h
e
r
e
 
i
s
 

c
o
v
a
r
i
a
n
c
e
 
a
n
a
l
y
s
i
s
 (
R
e
f
.
 
11
).
 
i
n
 
w
h
i
c
h
 
t
h
e
 a
i
r
c
r
a
f
t
 
i
s
 a
s
s
u
m
e
d
 
t
o
 

b
e
 
d
r
i
v
e
n
 
by
 
a
 
g
a
u
s
s
i
a
n
 
d
i
s
t
u
r
b
a
n
c
e
 
(
t
u
r
b
u
l
e
n
c
e
 w
i
t
h
 
a
n
 
r
m
s
 
l
e
v
e
l
 

o
f
 
1
.
5
2
 
rn
is
ec
 
(
5
 f
p
s
)
 a
n
d
 
a
 
c
o
r
r
e
l
a
t
i
o
n
 t
i
m
e
 o
f
 
0
.
3
 s
ec
),
 
a
n
d
 
t
h
e
 

p
i
l
o
t
-
a
i
r
c
r
a
f
t
 m
o
d
e
l
 
i
s
 u
s
e
d
 
t
o
 
c
o
m
p
u
t
e
,
t
h
e
 
r
m
s
 
v
a
l
u
e
s
 o
f
 s
t
a
t
e
 

a
n
d
 
c
o
n
t
r
o
l
 p
e
r
t
u
r
b
a
t
i
o
n
s
 w
h
i
c
h
 
r
e
s
u
l
t
 

S
i
n
c
e
 t
h
e
 c
o
v
a
r
i
a
n
c
e
s
 

o
f
 s
y
s
t
e
m
 v
a
r
i
a
b
l
e
s
 
a
r
e
 u
s
e
d
 
t
o
 d
e
f
i
n
e
 t
h
e
 p
i
l
o
t
 
m
o
d
e
l
 
e
s
t
i
m
a
t
o
r
 

g
a
i
n
s
,
 t
h
e
 s
a
m
e
 e
q
u
a
t
i
o
n
s
 c
a
n
 
b
e
 
u
s
e
d
 
t
o
 
e
v
a
l
u
a
t
e
 t
h
e
 s
t
a
t
i
s
t
i
c
a
l
 

p
e
r
f
o
r
m
a
n
c
e
 
o
f
 t
h
e
 
p
i
l
o
t
.
 
I
n
 
o
r
d
e
r
 t
o
 
u
s
e
 
t
h
e
s
e
 e
q
u
a
t
i
o
n
s
,
 t
h
e
 

p
i
l
o
t
 m
o
d
e
l
 e
s
t
i
m
a
t
o
r
 i
s
 a
s
s
u
m
e
d
 
t
o
 b
e
 
a
d
a
p
t
e
d
 a
t
 
e
a
c
h
 
f
l
i
g
h
t
 

c
o
n
d
i
t
i
o
n
 
(
d
e
f
i
n
e
d
 b
y 

a,
,)

; 
h
e
n
c
e
.
 w
h
e
n
 
a
p
 
+ 

lx
A

, 
o
n
l
y
 
t
h
e
 p
i
l
o
t
 
m
o
d
e
l
 

c
o
n
t
r
o
l
 g
a
i
n
s
 a
r
e
 m
i
s
m
a
t
c
h
e
d
.
 
T
h
e
 r
e
s
u
l
t
s
 w
h
i
c
h
 
f
o
l
l
o
w
 d
e
m
o
n
s
t
r
a
t
e
 

t
h
e
 e
f
f
e
c
t
s
 o
f
 
s
u
b
-
o
p
t
i
m
a
l
 c
o
n
t
r
o
l
 s
t
r
a
t
e
g
y
 o
n
 p
i
l
o
t
i
n
g
 p
e
r
f
o
r
a
r
a
c
e
;
 

t
h
e
 e
f
f
e
c
t
s
 o
f
 
s
u
b
-
o
p
t
i
r
~
a
l
 e
s
t
i
m
a
t
i
o
n
 r
e
m
a
i
n
 t
o
 b
e
 d
e
t
e
r
m
f
n
e
d
.
 

F
i
g
u
r
e
 3
 p
r
e
s
e
n
t
s
 c
o
n
t
o
u
r
s
 o
f
 e
q
u
a
l
 r
m
s
 v
a
l
u
e
s
 u
n
d
e
r
 t
h
e
 

a
s
s
w
n
p
t
i
o
n
 
t
h
a
t
 
t
h
e
 p
i
l
o
t
 
u
s
e
s
 l
a
t
e
r
a
l
 s
t
i
c
k
 m
o
t
i
o
n
s
 a
l
o
n
e
 f
o
r
 

c
o
n
t
r
o
l
.
 
T
h
e
s
e
 c
o
n
t
o
u
r
s
 w
o
u
l
d
 s
c
a
l
e
 u
p
 o
r
 d
o
w
n
 
a
s
 t
h
e
 t
u
r
b
u
l
e
n
c
e
 

l
e
v
e
l
 c
h
a
n
g
e
d
,
 s
o
 a
b
s
o
l
u
t
e
 v
a
l
u
e
s
 a
r
e
 
l
e
s
s
 i
m
p
o
r
t
a
n
t
 t
h
a
n
 
r
e
l
a
t
i
v
e
 

v
a
l
u
e
s
 
i
n
 
e
v
a
l
u
a
t
i
n
g
 t
h
e
 
f
i
g
u
r
e
.
 

 h 
he 

s
t
a
t
e
 c
o
v
a
r
i
a
n
c
e
 m
a
t
r
i
x
 
X
,
 i
s
 d
e
f
i
n
e
d
 a
s
 t
h
e
 e
x
p
e
c
t
e
d
 
v
a
l
u
e
 o
f
 

t
h
e
 p
r
o
d
u
c
t
s
 o
f
 
t
h
e
 
s
t
a
t
e
s
,
'
i
.
e
.
,
 X
=
E
(
~
&
A
~
T
)
.
 

a
n
d
 
t
h
e
 r

ln
s
 
v
a
l
u
e
s
 

o
f
 
t
h
e
 s
t
a
t
e
s
 a
r
e
 
t
h
e
 s
q
u
a
r
e
 r
o
o
t
s
 o
f
 
t
h
e
 
d
i
a
g
o
n
a
l
 e
l
e
m
e
n
t
s
 o
f
 

X
. 

T
h
e
 c
o
n
t
r
o
l
 
c
o
v
a
r
i
a
n
c
e
 m
a
t
r
i
x
,
 U
,
 a
n
d
 
t
h
e
 
a
s
s
o
c
i
a
t
e
d
 r
m
s
 v
a
l
u
e
s
 

a
r
e
 s
i
m
i
l
a
r
l
y
 
d
e
f
i
n
e
d
.
 
T
h
e
 c
o
v
a
r
i
a
n
c
e
 p
r
o
p
a
g
a
t
i
o
n
 e
q
u
a
t
i
o
n
s
 a
r
e
 

d
e
t
a
i
l
e
d
 i
n
 R
e
f
.
 
9
.
 

F
i
g
u
r
e
 
3
:
 
P
e
r
f
o
r
m
a
n
c
e
 C
o
n
t
o
u
r
s
 f
o
r
 c
o
n
t
r
o
l
 w
i
t
h
 

L
a
t
e
r
a
l
 
S
t
i
c
k
 
A
l
o
n
e
 



T
h
e
 c
o
n
t
o
u
r
s
 f
o
r
 r
o
l
l
 
r
a
t
e
 m

s
 (

a
 )

, 
s
i
d
e
 v
e
l
o
c
i
t
y
 
r
m
a
 
(
0
 
. 

e
q
u
i
v
a
l
e
n
t
 t
o
 
s
i
d
e
s
l
i
p
 a
n
g
l
e
 
t
i
m
e
g
 
f
o
r
w
a
r
d
 
k
e
l
o
c
i
t
y
)
 , 
a
n
d
v
'
 

s
t
i
c
k
 m
o
t
i
o
n
 
r
m
s
 
(
0
6
 

) 
d
e
f
i
n
e
 s
u
r
f
a
c
e
s
 o
f
 
r
m
s
 v
a
l
u
e
s
 
in
 
m
u
c
h
 

1
 a
t
 

--
- 

t
h
e
 s

am
e 
w
a
y
 
a
s
 
a
 t
o
p
o
g
r
a
p
h
i
c
a
l
 m
a
p
 
d
i
s
p
l
a
y
s
 h
i
l
l
s
 a
n
d
 
v
a
l
l
e
y
s
.
 

I
t
 1
s
 a
p
p
a
r
e
n
t
 
t
h
a
t
 
t
h
e
 
v
a
l
l
e
y
s
 
i
n
 
F
i
g
.
 
3 
d
o
 
n
o
t
 
l
i
e
 a
l
o
n
g
 t
h
e
 

l
i
n
e
 o
f
 
p
e
r
f
e
c
t
 
a
d
a
p
t
a
t
i
o
n
,
 n
o
r
 
d
o
 
t
h
e
y
 
o
v
e
r
l
a
y
 
e
a
c
h
 o
t
h
e
r
 w
i
t
h
 

c
o
m
p
l
e
t
e
 
r
e
g
u
l
a
r
i
t
y
.
 
T
h
e
r
e
 
a
r
e
 
t
w
o
 r
e
a
s
o
n
s
 f
o
r
 t
h
i
s
.
 
A
l
t
h
o
u
g
h
 

t
h
e
 
c
o
n
t
r
o
l
 g
a
i
n
s
 a
r
e
 
m
e
a
n
t
 
t
o
 m
i
n
i
m
i
z
e
 
a
 w
e
i
g
h
t
e
d
 
s
u
m
 o
f
 
s
t
a
t
e
 

a
n
d
 
c
o
n
t
r
o
l
 c
o
v
a
r
i
a
n
c
e
s
,
 t
h
i
s
 
i
s
 n
o
 
g
u
a
r
a
n
t
e
e
 
t
h
a
t
 
t
h
e
 
c
o
v
a
r
i
a
n
c
e
s
 

o
f
 
i
n
d
i
v
i
d
u
a
l
 c
o
m
p
o
n
e
n
t
s
 w
i
l
l
 
b
e
 
m
i
n
i
m
i
z
e
d
 
at
 
t
h
e
 
s
a
m
e
 t
i
m
e
.
 

T
h
e
r
e
 
i
s
 a
 
t
r
a
d
e
o
f
f
 
b
e
t
w
e
e
n
 
t
r
a
c
k
i
n
g
 e
r
r
o
r
 
a
n
d
 
c
o
n
t
r
o
l
 u
s
a
g
e
,
 s
o
 

it
 
i
s
 
l
i
k
e
l
y
 
t
h
a
t
 
d
e
c
r
e
a
s
e
s
 i
n
 
o
n
e
 
c
o
m
p
o
n
e
n
t
 a
l
l
1
 b
e
 
a
c
c
o
m
p
a
n
i
e
d
 

b
y
 
i
n
c
r
e
a
s
e
s
 i
n
 
a
n
o
t
h
e
r
.
 
T
h
e
 s
e
c
o
n
d
 
r
e
a
s
o
n
 
i
s
 t
h
a
t
 
t
h
e
 p
a
r
t
i
a
l
 

b
r
e
a
k
d
o
w
n
 
i
n
 
t
h
e
 
s
e
p
a
r
a
t
i
o
n
 t
h
e
o
r
e
m
 l
e
a
d
s
 t
o
 
t
h
e
 
p
o
s
s
i
b
i
l
i
t
y
 
t
h
a
t
 

a
l
t
e
r
n
a
t
e
 c
o
n
t
r
o
l
 s
t
r
a
t
e
g
i
e
s
 c
o
u
l
d
 
y
i
e
l
d
 
l
o
w
e
r
 
v
a
l
u
e
s
 
o
f
 
c
o
n
t
r
o
l
 

c
o
s
t
 
t
h
a
n
 t
h
e
 s
e
p
a
r
a
t
e
l
y
 o
p
t
i
m
a
l
 
c
o
n
t
r
o
l
 l
a
w
.
 

C
o
n
t
r
o
l
l
i
n
g
 t
o
 m
i
n
i
m
i
z
e
 
o
6
 

d
o
e
s
 h
a
v
e
 
th
o 
e
f
f
e
c
t
 
o
f
 
a
p
-
 

l
a
t
 

p
r
o
x
i
m
a
t
e
l
y
 
m
i
n
i
m
i
z
i
n
g
 
o
 

a
l
t
h
o
u
g
h
 
i
n
c
r
e
a
s
e
d
 c
o
n
t
r
o
l
 
a
c
t
i
v
i
t
y
 
i
s
 

P'
 

r
e
q
u
i
r
e
d
 

rn
 
t
h
e
 
r
e
g
i
o
n
 
o
f
 t
h
e
 
s
t
a
b
i
l
i
t
y
 n
e
c
k
 
(
F
i
g
.
 
3)
. 

Y
a
i
n
t
a
i
n
i
I
I
g
 

p
e
r
f
e
c
t
 
a
d
a
p
t
a
t
i
o
n
 l
o
r
 a

A
 =

 
1
7
 
t
o
 2
0
 
d
e
g
 
r
e
q
u
i
r
e
s
 f
o
u
r
 t
i
m
e
s
 t
h
e
 

W
 

c.
 

w
 

r
m
s
 c
o
n
t
r
o
l
 m
o
t
i
o
n
 
t
h
a
t
 
i
s
 u
s
e
d
 
at
 
l
o
w
 a
A
.
 
I
n
 
a
d
d
i
t
i
o
n
 
t
o
 s
u
b
-
 

s
t
a
n
t
i
a
l
 g
a
i
n
 
v
a
r
i
a
t
i
o
n
 
w
i
t
h
 
f
l
i
g
h
t
 c
o
n
d
i
t
i
o
n
 
(
T
a
b
l
e
 2

).
 
p
e
r
f
e
c
t
 

a
d
a
p
t
a
t
i
o
n
 a
l
s
o
 
l
e
a
d
s
 t
o
 
i
n
c
r
e
a
s
e
d
 c
o
n
t
r
o
l
 e
f
f
o
r
t
,
 a
g
a
i
n
 
s
u
g
g
e
s
t
i
n
g
 

t
h
a
t
 
t
h
e
 p
i
l
o
t
 
m
a
y
 
c
h
o
o
s
e
 
t
o
 c
h
a
n
g
e
 h
i
s
 
c
o
n
t
r
o
l
 m
o
d
e
 
o
r
 t
o
 a
d
a
p
t
 
i
n
 

s
u
b
-
o
p
t
i
m
a
l
 
f
a
s
h
i
o
n
.
 

P
e
r
f
o
r
m
a
n
c
e
 c
o
n
t
o
u
r
s
 f
o
r
 
a
 p
i
l
o
t
 
m
o
d
e
l
 
u
s
i
n
g
 
b
o
t
h
 
s
t
i
c
k
 

a
n
d
 
p
e
d
a
l
s
 
d
e
m
o
n
s
t
r
a
t
e
 t
h
a
t
 
t
h
e
 
a
d
d
i
t
i
o
n
 
o
f
 
p
e
d
a
l
 
c
o
n
t
r
o
l
 h
a
s
 

l
i
t
t
l
e
 e
f
f
e
c
t
 
o
n
 
a
 
(
e
x
c
e
p
t
 
a
t
 
l
o
w
 a
),
 
b
u
t
 
i
t
 
d
o
e
s
 r
e
d
u
c
e
 o
V
 

P
 

(
a
s
 m
i
g
h
t
 
b
e
 
e
x
p
e
c
t
e
d
)
 a
n
d
 
i
n
c
r
e
a
s
e
 s
t
a
b
i
l
i
t
y
 m
a
r
g
i
n
s
 
(
F
i
g
.
 4

).
 

T
h
e
 p
i
l
o
t
 
m
o
d
e
l
 
c
a
n
 
r
e
t
a
i
n
 
l
o
w
 r

~ 
a
n
d
 
o
v
 

t
o
 
h
i
g
h
 
Rr
Ig
le
s 
o
f
 

P
 

a
t
t
a
c
k
 w
i
t
h
 
l
o
w
 c
o
n
t
r
o
l
 e
f
f
o
r
t
 
by
 
f
i
x
i
n
g
 u
p
 
i
n
 
t
h
e
 
v
i
c
i
n
i
t
y
 
o
f
 
1
0
 d
e
g
 

(
F
i
g
.
 5
).
 
a
 d
e
c
i
d
e
l
y
 
s
u
b
-
o
p
t
i
m
a
l
 p
o
l
i
c
y
 
by
 
t
h
e
 
c
r
i
t
e
r
i
a
 u
s
e
d
 
f
o
r
 

p
i
l
o
t
 
m
o
d
e
l
 
c
o
m
p
u
t
a
t
i
o
n
.
 
S
u
b
o
p
t
i
m
a
l
 
o
r
 n
o
t
,
 t
h
i
s
 a
d
a
p
t
a
t
i
o
n
 

a
p
p
r
o
a
c
h
 c
o
u
l
d
 
h
a
v
e
 d
e
f
i
n
i
t
e
 a
p
p
e
a
l
 
t
o
 
t
h
e
 h
u
m
a
n
 
p
i
l
o
t
,
 f
o
r
 
i
t
 

p
r
o
v
i
d
e
s
 p
e
r
c
e
p
t
a
b
l
y
 
l
o
w
 t
r
a
c
k
i
n
g
 e
r
r
o
r
 
a
n
d
 
c
o
n
t
r
o
l
 e
f
f
o
r
t
 w
i
t
h
 

~
i
n
i
r
n
a
l
 a
d
a
p
t
a
t
i
o
n
;
 h
o
w
e
v
e
r
,
 i
f
 
t
h
e
 p
i
l
o
t
 
w
i
s
h
e
s
 
t
o
 
f
l
y
 t
o
 

a
6
=
3
0
 d
e
g
 
a
n
d
 
b
e
y
o
n
d
.
 h
e
 
m
u
s
t
 
a
d
o
p
t
 
a
 m
a
r
k
e
d
 
c
h
a
n
g
e
 
in
 
c
o
n
t
r
o
l
 

s
t
r
a
t
e
g
y
 
tc
 
a
v
o
i
d
 
s
p
i
r
a
l
 m
o
d
e
 
i
n
s
t
a
b
i
l
i
t
y
 
a
n
d
 
e
s
t
j
m
a
t
o
r
 d
i
v
e
r
g
e
n
c
e
.
 

R
e
f
e
r
e
n
c
e
 9
 p
r
e
s
e
n
t
s
 a
d
d
i
t
i
o
n
a
l
 r
e
s
u
l
t
s
 f
o
r
 p
e
d
a
l
-
a
l
o
n
e
 c
o
n
t
r
o
l
 

w
h
i
c
h
 
d
e
m
o
n
s
t
r
a
t
e
 t
h
a
t
 
s
t
a
b
i
l
i
t
y
 
a
n
d
 
l
o
w
 
c
o
n
t
r
o
l
 e
f
f
o
r
t
 
c
a
n
 
b
e
 

m
a
i
n
t
a
i
n
e
d
 w
i
t
h
 
t
h
e
 
s
t
i
c
k
 c
e
n
t
e
r
e
d
 
f
o
r
 a
l
l
 

a
A

 c
o
n
s
i
d
e
r
e
d
.
 

F
i
g
u
r
e
 
4 

P
e
r
f
o
r
n
m
n
c
e
 C
o
n
t
o
u
r
8
 
f
o
r
 C
o
n
t
r
o
l
 w
i
t
h
 U
t
e
r
a
l
 S
t
i
c
k
 

a
n
d
 
F
o
o
t
 P
e
d
a
l
s
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C
o
n
t
r
o
l
 C
o
a
g
e
 C
o
n
t
o
u
r
a
 
f
o
r
 C
o
n
t
r
o
l
 w
i
t
h
 
L
a
t
e
r
a
l
 

S
t
i
c
k
 
a
n
d
 
F
o
o
t
 P
ed
al
. 



M
I
N
I
M
U
M
-
C
O
N
T
R
O
L
-
E
F
F
O
R
T
 P
I
L
O
T
 Y

l
 

T
h
e
 c
o
m
b
i
n
a
t
i
o
n
 o
f
 
r
e
d
u
c
e
d
 
c
o
n
t
r
o
l
 e
f
f
o
r
t
 
a
n
d
 
r
e
d
u
c
e
d
 

v
a
r
i
a
t
i
o
n
 
i
n
 
c
o
n
t
r
o
l
 s
t
r
a
t
e
g
y
 s
u
g
g
e
s
t
s
 a
 
h
y
p
o
t
h
e
s
i
s
 
f
o
r
 m
i
n
i
m
u
m
-
 

c
o
n
r
r
o
l
-
e
f
f
o
r
t
 
(
M
C
E
)
 p
i
l
o
t
 
a
d
a
p
t
a
t
i
o
n
,
 w
h
i
c
h
 
a
l
s
o
 c
a
n
 
p
r
e
d
i
c
t
 
a
t
 

w
h
a
t
 p
o
i
n
t
 
t
h
e
 p
i
l
o
t
 
i
s
 l
i
k
e
l
y
 t
o
 
s
w
i
t
c
h
 h
i
s
 
c
o
n
t
r
b
;
 
m
o
d
e
.
 

F
i
g
u
r
e
 

6
 i
l
l
u
s
t
r
a
t
e
s
 t
w
o
 M
C
E
 
a
d
a
p
t
a
t
i
o
n
 p
a
t
t
e
r
n
s
 
f
o
r
 t
h
e
 w
i
n
d
-
u
p
 
t
u
r
n
,
 

w
i
t
h
 
t
h
e
 h
e
a
v
y
 
l
i
n
e
 t
r
a
c
i
n
g
 
t
h
e
 c
o
r
r
e
s
p
o
n
d
i
n
g
 a
A
-
u
p
 r
e
l
a
t
i
o
n
s
h
i
p
.
 

F
o
r
 a
A
 b
e
l
o
w
 
1
7
 
d
e
g
,
 t
h
e
r
e
 
i
s
 n
o
 
s
i
g
n
i
f
i
c
a
n
t
 l
a
t
e
r
a
l
 c
o
n
t
r
o
l
 r
e
-
 

d
u
c
t
i
o
n
 
a
s
s
o
c
i
a
t
e
d
 w
i
t
h
 
u
s
i
n
g
 
t
h
e
 p
e
d
a
l
s
 
a
s
 w
e
l
l
 
a
s
 t
h
e
 s
t
i
c
k
,
 a
n
d
 

t
h
e
 M
CE
 
m
o
d
e
l
 
i
s
 "
c
o
n
t
e
n
t
"
 
t
o
 u
s
e
 
s
t
i
c
k
 a
l
o
n
e
.
 
T
h
e
 M

C'
E 
m
o
d
e
l
 
i
s
 

s
l
i
g
h
t
l
y
 o
v
e
r
a
d
a
p
t
e
d
 
at
 
l
o
w
 a
A
 a
n
d
 
s
l
i
g
h
t
l
y
 
u
n
d
e
r
a
d
a
p
t
e
d
 a
t
 

q
A
=
1
2
 d
e
y
;
 h
e
n
c
e
,
 t
h
e
 n
e
t
 
a
m
o
u
n
t
 
of
 
a
d
a
p
t
a
t
i
o
n
 i
s
 
l
o
w
e
r
 t
h
a
n
 
t
h
a
t
 

i
m
p
l
i
e
d
 b
y
 
f
u
l
l
y
 o
p
t
i
m
a
l
 
c
o
n
t
r
o
l
.
 

A
s
 
a
A
 i
n
c
r
e
a
s
e
s
,
 t
h
e
 M
C
E
 
s
t
r
a
t
e
g
y
 
i
s
 h
e
a
d
e
d
 
f
o
r
 a
 
s
t
a
b
i
l
i
t
y
 

b
o
u
n
d
a
r
y
;
 t
h
e
 p
i
l
o
t
 
c
a
n
 
a
v
o
i
d
 
t
h
e
 b
o
u
n
d
a
r
y
 
by
 
a
d
o
p
t
i
n
g
 
a
 m
o
r
e
 

n
e
a
r
l
y
 
o
p
t
i
m
a
l
 s
t
r
a
t
e
g
y
,
 b
u
t
 
t
h
i
s
 r
e
q
u
i
r
e
s
 s
u
b
s
t
a
n
t
i
a
l
l
y
 
i
n
c
r
e
a
s
e
d
 

c
o
n
t
r
o
l
 e
f
f
o
r
t
.
 
A
s
 
a
l
t
e
r
n
a
t
i
v
e
s
,
 h
e
 
c
a
n
 e
i
t
h
e
r
 b
l
e
n
d
 
i
n
 
f
o
o
t
 

p
e
d
a
l
 
c
o
m
n
a
n
d
 
(
c
o
o
r
d
i
n
a
t
e
d
 a
d
a
p
t
a
t
i
o
n
)
 o
r
 u
s
e
 
t
h
e
 p
e
d
a
l
s
 a
l
o
n
e
 

(
s
t
i
c
k
-
c
e
n
t
e
r
e
d
 a
d
a
p
t
a
t
i
o
n
)
 
f
o
r
 
l
a
t
e
r
a
l
-
d
i
r
e
c
t
i
o
n
a
l
 c
o
n
t
r
o
l
.
 
T
h
e
 

a
d
v
a
n
t
a
g
e
 o
f
 t
h
e
 
f
i
r
s
t
 
a
p
p
r
o
a
c
h
 
i
s
 
t
h
a
t
 
r
e
l
a
t
i
v
e
l
y
 g
o
o
d
 m
a
n
e
u
v
e
r
i
u
g
 

p
r
e
c
i
s
i
o
n
 
c
a
n
 b
e
 
m
a
i
n
t
a
i
n
e
d
 w
i
t
h
 
b
o
t
h
 c
o
n
t
r
o
l
s
 w
i
t
h
o
u
t
 
r
e
q
u
i
r
i
n
g
 

c
o
u
n
t
e
r
-
i
n
t
u
i
t
i
v
e
 c
o
n
t
r
o
l
 
s
t
y
l
e
;
 h
o
w
e
v
e
r
,
 t
h
e
 
c
o
o
r
d
i
n
a
t
e
d
 u
s
e
 o
f
 

b
o
t
h
 
c
o
n
t
r
o
l
s
 i
s
 a
 
d
i
f
f
i
c
u
l
t
 
t
a
s
k
.
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o
m
 T
a
b
l
e
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,
 t
h
e
 u
s
e
 

o
f
 p
e
d
a
l
s
 
a
l
o
n
e
 m
a
y
 
b
e
 
a
 m
o
r
e
 e
a
s
i
l
y
 
l
e
a
r
n
e
d
 t
a
s
k
 w
h
i
c
h
 
r
e
s
u
l
t
s
 

i
n
 
m
o
d
e
s
t
 
i
n
c
r
e
a
s
e
s
 i
n
 
o
 

a
n
d
 
u
v
.
 

P
 

E
x
p
e
r
i
m
e
n
t
a
l
 
r
e
s
u
l
t
s
 i
n
d
i
c
a
t
e
 t
h
a
t
 
t
h
e
 M
C
E
 
p
i
l
o
t
 
m
o
d
e
l
 

h
y
p
o
t
h
e
s
i
s
 
d
o
e
s
,
 i
n
 
f
a
c
t
,
 d
e
s
c
r
i
b
e
 
a
 
r
e
a
l
i
s
t
i
c
 p
a
t
t
e
r
n
 
o
f
 
p
i
l
o
t
 

a
d
a
p
t
a
t
i
o
n
.
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i
s
 
a
 p
a
r
t
i
a
l
 
t
i
m
e
 h
i
s
t
o
r
y
 
o
f
 
a
 w
i
n
d
-
u
p
 

t
u
r
n
 
m
a
n
e
u
v
e
r
 
i
n
 w
h
i
c
h
 
a
 
t
r
a
i
n
e
d
 
p
i
l
o
t
 
i
s
 
f
l
y
i
n
g
 a
 
g
r
o
u
n
d
-
b
a
s
e
d
 

s
i
m
u
l
a
t
i
o
n
 o
f
 
t
h
e
 S
u
b
j
e
c
t
 
a
i
r
c
r
a
f
t
.
 
T
h
e
 a
e
r
o
d
y
n
a
m
i
c
 m
o
d
e
l
 
o
f
 

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

a
l
t
h
o
u
g
h
 
t
h
e
 n
o
n
l
i
n
e
a
r
,
 t
i
m
e
-
v
a
r
y
i
n
g
 e
q
u
a
t
i
o
n
s
 o
f
 
m
o
t
i
e
n
 
d
r
i
v
e
 

t
h
e
 s
i
m
u
l
a
t
o
r
.
 
B
e
l
o
w
 1
8
-
d
e
g
 a
n
g
l
e
 o
f
 
a
t
t
a
c
k
,
 t
h
e
 p
l
l
o
t
 
c
o
n
t
r
o
l
s
 

w
i
t
h
 
s
t
i
c
k
 a
l
o
n
e
.
 

A
s
 
a

A
 i
n
c
r
e
a
s
e
s
 b
e
y
o
n
d
 
1
0
 d
e
g
,
 s
t
i
c
k
 m
o
t
i
o
n
s
 

a
n
d
 
s
i
d
e
s
l
i
p
 e
x
c
u
r
s
i
o
n
s
 b
u
i
l
d
 
u
p
.
 
At
 
o
A
 =

 
1
8
 d
e
g
,
 t
h
e
 p
i
l
o
t
 

b
e
g
i
n
s
 t
o
 u
s
e
 
t
h
e
 
r
u
d
d
e
r
 p
e
d
a
l
s
 a
c
t
i
v
e
l
y
,
 w
h
i
l
e
 h
i
s
 
u
s
e
 o
f
 t
h
e
 

s
t
i
c
k
 i
s
 s
u
b
s
t
a
n
t
i
a
l
l
y
 
d
i
m
i
n
i
s
h
e
d
.
 
T
h
i
s
 
r
e
s
u
l
t
 
t
e
n
d
s
 t
o
 
c
o
n
f
i
r
m
 

t
h
e
 M
C
E
 
p
i
l
o
t
 
m
o
d
e
l
,
 e
l
t
h
o
u
g
h
 
f
u
r
t
h
e
r
 
v
a
l
i
d
a
t
i
o
n
 
i
s
 w
a
r
r
a
n
t
e
d
.
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P
r
e
d
i
c
t
i
o
n
 o
f
 P
i
l
o
t
 
B
e
h
a
v
i
o
r
 
w
i
t
h
 
M
i
n
i
m
u
m
-
 

C
o
n
t
r
o
l
-
E
f
t
o
r
t
 
(
M
C
E
)
 A
d
a
p
t
a
t
i
o
n
 M
o
d
e
l
 



F
i
g
u
r
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R
e
s
u
l
t
s
 
o
f
 
M
a
n
n
e
d
 
S
i
m
u
l
a
t
i
o
n
 

C
O
N
C
L
U
S
I
O
N
 

W
h
e
t
h
e
r
 
o
r
 
no
t 

a
 p
i
l
o
t
 
e
x
p
e
r
i
e
n
c
e
s
 
d
i
f
f
i
c
u
l
t
i
e
s
 i
n 

m
a
n
e
u
v
e
r
i
n
g
 
f
l
i
g
h
t
 
d
e
p
e
n
d
s
 u
p
o
n
 
h
o
w
 
he
 
a
d
a
p
t
s
 h
i
s
 
c
o
n
t
r
o
l
 
s
t
r
a
t
-
 

eg
y 

t
o
 
c
h
a
n
g
i
n
g
 
f
l
i
g
h
t
 c
o
n
d
i
t
i
o
n
s
.
 
S
t
a
b
i
l
i
t
y
 
b
o
u
n
d
a
r
i
e
s
 
p
l
o
t
t
e
d
 

a
s
 
f
u
n
c
t
i
o
n
s
 o
f 

t
h
e
 a
i
r
c
r
a
f
t
'
s
 a
c
t
u
a
l
 r

r 
a
n
d
 
t
h
e
 3
 
a
s
s
u
m
e
d
 
oy
 
t
h
e
 

p
i
l
o
t
 
m
o
d
e
l
 
in
 
f
o
r
m
i
n
g
 a
 
c
o
n
t
r
o
l
 
s
t
r
a
t
e
g
y
 
i
l
l
u
s
t
r
a
t
e
 t
h
a
t
 
t
h
e
 

p
i
l
o
t
'
s
 
a
d
a
p
r
a
t
i
o
n
 m
us
t 

b
e
 
ve
ry
 
n
e
a
r
l
y
 
o
p
t
i
m
a
l
 
t
o
 m
a
i
n
t
a
i
n
 
s
t
a
-
 

b
i
l
i
t
y
 
in
 
c
e
r
t
a
i
n
 
f
l
i
g
h
t
 
c
o
n
d
i
t
i
o
n
s
.
 
C
o
n
s
i
d
e
r
a
t
i
o
n
 o
f
 
s
t
a
t
i
s
t
i
c
a
i
 

t
r
a
c
k
i
n
g
 e
r
r
o
r
 
a
n
d
 
c
o
n
t
r
o
l
 
u
s
a
g
e
 
w
i
t
h
i
n
 
s
t
a
b
l
e
 b
o
u
n
d
a
r
i
e
s
 
l
e
a
d
s
 

t
o
 t
h
e
 c
o
n
c
e
p
t
 
o
f
 m
i
n
i
r
n
u
m
-
c
o
n
t
r
o
l
-
e
f
f
o
r
t
 
(
M
C
E
)
 a
d
a
p
t
a
t
i
o
n
 
in
 
t
h
e
 

p
i
l
o
t
 
m
o
d
e
l
.
 

T
h
e
 
K
C
E
 
m
o
d
e
l
 
p
r
o
v
i
d
e
s
 
a
 
r
a
t
i
o
n
a
l
e
 
t
c
r
 
n
o
n
-
o
p
t
i
m
a
l
 

a
d
a
p
t
a
t
i
o
n
 w
h
i
c
h
 
a
c
c
o
u
n
t
s
 
f
o
r
 
f
u
n
d
a
m
e
n
t
a
l
 c
h
a
n
g
e
s
 
in
 
t
h
e
 c
o
n
t
r
o
l
 

m
o
d
e
s
 
s
e
l
e
c
t
e
d
 b
y 

t
h
e
 p
i
l
o
t
,
 
s
u
c
h
 
a
s
 
t
h
e
 
d
e
c
i
s
i
o
n
 
t
o
 u
s
e
 
s
t
i
c
k
 

a
n
d
 
p
e
d
a
l
s
 
in
 
a
 
c
o
o
r
d
i
n
a
t
e
d
 
f
a
s
h
i
o
n
 r
a
t
h
e
r
 
t
h
a
n
 
s
t
i
c
k
 a
l
o
n
e
.
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h
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C
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performance m d  contro l  force.  
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FIGURE 5. Conpariaon between madel and experimntal reaulta for 

vchicle velocity and acceleration. 
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in
 
l
o
w
-
f
r
e
q
u
e
n
c
y
 
p
h
a
s
e
 
s
h
i
f
t
 t
h
a
t
 w
a
s
 
u
n
a
c
c
o
m
p
a
n
i
e
d
 b
y 

a
n
y
 

s
u
b
s
t
a
n
t
i
a
l
 i
m
p
r
o
v
e
m
e
n
t
 i
n 

t
r
a
c
k
i
n
g
 p
e
r
f
o
r
m
a
n
c
e
.
 

1 

S
i
m
i
l
a
r
l
y
,
 
t
h
e
 e
f
f
e
c
t
s
 o
f
 m
t
i
o
n
 c
u
e
s
 o
b
s
e
r
p
e
d
 i
r 

t
h
a
 

d
i
s
t
u
r
b
a
n
c
e
-
r
e
g
u
l
a
t
i
o
n
 t
a
s
k
 
a
g
r
e
e
 w
i
t
h
 
t
h
e
 e
f
f
e
c
t
s
 
r
e
F
 
r
t
c
d
 b
y 

o
t
h
e
r
 r
e
s
e
a
r
c
h
e
r
s
 
14
, 

5
1

 w
h
o
 
f
o
u
n
d
 t
h
a
t
 m
o
v
i
n
g
-
b
a
s
e
 
s
i
m
u
l
a
t
i
o
n
 

a
l
l
w
e
d
 t
h
e
 p
i
l
o
t
 
t
o
 r
e
d
u
c
e
 h
i
g
h
-
f
r
e
q
u
e
n
c
y
 p
h
a
s
e
 
l
a
g
 a
n
d
 
t
o
 

i
n
c
r
e
a
s
e
 g
a
i
n
-
c
r
o
s
s
o
v
e
r
 
f
r
e
q
u
e
n
c
y
 a
n
d
 
t
h
e
r
e
b
y
,
 
i
n
 m
a
n
y
 
c
a
s
e
s
,
 

l
o
w
e
r
 h
i
s
 
e
r
r
o
r
 
s
c
o
r
e
.
 

M
o
t
i
o
n
/
s
t
a
t
i
c
 
p
e
r
f
o
r
m
a
n
c
e
 d
i
f
f
e
r
e
c
c
e
s
 w
e
r
e
 e
n
h
a
n
c
e
d
 M

p
e
- 

w
h
a
t
 
by
 
t
h
e
 t
i
m
e
 d
e
l
a
y
s
 
i
n
t
r
o
d
u
c
e
d
 b
y 

t
h
e
 
d
a
t
a
-
r
e
c
o
r
d
i
n
g
 
a
n
d
 

c
o
m
p
u
t
a
t
i
o
n
a
l
 a
l
g
o
r
i
t
h
m
s
.
 

T
h
e
s
e
 d
e
l
a
y
s
 i
n
f
l
u
e
n
c
e
d
 o
n
l
y
 
t
h
e
 

v
i
s
u
a
l
 
c
u
e
s
 p
r
o
v
i
d
e
d
 
t
o
 t
h
e
 p
i
l
o
t
;
 
t
h
e
 w
t
i
o
n
 c
u
e
s
 w
e
r
e
 p
r
o
v
i
d
e
d
 

b
y
 
t
h
e
 m
v
i
n
g
-
b
a
s
e
 
s
i
m
u
l
a
t
o
r
.
 

T
h
u
s
,
 
w
t
i
o
n
 
c
u
e
s
 p
r
o
v
i
d
e
d
 
a
 

d
o
u
b
l
e
 
b
e
n
e
f
i
t
 
t
o
 
t
h
e
 p
i
l
o
t
:
 
i
n
f
o
r
m
a
t
i
o
n
 w
a
s
 
o
b
t
a
i
n
e
d
 
v
i
a
 
m
t
i
o
n
 

s
e
n
s
o
r
s
 i
n 
a
d
v
a
n
c
e
 o
f
 
i.
nf
or
ma
ti
on
 o
b
t
a
i
n
e
d
 v
i
s
u
a
l
l
y
,
 
m

r'
, 
a
8
 v

e
 

i
n
f
e
r
 
f
r
o
m
 

th
e

 m
o
d
e
l
 
a
n
a
l
y
s
i
s
 d
e
s
c
r
i
b
e
d
 b
e
l
o
w
,
 
v
e
h
i
c
l
e
 a
c
c
e
l
e
r
a
t
i
o
n
 

a
n
d
 p
o
s
s
i
b
l
y
 
r
a
t
e
-
o
f
-
c
h
a
n
g
e
 
o
f
 
a
c
c
e
l
e
r
a
t
i
o
n
 w
e
r
e
 
a
l
s
o
 
s
e
n
s
e
d
.
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FR
E

O
U

E
N

C
Y

 (
ro

d
 /s

e
t 

) 
FR

E
Q

U
E

N
C

Y
 (

ra
d 

/s
ee

) 

F
ig

u
re

 
3
. 

C
om

pa
rm

on
 

o
f 

T
y

p
ic

a
l 

an
d

 M
ea

n 
R

es
p

o
n

se
s 

fo
r 

th
e

 D
is

tu
rb

an
ce

-R
eg

u
la

ti
o

n
 

T
as

k
 

I
t
 i

s
 c

le
a

r 
fr

o
m

 t
h

e
 r

e
s

u
lt

s
 o

f 
th

is
 e

x
p

er
im

an
t 

th
a

t 
th
e 

e
ff

e
c

ts
 o

f 
m

o
ti

o
n

 
c

u
e

s 
o

n
 p

il
o

t 
re

sp
o

n
se

 c
a

n
n

o
t 

b
e

 g
a

n
e

ra
li

z
e

d
 

in
 t

er
m

s 
o

f 
c

la
s

s
ic

a
l 

re
sp

o
n

se
 m

ea
su

re
s.

 
W

e
 h

av
e 

sh
ow

n 
th

a
t 

th
e

 
e

ff
e

c
ts

 o
f 

m
o

ti
o

n
 

c
u

e
s 

o
n

 r
m

s 
p

er
fo

rm
an

ce
 

sc
o

re
s,

 
p

il
o

t 
d

e
sc

ri
b

in
g

 
fu

n
c

ti
o

n
, 

an
d

 p
il

o
t 

re
m

n
an

t 
c

a
n

 a
l

l
 d

if
fe

r 
q

u
a

li
ta

ti
v

e
ly

 f
m

 
o
a
r
 

c
o

n
tr

o
l 

s
it

u
a

ti
o

n
 t

o
 t

h
e

 n
ex

t.
*

 
So

m
e 

fo
rm

 o
f 

g
a

n
e

ra
li

ra
ti

o
n

 i
s
 

n
ee

d
ed

, 
n

e
v

e
rt

h
e

le
ss

, 
i

f
 w

e 
a

re
 t

o
 a

x
tr

a
p

la
te

 t
h

e
 r

e
s
u
lt

s
 o

f 
th

e
se

 a
n

d
 e

a
rl

ie
r 

ex
p

er
im

en
ts

 
to

 o
th

e
r 

c
o

n
tr

o
l 

ta
sk

s.
 

T
h
a
t
 
is

, 
w

e 
n

ee
d

 a
 m

od
el

 
w

h
ic

h
 a

c
c

o
u

n
ts

 
fo

r 
th

e
 i

n
te

ra
c

ti
o

n
 b

at
w

ea
n

 
a

v
a

il
a

b
le

 m
o

ti
o

n
 

c
u

e
s 

an
d

 p
il

o
t 

re
sp

o
n

se
 i

n
 t

e
a

s
 t

h
a

t 
a

re
 

e
s

s
e

n
ti

a
ll

y
 i

n
d

ep
en

d
en

t 
o

f 
th

e
 d

e
ta

il
s

 o
f 

th
e

 c
o

n
tr

o
l 

ta
sk

. 
S

u
ch

 a
 

m
od

el
 
is

 d
is

c
u

ss
e

d
 b

el
o

w
. 

M
O

D
EL

 A
N

A
LY

SI
S 

A
n

a
ly

si
s 

P
ro

ce
d

u
re

 

T
he

 r
e

v
is

e
d

 o
p

ti
m

a
l-

c
o

n
tr

o
l 

p
il

o
t/

v
e

h
ic

le
 

m
od

hl
 
d

ev
el

o
p

ed
 

in
 t
h
e
 

p
re

c
e

d
in

g
 p

h
as

e 
o

f 
th

is
 s

tu
d

y
 w

as
 a

p
p

li
e

d
 t

o
 
th

e
 

re
su

lt
-s

 
o

f 
th

e
 
e

x
p

e
ri

m
n

t 
d

e
sc

ri
b

e
d

 a
bo
ve
. 

T
h

is
 m

od
el

 
is

 d
e

sc
ri

b
e

d
 b

y 
L

ev
is

o
n

, 
B

ar
o

n
, 

an
d

 J
u

n
k

e
r 

12
1.

 

T
he

 
tr

e
a

tm
e

n
t 

o
f 

m
o

ti
o

n
 c

u
e

s 
w

as
 

si
m

il
a

r 
to

 t
h

a
t 

o
f 

th
e

 
p

re
c

e
d

in
g

 s
tu

d
y

 I
n

 t
h

a
t 

th
e

 p
re

se
n

c
e

 o
r 

ab
se

n
ce

 o
f 

m
o

ti
o

n
 c
u
e
s
 

w
as

 
re

p
re

se
n

te
d

 b
y 

an
 a

p
p

ro
p

ri
a

te
 d

e
fi

n
it

io
n

 o
f 

th
e
 

se
n

so
ry

 
v

a
ri

a
b

le
s 

as
su

m
ed

 
to

 b
e 

a
v

a
il

a
b

le
 t

o
 t

h
e

 p
il

o
t.

 
A

 
th

re
e-

el
em

en
t 

"d
is

p
la

y
 

v
e

c
to

r"
 c

o
n

si
st

in
g

 o
f 

tr
a

c
k

in
g

 e
rr

o
r,

 
e

rr
o

r 
ra

te
, 

an
d

 
(i

n
 o

n
e 

in
st

a
n

c
e

) 
e

rr
o

r 
a

c
c

e
le

ra
ti

o
n

 w
as

 u
se

d
 

to
 m

od
el

 
st

a
ti

c
- 

m
od

e 
tr

a
c

k
in

g
. 

T
o

 m
od

el
 

p
il

o
t 

re
sp

o
n

se
 i

n
 m

o
v

in
g

-b
as

e 
ta

sk
s,

 
w

e 
si

m
p

ly
 e

x
p

an
d

ed
 t

h
is

 d
is

p
la

y
 v

e
c

to
r 

to
 i

n
c

lu
d

e
 p

o
si

ti
o

n
, 

ra
te

, 
a

c
c

e
le

ra
ti

o
n

, 
an

d
 a

c
c

e
le

ra
ti

o
n

-r
a

te
 

o
f 

th
e
 v

e
h

ic
le

: 
n

o
 o

th
e

r 
m

od
el

 
p

a
ra

m
e

te
rs

 w
er

e 
ch

an
g

ed
 

to
 a

cc
o

u
n

t 
fo

r 
m

o
ti

o
n

/s
ta

ti
c

 
d

if
fe

re
n

c
e

s.
 

M
od

el
 r

u
n

s 
w

er
e 

a
ls

o
 o

b
ta

in
e

d
 w

h
ic

h
 

in
c

lu
d

e
d

 t
h
e
 

e
ff

e
c

ts
 o

f 
Q

n
a

m
ic

 r
e

sp
o

n
se

 p
ro

p
e

rt
ie

s 
o

f 
v

e
st

ib
u

la
r 

n
o

ti
o

n
 

se
n

so
rs

. 

T
he

 s
ch

em
a 

fo
r 

id
e

n
ti

fy
in

g
 m

o
d

el
 p

a
ra

m
e

te
rs

 w
an

 
s

im
il

a
r 

to
 

th
a

t 
d

e
sc

ri
b

e
d

 i
n

 (
2

, 
31

. 
P

ar
am

et
er

 v
a

lu
e

s 
w

er
e 

so
u

g
h

t 
th

a
t 

w
o

u
ld

 
si

m
u

lt
a

n
e

o
u

sl
y

 p
ro

v
id

e
 a

 
go

od
 m

at
ch

 
to

 p
er

fo
rm

an
ce

 s
c

o
re

s,
 d

e
sc

ri
b

in
g

 
fu

n
c

ti
o

n
, 

an
d

 r
em

n
an

t 
ra

ti
o

. 
A

 
m

u
lt

i-
d

im
en

si
o

n
al

 
.m

at
ch

in
g

 
e

rr
o

r"
 

=
R

e
la

ti
v

e
 e

f
l

e
x

o
f

 m
o

ti
o

n
 c

u
e

s 
a

re
 a

ff
e

c
te

d
 n

o
t 

o
n

ly
 b

y
 
t
h
e
 t

y
p
e
 

o
f 

e
x

te
rn

a
l 

in
p

u
t,

 
a

s
 d

e
n

~
o

n
st

ra
ta

d
 h
er

e:
 

p
ra

-e
x

p
er

im
en

ta
l 

m
d

e
l 

a
n

a
ly

si
s 

in
d

ic
a

te
d

 t
h

a
t 

in
p

u
t 

b
an

d
w

id
th

 
an

d
 p

er
fo

-c
e 

c
ri

te
ri

o
n

 
w

ou
ld

 
a

ls
o

 i
n

fl
u

e
n

c
e

 m
o

ti
o

n
/s

ta
ti

c
 

d
if

fe
re

n
c

e
s 

fn
 r

em
p

o
n

se
 

b
eh

av
io

r.
 



w
a
s
 d
e
f
i
n
e
d
,
 
w
i
t
h
 
t
h
e
 
d
i
m
e
n
s
i
o
n
s
 
b
e
i
n
g
 
(
1
)
 r
m
s
 p
e
r
f
o
r
m
a
n
c
e
,
 
(
2
)
 

a
m
p
l
i
t
u
d
e
 r
a
t
i
o
.
 

(3
) 
p
h
a
s
e
 
s
h
i
f
t
,
 

(4
) 
a
n
d
 
r
e
m
n
a
n
t
 
r
a
t
i
o
.
 

M
a
t
c
h
i
n
g
 

e
r
r
o
r
 
w
a
s
 
d
e
f
i
n
e
d
 
i
n
 
s
u
c
h
 
a
 w
a
y
 
t
h
a
t
 
a
 
s
c
o
r
e
 
o
f
 u
n
i
t
y
 
w
a
s
 
o
b
t
a
i
n
e
d
 

w
h
e
n
e
v
e
r
 m
o
d
e
l
 
p
r
e
d
i
c
t
i
o
n
s
 
d
i
f
f
e
r
e
d
 
o
n
 
t
h
e
 a
v
e
r
a
g
e
 
f
r
o
m
 
e
x
p
e
r
i
-
 

m
e
n
t
a
l
 
m
e
a
s
u
r
e
m
e
n
t
s
 
by
 
o
n
e
 s
t
a
n
d
a
r
d
 
d
e
v
i
a
t
i
o
n
.
 

A
s
 
i
n
 
t
h
e
 p
r
e
c
e
d
i
n
g
 
s
t
u
d
y
,
 
t
h
e
 p
r
i
m
a
r
y
 
g
o
a
l
 
o
f
 m
o
d
e
l
 
a
n
a
l
y
r
d
s
 

w
a
s
 
t
o
 d
e
t
e
r
m
i
n
e
 
a
 
s
t
r
a
i
g
h
t
f
o
r
w
a
r
d
 
a
n
d
 
r
e
l
i
a
b
l
e
 p
r
o
c
e
d
u
r
e
 
f
o
r
 
p
r
e
-
 

d
i
c
t
i
n
g
 
t
h
e
 e
f
f
e
c
t
s
 o
f
 m
o
t
i
o
n
 
c
u
e
s
 
in
 
a
 
v
a
r
i
e
t
y
 
o
f
 
c
o
n
t
r
o
l
 
t
a
s
k
s
.
 

T
h
e
r
e
f
o
r
e
,
 
w
e
 a
t
t
e
m
p
t
e
d
 
t
o
 a
cc
ou
nt
. 
f
o
r
 p
e
r
f
o
r
m
a
n
c
e
 
o
n
 
a
l
l
 
f
o
u
r
 

t
a
s
k
s
 w
i
t
h
 
t
h
e
 
f
e
w
e
s
t
 v
a
r
i
a
t
i
o
n
s
 
i
n
 
p
a
r
a
m
e
t
e
r
 
v
a
l
u
e
s
.
 

W
e
 
d
i
d
 
n
o
t
 

a
l
l
o
w
 
a
l
l
 p
a
r
a
m
e
t
e
r
s
 
t
o
 v
a
r
y
 
in
 
o
r
d
e
r
 
t
o
 o
b
t
a
i
n
 
t
h
e
 b
e
s
t
 
m
a
t
c
h
 

i
n
 
e
a
c
h
 
c
o
n
d
i
t
i
o
n
;
 
r
a
t
h
e
r
.
 
v
a
r
i
a
t
i
o
n
s
 
w
e
r
e
 
m
a
d
e
 
i
n
 o
n
l
y
 
t
h
o
s
e
 

p
a
r
a
m
e
t
e
r
s
 
t
h
a
t
 c
o
u
l
d
 
r
e
a
s
o
n
a
b
l
y
 
b
e
 
e
x
p
e
c
t
e
d
 
t
o
 r
e
l
a
t
e
 
t
o
 t
h
e
 

k
i
n
d
 
a
n
d
 
q
u
a
l
i
t
y
 
o
f
 
i
n
f
o
r
m
a
t
i
o
n
 
p
r
o
v
i
d
e
d
 
t
o
 t
h
e
 p
i
l
o
t
.
 

P
r
i
m
a
n
 
R
e
s
u
l
t
s
 
o
f
 M
o
d
e
l
 
A
n
a
l
y
s
i
s
 

A
t
t
e
n
t
i
o
n
a
l
 
p
a
r
a
m
e
t
e
r
s
 
w
e
r
e
 
t
h
e
 ~

i
.
2

 
m
o
d
e
l
 
p
a
r
a
m
e
t
e
r
s
 
t
h
a
t
 

w
e
r
e
 
v
a
r
i
e
d
 
a
c
r
o
s
s
 
e
x
p
e
r
i
m
e
n
t
a
l
 
c
o
n
d
i
t
i
o
n
s
;
 
a
l
l
 
o
t
h
e
r
 
p
a
r
a
m
e
t
e
r
 

v
a
l
u
e
s
 
w
e
r
e
 
h
e
l
d
 
f
i
x
e
d
.
 

N
u
m
e
r
i
c
a
l
 
v
a
l
u
e
s
 
f
o
r
 p
i
l
o
t
-
r
e
l
a
t
e
d
 

p
a
r
a
m
e
t
e
r
s
,
 
s
h
w
n
 i
n
 T
a
b
l
e
 
4,
 
w
e
r
e
 
o
b
t
a
i
n
e
d
 
a
s
 
f
o
l
l
o
w
s
:
 

C
o

n
tr

o
l-

R
a

te
 

C
o

st
 

C
o

e
ff

ic
ie

n
t.

 
B
a
s
e
d
 
o
n
 p
r
e
v
i
o
u
s
 
s
t
u
d
i
e
s
 

o
f
 
s
i
n
g
l
e
-
v
a
r
i
a
b
l
e
 
l
a
b
o
r
a
t
o
r
y
 
t
r
a
c
k
i
n
g
 
t
a
s
k
s
,
 
th
r 

c
o
n
t
r
o
l
-
r
a
t
e
 

W
 

(I
) 

c
o
s
t
 
c
o
e
f
f
i
c
i
e
n
t
 w
a
s
 a
d
j
u
s
t
e
d
 
t
o
 p
r
o
v
i
d
e
 
a
 
"
m
o
t
o
r
 
t
i
m
e
 
c
o
n
s
t
a
n
t
"
 

W
 

o
f
 
0.
1 

s
e
c
o
n
d
.
 

A
cc

eZ
o

ra
ti

o
n

 
C

o
st

 
C

o
e

ff
ic

ie
n

t.
 

In
 a
c
c
o
r
d
a
n
c
e
 w
i
t
h
 
i
n
s
t
r
u
c
-
 

t
i
o
n
s
 g
i
v
e
n
 
t
o
 
t
h
e
 s
u
b
j
e
c
t
s
,
 
w
e
 
i
n
i
t
i
a
l
l
y
 
a
t
t
e
m
p
t
e
d
 
t
o
 m
a
t
c
h
 

e
x
p
e
r
i
m
e
n
t
a
l
 
r
e
s
u
l
t
s
 w
i
t
h
 
an
 
a
c
c
e
l
e
r
a
t
i
o
n
 c
o
s
t
 
c
o
e
f
f
i
c
i
e
n
t
 
o
f
 

0.
1 

s
e
c
o
n
d
s
.
 

A 
s
o
m
e
w
h
a
t
 b
a
t
t
e
r
 
m
a
t
c
h
 
w
a
s
 o
b
t
a
i
n
e
d
 
w
i
t
h
 
a
 

c
o
e
f
f
i
c
i
e
n
t
 
o
f
 
0.
05
, 

h
o
w
e
v
e
r
,
 
a
n
d
 
t
h
i
s
 
l
a
t
t
e
r
 v
a
l
u
e
 w
a
s
 
a
d
o
p
t
e
d
 

f
o
r
 t
h
e
 
r
e
m
a
i
n
d
e
r
 
o
f
 
t
h
e
 a
n
a
l
y
s
i
s
.
 

T
im

e 
C

e
la

y
. 

A
 
t
i
m
e
 
d
e
l
a
y
 
o
f
 
0.
22
 
s
e
c
o
n
d
s
 p
r
o
v
i
d
e
d
 
t
h
e
 b
e
s
t
 

m
a
t
c
h
 
a
c
r
o
s
s
 
c
o
n
d
i
t
i
o
n
s
.
 

M
ot

or
 

N
o

is
o

/S
ig

m
Z

 
R

a
ti

o
s.

 
0
q
 
t
h
e
 b
a
s
i
s
 
o
f
 p
r
e
v
i
o
u
s
 
a
n
a
l
y
s
i
s
,
 

t
h
e
 "
d
r
i
v
i
n
g
*
 m
o
t
o
r
 
n
o
i
s
e
/
s
i
g
n
a
l
 
r
,
~
t
i
o
 w
a
s
 m
a
d
e
 
n
e
g
l
i
g
i
b
l
y
 
s
m
a
l
l
;
 

a
 
"
p
s
e
u
d
o
"
 
n
o
i
s
e
/
s
i
g
n
a
l
 
r
a
t
i
o
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f
 -
3
0
 d
B
 
g
a
v
e
 
a
 
r
e
a
s
o
n
a
b
l
y
 
g
o
o
d
 

m
a
t
c
h
 
t
o
 l
o
w
-
f
r
e
q
u
e
n
c
y
 
p
h
a
s
e
 
s
h
i
f
t
 
(
s
e
e
 L
e
v
i
s
o
n
,
 
B
a
r
o
n
,
 
a
n
d
 
J
u
n
k
e
r
 

Ko
r 

a
 
d
i
s
c
u
s
s
i
o
n
 
o
f
 
t
h
e
 m
o
t
o
r
 
n
o
i
s
e
 
a
s
p
e
z
t
 
o
f
 
t
h
e
 p
i
l
o
t
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de
l.
) 

O
b

se
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o
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R

o
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S

ig
n

a
Z

 
R

a
ti

o
. 

O
n
 
t
h
e
 b
a
s
i
s
 
o
f
 p
r
e
v
i
o
u
s
 

s
t
u
d
i
e
s
,
 
a
n
 o
b
s
e
r
v
a
t
i
o
n
 
n
o
i
s
e
/
s
i
g
n
a
l
 
r
a
t
i
o
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f
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2
0

 
d
B
 
w
a
s
 
a
d
o
p
t
e
d
.
 

T
a
b
l
e
 
4
 

V
a
l
u
e
s
 
f
o
r
 P
i
l
o
t
-
R
e
l
a
t
e
d
 
M
o
d
e
l
 
P
a
r
m
t
e
r
s
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I
n
v
a
r
i
a
n
t
 
P
a
r
a
m
e
t
e
r
s
 

C
o
n
t
r
o
l
-
r
a
t
e
 
c
o
s
t
 
c
o
e
f
f
i
c
i
e
n
t
 

M
o
t
o
r
 
t
i
m
e
 c
o
n
s
t
a
n
t
 

A
c
c
e
l
e
r
a
t
i
o
n
 
c
o
s
t
 
c
o
e
f
f
i
c
i
e
n
t
 

T
i
m
e
 d
e
l
a
y
 

D
r
i
v
i
n
g
 
m
o
t
o
r
 
n
o
i
s
e
/
s
i
g
n
a
l
 
r
a
t
i
o
 

P
s
e
u
d
o
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o
t
o
r
 
n
o
i
s
e
/
s
i
g
n
a
l
 
r
a
t
i
o
.
 

O
b
s
e
r
v
a
t
i
o
n
 
n
o
i
s
e
 r
a
t
i
o
 
f
o
r
 
"
P
u
l
l
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t
t
e
n
t
i
o
n
"
 

P
e
r
c
e
p
t
u
a
l
 
t
h
r
e
s
h
o
l
d
s
,
 
e
r
r
o
r
 
r
a
t
e
,
 
v
i
s
u
a
l
 

P
e
r
c
e
p
t
u
a
l
 t
h
r
e
s
h
o
l
d
s
,
 
a
l
l
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t
h
e
r
 
v
a
r
i
a
b
l
e
s
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0.
05
 

i I 

(
n
e
g
l
i
g
i
b
l
e
)
 

-
3
0
 d
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 d
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b
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c
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c
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c
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c
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c
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c
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P
e
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e

p
tu

a
t 
T
h
r
e
s
h
o
l
d
.
 

B
e
c
a
u
s
e
 
v
e
h
i
c
l
e
 
r
o
l
l
 
r
a
t
e
s
 
a
n
d
 

a
c
c
e
l
e
r
a
t
i
o
n
s
 w
e
r
e
 
l
a
r
g
e
 
c
o
m
p
a
r
e
d
 
t
o
 p
u
b
l
i
s
h
e
d
 
d
e
t
e
c
t
i
o
n
 t
h
r
e
s
h
o
l
d
s
 

f
o
r
 t
h
e
s
e
 v
a
r
i
a
b
l
e
s
,
 
t
h
r
e
s
h
o
l
d
s
 
f
o
r
 v
o
t
i
o
n
-
r
e
l
a
t
e
d
 
v
a
r
i
a
b
l
e
s
 
w
e
r
e
 

s
e
t
 
t
o
 
ze
ro
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g
o
o
d
 
m
a
t
c
h
 
t
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h
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 d
a
t
a
 
w
a
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b
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a
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n
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i
t
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t
h
r
e
s
h
o
l
d
s
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d
e
g
r
e
e
s
 a
n
d
 
3.
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d
e
g
/
s
e
c
 
a
s
s
o
c
i
a
t
e
d
 
w
i
t
h
 
v
i
s
u
a
l
l
y
-
o
b
t
a
i
n
e
d
 

e
r
r
o
r
 
a
n
d
 
e
r
r
o
r
 
r
a
t
e
.
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t

t
~

n
t

io
n

a
Z
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a
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a

b
Z

e
s.

 
W
i
t
h
 
t
h
e
 
e
x
c
e
p
t
i
o
n
 
o
f
 v
i
s
u
a
l
l
y
-
 

o
b
t
a
i
n
e
d
 
e
r
r
o
r
 
a
c
c
e
l
e
r
a
t
i
o
n
,
 
a
t
t
e
n
t
i
o
n
 
w
a
s
 
a
s
s
u
m
e
d
 
t
o
 b
e 

s
h
a
r
e
d
 

b
e
t
w
e
e
n
 
v
i
s
u
a
l
 
d
i
s
p
l
a
y
 
v
a
r
i
a
b
l
e
s
 
a
s
 a
 
g
r
o
u
p
 
a
n
d
 
m
o
t
i
o
n
 
v
a
r
i
a
b
l
e
s
 

a
s
 
a
 
g
r
o
u
p
,
 
a
n
d
 
t
h
e
r
e
 w
a
s
 
a
s
s
u
m
e
d
 
t
o
 b
e 

n
o
 
i
n
t
e
r
f
e
r
e
n
c
e
 
a
m
o
n
g
 

p
e
-
c
e
p
t
u
a
l
 
q
u
a
n
t
i
t
i
e
s
 w
i
t
h
i
n
 
a
 
s
e
n
s
o
r
y
 
m
o
d
e
.
 

T
h
e
 
a
b
s
e
n
c
e
 
o
f
 

m
o
t
i
o
n
-
r
e
l
a
t
e
d
 
i
n
f
o
r
m
a
t
i
o
n
 
in
 
a
 
t
r
a
c
k
i
n
g
 
t
a
s
k
 w
a
s
 m
o
d
e
l
e
d
 
a
s
 
z
e
r
o
 

a
t
t
e
n
t
i
o
n
 
(i
.e
.,
 

e
x
t
r
e
m
e
l
y
 
l
a
r
g
e
 o
b
s
e
r
v
a
t
i
o
n
 n
o
i
s
e
)
 
o
n
 m
o
t
i
o
n
 

v
a
r
i
a
b
l
e
s
 
a
n
c
 
u
n
i
t
y
 
a
t
t
e
n
t
i
o
n
 
o
n
 v
i
s
u
a
l
 
v
a
r
i
a
b
l
e
s
.
 

T
h
e
 
a
t
t
e
n
-
 

t
i
o
n
a
l
 a
l
l
o
c
a
t
i
o
n
s
 b
e
t
w
e
e
n
 
v
i
s
u
a
l
 
a
n
d
 
m
o
t
i
o
n
 
c
u
e
s
 s
h
o
w
n
 
i
n
 

T
a
b
l
e
 
4
 p
r
o
v
i
d
e
d
 
t
h
e
 b
e
s
t
 
m
a
t
c
h
 
t
o
 t
h
e
 d
a
t
a
.
 

F
i
g
u
r
e
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s
h
o
w
s
 
t
h
a
t
 
t
h
e
 m
o
d
e
l
 
a
c
c
u
r
a
t
e
l
y
 
r
e
f
l
e
c
t
e
d
 
t
h
e
 

i
n
f
l
u
e
n
c
e
 
o
f
 b
o
t
h
 
t
h
e
 
n
a
t
u
r
e
 o
f
 
t
h
e
 e
x
t
e
r
n
a
l
 
i
n
p
u
t
 
a
n
d
 
t
h
e
 

p
r
e
s
e
n
c
e
 
o
r
 a
b
s
e
n
c
e
 o
f
 m
o
t
i
o
n
 
c
u
e
s
.
 

O
f
 
t
h
e
 2
8
 p
e
r
f
o
r
m
a
n
c
e
 

s
c
o
r
e
s
 p
r
e
d
i
c
t
e
d
 
by
 
t
h
e
 m
o
d
e
l
,
 
a
l
l
 
b
u
t
 
t
h
r
e
-
 
w
e
r
e
 w
i
t
h
i
n
 
1
0
 

p
e
r
c
e
n
t
 
o
f
 c
o
r
r
e
s
p
o
n
d
i
n
g
 
e
x
p
e
r
i
m
e
n
t
a
l
 
m
e
a
s
u
r
e
s
;
 
a
n
d
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o
n
l
y
 
o
n
e
 

o
f
 t
h
e
s
e
 c
a
s
e
s
 
d
i
d
 
t
h
e
 m
o
d
e
l
 
s
c
o
r
e
 
f
a
i
l
 
t
o
 b
e
 w
i
t
h
i
n
 
o
n
e
 s
t
a
n
d
a
r
d
 

k
, 

d
e
v
i
a
t
i
o
n
 
o
f
 t
h
e
 
e
x
p
e
r
i
m
e
n
t
a
l
 
m
e
a
n
.
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A
s
 
s
h
o
w
n
 
i
n
 F
i
g
u
r
e
 
5
,
 
m
o
d
e
l
 o
u
t
p
u
t
s
 
a
g
r
e
e
d
 
q
u
i
t
e
 w
e
l
l
 w
i
t
h
 

e
x
p
e
r
i
m
e
n
t
a
l
 
f
r
e
q
u
e
n
c
y
-
r
e
s
p
o
n
s
e
 
m
e
a
s
u
r
e
s
,
 
a
n
d
 m
a
j
o
r
 
t
r
e
n
d
s
 
i
n
 
t
h
e
 

d
a
t
a
 
w
e
r
e
 
p
r
e
d
i
c
t
e
d
.
 

S
p
e
c
i
f
i
c
a
l
l
y
,
 i
n
c
l
u
s
i
o
n
 
o
f
 
m
o
t
i
o
n
-
r
e
l
a
t
e
d
 

s
e
n
s
o
r
y
 
i
n
f
o
r
m
a
t
i
o
n
 
c
a
u
s
e
d
 
t
h
e
 m
o
d
e
l
 
t
o
 p
r
e
d
i
c
t
 
an
 
i
n
c
r
e
a
s
e
 
i
n
 

l
o
w
-
f
r
e
q
u
e
n
c
y
 
p
h
a
s
e
 
s
h
i
f
t
 
f
o
r
 
t
h
e
 
t
a
r
g
e
t
 
t
a
s
k
.
 

F
o
r
 t
h
e
 d
i
s
-
 

t
u
r
b
a
n
c
e
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a
s
k
,
 
t
h
e
 m
o
d
e
l
 
c
o
r
r
e
c
t
l
y
 
p
r
e
d
i
c
t
e
d
 
l
a
r
g
e
 
i
n
c
r
e
a
s
e
s
 

i
n
 
l
o
w
-
f
r
e
q
u
e
n
c
y
 
g
a
i
n
 
a
n
d
 
h
i
g
h
-
f
r
e
q
u
e
n
c
y
 
p
h
a
s
e
 
l
e
a
d
.
 

T
h
e
 m
o
d
e
l
 

a
l
s
o
 
p
r
e
d
i
c
t
e
d
 
a
n
 o
v
e
r
a
l
l
 
d
e
c
r
e
a
s
e
 
i
n
 
r
e
m
n
a
n
t
 
r
a
t
i
o
 
f
o
r
 
t
h
i
s
 
ta
sk
. 

I
t
 
i
s
 w
o
r
t
h
w
h
i
l
e
 
t
o
 
r
e
-
e
m
p
h
a
s
i
z
e
 
t
h
a
t
 
t
h
e
 e
f
f
e
c
t
s
 
o
f
 
m
o
t
i
o
n
 

c
u
e
s
 
h
a
v
e
 
b
e
e
n
 
a
c
c
o
u
n
t
e
d
 
f
o
r
 
s
o
l
e
l
y
 
by
 
c
h
a
n
g
e
s
 
in
 
m
o
d
e
l
 
p
a
r
a
m
e
t
e
r
s
 

r
e
l
a
t
e
d
 
t
o
 
t
h
e
 
i
n
f
o
r
m
a
t
i
o
n
 
a
v
a
i
l
a
b
i
l
i
t
y
 
a
n
d
 q
u
a
l
i
t
y
;
 
o
t
h
e
r
 p
a
r
a
-
 

m
e
t
e
r
s
 
h
a
v
e
 
b
e
e
n
 
k
e
p
t
 
f
i
x
e
d
 
f
o
r
 t
h
e
 
f
o
u
r
 e
x
p
e
r
i
m
e
n
t
a
l
 
c
o
n
d
i
t
i
o
n
s
.
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d
d
i
t
i
o
n
a
l
 
M
o
d
e
l
 
R
e
s
u
l
t
s
 

V
a
l
u
e
s
 
f
o
r
 
t
w
o
 o
f
 
t
h
e
 p
a
r
a
m
e
t
e
r
s
 
- c

o
s
t
-
o
f
-
a
c
c
e
l
e
r
a
t
i
o
n
 
a
n
d
 

t
i
m
e
 
d
e
l
a
y
 
- 

w
e
r
e
 
s
o
m
e
w
h
a
t
 
d
i
f
f
e
r
e
n
t
 
f
r
o
m
 
t
h
o
s
e
 
i
n
i
t
i
a
l
l
y
 
e
x
p
e
c
t
e
d
.
 

T
h
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 a
c
c
e
l
e
r
a
t
i
o
n
 
c
o
s
t
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o
e
f
f
i
c
i
e
n
t
 t
h
a
t
 p
r
o
v
i
d
e
d
 
t
h
e
 b
e
s
t
 
f
i
t
 
t
o
 t
h
e
 

d
a
t
a
 
w
a
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a
l
f
 
t
h
a
t
 
u
s
e
d
 
i
n
 
c
o
m
p
u
t
i
n
g
 t
h
e
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o
t
a
l
 p
e
r
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o
r
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n
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e
 
c
o
s
t
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u
r
i
n
g
 
t
h
e
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x
p
e
r
i
m
e
n
t
s
.
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n
 o
r
d
e
r
 
t
o
 e
s
t
i
m
a
t
e
 
t
h
e
 
s
u
b
j
e
c
t
'
s
 
a
b
i
l
i
t
y
 

t
o
 d
e
t
e
c
t
 
d
i
f
f
e
r
e
n
c
e
s
 b
e
t
w
e
e
n
 
s
u
b
j
e
c
t
i
v
e
 a
n
d
 
o
b
j
e
c
t
i
v
e
 
c
o
s
t
 
c
r
i
t
e
r
i
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r
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n
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f 

M
o
d
e
l
 
a
n
d
 E
x
p
e
r
i
m
e
n
t
a
l
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e
r
f
o
r
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n
c
e
 S
c
o
r
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s
 

S
s
s
t
a
t
i
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c
o
n
d
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t
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n
,
 
M
=
n
w
t
i
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n
 
c
o
n
d
i
t
i
o
n
.
 

A
v
e
r
a
g
e
 
o
f
 
6
 s
u
b
j
e
c
t
s
 . 



T
h
e
 
i
n
c
l
u
s
i
o
n
 o
f
 
a
c
c
e
l
e
r
a
t
i
o
n
 
r
a
t
e
 
i
n
 
t
h
e
 d
i
s
p
l
a
y
 
v
e
c
t
o
r
 

h
a
d
 
a
 
c
o
n
s
i
d
e
r
a
b
l
e
 
i
n
f
l
u
e
n
c
e
 o
n
 
t
h
e
 m
a
t
c
h
i
n
g
 
e
r
r
o
r
 
f
o
r
 
t
h
e
 

d
i
s
t
u
r
b
a
n
c
e
-
r
e
g
u
l
a
t
i
o
n
 t
a
s
k
:
 
t
h
e
 m
a
t
c
h
i
n
g
 
e
r
r
o
r
 
o
n
 
p
h
a
s
e
 
s
h
i
f
t
 

w
a
s
 
r
e
d
u
c
e
d
 
by
 
o
v
e
r
 
a
 
f
a
c
t
o
r
 o
f
 
4,
 
a
n
d
 
o
t
h
e
r
 c
o
m
p
o
n
e
n
t
 m
a
t
c
h
i
n
g
 

e
r
r
o
r
s
 w
e
r
e
 
s
u
b
s
t
a
n
t
i
a
l
l
y
 r
e
d
u
c
e
d
 
a
s
 w
e
l
l
.
 

T
h
e
 
i
m
p
r
o
v
e
m
e
n
t
 

o
c
c
u
r
r
e
d
 
l
a
r
g
e
l
y
 
at
 
h
i
g
h
 
f
r
e
q
u
e
n
c
j
e
s
.
 

I
n
c
l
u
s
i
o
n
 o
f
 a
c
c
e
l
e
r
a
t
i
o
n
 

r
a
t
e
 
h
a
d
 
n
o
 
i
n
f
l
u
e
n
c
e
 o
n
 
t
h
e
 m
a
t
c
h
 
t
~
 t
h
e
 d
a
t
a
 
o
b
t
a
i
n
e
d
 
in
 
t
h
e
 

t
a
r
g
e
t
-
f
o
l
l
o
w
i
n
g
 t
a
s
k
,
 
s
i
n
c
e
 h
i
g
h
-
f
r
e
q
u
e
n
c
y
 
i
n
f
o
r
m
a
t
i
o
n
 w
a
s
 
o
f
 

l
e
s
s
 
i
m
p
r
t
a
n
c
e
 i
n 
p
e
r
f
o
r
m
a
n
c
e
 o
f
 
t
h
i
s
 
ta
sk
. 

A
l
t
h
o
u
g
h
 
m
a
t
c
h
i
n
g
 
o
f
 
t
h
e
 d
a
t
a
 
f
o
r
 
t
h
e
 d
i
s
t
u
r
b
a
n
c
e
-
r
e
g
u
l
a
t
i
o
n
 

t
a
s
k
 w
a
s
 
e
n
h
a
n
c
e
d
 b
y 

c
o
n
s
i
d
e
r
a
t
i
o
n
 o
f
 
a
c
c
e
l
e
r
a
t
i
o
n
-
r
a
t
e
 
i
n
f
o
n
n
a
t
i
o
n
,
 

p
r
e
d
i
c
t
e
d
 
s
y
s
t
e
m
 p
e
r
f
o
r
m
a
n
c
e
 w
a
s
 
l
i
t
t
l
e
 e
f
f
e
c
t
e
d
 b
y 

t
h
i
s
 
f
a
c
t
o
r
.
 

M
o
d
e
l
 
a
n
a
l
y
s
i
s
 
i
n
d
i
c
a
t
e
d
 t
h
a
t
 b
o
t
h
 
r
m
s
 t
r
a
c
k
i
n
g
 e
r
r
o
r
 
a
n
d
 
m
s
 

r
o
l
l
 
a
c
c
e
l
e
r
a
t
i
o
n
 w
o
u
l
d
 
b
e
 
r
e
d
u
c
e
d
 
by
 
a
b
o
u
t
 
1
0
%
 w
i
t
h
 
s
u
c
h
 
i
n
f
o
r
m
a
-
 

t
i
o
n
 a
v
a
i
l
a
b
l
e
 f
o
r
 
a
 
h
i
g
h
 
l
e
v
e
l
 o
f
 
a
t
t
e
n
t
i
o
n
 
t
o
 
t
h
e
 t
a
s
k
,
 w
i
t
h
 

t
h
i
s
 b
e
n
e
f
i
t
 
d
j
s
a
p
p
e
a
r
i
n
g
 a
t
 
l
o
w
e
r
 
l
e
v
e
l
s
 o
f
 
a
t
t
e
n
t
i
o
n
.
 

T
h
e
 
d
i
s
t
u
r
b
a
n
c
e
-
r
e
g
u
l
a
t
i
o
n
 t
a
s
k
 w
a
s
 
r
e
-
a
n
a
l
y
z
e
d
 w
i
t
h
 
t
h
e
 

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

C
u
r
r
y
,
 
H
o
f
f
m
a
n
,
 
a
n
d
 
Y
o
u
n
g
 

18
1 
a
d
d
e
d
 
t
o
 t
h
e
 
s
y
s
t
e
m
 e
q
u
a
t
i
o
n
s
 o
f
 m
o
t
i
o
n
.
 

T
h
e
 
"
d
i
s
p
l
a
y
 

v
e
c
t
o
r
"
 
a
s
s
u
m
e
d
 
f
o
r
 m
o
d
e
l
 
a
n
a
l
y
s
i
s
 w
a
s
 
f
u
r
t
h
e
r
 a
u
g
m
e
n
t
e
d
 b
y 

t
h
e
 

a
d
d
i
t
i
o
n
 o
f
 
t
h
e
 o
u
t
p
u
t
s
 o
f
 
t
h
e
 s
e
m
i
c
i
r
c
u
l
a
r
 a
n
d
 
o
t
o
l
i
t
h
 s
e
n
s
o
r
s
,
 

a
s
 w
e
l
l
 
a
s
 
t
h
e
 
r
a
t
e
s
 o
f
 
c
h
a
n
g
e
 o
f
 
t
h
e
s
e
 o
u
t
p
u
t
s
.
 

I
n
 
t
h
i
s
 a
n
a
l
y
s
i
s
,
 

t
h
e
 b
e
s
t
 
m
a
t
c
h
 
t
o
 
t
h
e
 d
a
t
a
 w
a
s
 
o
b
t
a
i
n
e
d
 w
i
t
h
 
t
h
e
 a
s
s
u
m
p
t
i
o
n
 o
f
 
n
o
 

i
n
t
e
r
f
e
r
e
n
c
e
 b
e
t
w
e
e
n
 
v
i
s
u
a
l
 
a
n
d
 
m
o
t
i
o
n
 
v
a
r
i
a
b
l
e
s
.
 

U
 

5
 

T
h
e
 m
a
t
c
h
 
t
o
 
t
h
e
 d
a
t
a
 
w
a
s
 
n
e
a
r
l
y
 
i
d
e
n
t
i
c
a
l
 t
o
 
t
h
a
t
 
s
h
o
w
n
 

a
b
o
v
e
 
f
o
r
 
t
h
e
 s
i
m
p
l
e
 i
n
f
o
r
m
a
t
i
o
n
a
l
 a
n
a
l
y
s
i
s
.
 

W
e
 
t
h
e
r
e
f
o
r
e
 

c
o
n
c
l
u
d
e
 
t
h
a
t
,
 w
h
i
l
e
 
n
o
d
e
l
s
 
o
f
 v
e
s
t
i
b
u
l
a
r
 d
y
n
a
m
i
c
s
 
a
r
e
 
c
o
n
s
i
s
t
e
n
t
 

w
i
t
h
 
t
h
e
 
r
e
s
u
l
t
s
 o
b
t
a
i
n
e
d
 e
x
p
e
r
i
m
e
n
t
a
l
l
y
,
 m
o
d
e
l
 
a
c
c
u
r
a
c
y
 
i
s
 
n
o
t
 

e
n
h
a
n
c
e
d
 b
y 

t
h
e
 c
o
n
s
i
d
e
r
a
t
i
o
n
 o
f
 
sl
lc
h 
m
o
d
e
l
s
.
 

F
o
r
 
t
h
e
 
t
y
p
e
 o
f
 

t
a
s
k
s
 
e
x
p
l
o
r
e
d
 
in
 
t
h
i
s
 s
t
u
d
y
,
 a
 
s
i
m
p
l
e
 i
n
f
o
r
m
a
t
i
o
n
a
l
 a
n
a
l
y
s
i
s
 

a
p
p
e
a
r
s
 
t
o
 b
e
 
a
d
e
q
u
a
t
e
.
 

O
n
e
 
s
h
o
u
l
d
 b
e
 
c
a
r
e
f
u
l
 
n
o
t
 
t
o
 m
a
k
e
 
t
h
e
 c
o
n
c
l
u
s
i
o
n
 
t
h
a
t
 
s
e
n
s
o
r
 

d
y
n
a
m
i
c
s
 
c
a
n
 b
e
 
i
g
n
o
r
e
d
 
in
 
a
l
l
 
i
n
s
t
a
n
c
e
s
.
 

T
h
e
 
e
x
p
e
r
i
m
e
n
t
s
 d
e
s
c
r
i
b
e
d
 

i
n
 
t
h
e
 p
a
p
e
r
 
e
m
p
l
o
y
e
d
 
s
t
e
a
d
y
-
s
t
a
t
e
 
t
a
s
k
s
 
f
o
r
 w
h
i
c
h
 
r
e
s
p
o
n
s
e
 p
o
w
e
r
 

w
a
s
 
c
o
n
c
e
n
t
r
a
t
e
d
 
l
a
r
g
e
l
y
 w
i
t
h
i
n
 
t
h
e
 p
a
s
s
b
a
n
d
 o
f
 t
h
e
 v
e
s
t
i
b
u
l
a
r
 

m
o
t
i
o
n
 
s
e
n
s
o
r
s
.
 

F
o
r
 
t
r
a
n
s
i
e
n
t
 m
a
n
e
u
v
e
r
s
 
w
h
e
r
e
 
v
e
r
y
 
l
o
w
 
f
r
o
q
u
e
n
c
y
 

c
h
a
r
a
c
t
e
r
i
s
t
i
c
s
 a
r
e
 
i
m
p
o
r
t
a
n
t
,
 s
e
n
s
o
r
 
d
y
n
a
m
i
c
s
 m
a
y
 
h
a
v
e
 
t
o
 
b
e
 

c
o
n
s
i
d
e
r
e
d
.
 
T
h
i
s
 
i
s
 p
a
r
t
i
c
u
l
a
r
l
y
 
t
r
u
e
 
f
o
r
 s
i
t
u
a
t
i
o
n
s
 
i
n
 w
h
i
c
h
 

t
h
e
 
l
o
r
f
r
e
q
u
e
n
c
y
 
w
a
s
h
o
u
t
 c
h
a
r
a
c
t
e
r
i
s
t
i
c
s
 o
f
 
t
h
e
 s
e
n
s
o
r
s
 m
a
y
 

i
n
d
u
c
e
 i
l
l
u
s
i
o
n
s
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R
e
a
n
a
l
y
s
i
s
 -
T
y
p
i
c
a
l
 

P
i
l
o
t
 P
a
r
a
a
m
t
e
r
s
 

By
 
a
l
l
o
w
i
n
s
 n
e
a
r
l
y
 
a
l
l
 
p
i
l
o
t
-
r
e
l
a
t
e
d
 
m
o
d
e
l
 p
a
r
a
m
e
t
e
r
s
 t
o
 

v
a
r
y
 
f
r
o
m
 
o
n
e
 s
t
u
d
v
 
t
o
 
t
h
e
 n
e
x
t
,
 
w
e
 
h
a
v
e
 
b
e
e
n
 a
b
l
e
 t
o
 
o
b
t
a
i
n
 

c
l
o
s
e
 a
g
r
e
e
m
e
n
t
 
b
e
t
w
w
a
n
 m

e
1
 a
n
d
 
e
x
p
e
r
i
m
e
n
t
a
l
 
r
e
s
u
l
t
s
 
f
o
r
 
a
l
l
 

t
a
s
k
s
 e
x
p
l
o
r
e
d
 
i
n
 t
h
i
s
 
s
t
u
d
y
 
p
r
o
g
r
a
m
.
 

M
a
n
y
 
o
f
 
t
h
e
m
 p
a
r
a
m
e
t
e
r
 

d
i
f
f
e
r
e
n
c
e
s
 h

a
w
 b
e
e
n
 
a
t
t
r
i
b
u
t
e
d
 
t
o
 t
h
e
 r
e
l
a
t
i
v
e
 i
n
s
e
n
s
i
t
i
v
i
t
y
 

of
 
o
v
e
r
a
l
l
 
s
y
s
t
e
m
 p
e
r
f
o
r
m
h
n
c
e
 
t
o
 
s
u
c
h
 p
a
r
a
m
e
t
e
r
 v
a
l
u
e
s
.
 

I
f
 t
h
e
 m
o
d
e
l
 
i
s
 t
o
 b
e
 
u
s
e
d
 
a
s
 a
 

p
ia

d
ia

ti
w

 
m

tb
r 
W

 a
s 
a
 

d
ia

g
o

st
ic

 
t
o
o
l
,
 
it
 
i
s
 i
m
p
o
r
t
a
n
t
 t
h
a
t
 o
n
e
 b
e
 
a
b
l
e
 t
o
 p
r
e
d
i
c
t
 

t
h
e
 e
f
f
e
c
t
s
 o
f
 
t
a
s
k
 v
a
r
i
a
b
l
e
s
 
o
n
 
s
y
s
t
a
a
 p
a
r
f
o
r
a
a
n
c
e
 u
s
i
n
g
 
a
 

s
i
n
g
l
e
 s
e
t
 o
f
 
t
y
p
i
c
a
l
 p
i
l
o
t
 
p
l
r
c
u
e
t
e
r
 v
a
l
u
e
s
.
 

B
e
c
a
u
e
e
 
t
h
e
r
e
 

g
e
n
e
r
a
l
l
y
 e
x
i
s
t
s
 
a
 
r
a
n
g
e
 o
f
 
p
i
l
o
t
 
r
e
s
p
o
n
s
e
 b
e
h
a
v
i
o
r
 
t
h
a
t
 g
i
v
e
s
 

n
e
a
r
-
o
p
t
i
m
a
l
 
s
y
s
t
e
m
 p
e
r
f
o
r
m
a
n
c
l
 
i
n
 a
 
t
y
p
i
c
a
l
 c
o
n
t
r
o
l
 s
i
t
u
a
t
i
o
n
,
 

o
n
e
 w
o
u
l
d
 
n
o
t
 
e
x
p
e
c
t
 
s
u
c
h
 a
 
p
r
o
c
e
d
u
r
e
 
t
o
 y
i
e
l
d
 
a
c
c
u
r
a
t
e
 p
r
e
d
i
c
-
 

t
i
o
n
s
 o
f
 
a
l
l
 
r
e
s
p
o
n
s
e
 m
et
ri
c.
. 

N
e
v
e
r
t
h
e
l
e
s
s
,
 o
n
e
 w
o
u
l
d
 
a
r
p
a
c
t
 

t
h
a
t
 
i
m
p
o
r
t
a
n
t
 t
r
e
n
d
s
 i
n
 
s
y
s
t
e
m
 b
e
h
a
v
i
o
r
 w
o
u
l
d
 
b
e
 
r
e
v
e
a
l
d
.
 

T
o
 
t
e
s
t
 
t
h
e
 p
r
e
d
i
c
t
i
v
e
 
c
a
p
a
b
i
l
i
t
y
 o
f
 
t
h
e
 m
o
d
e
l
,
 
a
 
c
o
m
p
a
r
i
s
o
n
 

w
a
s
 o
b
t
a
i
n
e
d
 
b
e
t
w
e
e
n
 m
e
a
s
u
r
e
d
 
a
n
d
 
p
r
e
d
i
c
t
e
d
 
t
u
 
t
r
a
c
k
i
n
g
 e
r
r
o
r
 

:o
r 

a
l
l
 
e
i
g
h
t
 
t
a
s
k
s
 e
x
p
l
o
r
e
d
 
i
n
 
t
h
i
s
 p
r
o
g
r
a
m
,
 
u
s
i
n
g
 
a
 
8
e
t
 o
f
 

t
y
p
i
c
a
l
"
 
p
i
l
o
t
 
pa
r-
te
r 

v
a
l
u
e
s
.
 

T
h
e
s
e
 v
a
l
u
e
s
 w
e
r
e
 
c
h
o
s
e
n
 

l
a
r
g
e
l
y
 o
n
 
t
h
e
 b
a
s
i
s
 
o
f
 
p
r
e
v
i
o
u
s
 
l
a
b
o
r
a
t
o
r
y
 s
t
u
d
i
e
s
 a
n
d
 
a
r
e
 n
o
t
 

n
e
c
e
s
e
a
r
i
l
y
 
t
h
o
s
e
 t
h
a
t
 w
o
u
l
d
 
p
r
o
v
i
d
e
 
t
h
e
 b
e
s
t
 
o
v
e
r
a
l
l
 
f
i
t
 
t
o
 t
h
e
 

d
a
t
a
 
ba
se
. 

T
h
e
 
f
o
l
l
o
w
i
n
g
 p
a
r
a
m
e
t
e
r
 v
a
l
u
e
s
 w
e
r
e
 u
s
e
d
r
 

C
o

s
t 

P
m

c
ti

o
n

a
t.

 
C
o
s
t
 
t
u
n
c
t
i
o
n
a
l
s
 w
e
r
e
 
J
 
=

 (
I
:
 

+
 G
 

0
: 

f
o
r
 

t
h
e
 t
a
s
k
s
 e
x
p
l
 
r
e
d
 
i
n
 
t
h
e
 p
r
n
r
i
o
r
u
 
s
t
u
d
y
 p
h
a
s
e
 

[Z
, 

31
 
an
d 

J
 
=

 
02

 +
 0
.1
 

o 
+ 
G
 

C
IQ

 f
o
r
 

e
 
t
a
s
k
s
 d
e
s
c
r
i
b
e
d
 
i
n
 
t
h
i
s
 p
a
p
e
r
 .*

 
T
h
e
 
c
o
e
f
f
i
c
i
e
n
 8 G 

w
a
s
 
c
h
o
s
e
n
 
t
o
 p
r
o
v
i
d
e
 
a
 -
to
r 

t
i
m
e
 c
o
n
s
t
a
n
t
 

o
f
 
0.
1 

s
e
c
o
n
d
s
 
i
n
 
a
l
l
 
c
a
s
e
s
.
 

T
im

e 
D

el
a

y.
 

A 
p
i
l
o
t
 
t
i
m
e
 d
e
l
a
y
 
o
f
 0
.2
 
s
e
c
o
n
d
s
 w
a
s
 
a
s
s
u
m
e
d
.
 

P
er

ca
p

tu
a

Z
 

T
h

re
.h

o
l,

d
s.

 
T
h
r
e
s
h
o
l
d
.
 
o
f
 
1.
6 

d
e
g
r
e
e
s
 f
o
r
 v
i
s
u
a
l
 

p
e
r
c
e
p
t
i
o
n
 o
f
 
t
r
a
c
k
i
n
g
 e
r
r
o
r
 a
n
d
 
6.
4 

d
e
g
r
e
e
s
/
s
e
c
o
n
d
 
f
o
r
 v
i
s
u
a
l
 

p
e
r
c
e
p
t
i
o
n
 o
f
 e
r
r
o
r
 
r
a
t
e
 w
e
r
e
 
c
a
l
c
u
l
a
t
e
d
 a
s
 d
a
s
c
r
i
k
d
 
in
 
11
1.
 

B
e
c
a
u
s
e
 o
f
 t
h
e
 
l
a
r
g
e
 v
e
h
i
c
l
e
 m
o
t
i
o
n
s
,
 
t
h
r
e
s
h
o
l
d
s
 f
o
r
 r
c
t
i
o
n
-
 

d
e
r
i
v
e
d
 p
e
r
c
e
p
t
i
o
n
s
 w
e
r
e
 
a
s
s
u
m
e
d
 
n
e
g
l
i
g
i
b
l
e
.
 

N
o
 
p
e
n
a
l
t
y
 
w
a
s
 
a
s
s
o
c
i
a
t
e
d
 w
i
t
h
 
a
c
c
e
l
e
r
a
t
i
o
n
 
i
n
 t
h
e
 p
r
e
c
e
d
i
n
g
 
st
ud
y.
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M
ot

or
 l

b<
se

,'S
ig

n
aZ
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h
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c
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. 
th

en
 i

t 
*

o
d

d
 

s
a

m
 r

ea
so

n
ab

le
 t

o
 h

ea
v

il
y

 w
ei

gh
t 

th
ir

 i
n

fo
rv

ti
o

n
 v

he
ne

ve
r 

a
 

h
ig

h
 c

w
- 

fl
ic

t 
si

tu
a

ri
o

n
 i
n 

d
et

ec
te

d
. 

h
e

 co
n

v
er

se
 m

ig
ht

 b
e 

pr
op

os
ed

 w
it

h
 l

w
 

c
o

n
fl

ic
t:

 h
ea

v
il

y
 w

ei
gh

t 
th

e
 v

is
w

l 
cu

e.
 

H
w

ev
er

, 
th

is
 a

p
p

ro
ac

h
 i

s
 o

n
ly

 
re

as
o

n
ab

le
 a

t 
lo

u
 f

re
q

u
en

ci
er

. 
w

he
n 
w
e
 
kn

w
 

th
e 

v
e

st
ib

u
le

r 
ch

en
n

el
 w

il
l 

be
 p

ro
v1

dL
iy

 a
 n

u
ll

 s
ig

n
al

. 
A

t 
h

ig
h

 f
re

q
u

en
ci

es
. 

th
is

 w
ei

g
h

ti
n

g
 d

b
c

a
rd

s 
&

o
n

fi
rm

in
g

 v
e

st
ib

u
la

r 
in

fo
rm

at
io

n
 w

hi
ch

 c
le

a
rl

y
 c

o
u

ld
 b

e 
ru

ed
 

to
 t

.;p
ro

ve
 

t
h
e
 v

e
lo

c
it

y
 e

st
im

at
e.

 
W

it
h 

n
o

 a
y

ri
o

ri
 I

m
w

le
d

g
e 

of
 

ea
ch

 c
h

m
n

e
l'

s 
n

o
is

e 
c

h
a

ra
c

te
ri

st
ic

s.
 

an
 e

st
im

at
e 

ca
n

 b
e 

o
b

ta
in

ed
 b

y 
e

u
p

ly
 a

v
er

ag
in

s 
th

e
 c

ue
s.

 
T

hu
s,

 
in

 a
 

lo
w

 c
o

n
fl

ic
t 

si
tu

a
tf

o
a

, 
w

e 
p

ro
p

o
se

 
av

er
sg

in
%

. 
m

ln
s

 w
e 

ba
ve

 a
 

zc
ro

 v
e

st
ib

u
la

r 
si

g
n

a
l.

 
in

 w
hi

ch
 c

as
e 

w
e 

h
ea

v
il

y
 w

l&
t 

th
e

 v
is

u
a

l 
cu

e.
 

An
 

im
pl

em
en

ta
ti

on
 

o
f 

th
is

 t
y

p
e 

of
 

c
o

n
fl

ic
t 

m
a

su
re

 s
o

d
 w

ei
p

h
ti

n
g

 s
ch

cp
. 

is
 

sh
ov

n 
in

 F
ig

u
re

 9
b.

 
T

he
 v

is
u

a
l 

cu
e 

is
 h

il
h

-p
as

se
d

 
th

ro
u

g
h

 a
n

 i
n

te
rn

e1
 

m
d

e
l 

of
 

th
e 

v
e

st
ib

u
la

r 
dy

na
m

ic
s 

to
 g

rn
er

at
e 
an
 e

x
p

ec
te

d
 v

es
t1

b
u

l.
r 

s
ig

u
l 

,o
ex

P 
w

hi
ch

 
is

 t
h

en
 d

if
fe

re
n

ce
d

 w
it

h
 t

h
e

 a
c

tu
a

l 
v

e
st

ib
u

k
c

 s
i
~

1
~

1
 

d
 p

as
se

d
 

th
ro

u
g

h
 a

 r
e

c
ti

fi
e

r.
 

To
 

rl
lo

w
 f

o
r 

a 
lo

n
t 

te
rm

 r
e

w
lu

ti
o

n
 o

f 
st

ea
d

y
 s

u
re

 
c

o
n

fl
ic

t,
 a

n
 a

d
ap

ta
ti

o
n

 o
p

er
at

o
r 

a
c

ts
 o

n 
th

e
 r

e
c

ti
fi

e
d

 r
ig

n
a

l 
to

 g
cn

er
at

e 
th

e
 a

c
tu

a
l 

c
o

n
fl

ic
t 
s
iw

l.
 u

er
r.

 

T
he

 s
y

m
e

tr
ic

 w
ei

g
h

ti
n

g
 f

u
n

ct
io

n
 i

s
 i

m
pl

em
en

te
d 

w
it

h
 a

 c
o

si
n

e 
b

e
ll

. 
A

. 
:l

lu
at

ra
te

d
, 

a 
la

rg
e

 c
o

n
fl

ic
t 

ri
g

n
a

l 
d

ri
v

e
s 

th
e

 v
is

u
a

l 
p

at
h

 w
in

 t
o

 z
er

o.
 

w
he

re
as

 a
 s

m
al

l 
on

e 
d

ri
v

e
s 

i
t
 t

o
 a

 p
-b

k 
w

ei
g

h
ti

n
g

 v
al

u
e 

w
hi

ch
 v

a
ri

e
s 

be
- 

tw
ee

n 
1

/2
 a

nd
 
1
, 

d
ep

ee
d

fn
g

 o
n 

th
e 

an
p

li
tu

d
e 

o
f 

th
e 

v
e

rt
lb

u
la

r 
s

i~
n

n
l (a

nd
 

im
pl

em
en

te
d 

v
ia

 a
n 

a
d

d
it

io
n

a
l 

b
e

ll
 f

u
n

ct
io

n
).

 
T

h
w

, 
in

 a
 l

ow
 c

o
n

fl
fc

t 
si

tu
a

ti
o

n
, 

th
e 

cu
es

 c
an

 e
it

h
e

r 
be

 
av

er
ag

ed
 o

r 
th

e
 v

is
u

al
 

cu
e 

p
as

se
d

 a
tr

a
ig

b
t 

th
ro

ug
h.

 
de

pe
nd

in
g 

on
 w

he
th

er
 o

r 
n

o
t 

th
e

 v
em

ti
b

u
la

r 
si

g
n
a
l 

1
s 

la
rg

e
 o

r 
-1
1.
 

re
sp

ec
ti

v
el

y
. 

7.
1 

D
yn

am
ic

 B
eh

av
io

r 
o

f 
th

e 
N

o
n

li
n

ea
r 

M
od

el
 

T
he

 n
o

n
-l

in
ea

r 
m

od
el

 w
an

 
si

m
u

la
te

d
 o

n
 a

 d
ig

it
a

l 
co

m
pu

te
r,

 
to

 e
v

al
u

at
e 

p
re

- 
d

ic
te

d
 r

es
p

o
n

se
 a

8
 a

 
fu

n
ct

io
n

 o
f 

cu
e 

p
re

s
e
n
ta

ti
o
n
. 

T
he

 r
es

u
lt

. 
p

re
se

n
te

d
 

h
er

e 
a

re
 p

re
li

m
in

ar
y

. 
in

 t
h

a
t 

n
o

 e
xh

au
m

tt
ve

 p
ar

am
et

er
 s
en
re
he
m 

ha
w

e 
be
en
 

co
nd

uc
te

d 
to

 p
ro

v
id

e 
B

 
be

m
t 

f
it

 t
o

 t
h

e 
d

at
e;

 
ho

w
ev

er
, 

th
e 

tr
en

d
s 

p
re

d
ic

te
d

 
by

 
th

e 
m

od
el

 
d

en
er

v
e 

so
m

e 
C

O
P

V
I~

 
a

s
 t

h
ey

 m
ay

 
m

o
ti

v
at

e 
a 

c
lo

se
r 

lw
k

 a
t 

th
e

 d
e

ta
il

s 
o

f 
fu

tu
re

 m
od

el
 

im
p

le
n

en
ta

tl
n

n
. 



T
h
r
e
e
 
p
a
r
a
m
e
t
e
r
s
 d
e
t
e
r
m
i
n
e
 m
o
d
e
l
 
b
e
h
a
v
i
o
r
.
 
Fo
r 

th
e 
s
i
m
u
l
a
t
i
o
n
s
,
 
t
h
e
 

v
e
s
t
i
b
u
l
a
r
 
t
i
m
e
 
co
ns
ta
nt
. 

1
,
 
g
a
s
 a
s
s
i
g
n
e
d
 
t
h
e
 
13
.1
 

e 
va
lu
e 

f
o
u
n
d
 
f
r
o
m
 t
he
 

CV
 
dr
if
t 

r
a
t
e
 o
t 

s
e
c
t
i
o
n
 

5
.5

. 
T
h
e
 a
d
a
p
t
a
t
i
o
n
 
t
i
m
e
 
c
o
n
s
t
a
n
t
 T
a
 w
a
s
 
c
h
o
s
e
n
 

to
 
be
 
1
0
 9
,
 
w
h
i
c
h
 
is
 
th
e 
o
r
d
e
r
 
of
 
s
a
s
n
i
t
u
d
e
 
of
 
t
h
e
 a
c
c
e
l
e
r
a
t
i
o
n
 
L
a
t
e
n
c
i
e
s
 

o
b
s
e
r
v
e
d
 w
h
e
n
 
s
u
b
j
e
c
t
s
 w
e
r
e
 
p
r
e
s
e
n
t
e
d
 w
i
t
h
 
a
 
c
n
n
s
r
a
n
t
 
v
e
l
o
c
i
t
y
 
f
i
e
l
d
 r
ot
- 

at
io
n.
 

T
h
e
 
p
r
e
s
u
m
p
t
i
o
n
 h
e
r
e
 
is
 
th
at
 
th
e 

la
te
nc
y 

i
s
 d
u
e
,
 
in
 
pa
rt
, 

to
 
t
h
e
 

u
n
r
e
s
o
l
v
e
d
 
c
o
n
f
l
i
c
t
 
be
tw
ee
n 

th
e 
su
bj
ec
t'
s 

C
V
 
i
l
l
u
s
i
o
n
 
(l
ef
t)
 a
nd
 
h
i
s
 
s
e
n
s
e
d
 

a
c
c
e
l
e
r
a
t
i
o
n
 
(r
ig
ht
).
 

a
 
c
o
n
f
l
i
c
t
 w
h
i
c
h
 
mu
st
 
ev
en
!u
al
ly
 

b
e
 
w
a
s
h
e
d
 
ou
t 

bv
 

t
h
e
 a
d
a
p
t
z
t
i
o
n
 
op
er
at
or
. 

Fi
na
ll
y.
 
t
h
e
 v
el
oc
it
y 

m
a
g
n
i
t
u
d
e
 o
e
a
s
u
r
e
.
 
C.
 
w
a
s
 

c
h
o
s
e
n
 
to
 e
qu
al
 
th
e 
M
e
u
l
d
e
r
 
pr
od
uc
t 

(
L
6
)
 o
f 

2.
5*
/s
. 

th
e 

p
r
e
s
u
a
p
t
l
o
n
 b

r
i
c
~
 

c
o
n
f
l
i
c
t
 
d
e
r
e
r
t
i
o
n
 m
ay
 
be
 
c
h
a
r
a
c
t
e
r
i
z
e
d
 b
v 

th
e 
r
a
m
e
 
ty
pe
 
of
 
t
h
r
e
s
h
o
l
d
 b
e-
 

ha
vi
t,
r 
a
s
s
c
~
i
a
t
e
d
 w
i
t
h
 
v
e
a
t
i
i
m
l
a
r
 p
u
l
s
e
 
d
e
t
r
c
f
i
o
n
.
 

7
.
2
 
T
i
m
e
 
R
e
s
p
o
n
s
e
 

S
ho

vn
 
in

 
F
i
g
u
r
e
s
 
10
a 

t
h
r
o
u
g
h
 d
 
a
r
e
 
t
i
m
e
 h
i
s
t
o
r
i
e
s
 o
f
 
th
e 
mo
de
l'
. 

r
e
s
p
o
n
s
e
 

t
o
 s
i
m
p
l
e
 v
i
s
u
a
l
 
an
d 

v
e
s
t
i
b
u
l
a
r
 
cu
es
. 

F
i
g
a
r
e
 
1
0
a
 
is
 
th
e 
mo
de
l'
s 

p
r
e
d
i
c
t
i
o
n
 

of
 
s
u
b
j
e
c
t
i
v
e
 
r
e
s
p
o
n
s
e
 
to
 
a
5
"
l
s
 s
t
e
p
 
in
 
a
n
g
n
l
a
r
 
v
e
l
o
c
i
t
y
.
 w
i
t
h
 
a
 
s
u
b
j
e
c
t
-
 

f
i
x
e
d
 v
i
s
u
a
l
 
fl
el
d.
 

A
l
t
h
o
u
g
h
 
th
e 

r
e
s
p
o
n
s
e
 a
p
p
e
a
r
s
 
to
 
be
 
c
h
a
r
a
c
t
e
r
i
z
e
d
 b
y 

t
w
o
 e

x
p
o
n
e
n
t
~
a
l
s
,
 o
nl
y 

t
h
e
 
fi
rs
t 
p
o
r
t
i
o
n
 

Is
 t
ru
ly
 
e
x
p
o
n
e
n
t
i
a
l
.
 a
n
d
 
is
 d
u
e
 

to
 
t
h
e
 
f
a
c
t
 
th
at
 
th
e 

c
a
n
a
l
s
 
p
r
o
v
i
d
e
 
:h
e 

on
ly
 
i
n
f
o
r
m
a
t
i
o
n
 d
u
r
i
n
g
 
t
h
e
 i
n
i
t
i
a
l
 

h
i
z
h
 
r
o
n
f
l
i
c
t
 p
ha
se
. 

A
s
 
th
e 

c
o
n
f
l
i
c
t
 d
e
c
r
e
a
s
e
s
 w
i
t
h
 
ti
me
. 

th
e 
n
u
l
l
 
v
i
s
u
a
l
 

s
i
g
n
a
l
 
i
s
 w
e
i
g
h
t
e
d
 
m
o
r
e
 
h
e
a
v
i
l
y
,
 a
n
d
 
t
h
e
 r
e
s
p
o
n
s
e
 
t
h
u
s
 d
e
c
a
y
s
 
m
o
r
e
 
ra
pi
dl
y.
 

A 
s
i
m
i
l
a
r
 d
o
u
h
l
e
 h
r
a
n
c
h
 
de
ra
y.
 
f
o
i
l
o
v
i
n
g
 a
 v
e
l
o
c
i
t
y
 
s
t
e
p
,
 
is
 
se
en
 
in
 

t
h
e
 v
e
l
o
c
i
t
y
 
o
f
 s
l
o
w
 p
h
a
s
e
 
n
v
s
t
a
R
m
u
s
 
(V
. 

He
nn
. 

p
e
r
s
o
n
a
l
 c
ol
.u
ni
cs
ti
on
).
 

F
i
y
u
r
e
 
I0
b 
s'
lo
ws
 
mo
de
l 

r
e
s
p
o
n
s
e
 
to
 a
 
le
fr
 
h
*
/
s
 
s
t
e
p
 
in
 
v
i
s
u
a
l
 
fi
el
d 

ve
lo
- 

ci
ty
, 

in
 
th
e 
a
b
s
e
n
c
e
 

#o
f 
c
o
n
f
i
r
m
i
n
g
 v
e
s
t
i
b
u
l
a
r
 c
ue
s.
 

Ag
ai
n,
 
b
e
c
a
u
s
e
 o
f 

th
e 

i
n
i
t
i
a
l
l
y
 h
i
g
h
 
c
o
n
f
l
i
c
t
 
le
ve
l,
 
th
e 
n
u
l
l
 v
e
s
t
i
b
u
l
a
r
 c
u
r
 
ia
 
th
e 
b
a
s
i
s
 
f
o
r
 

s
e
n
s
a
t
i
o
n
 
r
e
s
u
l
t
i
n
g
 
in
 
t
h
e
 r
e
s
p
o
n
s
e
 
la
te
nc
y 

s
e
e
n
 
. 

As
 
t
h
e
 e
x
p
e
c
t
e
d
 
ve
s-
 

t
i
b
u
l
a
r
 s
i
g
n
a
l
 
d
r
o
p
s
 
to
 
z
e
r
o
 a
nd
 
m
a
t
c
h
e
s
 
t
h
e
 a
ct
ua
l 

n
u
l
l
 
s
i
g
n
a
l
 
fr
om
 
t
h
e
 

c
a
n
a
l
s
,
 
th
e 

c
o
n
f
l
i
c
t
 
l
e
s
s
e
n
s
 a
n
d
 
th
e 
w
e
i
g
h
t
i
n
g
 
on
 
th
e 
v
i
s
u
a
l
 
c
u
e
 
i
n
c
r
e
a
s
e
s
 

to
 
un
it
y 

(t
he
 u
n
d
e
r
s
h
o
o
t
 
i
s
 c
a
u
s
e
d
 b
y 

t
h
e
 a
d
a
p
t
a
t
i
o
n
 o
p
e
r
a
t
o
r
 
a
c
t
i
n
p
 o

n
 

t
h
e
 c
o
n
f
l
i
c
t
 
s
i
g
n
a
l
,
 
t
m
p
o
r
a
r
i
l
y
 
i
n
c
r
e
a
s
i
n
g
 
th
e 
c
o
n
f
l
 I
ct
 
le
ve
l)
. 

F
i
g
u
r
e
 1
D
c
 s
h
o
w
s
 
t
h
e
 m
o
d
e
l
 
r
e
a
p
o
n
s
e
 
to
 
c
o
n
f
i
r
m
i
n
g
 v
i
s
u
a
l
 
an
d 

v
e
s
t
i
b
u
l
a
r
 

v
e
l
o
c
i
t
y
 
s
t
e
p
s
 
(
C
;
?
 
pr
es
en
ta
ti
on
).
 

S
i
n
c
e
 
t
h
i
s
 
i
s
 a
 
z
e
r
o
 c
o
n
f
l
i
c
t
 
si
tu
at
io
n.
 

t
h
e
 
i
n
i
t
i
a
l
l
y
 
i
a
r
g
e
 v
e
s
t
i
b
u
l
a
r
 
s
i
g
n
a
l
 
d
i
c
t
a
t
e
s
 
th
at
 
b
o
t
h
 
c
u
e
s
 
be
 
av
er
ag
ed
. 

w
h
i
c
h
 
r
e
s
u
l
t
s
 i
n
 a
 
s
e
n
s
a
t
i
o
n
 d
ro
p-
of
f 

du
e 

to
 
th
e 
d
e
c
a
y
i
n
g
 
c
a
n
a
l
 r
es
po
ns
e.
 

A
s
 
t
h
e
 v
e
s
t
i
b
u
l
a
r
 
s
i
g
n
a
l
 g
r
o
w
s
 
sm
al
le
r.
 
ho
we
va
r.
 
th
e 
w
e
i
g
h
t
i
n
g
 
e
m
p
h
a
s
i
z
e
s
 

t
h
e
 D
C
 
v
i
s
u
a
l
 
cu
e.
 
b
r
i
n
g
i
n
g
 
th
e 
s
u
b
j
e
c
t
i
v
e
 
r
e
s
p
o
n
s
e
 b
ac
k 

t
o
 r
h
e
 
t
r
u
e
 

v
e
l
o
c
i
t
y
 
le
ve
l.
 

F
i
g
u
r
e
 
10
d 

s
h
o
w
s
 m
o
d
e
l
 
re
fi
po
ns
c 
t
o
 a
 
r
m
s
t
a
n
t
 
f
i
e
l
d
 

v
e
l
o
c
i
t
y
 
o
f
 4
-
/
s
 c
o
m
b
i
n
e
d
 w
i
t
h
 
a
 
c
o
n
s
t
a
n
t
 
bo
dy
 
a
c
c
e
l
e
r
a
t
i
o
n
 o

f
 1
1.
3*
ls
2.
 

b
o
t
h
 
to
 
th
e 
ri
gh
t.
 

T
h
e
 
in
it
ia
l 

r
e
s
p
o
n
s
e
 
i
s
 d
u
e
 
to
 
t
h
e
 v
e
s
t
i
b
u
l
a
r
 
pa
th
. 

bu
t 

is
 
t
u
r
n
e
d
 a
r
o
u
n
d
 
a
s
 
t
h
e
 o
p
p
o
s
i
t
e
l
y
-
d
i
r
e
c
t
e
d
 
c
i
r
c
u
l
a
r
v
e
r
t
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c
o
u
p
l
i
n
g
 
b
e
t
w
e
e
n
 

a
t
t
i
t
u
d
e
 
a
n
d
 
f
l
i
g
h
t
 
p
a
t
h
 
t
o
 g
a
i
n
 
i
n
c
r
e
r
s
e
d
 
p
e
r
f
o
r
m
a
n
c
e
.
 

W
h
i
l
e
 
t
h
e
 e
n
d
 
r
e
s
u
l
t
 
i
s
 
an
 
i
n
c
r
e
a
s
e
d
 
a
b
i
l
i
t
y
 
t
o
 c
o
n
t
r
o
l
 

t
h
e
 
a
i
r
c
r
a
f
t
,
 
t
h
i
s
 c
a
p
a
b
i
l
i
t
y
 
c
r
e
a
t
e
s
 a
d
d
i
t
i
o
n
a
l
 
p
r
o
-
 

b
l
e
m
s
.
 

T
h
e
 m
a
j
o
r
 
p
r
o
b
l
e
m
 
i
s
 
t
h
e
 
s
t
a
n
d
a
r
d
i
z
a
t
i
o
n
 
o
f
 
c
o
n
t
r
o
l
s
 

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

A
l
t
h
o
u
g
h
 

t
h
e
 
t
e
s
t
 
b
e
d
 
a
i
r
c
r
a
f
t
 
m
a
y
 
u
s
e
 
d
i
s
c
r
e
t
e
 
d
i
s
c
o
n
t
i
n
u
o
u
s
 
s
e
-
 

l
e
c
t
a
b
l
e
 
m
o
d
e
s
 
o
f
 
o
p
e
r
a
t
i
o
n
 
t
o
 a
s
s
i
g
n
 
f
u
n
c
t
i
o
n
s
 
t
o
 

v
a
r
i
o
u
s
 
c
o
n
t
r
o
l
s
,
 
a
 
p
i
l
o
t
 
n
e
e
d
s
 
t
o
 b
e
 
a
b
l
e
 
t
o
 t
r
a
n
s
i
t
i
o
n
 

f
r
o
m
 
o
n
e
 a
b
d
e
 
o
f
 
o
p
e
r
a
t
i
o
n
 
t
o
 a
n
o
t
h
e
r
 
s
m
o
o
t
h
l
y
.
 
w
i
t
h
o
u
t
 

d
i
s
c
o
n
t
i
n
u
o
u
s
 
i
n
p
u
t
s
.
 

I
t
 
i
s
 
i
n
a
p
p
r
o
p
r
i
a
t
e
 
t
o
 h
a
v
e
 
t
h
e
 

s
a
m
e
 
c
o
n
t
r
o
l
 
d
e
v
i
c
e
 
d
o
i
n
g
 
d
i
f
f
e
r
e
n
t
 
t
h
i
n
g
s
 
i
n
 
d
i
f
f
e
r
e
n
t
 

d
i
s
c
r
e
t
e
 
m
o
d
e
s
.
 

E
 

A 
s
e
c
o
n
d
 
p
r
o
b
l
e
m
 
d
e
a
l
s
 
w
i
t
h
 
t
h
e
 d
i
s
p
l
a
y
 
o
f
 
a
i
r
c
r
a
f
t
 

U
 

.o
 

f
l
i
g
h
t
 
p
a
t
h
 
a
n
d
 
a
t
t
i
t
u
d
e
 
d
u
r
i
n
g
 
i
n
s
t
r
u
m
e
n
t
 
f
l
i
g
h
t
.
 

T
h
i
s
 

p
a
p
e
r
 
d
i
s
c
u
s
s
e
s
 
a
 
p
r
o
p
o
s
e
d
 
E
u
l
e
r
 
A
n
g
l
e
 
C
o
n
t
r
o
l
l
e
r
 
a
n
?
 

E
u
l
e
r
 
a
n
g
l
e
 d
i
s
p
l
a
y
 
v
h
i
c
h
 
p
e
r
m
i
t
s
 
s
n
o
o
t
h
 
c
o
n
t
r
a
1
 
c
 

C
C
V
 
d
u
r
i
n
g
 
m
a
n
e
u
v
e
r
i
n
g
 
a
n
d
 
i
n
s
t
r
u
m
e
n
t
 
f
l
i
g
h
t
.
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m
a
n
-
c
o
m
p
u
t
e
r
 
i
n
t
e
r
a
c
t
i
o
n
 
a
r
e
 
t
h
e
 
f
o
l
l
o
w
i
n
g
 
r
e
s
u
l
t
s
 

13
1:

 

(
1
)
 P

r
o
b
l
e
m
s
 

a
r
e
 s

o
l
v
e
d
 
s
i
g
n
i
f
i
c
a
n
t
l
y
 
f
a
s
t
e
r
 
i
n
 
c
o
m
m
u
n
i
-
 

c
a
t
i
o
n
 
m
o
d
e
s
 
t
h
a
t
 
h
a
v
e
 
a
 
v
o
i
c
e
 
c
h
a
n
n
e
l
 
t
h
a
n
 
in

 
t
h
o
s
e
 

t
h
a
t
 
d
o
 n
ot
. 

(
2
)
 O
r
a
l
 
c
o
m
m
u
n
i
c
a
t
i
o
n
 
i
s
 h
i
g
h
l
y
 
r
e
d
u
n
d
a
n
t
 
a
n
d
 
m
o
s
t
 

c
o
m
-
 

m
u
n
i
c
a
t
i
o
n
 

c
a
n
 

b
e
 

c
a
r
r
i
e
d
 

o
n
 

e
f
f
e
c
t
i
v
e
l
y
 

w
i
t
h
 
a
 

s
m
a
l
l
,
 
c
a
r
e
f
u
l
l
y
 
s
e
l
e
c
t
e
d
 
s
e
t
 
o
f
 w

or
ds

. 

I
n
 

s
u
m
m
a
r
y
,
 
t
h
e
 w

o
r
k
 
c
i
t
e
d
 
s
u
g
g
e
s
t
s
 
t
h
a
t
 
a
 
s
p
e
e
c
h
 
r
e
c
o
g
-
 

n
i
t
i
o
n
 
s
y
s
t
e
m
 
w
o
u
l
d
 
p
r
o
v
i
d
e
 
a
 
n
a
t
u
r
a
l
,
 
a
c
c
u
r
a
t
e
,
 
a
n
d
 
r
a
p
i
d
 

m
e
a
n
s
 

o
f
 c

o
m
m
u
n
i
c
a
t
i
n
g
 
w
i
t
h
 
c
o
m
p
u
t
e
r
s
,
 
e
s
p
e
c
i
a
l
l
y
 
ir
 
e
n
v
i
r
o
n
m
e
n
t
s
 
w
h
e
r
e
 

t
n
e
 
v
i
s
u
a
l
 
a
n
d
 
m
a
n
u
a
l
 
w
o
r
k
l
o
a
d
 
o
f
 c

o
n
c
u
r
r
e
n
t
 
t
a
s
k
s
 
i
s
 h
ig

h.
 

A
N

 
I
S
O
L
A
T
E
D
 W
O
R
D
 R

E
C
O
G
N
I
T
I
O
N
 
SY
ST
EM
 

A
s
 a
 
t
o
o
l
 
f
o
r
 
e
x
p
e
r
i
m
e
n
t
a
t
i
o
n
 
in
 
t
h
e
 c

o
c
k
p
i
t
,
 
a
n
 
a
u
t
o
m
a
t
-
 

ic
 

s
p
e
e
c
h
 

r
e
c
o
g
n
i
t
i
o
n
 

s
y
s
t
e
m
 
n
a
s
 
b
e
e
n
 
c
o
n
s
t
r
u
c
t
e
d
.
 

T
h
e
 
s
y
s
t
e
m
 

r
e
c
o
g
n
i
z
e
s
 
i
s
o
l
a
t
e
d
 
w
o
r
d
s
,
 
t
h
a
t
 
is
, 

w
o
r
d
s
 
s
e
p
a
r
a
t
e
d
 
by

 
p
a
u
s
e
s
 

o
f
 

a
t
 

l
e
a
s
t
 

-2
5

 s
e
c
o
n
d
s
.
 

T
h
e
 
r
e
s
u
l
t
i
n
g
 
's
ta
cc

at
o"

 
s
t
y
l
e
 o
f
 
s
p
e
e
c
b
 

. 
i
s
 n

o
t
 
f
e
l
t
 
t
o
 b

e
 
a
 
p
r
o
b
l
e
m
 
to
r 

t
h
e
 
a
n
t
i
c
i
p
a
t
e
d
 

c
o
m
m
a
n
d
-
o
r
i
e
n
t
e
d
 

a
p
p
l
i
c
a
t
i
o
n
s
.
 

A
n
 
u
t
t
e
r
a
n
c
e
 
is
 

d
i
g
i
t
a
l
l
y
 

e
n
c
o
d
e
d
 

b
y
 

t
h
e
 

u
s
e
 

o
f
 

1
6
 

b
a
n
d
p
a
s
s
 

f
i
l
t
e
r
s
,
 

s
a
m
p
l
e
d
 

a
t
 

6
0
 H
z.
 

A
 
t
i
m
e
-
w
a
r
p
i
n
g
 
a
l
g
o
r
i
t
h
m
 

d
i
v
i
d
e
s
 
t
h
e
 u

t
t
e
r
a
n
c
e
 
i
n
t
o
 
8
 s

u
b
i
n
t
e
r
v
a
l
s
 

(
o
f
 
p
o
s
s
i
b
l
y
 

u
n
e
q
u
a
l
 

d
u
r
a
t
i
o
n
)
,
 

s
u
c
h
 

t
h
a
t
 

t
h
e
 
a
m
o
u
n
t
 
o
f
 
s
p
e
c
t
r
a
l
 
c
h
a
n
g
e
 
i
s
 t

h
e
 
s
a
m
e
 

P
 

w
i
t
h
i
n
 
e
a
c
h
 
s
u
b
i
n
t
e
r
v
a
l
.
 

T
h
e
 
d
a
t
a
 

w
i
t
h
i
n
 

e
a
c
h
 

s
u
b
i
n
t
e
r
v
a
l
 

is
 

0
, - 

t
h
e
n
 

r
e
d
u
c
e
d
 

t
o
 

a
 

1
5
-
b
i
t
 

r
e
p
r
e
s
e
n
t
a
t
i
o
n
,
 
p
r
o
d
u
c
i
n
g
 
a
 
1
2
8
-
b
i
t
 

e
n
c
o
d
i
n
g
 
o
f
 
t
h
e
 u

t
t
r
e
r
a
n
c
e
.
 

R
e
c
o
g
n
i
t
i
o
n
 

i
s
 
a
c
h
i
e
v
e
d
 
by
 
a
p
p
l
y
i
n
g
 
a
 
m
a
x
i
m
u
m
-
l
i
k
e
l
i
h
o
o
d
 

p
a
t
t
e
r
n
 
c
l
a
s
s
i
f
i
c
a
t
i
o
n
 
t
e
c
h
n
i
q
u
e
 
(6
1 

t
o
 
t
h
e
s
e
 

1
2
0
-
b
i
t
 

p
a
t
t
e
r
n
s
.
 

T
h
e
 

s
y
s
t
e
m
 
is
 
t
r
a
i
n
e
d
 
t
o
 
a
 
p
a
r
t
i
c
u
l
a
r
 
s
p
e
a
k
e
r
'
s
 
v
o
i
c
e
 b

y
 
p
r
o
v
i
d
-
 

in
g 

it
 
w
i
t
h
 
a
 
s
e
t
 
o
f
 s

a
m
p
l
e
s
 o

f
 e

a
c
h
 
w
o
r
d
 
in

 
t
h
e
 v

x
a
b
u
l
a
r
y
 
t
o
 
be

 
s
p
o
k
e
n
 
(
t
h
e
 n
u
m
b
e
r
 
o
f
 
"
t
r
a
i
n
i
n
g
"
 
s
a
m
p
l
e
s
 o

f
 e

a
c
h
 
w
o
r
d
 
is
 
g
e
n
e
r
a
l
-
 

l
y
 
b
e
t
w
e
e
n
 
5
 
a
n
d
 

2
5

).
 

T
h
e
s
e
 
s
a
m
p
l
e
s
 a

r
e
 

us
ed

 
t
o
 

e
s
t
i
m
a
t
e
 

t
h
s
 

p
r
o
b
a
b
i
l
i
t
i
e
s
 

o
f
 

t
h
e
 

o
c
c
u
r
r
e
n
c
e
 
o
f
 
a
 
8
 
or
 
1
 
e
t
 
e
a
c
h
 
o
f
 
t
h
e
 
1
2
0
 

b
i
t
 
p
o
s
i
t
i
o
n
s
 
f
o
r
 
e
a
c
h
 
v
o
c
a
b
u
l
a
r
y
 
wo
rd
. 

G
i
v
e
n
 
a
n
 
u
n
k
r
o
w
n
 

u
t
t
e
r
-
 

a
n
c
e
 

t
o
 

b
e
 

c
l
a
s
s
i
f
i
e
d
,
 
t
h
e
 p
r
o
b
a
b
i
l
i
t
i
e
s
 
a
r
e
 
us

ed
 
t
~
 
r-

nm
pu

te
 a
 

s
i
m
i
l
a
r
i
t
y
 
s
c
o
r
e
 
f
o
r
 
e
a
c
h
 
v
o
c
a
b
u
l
a
r
y
 
w
o
r
d
,
 

a
n
d
 

t
h
e
 

u
n
k
n
o
w
n
 

i
s
 

c
l
a
s
s
i
f
i
e
d
 

a
s
 
b
e
i
n
g
 

a
n
 

e
x
a
m
p
l
e
 

o
f
 

t
h
e
 w
o
r
d
 
w
i
t
h
 
t
h
e
 
h
i
g
h
e
s
t
 

s
c
o
r
e
.
 

T
h
r
e
e
 

a
d
d
i
t
i
o
b
a
l
 
f
e
a
t
u
r
e
s
 
a
u
g
n
e
n
t
 
t
h
i
s
 b
a
s
i
c
 
r
e
c
o
g
n
i
t
i
o
n
 

s
c
h
e
m
e
.
 

In
 m

a
n
y
 
a
p
p
l
i
c
a
t
i
o
n
s
 
it
 
i
s
 
p
r
e
f
e
r
a
b
l
e
 
t
o
 r

e
j
e
c
t
 

(
f

a
il

 t
o
 

c
i
a
s
s
i
f
y
)
 

a
n
 

u
t
t
e
r
a
n
c
e
 

r
a
t
h
e
r
 
t
h
a
n
 m

l
s
c
l
a
s
s
i
f
y
 
it
. 

T
h
e
 
s
y
s
t
e
m
 

r
e
j
e
c
t
s
 
t
h
o
s
e
 
u
t
t
e
r
 ,
n
c
e
s
 
w
h
o
s
e
 

c
l
a
s
s
i
f
i
c
a
t
i
o
n
 

i
s
 

"
u
n
c
e
r
t
a
i
n
"
,
 

w
h
e
r
e
 

u
n
c
e
r
t
a
i
n
t
y
 

i
s
 
m
e
a
s
u
r
e
d
 

by
 

c
o
m
p
u
t
i
n
g
 

t
h
e
 
r
a
t
i
o
 
o
f
 
t
h
e
 

s
e
c
o
n
d
 
h
i
g
h
e
s
t
 
s
c
o
r
e
 
t
o
 
t
h
e
 
h
i
g
h
e
s
t
 
s
c
o
r
e
.
 

A 
w
o
r
d
 
is

 
r
e
j
e
c
t
e
d
 
if
 

i
t
s
 

u
n
c
e
c
t
a
i
n
t
y
 
e
x
c
e
e
d
s
 
a
 
p
r
e
s
e
l
e
c
t
e
d
 
t
h
r
e
s
h
o
l
d
 
(
i
f
 n
o
 
r
e
j
e
c
t
i
o
n
 

is
 
d
e
s
i
r
e
d
,
 
t
h
e
 
t
h
r
e
s
h
o
i
d
 
i
s
 m
a
d
e
 
>
1
)
.
 

A 
s
e
c
o
n
d
 

f
e
a
t
u
r
e
 

o
f
 

t
h
e
 
s
y
s
t
e
m
 
c
o
n
c
e
r
n
s
 
t
h
e
 
f
a
c
t
 
t
h
a
t
 

e
v
e
n
 
t
r
a
i
n
e
d
 
s
p
e
a
k
e
r
s
 
v
a
r
y
 
t
h
e
i
r
 
p
r
o
n
u
n
c
i
a
t
i
o
n
 
of
 
w
o
r
d
s
 

s
l
i
g
h
t
l
y
 

o
v
e
r
 

ti
me
. 

T
h
u
s
,
 
t
h
e
 
c
h
a
r
a
c
t
e
r
i
z
a
t
i
o
n
s
 o
f
 
t
h
e
 
v
o
c
a
b
u
l
a
r
y
 
w
o
r
d
s
 

o
b
t
a
i
n
e
d
 
f
r
o
m
 
t
h
e
 
+.

ra
in

in
g 

s
a
m
p
l
e
s
 b
e
c
o
m
e
 
l
e
s
s
 

a
c
c
u
r
a
t
e
 

a
s
 

t
h
e
 

s
p
e
a
k
e
r
 

s
u
b
s
e
q
u
e
n
t
l
y
 
u
s
e
s
 
t
h
e
 
s
y
s
t
e
m
 
fo

r 
r
e
c
o
g
n
i
t
i
o
n
.
 

In
 
a
p
o
l
i
-
 

c
a
t
i
o
n
s
 
w
h
e
r
e
 
f
e
e
d
b
a
c
k
 
f
r
o
m
 
t
h
e
 u

s
e
r
 

i
s
 

a
v
a
i
l
a
b
l
e
,
 

t
h
e
 

s
y
s
t
e
m
 

u
s
e
s
 

t
h
e
 

w
o
r
d
s
 

s
p
o
k
e
n
 
t
o
 
c
o
n
t
i
n
u
a
l
l
y
 
u
p
d
a
t
e
 
i
t
s
 p
r
o
b
a
b
i
l
i
t
i
e
s
,
 

t
h
u
s
 c

o
m
p
e
n
s
a
t
i
o
n
g
 
f
o
r
 
p
r
o
n
u
n
c
i
a
t
i
o
n
 
s
h
i
f
t
s
.
 

F
e
e
d
b
a
c
k
 
m
a
y
 
s
i
m
p
l
y
 

i
n
f
o
r
m
 

t
h
e
 

s
y
s
t
e
m
 

w
h
e
t
h
e
r
 

i
t
s
 

c
l
a
s
s
i
f
i
c
a
t
i
o
n
 
w
a
s
 c

o
r
r
e
c
t
,
 
i
n
 

w
h
i
c
h
 
c
a
s
e
 
u
p
d
a
t
i
n
g
 

i
s
 

d
o
n
e
 

a
f
t
e
r
 

e
a
c
h
 

c
o
r
r
e
c
t
l
y
 

c
l
a
s
s
i
f
i
e
d
 

u
t
t
e
r
a
n
c
e
.
 

If
 
t
h
e
 
s
y
s
t
e
m
 
i
s
 a

l
s
o
 t

o
l
d
 
t
h
e
 c

o
r
r
e
c
t
 
c
l
a
s
s
i
f
i
c
a
t
i
o
n
 

f
o
r
 
e
a
c
h
 
m
i
s
s
e
d
 
u
t
t
e
r
a
n
c
e
,
 
t
h
e
n
 u

p
d
a
t
i
n
g
 
c
a
n
 a

l
w
a
y
s
 b

e
 d
on

e.
 

F
i
n
a
l
l
y
,
 

i
n
 

a
p
p
l
i
c
a
t
i
o
n
s
 
w
h
e
r
e
 

t
h
e
 u

s
e
r
 
i
s
 s
p
e
a
k
i
n
g
 
a
 

m
c
o
m
m
a
n
d
 l

a
n
g
u
a
g
e
g
 o

f
 
k
n
o
w
n
 
s
t
r
u
c
t
u
r
e
,
 
t
h
e
 
s
y
n
t
a
x
 
o
f
 t

h
e
 
l
a
n
g
u
a
q
e
 

m
a
y
 

b
e
 
us

ed
 
t
o
 d

e
t
e
r
m
i
n
e
 
t
h
e
 
s
u
b
s
e
t
 
o
f
 v

o
c
a
b
u
l
a
r
y
 
w
o
r
d
s
 
t
h
a
t
 
a
r
e
 

p
o
s
s
i
b
l
e
 
a
t
 
c
a
c
h
 
p
o
i
n
t
 
i
n
 
a
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c
o

n
d

s 

o
f 

o
v

e
rl

a
p

 b
et

w
ee

n
 

su
c

c
e

ss
iv

e
 r

e
c

o
rd

s.
 

F
o

r 
30

 s
e

c
o

n
d

s 
o

f 
d

a
ta

. 

a
p

p
ro

x
io

a
t=

ly
 1

5
 s

e
ts

 o
f 

sp
e

c
tr

a
 a

r
e

 c
om

pu
te

d 
an

d 
av

er
ag

ed
. 

F
ro

m
 

th
e

se
 

a
v

e
ra

g
e

s,
 

th
e

 t
ra

n
s

fe
r 

fu
n

c
ti

o
n

 o
f 

co
m

p
li

an
ce

 
(r

a
ti

o
 o

f 
a

n
g

le
 t

o
 t

o
rq

u
e

) 

is
 c

om
pu

te
d 

a
s

 i
s
 t

h
e

 c
o

h
e

re
n

c
e

 f
u

n
c

ti
o

n
. 

H
ig

h 
v

a
lu

e
s 

o
f 

c
o

h
e

re
n

c
e

 i
n

 

th
e

 f
re

q
u

e
n

c
y

 r
a

n
g

e
 o

f 
2 

to
 3

0 
H

z 
an

d
 w

el
l-

b
eh

av
ed

 
co

m
p

li
an

ce
 a

nd
 

p
h

a
se

 

c
u

rv
e

s 
su

g
g

e
st

 t
h

a
t 

th
e

 s
y

st
em

 m
ay

 
b

e 
re

a
so

n
a

b
ly

 
ap

p
ro

x
im

at
ed

 
by

 
a

 

se
co

n
d

-o
rd

er
, 

li
n

e
a

r-
d

if
fe

re
n

ti
a

l 
e

q
u

a
ti

o
n

. 
U

si
n

g
 

su
ch

 a
 b

e
s

t-
fi

t.
 

se
co

n
d

-o
rd

er
 

m
o

d
el

, 
th

e
 e

ff
e

c
ti

v
e

 m
om

en
t 

o
f 

in
e

rt
ia

 o
f 

th
e

 a
n

k
le

 j
o

in
t,

 

th
e

 a
n

g
li

la
r 

v
is

c
o

s
it

y
 a

n
d

 
th

e
 s

ti
ff

n
e

s
s

 a
re

 c
a

lc
u

la
t~

d
. 

T
he

 a
n

k
le

 j
o

in
t 

s
ti

ff
n

e
s

s
 i

s
 s

ho
w

n 
to

 b
e 

a
 

li
n

e
a

r 
fu

n
c

ti
o

n
 o

f 
th

e
 

le
v

e
l 

o
f 

to
n

ic
 m

u
sc

le
 

c
o

n
tr

a
c

ti
o

n
, 

in
c

re
a

si
n

g
 a

t
 a

 
r

a
te

 o
f 

2
0

 t
o

 4
0

 &
/t

a
d

/ 

K
g.

m
. 

o
f 

a
c

ti
v

e
 t

o
rq

u
e

. 
In

 t
e

rm
s 

of
 

th
e

 m
u

sc
le

 
p

h
y

si
o

lo
g

y
, 

th
e

 m
or

e 
m

u
sc

le
 

ii
b

e
rs

 t
h

a
t 

a
re

 a
?
-
?
.
-
,
 . 

e
re

a
ts

r 
f!

., 
~

o
L

-
-

 .. 
>

C
rr

~
e

s
s

, J
o

in
t 

v
is

c
o

s
it

y
 a

ls
o

 i
n

c
re

a
se

s 
v

it
h

 a
c

ti
v

a
ti

o
n

. 
J

o
in

t 
s

ti
ff

n
e

s
s

 i
s
 a

!w
 

a
 

li
n

e
a

r 
fu

n
c

ti
o

n
 o

: 
th

e
 j

o
in

t 
a

n
g

le
, 

in
e

re
ru

in
g

 a
t

 a
 

r
a

te
 o

f 
a

b
o

u
t 

0
.7

 
to

 1
.1

 N
m

lr
ad

ld
eg

 
fr

o
m

 
p

la
n

ta
r 

fl
e

x
io

n
 t

o
 d

o
rs

if
le

x
io

n
 r

o
ta

ti
o

n
. 
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TR

O
D

U
C

TI
O

N
 

T
h

e 
d

e
si

g
n

 a
n

d
 d

ev
el

o
p

m
en

t 
o

f 
d

e
v

ic
e

s 
fo

r 
re

h
a

b
il

it
a

ti
o

n
 o

f 

p
a

ra
ly

z
e

d
 

an
d

 
p

a
re

ti
c

 p
a

ti
e

n
ts

 v
o

u
ld

 b
e

 f
a

c
il

it
a

te
d

 b
y

 p
o
re

 a
c

c
u

ra
te

 

k
n

o
w

le
d

g
e 

a
b

o
u

t 
th

e
 d

y
n

am
ic

 
re

sp
o

n
se

 o
f 

th
e

 j
o

in
t 

u
n

d
er

 
c

o
n

tr
o

l 
(1

).
 

F
o

r 
ex
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p

le
, 

si
m

p
le

 d
e

v
ic

e
s 

h
av

e 
b

ee
n

 p
ro

p
o

se
d

 
fo

r 
c

o
rr

e
c

ti
n

g
 

fo
o

t 
d

ro
p

 

by
 

fu
n

c
ti

o
n

a
l 

e
le

c
tr

ic
a

l 
s

th
u

la
ti

o
n

 (
2

).
 

T
h

e 
m

ea
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m

en
t 

o
f 

m
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h
an
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al

 
im

p
ed

an
ce

 
in

 b
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h
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al

 
s

y
s

te
m

 

h
a

s 
d

iv
e
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e

 a
p

p
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c
a
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o

n
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H

an
y 

w
o

rk
e
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 h

av
e 

u
se

d
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u
c

h
 m

e
a

su
re

u
n
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st
u

d
y

 t
h

e
 v

ib
ra

ti
o

n
 r

e
sp

o
u

se
 o

f 
th

e
 v

h
o

le
 b

od
y 

(3
,4

.5
).

 
th

e
 h

ea
d

 
(6

).
 

th
e

 k
n

ee
 

(7
) 

an
d

 
th

r 
h

an
d

-a
m

 
sy

st
em

 (
8

.9
).

 
T

h
e 

w
e

d
a

n
c

e
 c

o
n

c
e

p
t 

h
a

s 

b
ee

n
 u

se
d

 
to

 a
s

s
e

s
s

 t
h

e
 t

y
p

e
 a

n
d

 d
e

g
re

e
 o

f 
li

g
a

m
e

n
to

u
s 
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ry
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o
 t

h
e

 

k
n

ee
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).

 
to

 d
e

te
rm

in
e

 
th

e
 m

om
en

t 
o

f 
in

e
rt
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 o

f 
a
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d
 

se
g

m
en

t 
(1

0
) 

an
d

 

to
 m

ea
su

re
 m

u
sc

le
 

to
n

e
 (

1
1

).
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ec

h
an
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im
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an
ce
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 m
ea

m
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y
 

a
p

p
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d
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n

c
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d
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n
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h

e
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p
p
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p
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a
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e
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n
d

 d
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p
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c
e

m
e

n
t 

v
a
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In
 t

h
e
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b

se
n

c
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f 

c
o

n
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u

s 
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te
rv

e
n

ti
o

n
 o

n
 

th
e

 p
a

rt
 

o
f 

th
e

 s
u

b
je

c
t,

 
a

 
1-
 

w
il

l 
r

e
s
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t 

a
n
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x

te
rn

a
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y
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p
p
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e

d
 t

o
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u
e

. 
T

h
is

 r
e

s
is

ta
n

c
e

 v
il

l 
h
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e 

th
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e
 c

o
m
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n
en
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: 

I
) 

p
a
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e

rt
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b

o
u
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th

e
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o
in
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v
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c
o
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st
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s
ti

ff
n

e
s

s
 o

f 
th

e
 j

o
in

t 
an

d
 

th
e

 m
u

sc
le

s 
v

h
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h
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c
t 

a
b

o
u

t 
i
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n
d

 3
) 

th
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e
x

 c
o

n
tr

a
c

ti
o

n
 o
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s
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e
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h
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d

 m
u
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T
h
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f
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s
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o
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e
s

e
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b
e
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m
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 c
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n

st
a

n
t 
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h
u

g
h
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t
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s
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m

ev
h
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a
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n

c
ti

o
n
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f 
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a

n
g

le
. 

T
h

e 
se
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n

d
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fu
n

c
ti

o
n
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f 

th
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le
v

e
l 

o
f 

m
u

sc
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a

c
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v
a

ti
o

n
 

(1
2

).
 

T
h

e 
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s
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e

v
a
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n
d
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s
 

s
e

n
s
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n
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u
e

n
c
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s 
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r
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o
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f 
c

e
n
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a
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n
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v
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u
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p
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v
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h
 d
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e
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n
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 l
e
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m
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c
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v
il

l 
c

o
n
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q

u
e

n
tl

y
 a
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r
 t

h
e

 v
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c
o
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la
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p
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p
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o
f 

th
e
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u

c
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ve
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x

c
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d
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o
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n
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h

a
n

g
e

s 
in
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n
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 s
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d
e

a
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n
g

 v
it

h
 m
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h

an
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m
s 

w
h

ic
h

 
a
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 a

d
a

?
ti

v
e

 v
it

h
 r

e
la

ti
o

n
 

to
 e

x
te

rn
a

l 

d
is

tu
rb

o
n

ce
m

. 



T
he

 r
o
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y 

e
x
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a
l 
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u
c

s 
m
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e
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h
a
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c
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z
e
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h

e
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in
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m
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S
e

v
e
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l 

te
ch

n
iq

u
es

 h
av

e 
be

en
 

u
se

d
 

fo
r 

it
s
 m

ea
su

re
m

en
t.

 

O
ne

 a
p

p
ro

ac
h

 i
s
 t

o
 a

p
p

ly
 i

m
p

u
ls

es
 o

f 
to

rq
u

e 
an

d 
m

ea
su

re
 t

h
e

 m
ec

h
an

ic
al

 

an
d 

e
le

c
tr

ic
a

l 
re

sp
o

n
se

s 
(1

3
, 

1
4

).
 

A
 

d
is

ad
v

an
ta

g
e 

o
f 

c
h

is
 t

ec
h

n
iq

u
e 

is
 

th
a

t 
su

ch
 s

ti
m

u
li

 m
ay

 
b

e 
"u

n
p

h
y

si
o

lo
g

ic
al

" 
an

d 
th

e
 r

e
s

u
lt

s
 d

if
fi

c
u

lt
 t

o
 

e
x

tr
a

p
o

la
te

 t
o

 o
th

e
r 

le
s

s
 s

tr
e

ss
fu

l 
in

p
u

ts
. 

A 
se

co
n

d
 a

p
p

ro
ac

h
 i

s
 t

o
 

ap
p

ly
 s

in
u

so
id

a
l 

d
is

tu
rb

a
n

c
e

s 
o

v
er

 a
 r

an
g

e 
o

f 
fr

e
q

u
e

n
c

ie
s 

(8
, 

9
, 

1
5

, 
1

6
).

 

P
re

d
ic

ti
o

n
s 

o
f 

th
e

 r
es

p
o

n
se

s 
to

 o
th

e
r 

c
la

ss
e

s 
o

f 
in

p
u

t 
si

g
n

a
ls

 c
an

 t
h

en
 

b
e 

m
ad

e 
if

 
th

e
 s

y
st

em
 i

s
 s

u
ff

ic
ie

n
tl

y
 l

in
e

a
r 

to
 a

ll
o

w
 t

h
e

 p
ri

n
c

ip
a

l 
o

f 

su
p

e
rp

o
si

ti
o

n
 

to
 b

e
 a

p
p

li
e

d
. 

A
 

th
ir

d
 a

p
p

ro
ac

h
 i

s
 t

o
 a

p
p

ly
 a

 
re

la
ti

v
e

ly
 

v
id

eb
an

d
, 

g
au

ss
ia

n
 

to
rq

u
e

 i
n

p
u

t 
co

v
er

in
g

 t
h

e
 f

re
q

u
en

cy
 

sp
ec

tr
u

m
 o

f 

si
g

n
if

ic
a

n
t 

sy
st

em
 d

y
n

ar
ic

s.
 

A
lt

h
o

u
g

h
 

li
n

e
a

ri
ty

 o
f 

th
e

 w
to

r
 s

y
st

em
 h

a
s 

n
o

t 
b

ee
n

 
e

st
a

b
li

sh
e

d
. 

li
n

e
a

r 
a

n
a

ly
si

s 
h

as
 p

ro
v

en
 

to
 b

e 
a 

v
e

rs
a

ti
le

 t
o

o
l 

in
 d

e
sc

ri
b

in
g

 

co
m

po
ne

nt
s 

o
f 

th
e

 m
to

r
 s

y
st

em
 s

u
ch

 a
s

 m
u

sc
le

 
(1

7.
 

1
8

).
 

th
e

 m
u

sc
le

 

sp
in

d
le

 (
19

. 
20

) 
an

d 
th

e
 i

n
te

g
ra

te
d

 s
y

st
em

 
(1

3.
 

1
4

, 
21

, 
2

2
).

 

In
 t

h
is

 p
ap

er
 w

e 
w

il
l 

c
o

n
si

d
e

r 
th

e
 m

ea
su

re
m

en
t 

o
f 

a
n

k
le

 j
o

in
t 

co
m

p
li

an
ce

 
u

si
n

g
 a

 b
an

d
-l

im
it

ed
 

g
au

ss
ia

n
 

to
rq

u
e 

d
is

tu
rb

a
n

c
e

 a
nd

 
co

m
pa

re
 

th
e

 r
es

p
o

n
se

s 
w

it
h

 o
u

r 
e

a
rl

ie
r 

w
or

k 
u

si
n

g
 i

m
p

u
ls

e 
to

rq
u

e 
in

p
u

ts
 (

te
n

d
o

n
- 

je
rk

 
re

sp
o

n
se

) 
an

d
 s

in
u

so
id

a
l 

to
rq

u
e 

in
p

u
ts

 
(1

3.
 

1
6

).
 

M
us

cl
e 

p
ro

p
e

rt
ie

s 

a
re

 k
no

w
n 

to
 b

e
 d

ep
en

d
en

t 
on

 t
h

e
 l

e
v

e
l 

o
f 

a
c

ti
v

e
 c

o
n

tr
a

c
ti

o
n

 (
1

2
) 

an
d 

on
 

th
e

 l
e

n
g

th
 o

f 
th

e
 m

u
sc

le
 

(2
3

).
 

C
o

n
se

q
u

en
tl

y
. 

w
e 

h
av

e 
ex

am
in

ed
 

jo
in

t 

co
m

p
li

an
ce

 a
s

 a
 

fu
n

c
ti

o
n

 o
f 

th
e

 m
u

sc
le

 c
o

n
tr

a
c

ti
o

n
 a

nd
 

th
e

 m
ea

n 
a

n
g

u
la

r 

o
p

e
ra

ti
n

g
 p

o
in

t.
 

M
ET

HO
DS

 

T
h

es
e 

ex
p

er
im

en
ts

 
h

av
e 

b
ee

n
 d

on
e 

on
 o

v
er

 
N

e
lv

e
 n

o
rm

al
, 

a
d

u
lt

, 
m

al
e 

hl
rm

an
 

su
b

je
c

ts
. 

A
 

su
b

je
c

t 
s

a
t 

in
 a

 c
h

a
ir

 w
it

h
 t

h
e

 r
ig

h
t 

fo
o

t 
st

ra
p

p
ed

 

to
 a

 
fo

o
tp

la
te

 w
hi

ch
 

co
u

ld
 r

o
ta

te
 a

b
o

u
t 

a 
h

o
ri

z
o

n
ta

l.
 

d
o

rs
a

l-
p

la
n

ta
r 

a
x

is
 

th
ro

u
g

h
 

th
e

 m
ed

ia
l 

a
a

le
o

lu
s.

 
A

 
sc

h
em

at
ic

 o
f 

th
e

 e
qu

ip
m

en
t 

u
se

d
 
is

 s
h

o
rn

 

in
 F

ig
u

re
 1
. 

T
he

 p
la

te
 c

o
u

ld
 b

e 
ro
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te

d
 b

y 
a 

D
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to
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ot
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n
e

rt
ia

l 
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o
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v
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 a

 
g

e
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p
u

ll
e

y
 

sy
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em
 f
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rq

u
e 
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p
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n
. 

C
o

n
st

an
t 

te
n

si
o

n
 s

p
ri

n
g
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a

re
 a

h
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 u
se

d
 

to
 c

o
u

n
te

r-
b

al
an

ce
 

th
e

 

p
la

n
te

r 
g

ra
v

it
a

ti
o

n
a

l 
to

rq
u

e.
 

W
it

h 
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u
b

je
c
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m
p
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te
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r
e
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d

, 
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