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A signit’ j . ’a I l l  b r e a k t h r o u g h  i i i  goon:~’ I rv d e s i g n  and op t  i m i  z a t  i o u  was a c h iev ed

in the research ct~fort of 1 9 7 6 — 7 7  [1)  . Br j e f  I y • a m o d i f i e d  N ewt  I I I  t ccl i i i  iq i lo

(Multiple Object — F u n c t i o n  Newt Oil Me tliod ) was dove I I  pI l l and p rog rammed to perform

simultaneous opt imization of several gi’o nk ’ t rv  ) ; i r a & I c r s  , e . g .  , c o u i t  rol surface

areas , l eng ths , etc. The po t e i l  I I at beiie fits j u l  1 ude imp r o v e d  do f 1 oct or shapes

fo r  e x i s t i n g  h u l l  des igns  , and  re d uc t ~ 0fl 02 d e s i g n — e v a  1 ua t i o n —  r 1 des I gn l y e  10

time for comp let c l v  new c r a f t s .  P u r s u i  j ug  l i i i  s w or k , I W I ) f u r  t h or  ad v an c e s  ar e

~i t  t e m p t e d  in the  p r e s e n t  w o r k .  F i rs I , gains  ot  I I.e I ‘c d b , i c K  l ’ O fl t  r o t  s v s t  en :  an d

t he g e o met r y  pa r~. e te r s  arc  11 1 1 1  c t  i V o  I v  1 0 0 5  d i e d  f o r  o p t  i m i z a t  I l i l  . ‘h ue

success o f t h i s  e f f o r t  s h o u l d  b r i n g  , IhI O t  c l o ser  col l a b o r a t  ion  h e t w ~ ~~~ t h e

body—shape designer  and I I I ’  C O I l  I r o l  sv:: I ~m eng i neo r .  l vcfl  c oj i f I g I I  F i t  1 0115 0’

Co n s i d e r e d  l o t  I t  o f o r e  c o u l d  he oVa I n a t  . 1  r ,g  d l v  I or t h ~~i r  rue  ~o r i  r :n , i Ih’ , ’

p e t e n t i a l  — —  and used when  deemed  s u p e r i o r  by l i f t ’  en g i nee r i n g  t ~‘ . i m.  A

impr ev c me :i t  c o u : s i d 1 u ’1d  I 5  in  t i l l  I i t l i 1 ’It ~. 1t  i o u  i r m u i l , u t  i o u  of t i l l ’ Op t  i :~~iz ; I t  lOl l

p rub l e i iu . B y u S c ’ o f  a Oga r I t kni t c t r a n s  t ii u m a  t I OTi • t h e  r . ’ ~ n i t  l u g  c L m ; u u u  I or  ~~‘l Ut. I on

is sought to be s i g n  d e f i n i t e , and i s  t h e r eb y g u I i u . I n t I d  t o  he p i i v s i :i i I v  r e a l  i , , ab l e .

In su mm ~ir ’ ,’ , a m e t h o u l o l o g y  f o r  t h e  d e s ig n er  is now ava l  l a b l 1 ’ S t I  I t  l ie  m.i~ ’

h a rnes s  t h e  f u l l  p o t e n t  i , .u i of h o d v — s i i i i ~s’ —— i n c l u d  i i :  ‘ d e f l e c t  ion s u r f ac e s  —— and

co n t r o l  ~~ in s  f o r  r u a x i n a u n u  1 t o r m a n u ’ 1’ 0 1  t h e  c r a f t .

l :x ~ 1: ;) les  p r o  s1 u t t 1 ’d hu .’r 1 ’ p~.’ r t a i n  o n l y  I I )  t h e  l o n g i  t u d i n : i l  d v l u a n h i I ’s.

1. ‘ I ’ IhI ;URY

i
l aO l i [ l c , 1 1 ’ iZ t ’d  S t i l e  e q ua l  ions  o f  a v e h i c 1 e~” l I e  of  t~~u 1 f o r m  [3 ] ,  [5 ]

A ~
‘-
~~‘ x = Bx + Cu ( 1 )

d t

~ will j ssume t h a t  t I c  long i t  u i  1:1 , 1 1 and I a t~ ra I d y n a m i  t ’S can be cons ide  red

decoup I 1d  , [4 and bus can be a: 1 lyzed in d ep e n d L n  t 1 y . Concent  r a t  i n  g then  on

l o u i c i t u d i n u l  d y n a m i c s , eq u a l  io n ( 1)  c ii i  be used t o  c l i a r a c t l ’ r i z ( ’  t h e  r esponse  of

t he p i t c h  and d ’ p t h i  v , u r i i b l & ’ s .  S p i u ’ i  i1 ’ . u l  ly , t he St  ; i t e  v e t  ors h1 ’~~eum

x ( 2 )

e

* The ve l i l  c I c  t i n d er  c o n s i d e r a t i o n  is ii r emote  I y —p 1 I I l t i d vel~ I c  le ( R P V )  : i t  ‘ s
• hvdronamlc co~ ff ir f o n t s  f o r  long i t u d i n a l  dy n a m i c s  are  l i s t e d  i i i  A p p e n d i x  I) .

- 4 — 
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while the control deflection vector is

(3)

The control system configuration shown in Figure 1 r e su l t s  in the feedback law

0
corn

u D  +Ex (4)
2corn

where 0 is the input pitch angle command and 2 is the input depth command .corn corn

— _ _ _  U

U 
—~~~~~ VEHICLE ____________

L MATRIX _ _ _ _ _ _ _ _ _ _ _ _ _

F i g u r e  1. General ized Control  Sys tem

In t h i ~; phase of the  stud y, we will use the stern plane as the only

control input . The feedback configuration use l is shovn in figure 2.

[I 
_ _ _  

~~~~4j

(R 131

Figure 2. Stern Plane Feedback Sys tem

The feedback Gains in figure 2 an’ defined by

R = K ?  R = K 5 R = K
4 9 z 11 z 13 1

R
10 

K~ R
12 

K~ R14 
= K

2

~ee Apendix A for the delinition of other design parameters.

I.- --

— 2 —



The feedback law which governs the system dep icted in figure 2 is given by

U = = [-
~~ 

K~~ [::::1 + [0 - K~ Kê (K2
K~ + K~U0)- K1

KS] 

[
~] 

(5)

Given the design responses z(k) ,k 1 ,2 ,. .. ,K , estimates for the optimum
feedback and geometry parameters R are found such t ha t

K T
J = ~ (z ( k ~ )— x ( kA f l

TQ [z(kt ~) — X ( k A ) 1 + [R —R~~ 11 P[R —R~~ 11 (6)
k~ 1is minimized [6], [8] where 

-

~~~~~~~~ 
1
T

Equation (6) can be written [1] as 
-

k=l 
~ (k~ )-x (kA)-11

1
11
2 
(R~~~-R ) J

TQ[z (k~ )—x (kA)-H
1112 (R~~ 1- R J

+ [R
0
_R~~ 1 J

T 
P [R —R~~ 1 I , (8)

where

(9)

II ,, = --p’ (10)

~x
1

c = f ( R )  H y d r o d y n a m i c  c o e f f i c i e n t s  (11)

S e t t i n g  the p a r t i a l  d e r i v a t i ve  wi th respect to R equal to zero , [ 2 ] ,  [12 ]  we obtain

= 0 = -2~~ II~ hI
l
T
Q[z(k,~)_xv(kA)_H l

H
2
(R~~ l

_R
~) ~

(12)

where R is a diagonal scale matrix for the  feedback  and geom e t ry  parame ters

Pc such t h a t

R = R R

_ _  _ _  - - 
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L.
r The solution to (12) for the new value of the  feedback parameters R is given by [1]

~~~~~~ +[H H~ QH
1H 2+~

T 

~
] ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(13)

The op t imiza t ion  method ou lined  above is used in the m u l t i p l e  ob jec t  f u n c t i o n

approach , MOFNP , along w i t h  the cons t r a in t  (banded p r e d i c t i o n )

x(k~ + ~
) = ~ ( k ) [z ( k A )  + AA 1 (B z (k~ ) + Cu(k~ ) ) ]

+ ( 1-C(k) ) [x(kA)  + (B x(kA) + Cu(kA))] 
(14)

x(0) = x° ini tial condi t ions

where ~(k) is an appropriately chosen sequence  of 0 ’ s and l’s.

II. FEEI )BACK PARAMETER OPTIN I ZA TON

This sect ion deals w i t h  the s e l ec t ion  of the  feedback  pa ramete r s  of f i gu re  2

t h a t  wi l l  y i e ld  the op t imum t r a j e c t o r y  w I t h  r e spec t  to  a spec i f i ed  desired

t r a j e c t o r y .  The s te ’n  p lane  geomet ry  p a r a me t e r  A has been ha rd—wired  t:o 1.0 , thus

e l i m i n a t i n g  geometry  p a r a m e t er  o p t i m i z a t i o n  fo r  the  p r e s e n t .

A. ~~~~iuna l Des ign  with D o u b l e t  I i!p~~~
Consider  tile s y s t em  given in f i g u re  2 , exc i ted  w i t h  the  f o l l o w i n g  input

combina t ion :

1) 1 degree p i t c h  ang le  double t  w i t h  12.5 seconds p o s i t i v e  and 12.5

seconds n e g a t i v e .

ii) 100 feet depth command d o u b l e t  w i t h  12.5 seconds pos i t ive  and 12.5

seconds n e g a t i v e .

It  can be shown t h a t , in order  to assure s y s t e m  s t a b i l i t y ,  the  fo l l owing

condi t ions  mus t  be m e t :  1) The f eedback  gains R~~ and R14 (see figure Al in

Appendix  A) must  provide  u n i t y  f e e d b a c k  in  order  to genera te  the  actual pitch

and d e p t h  e r r o r  s i g n a l s .  2)  S ince  the  n u m e r i c a l  v a l u e  of the  dep th  command

Is two to three orders of magnitude larger t h a n  the  p i t c h  angle command , K0

J should be two to three orders of magnitude larger  than K
~ 

in order to assure

that comparable contributions to the control input are produced . 3) The depth

r a t e  f eedback  gain K . mus t  be chosen to be smal l  to  p r ev e n t .  excessive overshoot

and r ing ing  in the  response. 4) The p i t c h  r a te  feedback  ga in  K
ô 

was chosen to

be about two orders of magni tude  g r ea t e r  than K. to c o n t r o l  the  p i t c h  r a t e .

These cond i t ions  were a p p l i e d  to the  o p t i m i z a t i o n  of t iu& ’ stern plane feedback

parameters ,

* 
— 4 —



iT
R = IK. ,K• ,K ,K

L Z U z U

where A the stern plane geometry parameter , was hard—wired to 1.0. The

resul ts  of the exper im en t  are given in table 1; the program settings are given

in Table 2.

Table 1. Feedback Parameters  and Errors  , 1)ouhlet’ Input’. Response

Feedback Pa ramete r s  RNS % Difference (%)

__________ 

K.(R
9
) 

~h(R10) K(R
11
) K0(R12) ,. 0 z

Baseline 0.02 [‘ 1.80 0.05 9.50 
- 

75.8 67.2~~[~
67.9 77.1 159.7

Opt imal f’

~~Design 0.01. 2 .00 0.01 9 .99  .0023 .002 .0028 .0014 .0015

Table 2.  Program Data, Doublet Input Response

NP T 200 NA 5

NS 5 
— 

MC 2

IAOPT 1 
— 

INTR 5

DELTA 0.5 
— 

FACTOR 
_____

The desired and f i n a l  desi gn responses are given in f i gure 3.

B. ~ p~~~~a1 Pes ign  wi t  Pi tch  Command St en Input

In t h i s  examp le , ~~e control  sys tem of f i gure 2 is con f igu red  as follows :

i) K and K .  are h a r d — w i r e d  to  zero ii) A is h a r d — w i r e d  to 1.0. The r e m a i n i n gz z S
desi gn parameters are chosen fo r  o p t i m i z a t i o n . That is ,

~ 1” ‘~~ l T
Pc 

[Ko~
K
oJ 

-

The command inpu t  i s  t aken to be a ~ 250 degree p i tch  ang le s tep .  The des i red

system reo p1 ui ~;e~; a ri t aken as follows

PI t ch  (0) —25 degree pitch angle (0) ‘ s tep

Pi tch  Rate (0) —50 degree/sec. p it ch rate (0) pulse , one half

second wide to allow leading edge of pitch angle step to occur .

Depth (Z) Depth response (Z) corresponding to the relationship

z =  w — u e  (15)

Forward V e l o c i t y  u — zero

Plunge Veloc it y w — zero

The r osult t ;  of t h is ex ”crmmont are given in Table 3; the  program se t t ings  are

listed in Table 4.

• ..

_ _ _ _ _  - - - ---~~~~~~~~~
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I
Table 3. Desi gn Parameters and Errors , P i t c h  Step Response

Des ign  Parameters  RMS % Difference (%) 
A ~ — u w O o z

Baseline 0.0 0.0 1.0 0.0 0.0~ 87.3 615.5 -

Opt L. a::) 

~“1
De~~ ~~~~~~~ 

13.7 1 1.0 
— 

10O .O~ 100.0 , 92.1 ~5j~2 106.9

T a b l e  4.  P r o g r a m  Da ta  , P i t ch S t e p  R es p on se

Fact lr 0 
— 

P 0

NS 5 2
_ - -  _

IAOPT ‘ 1 
— 

I’~ r’R 5

D E L I A  0 .5 200

Ti le d e s i red  and f i na l .  design responses  ar e  shos’n 1:1 fi gure  4. No~ e t ~:, : t I ~ ii’

desirc ’cI respe:ises fo r  U and Z are c 1~os~’n so as to 1 co:~, :’t i b l e  wi I ’a a —25 degree
p 1 t ch  a np i e  s t e p .  Obre rv at - i nu of tU ~ ~~~~ D I I  f ci~,e ’cs re-c~~als that  four  of t lic ’

t r a je e to r i c a  d i f f e r  s i g n i f i c a n tly  f rom t h e  des irod I : r aj c c L o r i e s .  i t  should be
no t ed , however , t h a t  a L t ’h o u g h  des i  r~.d t rajc’ctori es were 5~~~ L C  I f i e d  fu r  a l l  f ive

staten , only t1i~ p i t ch  anp te (~
) was a c t u a l  lv ep t  i m i z e d .  Tb i S is t rue  because

all entries of the  Q m at r i x  except  Q(4, 4 ) ,  wh ich  cor responds  to the p i t c h  ang le ,
were hard—~~ircd to ze ro .  The only si gn i f i c a n t  error , t h er e f o r e , is tha t  of the

p i tch angle response , which  is r e l a t i v e ly s m a l l .

III. GEow:’r;~
y . ‘tNU F K f : I f l ; A c K  OPTIN1 d AT I ON (PITCH I1~\NLuvFR,s)

In this phase ol i n ve s t  j i l t  i ce , a c o m b i t i a t i o n  of f e e d b a c k  and geomet ry

p a r a n e l er  o p l i m i z a t  ion u s in g  11w s t er n  p l ane  model  of f i g u r e  2 was a t t em p t e d .

The e x p ( ’r  m i l l  a t ,  ion c en t  ers a round  t 1- c developm ent of an e f f e c t  ive  method of

ca lcul  a t  lug t i t i ’  w 1 g u t  i I ig ma rl  x P .  A l l  case i xamp 1 ~‘s use the  p i t c h  ang le

s tep  i n p u t  and d e s i r e d  r e , I o n s e  sp e c i i i e i t i o : l S  g I V I , ’ T I  in t h e  p rev ious  e x p e r i m e n t .

A. ~Y !L~~dI ~LYi t I )  P 0

1.ct the  m a t  r i x  P be se t  t o  zero , i . e .

P ( i , i ) 0  f o r  a l l  I

— 7 —
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The feedback parameters K and K. are h a r d — w ir e d  to zero so the o p t i m i z a t i o n

procedure dealt with the  f o l l o w i n g  pa ramete r  set

R = [K O, Ko, A 2 I
T (16)

The results of the experiment are given in Table 5; the program settings are

listed i~~ Table 6.

Table 5. Design P arameters  and Er ro r s , P=0

Dc-si gn Pa rame te r s  RNS % D i f f e r e n c e  (%)

K K~ A 2 U W 0 (3 Z
_ _ _  

0 0 S 
_ _ _ _ _ _ _

Baseline 0.0 0.0 1.0 0 .0]  0.0 87 .3  6 15.~ J 
Opt imal  

1

Design 5327 3468 .009 l00
j,~~~

0O 117.2  3.5 106.5

Table  6. Program S e t t i n g s , P~ 0

FACTOR 0 P 0

NS S MC 2

IAOP ’I ’ I IN TR 5

DEL’I’A 0.5  - N }’T 200

The de s i red  and f i n a l  responses are g iven in  f i g u r e  5. A l t h o u g h  an

improvement in t h e  p i t c h  a n g l e  e r ro r  has been a( ’hl l e v e d , tin f e e d b a c k  p aramete r

va lues  are q u i t e  large in compar i son  to those  11 t he  p r e v i o u s  e x p e r i m e n t .  The

program ~ 0 F — N I ’  has the capabilit v t o  p en a l  ize l a rg e  dep a r t u r e s  f rom a set of

a p r ior i  parameters . This is  a c h iev e d  b y c a l c u l a t i n g  t h e  wei g h t i n g  matrix P of

equa t ion  (6) u s i ng  the  a d a p t  i ve  method .

B. Design Pn i niT A P , ij t t  i v  N e t  hod

Cons ide r  the m a t r i x  P g iven b y

- . 1.0 FACTOR
(1 , 1) = 

PARER 
(17)

1(1

where

NPAIIC “ 2
(Ck 

— c
~K
)

PARER = — 
2 

. ( 18)

k=l 
C
k

— -. - — 9 —

- 
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The following constraints were applied to PARER and FACTOR ,

if PARER < 0. 2 , FACTOR = 0.0 (19a)

if PARER > 1.0 , FACTOR = PARER (19b)

If 0.2 < PARER < 1.0, FACTOR = 0.05 (]9c)

The relat ionship be tween PARER and factor is shown graphically in fi gure 6 , and

the r e l a t i o n s h ip be tween  PARER and P is given in  f i g u r e  7.

Figure 6. PARER vs FACTOR

1.00 - - /

0 rI-I O. .)O”
0
p.

0. 0 5 - - ~~~~~
0.2 0.5 1.0

PARER

Figure  7. PARER vs P

‘-S
0

( 0

5-,

0.50 -

~ 0.25 - - 

O~~~~~~~~
1
5~~~~~~~~~~~ O

PARER

It j i; sc -  en , f r o m  (18) , t h a t  PA RE R i s  a measure  of t he  norma l ized  deviations of

ck f rom t h e  a p r i o r i  V ;I1UeS , C
k • Thus , w i t h o u t  the c o n s t ra i n t s  (19) , as Ck

approached  c - , P would U I - C ome l a rge  and only  smal l  v a r i a t  ions of p ar a m e ter s
ho

f rom a p r i o r i  va I ues won id hi- a 1 1 OWed. The c o nst r a in t  s of (19) , however ,

frees t h e  o p t im l l 0 . at i on  process f r o m  penalt 1(’i-) for departu res from a p ri o ri

va lues  when t’he p it  r ime ter est i 1) 1:11 ci; ,-tr e  ci ore 1 o a pt m t  i Vii ities , t hus  a I l o w i n g

a g r e a ter  degree  of o p L i l f l l z a t  ion f i  cx ib I l i t  y .

— — Ii —

V V V _ ~~~- ‘-~~~~
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Examp le B—i

Using th e design values of section 2—B as apriori values ,

= 5.068
K
0 

= 13.713
A2 .’ 1.O -

S

with K and K. hard—wired to zero , feedback and geometry parameter optimization

was performed for

The results are given in Table 7; the program setting are listed in Table  8.

Table 7. Design Parameters and Errors , P adaptive , Example B—i

Design Parameters RNS 7. DifferenCe (%)
K
0 

A~ u w ô ü z

Baseline 0.0 0.0 1.0 0.0 0.0 87.3 615.5

Op timal
Design 5.11 14.41 1.07 _V~~

_ 100 100 83.9 5.11 106.8

Table 8. Program Setting, Example B—i

FACTOR 0.05 P ADP

NS 5 MC 2

TAOPT 1 INTR 5

DELTA 0.5 NPT 200

The desired and fiflal design responses arc given in figure 8. A comparison

between the a priori design and the final design is given in Table 9.

~1 Tab1c 9. A priori vs final design , Example B—i

Design Parameters RI-IS % Difference (7.)

_ _ _ _ _ _  

K
0 

Re A 11 C o z
• A Priori 13.71 5.07 1.0 100 100 92.1 5.43 106.9

Final
Design 

-_14.41 5.11 1.07 100 
( 
100 83.9 

- 
5.11 106.8

— 1 2 —  -
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Example 2

With  K and K. hard—wired to zero , feedback  and geometry parameter  o p t i m i z a t i o n

was perf ormed for

2R — [K O,K0,A J

with a pr iori

T
R0 = [0,0,1)

The r e su l t s  are given in Table 10; the  program s e t t i n g s  are listed in Table 11.

Table 10. Design Parameters and Errors , P adaptive , Example B—2

Desi gn Parameters  RMS 7. Di f fe rence  (7.)
K K~ A2

0 0 s U W 0 0 z

Baseline 
— 

0 0 1.0 
— 

0.0 0.0 1 87.3 615.5

Optimal
Des ign 

— 
0.87 —0.11 1.20 

— 
100 100 345.9 16.2 125.4

Table 11. Program Settings , Example B—2

FACTOR 0.05 P PtDP

NS 5 I-IC 2

• IAOPT 1 INTR 
V

V DELTA 0.5 NPT 200

The desired and final design responses are given in figure 9.

C. Design us ing  JOPT2 adjustment

In an attempt to improve the trajectory fit of the previous example , the

following condition was imposed , -

If J0I’T2 < 8 , factor = 0.0 (20)

This condition completely frees the optimration process from penalties for

departures from a priori values during the first your  optimization passes

(first eight iterations). Using (20) in con junc t ion  wi th the P adaptIve

method , (17), (18) and (19), parameter optimization was performed for

— - -
— 14 —

V — -  
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R

wi th  a p r ior i

= [ 0 0f l
T

and K and K. ha rd—wired  to zero .  The r e s u l t s  are  given in Table 12; thez z
program set  t ings are i i  ~~t ed in ‘Fr ble 13.

Table 12. Design P a r a m e t e r s  and E r ro r s , P adap t ive , JOPT2 a d j u s t me n t

Desi gn Parameters 
~~~ % Diffe rca ice  ~~~

w O e z
Baseline 0.0 0.0 1.0 0.0 0.0 87.31615.5

Optimum j 1Desi gn 
____ 

9 .9 J .1151 7.03 100 100 103.9 1.19~~ ]O5 .8

Table 1 3. I’r ogratn Data , JOP T2 adj  ~is tment

FACTOR 0.05 p ADP

NS S V MC 2

IAOPT 1 
- 

INTR 5

DELTA 0.5 N P F  200

The des i red  and I i n a l  r esponses are g iven  in f igu re  10 .

— 1 6 —
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Iv. FEEI )BACK ANI ) GEOMETR Y OPT IMI ZAT i ON (DEI’ TII MANEUVERS )

In this phase of i n ve s t i g a t i o n , a r e f i n e m e n t  of the Adap t ive  Method

given in si’et ion 3 .R is developed  and app l i e d  to  p a r a m et e r  o p t i m i z a t i o n

for depth maneuvers. The o r i g i n a l  imp l e m e n t  a t i o n  of the Adaptive Method ,

g iv en  in ( 1 9 ) ,  has the  uppe r  bound fo r  parameter variations controlled by

if PARER ? 1.0, FACTOR = PARER (19h)

where PARER is given by (18)  and P is g i V e n  by ( 1 7 )  . With  ( 19b)  i n

e f f e c t , }‘ARER gr e a t e r  t h an  1.0 w i l l  r e s u l t  i n  l~~i~~, e pena lt I C V S in the

1i ar ;1 :~ L c ~ 1
V op t  1 nil z a L i  on scheme . Th i s meth od is ef 1 oc t  ive if the  p r i o r i

values are good est inlates of t h e  ac t ua l ‘ ; l I  i In ~~1 sy s t e m  p ) I r : t r I o t ( i s  . lf

howe~’ er , the p r i o r i  values are not close- to the  opt  imal p a r a m e t e r  v a l u e s ,

( l 9b )  may s~ v~ rel y hand leap Lhc op I i iii Zn ion p r o c e d u r e

Consider , fo r  -~~~mp I n , t h e  case s h e - r n  sorn r par~ T s -  t ers h ave  p r io r i  values

equal  L I z e ro . In t h i s  CaSe , PARER is g i v e n by
‘
5
’ 9(r~ — r ) “

PARL i~ Er~ + ~~
- - -~~~~~~ = PA REE I + V , \EITR 2  (2 1)

where  PA~ V l~ 1. i s d. - to  ~
-
~- ii - .~ b y p u r i u  ers ~ ‘ th zero  p r i o r  I v a lues  ~nd

- - PAR ER 2 is d e t e r m i n e d  b y p a r - m et  cm w i t h  n o n — z e r o  p r i o r i  v a l u e s,  i f , a t  any

t ime d u r i n g  the  opt  i u . 1 - S L  ion procedure, any zero p r i o r i  p a r a m e t e r  t ak e s  a

value g i l - a l  or  t h a n  1.0 ( a b s o l u t e ’  v a l u e )  , (i~ b )  sets FACTOR equal  to I’AEFE

and t h e - r o sei l I in g  pe n :u l  ty is large . In fa ct , e xam in a t  ion  of (17)  shows

tha t  t he ’ we i ghting mat cix I’ I ce flu 1 t in g o r  a f u n c t i o n  of e i t h e r  FACTOR or

PAIn P in th  l e e  case , h u t  i s  set t o  I .0 .  VJ ii is scheme , I lue refor e- , w i l l  not
• a l low a ze l  u — p r  i t i r  i p a r am e t e r  L i )  ex ceed 0 ) 41 t y  (ab so l u t e  va lue )

An i r e p r o v e d ’  n t  i n  t In - ~ ‘l m g I  lye Mo 1e1 ’d i s  mad e when (191, ) is changed to

11 P APE R ? ~,. ‘i P . FACTOR = 1.0 (22)

where ~L\~~UV R Is a v i  r I I i >  It ’ , U e , I I V I  I lv choscn * b etween  1 and 300. In (22)

when I’AREP~ (V ~~( i-cd s t he dcs I c m i .  ed u p p e r  H ‘und , t h p e n a l  ty  fo r  dep a r  L u r e

f r om : e i ’ r1~~r i  v a l u ~ I s  in c r e esed s l c n ’ f m c a n t l y ( f a c t o r  t \ ’p i c a i l v  i i ;  in-

creased by one - ‘ -. - - - orde rs of 1 .  V 5 ~ tud e)  , w h i l e  the  w e i gh t  ing P remains

*
MAXER should be cI’ ‘‘ - c - u i  u i i u r d  I tug to I h~’ a n t  i c  I pat ed variat, ion of p ara—
met es -~ f r o m  th~ sp. ~ i fi ~ d priori v~i lm ~ ’s. For example , a IIAXER of 400

V wou ld  a l l o w  a z e r o — p r i o r i  p 1 1 1 0 1  er to u i-usunl e  values up to 20 ( abso lu te
~ valu e).

- •  
— 1 8 —
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a func t ion  of the parameter  and pr ior i va lues  (PARER) . In the case where

geometry parameters are specified with zero priori values , a MAXER of 200
has been found  to  y ield reasonable r e s u l t s  ( fo r  a compar ison of o p t i m i z a t i o n

e f f i c i e n c y  of MAXER — 1 vs MAXER = 200 , see examp le 4 . 112 and 4 .B3) .

A) Op t imal  Design w i t h  Ramp—Step  i n p u t

Consider the  sys tem given in f i g u r e  2 , ex c i t e d  w i t h  the Depth

Command g iven  in f i g u r e  11 and spec i f i ed  as fo l l ows : (1) Inpu t  ramp wi th

2 .5  f ee t / s econd  s lope  f o r  t ime < 10 seco n d s , (2 )  Input  const an t  a t  25 fee t

fo r  t ime >10 seconds.

30 -

,.-
~ 20- -

4.1
C)
C)

4-4
..-‘ 10’
.5
4-I

4 I I H—’h-------~ 1—---H
20 h O  60 80 t imc-(sec)

Figure 11. Depth Command (Zcom)

In the  fo l lowing  cx amp l c-s the des i red  sys tem r esponses  are t a k e n  a ;  f o l l o w s :

D e p t h ( Z )  same as Dept h  Command ( f i g u r e  11)

P it c h (0 )  _25/ 1J
~ 

p i t c h  angle pulse  fo r  t i e , e  < 10 seconds

0 elsewhere

Pitch Rate(~ ) (+) 5.0/u0 pitch rate (~~) pulse , one ha l f

second w i d e  at l ead ing  ( t r a i l i n g )  edge of

p i t ch  angle pu lse .

Forward
V e lo c ity ( u ) zero

Pl unge
Veloeity(w) zero

Exampl e  A—i

In this examp le , fecdhae - k parameter optimiza tion is pi-rformed for

R =

— 1 9 —
V 

~4 -

‘4
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with A2 hardwired to 1.0. The resul ts  are given in Table 14; the program

settings are listed in Table 15.

Table 14 . Feedback Parameters and Errors , Example A— l

Feedback Parameters 8118 % Difference (%)

_ _ _ _ _ _ _ _  

K
0 

K
z 

_ _ _ _ _  

K~ ‘
~‘~ 

0’

Baseline 0.0 0.0 0.0 0.0 — 0.0 48.38 74.56

Priori 0.0 0.0 0.0 0.0 — — — — —

Optimal 1.27 .029 1.02 .079 — 100 141.1 57.67 4.79
Design 

_ _ _ _ _ _
- 

_ _ _ _ _ _ _  _ _ _ _ _ _ _  _ _ _ _ _ _  _ _ _ _ _ _ _  —

Tabl e 15.  Program Data , Example  A— I

FACTOR 0.01 p ADP1

NS 5 1-IAXER 200

IAOPT ] MC 2

DELTA 0.5 NPT 200

MAX R 16 UNKR 4

The desired and final responses are given in figure 12.

Examp le A-2

V 
In th is examp le , feedba ck and geometry optimization is per fo rm ed  fo r

= ~~~~~~~~~~~~~~~~~~~ 
.

— 20 — 
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The results are given in Table 16; the pr ogr .ieem settings are listed in

Table 17.

Tabl e 16. DesIgn Parameters and I- rrors , Examp le A— 2

Design Parameters ~ 4S % Difference (7.)

___________ 

X
e K~ K6 K~ W 6 0 Z

B a s e l i n e  0.0 0.0 0.0 0.0 1.0 0.0  48 .38 74 .56

Priori 0.0 0.0 0.0 0.0 1.0 — — — —

Optimal
Design .093 .027 .214 .131 1.76 

— 

100 137.9 57.8 3.94

Table 17. Program Data , E x a m p l e  A— ?

FACTOR 0.01 P ADP 1

ES 5 MAXER 200

IAOPT 1 MC 2

I)ELTA 0. 5 NPT 200

MAX R 16 liNE R 5

The desired kind final responses are g iven in  f i g u r e  13. N o t i c e  t h a t  t i t

optimal values obtained for Kz, N~ and K6 look reasonable, but K
0 

seems

inappropriately small. This is , however , a depth manuever . and as such the

parameters obtained a r e  acceptable , a l t h o u g h  i t  i s  poss ib le  t h a t  t h e  p i t c h

response wi th  this  set of p a r a m e t e r s  is poor .

— 2 2 — 
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Examp le A— 3

In this examp le , f eedback  and g e o m e t r y  optimization is performed for

= [K ~ ,K O , Kz , K o, X
~~

) T

where the priori values for the p a r a m e t e r s  are  based on the results obtained

in section 3C(pg. 16). The !
V ( V S L J 1 t S  arc- given in Table 18; the program

settings are l i s t e d  in  Tab le  19.

Table  18. l ) e n i g n  P a r a m e t e r s  and E r ro r s , Example A— 3

Design Paramete r s  RNS % Difference (%)
K 0 K

z 
K
6 

K~ A 2 
w 6 e z

Baseline 9 .9 3  0.0 0.115 0.5 7 .03 0.0 48.38 74 .56

Priori 9.93 0.0 0.115 0.5 7.03 — — — —

Optimal
Design 9 .07  .213 .115 . 4 4 2  6 .57  

— 
100.0 93.2  61.8 2 .83

Table 19. Progr am Data , Examp le A— 3

V 
FACTOR 0.01 P ADPI

NS 
- 

5 MAXER V 200

[AOPT 1 MC 2

DELTA 0.5 NPT 200

NAX R 16 UNKR 5

The des i red  and f i n a l  responses are given i n  f i g u r e  14 .  N o t i c e  t ha t  the values

obtained here for K
0 

and A2 are quite different from those obtained in the

previ ous examp le. These parameters are comparable to those obtained in the

pitch optimization , and therefore may be accep Cable for both depth - - m d  p i t c h

maneuvers

‘ — 2 4 —
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B) Op timal Design with Triplet Input

In th i s  phase of i nves t i ga t i on , the stern p lane feedback sys tem
is exci ted  w i t h  the d ep t h  command ( Z )  input  given in f igure 16 . The

desired dep th  response is the  same as the  d e p t h  command .

10 
\ 

30 /50 70 90

~ 

time (see)

Fi gu r e 16. D 1 t  h Command I n p u t  ( Z )

F:x~1mpl e B—i

I i ’  t h i s  examp le , f ee d b a ek and geome try optimization ~~ performed for

8 — [K > , K O , 1S 7 , K O , A J

w i t h  the  feedback pr i l l r i  values set  to zero.  The r e s u l t s  ar t ’  g iven  in Tab le  20 :
the program s e t t in g s  are l i s t e d  in T a b l e  21.

L .



Table 20. Design Parameters  and Errors , Example B—i

Design Parameters  RMS % D i f f e r e n c e  (%)
K0 K

z 
K 6 .  K~ A 2 

w e e

Baseline 0 .0  0.0 0.0 0.0 1.0 0.0 9 6 . 7  186.6

Prior i 0.0 0.0 0.0 0.0 1.0 — — — —

Opt ima l
Design .371 .074 .296 .106 2.19 

— 
100 152 .9 5 9 . 5  2 3 . 6 3

Table 21. l’rogram Data , Example B—I

FACTOR 0.01 P ADP1

NS 5 MAXER 1

IAOI’T I MC 2

DELTA 0.5 NPT 200

MAX R 16 UNK R 5

The desired and f i n a l  response arc -  g iven in f i g u r e  17. N o t i c e  t hat , in th i s

examp le , 1IAXER equals 1 and all of the final feedback parameter values are less

than 1.0.

Examp le B—2 -

This example is iden t ica l  t o  the  previous examp le , w i t h  the  except ion

that MAXER is set at 200 instead of 1. The results , given in Table 22, show

a defin ite improvement in the depth response error. Notice that some of the

feedback parameters (K0,K6
) have absolute values greater than 1.0.

-27 -
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Table 22. Design Parameters and Errors , Example B—2

Design Parameters 
2 R~1S % Di f fe rence  (%)

K0 Kz K6 K~ A w 6 o z

Baseline 0.0 0.0 0.0 0.0 1.0 0.0 96 .7  186.6

Priori 0.0 0.0 0.0 0.0 1.0 — — — ‘ —

V 

Optimal
Design 4 . 2  .085 — 4 . 1 2  — 2 . 3 6  6 .51 

— 
100 131 .1  4 3 .5  11.06

Tab h’ 23. P rogram I)ata , Example B—2

FACTOR 0.01 P ADP 1

NS 5 MAX ER 200

IAOPT 1 MC 2

DELTA 0 .5 NIl’ 
— 

200

MAX R 16 UNKE 5

‘ihe desired and f ina l ta-spouses art ’ given in figure 18.

Examp it -  B-3

j  In t h i s  examp le , feedback and g e o m et r y  o p t i m i z a t i o n  is pe r fo rmed  fo r

R — ,KO,Kz,Ko , ]
T

w i t h  p r io r i  v a l u t  a f o r  S l i t ’  p l r a m n c - t t ’ r s  based on the r e s u l t s  ob ta ined  in

section 3C (pg .  16) . The r e s u l t s  are g iven  in T a b l e  2 4 ;  the program

set t i n g s  are li s ted  In Table 25. -
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Table 24. Design Parameters and Errors , Example B—3

Design Parameters  8118 % Difference (%)

___________ 

K 0 K2 K6 K~ A 2 
w 6 o z

Baseline 9.93 0.0 .115 0.5 2 .03  0.0 96.7  186.6

Priori 9.93 0.0 .115 0.5 7.03 — — — —

Op t imal 
- ______ _______ ______ ______ _______ ______ _______ ______ ______

Design 5.48 1.106 .113 .224 9.88 
— 

100 105.4 46.3 6.82

Table  25.  Program Data , Examp le B— 3

FACTOR 0.05 P ADP1

NS 5 MAXI- R 200

IAOPT 1 - NC 2

I)ELTA 0.5 NPT 200 -

MAX R 16 UNER 5

The desi red and ‘~~n a l  responses are g iven  in i gure 19.
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V. PARAMETER OPT 1MIZA TI ON U T [L l  ZTN(: I , X I ~ )NJ N T1 AL ~~~~~~~~~~~~~~~~~~~

In th is phase of i n v e s t i g a t i o n, an e x p o n ent i a l  t r a n s f o r ma t i o n  is imp lemented

to guaran tee  the acquis i t ion  of non—negat ive  design p a r a me t e r s .  Consider the
trans fo rma t  ion

rj r~ 
•= e - 1 1

nj ;.
= 
~~ 

e
r t (23)

where  ~ r ep re sen t s  t h e  a c t u a l  ph y s i c a l  p ar a m et e r s  and r r ep resen t s  the  t r a n s f o r m e d

v a r i a b l e s .  This t r a ns f o r m a t i o n  p r o v i d e s  an ioOmo r I ) l l iC  m a p p i n g  f rom the  r ea l

numbers  ( r )  to  the  n e a — l i e g a t  lye  real  numbers  ( p ) .  Thus , i f op t imiza t ion  is now

pe r fo rmed  on 8T , the  op t i m a l des ign  p a i  s~ i’ters  mus t  n ece s sa r i l y  he n on— n e g a t i \ ’e .

i t  ~;hou id 1s~’ n o t e d  t i t a  t ea~’ hi e I e rnest  in  r I t e  1! - a  t i i  x g iven  i i i  (10) can he
c a l c u l a ted  as f o i l  os-s

r~ e

= “ l’ = ~~ 

.
. 
. (24 )

1’

A dil l icu l t v  cnc~as~t ercd  in inp i , -rncn r i n g  a t r a n s f o rr n a :  iou  is t h e  s el e c t  i as

of 1i~’ i t . a f o r  a l l o w a b l e  ~‘n h i e s  for  r an d p.  The n ca~-; s i t v  of u n i ts  aS  i ses  f rom

the [O11IV - \ V ~ 1Vtg cd~sei’,- a t  3 a s -  ( I )  as p approachc ’s ze a l , r ap ;’ro aches  n e g at  lye

i n f in i t y ,  (
~~) i f  p t aL e s  on v alu e r  ci  a ’s to i .0, r b~’coi ~t~~ \‘c ’ r\ ’  r a i l ]

(3) rred~’ratc v a l ue s  of r g r e u r & - r  t h an  1.0  \ V j 1 l  r e su l t  In l ar g e  valour of p.

The 1 inn t n chosen t o  s - i a  aol t h e  p ar a r i et er s  arc

i f  r < — 1 8 . 4  , r = —18.4  (25 a )

I f  r i  < ~~~~~~ r 0 .0  (25b )

if r > 6 .0 , r = 6.0  (2 5c)

E ’1 11 : 1 ions (25.~) m-~d (2 5c)  d e f i n e  t h e  r i l n L i ’  of al lowabl e  a va lues .  This

• c o r r e sp o n d s  to

S p ~~~ 4O3max

p .mni

E q i j a t  Ion ( 2 5 b )  SI  - r , i .i n t s  p f r o m  a s t ur  i og values vc ’rv  i - I  ore 1 o 1.0, w h I l e
still a I loving i t  to ha ax  si i ’  1 .0 .
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Example 1 
-

In this examp le , feedback and geome t ry op timiza t ion is performed for

= 
[K~~~~Ke 

, K
z , K

0 ,
A21

where the depth command ( Z )  and desired depth response is given in

f i gure 16. The r e s u l t s  are given in Table 26;  the program s . . t t ings  are listed

in Table 27 .

Table 26. Design P ar a i 1- t er s  and E r ro r s , Examp le  I

Design Parameters  RI-IS % D i f f e r e n c e  (%)
K K,. K’ ~~~

.

0 0 Z 5 14 0 Z

Baseline 0.01 0.01 0.01 0.01 1.0 0 .0  20 .99  9 9 . 4 3  98.83

P r i o r i  0.01 0.01 0.01 0.01 1.0 — — — —

Opt imal
Design 9.38 1.31 0.01 .0068 7 . 4 3  

— 
00.0 166.0 49 . 14  6 . 62

Table 27.  Program Data , Examp le 1

FACTOR 0.01 P ADP 1

NS 5 MAXER 10

IAOPT 1 NC 2

DELTA 0.5 NPT 200

MAXR 16 UNKR 5

Not ( V 5 t he  se l e c t  ion of ~asciint- and Pr ior i p a r ame t er a  were chosen to

avoid t h e  problem ar eas  cont i - - l i e d  by the l im i t s  In ( 2 5 ) .  The one e x c e p t i o n

is the s el e c ti o n  of 1.0 f a r  A 2 w h i c h  y i e l d s  and r va lue  of exac t l y zero.  The

desired and f ina l  respo nses are  given In  f i gure 20.

34
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Example 2

This examp le is i d e n t i ca l  I a  t h i ~ pr evious example with the except  i o u  tha t

the prior guess for A 2 is chosen to avoid 1.0 .  The rt-s u l~~s are given in Tab l-

28 , the program settings are l isted in Table 29.

Table 28.  I )esign Parameters  and Errors , Exampl e 2

Design Parameters RI-IS % I ) i f f e r ence  (%)

_________  

K
0 

K
~ 

- 

Kô 

- _____  
w 

- 
ó o z

Baseline 0.01 0.01 0.01 0.01 1.0 0.0 20.99 99 .43  98.~~.,

Priori  0.01 0.01 0.01 0.01 0.1 — — — —

Optima l
Design 16.36 2 .82  .0091 .0072 17.63 100 158.9 4 0 . 9 2  5 .02

Table 2 8. Program Data , Example  2

FACTOR 0.01 p ADPI

NS 5 MAIlER - 
10

IAOPT 1. MC 2

V 

DELTA 0.5 NPT 200

MAXR 16 UNKR 5

Note that w h i l e  the values of Kó and K~ are p r a c t i c a l l y  the  same as in t i n -

V previous example , the va l ues of K 0, K z ,  and A
2 

i nc rea sed  s i g n i f i c a n t l y ,  r e s u l t i n g

in a s l i gh t l y be t t e r  depth response . The desIr ~~l and f i n a l  responses ar c given

in f i gure 21 .
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APPENDIX B

Iteration Data for MOF—NP

KOPT NTER JOPT1 JOPT2 INTR IPROPT IAOPT

1 2 0 1 1 1 1
o 2 0 2 1 1. 1.

0 2 0 4 1 1 1
0 2 0 8 1 1 1
0 2 0 16 1 1 1
o 2 0 32 1 1 1
0 - 2 0 64 1 1 1
0 2 0 128 1 1 1
O 2 0 500 1 1 1
0 2 1 0 1 1 1
O 2 1 0 2 1 1
0 2 1 0 4 1 1
0 2 1 0 5 1 1

— 4 2 —



_______________ 
- - 

I

A PP E NI ) I X  C

The l inear ized  s t a t e  e q u a t i o n s  of a vehic le  are of t h e  f o r m

= Bx + Cu ( c . l )

where 0
u = D ~

com 
+ Lx ( C . 2 )

corn

Equa l on (C.  1) can t l u e I V c~f o r c  be r e w r i t t e n  as

= (B+cl :) x + CI) 
:

com 
(c.3)

(~OI1i

The m c u t r i  a j ( V .; of  ( C .  3 )  are  as fo .l lows

Tfl -x .  0 
• V 

o 0
U

O m—Z ~ - 7. . 0 0w q

A = 0 —Nw 1. — N .  0 0 (C.4)y (
~

0 0 0 1 0

0 0 0 0 1

x x x x 0I.) w 0

Z Z Z + mti Z 0U w q 0 0

B = N N N N 0 (C. 5)u W q 0

0 0 1 0 0

0 1 0 1 0

I
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7
’.

_J
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=
V - 

(C.9)
C,, (1)

Thus (C .3 )  l e v er s . ;

X + ~~~~~~~~~~ 
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Therefore we have
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A l’H2\2 N I )

I h u . - 1 ng i t I ld i I I a l  .hvuaiiui j cs of L i l a  lS I - — K I V  v . 6  S a l e  I r e  g o v ar u u t - d  liv th e

v e ct o r  s t a te  eq u aL  i i i

a-: . — 2 .  0 . 0  0 . 0  
[ \•~

6 i t
-SI . I - N .  0 . 0  0 . 0  
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- I

- 

~~~ 1.0 o.H 
~~~~ o~ 
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0.0 U.n 0 .0  1 . 01  I Z

r ~~~~~~ 0 .0 ,’ I
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1 0 .0  1.0 5 .0 0. 1) 0 - 0.0  0 .0

L 1.0 0 .0  -6 0 .0  J Z 0.0  0. 0 
-
~

Wila ra-

rn = .S~ 0 .39  sIu~ s

I 1 ‘67.0 s l a t f t 2

U I . 6 1 a  f t / s c - .

Z .  =
w

Z. = N .  =

N. = — 1 2 t - - S I S . .~~) 7 5

= - j  (5. 532 305 ) ÷ (.0377A8 U ) + \~ ( 4 . 7 6 i36 U )
0 a o II o

\#  ( 6 . 0 1 7 50  u ) + \d ( .0 30n61  U ) ]
5 0 R o
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2 -- — I ( 5 t . -. -~~) - 4 7 U ) -~~~ (_ 2 2 . 2 6 ’ 2 7  U ) + \~~ ( 1 1 1 . 6 2 7 2. 5  U ) j- 
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APPENDIX D
V — Continued —

= —A
2 
(2.503594)

N
6 = A~ (27.228202)

= A
2 (—37 . 203137 )  U~ 
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