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ELEMENT LOCATION FOR THE ADA ARRAY

V. C. Anderson

The structure of the hydrophone element mounts used in the ADA array

may lead to slow changes in the actual element locations durthg the operat ing

period and, in particular, during the ascent and descent operations when iigni-

ficant changes in temperature and in structural stress in the pressure hull can

occur, In view of this, we intend to implement an acoustic element location

system which can monitor the positions of the elements in nearly real-time.

The approach to the localization system is to establish a base-line array

of high frequency reference transducers around the periphery of the array. This

set will be rigidly coupled to the deck so that the locations can be measured

during Installation and can be assumed to be stable w ithin the required tolerance.

This will clearly be true with respect to distances along the deck, but some

curvature or deformation could occur over the full length of the deck in what

will be called the “z” axis. A series of bootstrap calibrations down the full

length of the array will hopefully measure any such deformation. If the cumu-

lative error in such a measurement proves to be too large, data can be derived

from observation of a distant source with a number of selected elements whose

local relative geometry has been determined by the nearf ield calibration system.

The high frequency base -line array will be used to survey in the Instan-

taneous locations of dual-frequency calibration sources suspended over the array

on the Inner surface of the protective fabric dome. The construction of these

~

.. - ..

~~
— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~,



--•,
~~~~~ 

- -.-. .- 
..~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

— ... .— — .
~ .-•, .---- ~~~~~~~~~~~~~~~~~ 

~~~~~~
-
~~

—
~
—

~WL U43fl6TM 279

sources is sketched in Fig. 1. The 1 inch cylinders are resonant at 40 kHz ,

In the circumferential mode of oscillation and couple In their Interior to a 1/4

lambda resonant chamber operating at 2 .5 kHz. They are pulsed at 40 kHz

for localization with resp ect to the base-line arr ay and then are operated In

the continuous mode at 2 .5 kHz. For phase localization of the elements the

sources are sequenced in time so that phase arrivals from the different

calibration sources can be measured without mutual interference .

The following analysis indicates that a set of 6 tra nsducers in the base-

line array and 6 dual frequency calibration sources will suffice to measure the

element locat ions to a pr ecision of+ - .2 ra dians at 2.5 kHz . This will limit

the degredatlon of the array pattern on axis due to the uncerta inties of the

element locations to less than • 1 dB. This assumes the dominant error to

he in the phase measureme nt at 2.5 kHz and that the phase measurement error

will be less then ± • 1 ra dIans .

THE LOCATION ALGORI TH M

We assume three fixed points, whose positions are known , the velocity

of sound to be known, and one unknown point not located In the plane of the

three re ference points . The constants In the problem then are the nine coor-

dinates of the known points and the velocity of sound . The data are the three

travel times between the known and unknown points. The basic travel time

equations are:

2 2  2 2 2C T~ = ( X_ X
j
) +(v -~

) +(z_ z~) . (H

_ _ _ _ _  _ _  _ _ _ _ _  

2.
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using a Taylor ’s expansIon, 
(2)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - z
1
)2 +2( z0 - z ~~~z

where x0 is the estimated position x = x0 + ~~k is the true position .

The set of equations can be expressed In matr ix form as

A .  X = Y

where

2 2x x0 
- x1, y0 

- y1, z0 
- z 1 (C T1 

- R 1 )/2

X y , A = - X2, y0 
- y2 z

0 
- z2 , Y = (C2T2 - R2

2)/2

2 2z x0 
- x3, y0 

- y3, z0 
- z

3 (C T3 - R3 )/2

and

R~
2 

= (x
0 

- x~)
2 + (y0 

- Y~)
2 

+ (z0 
- z.)

2 
(3)

solving the equation for X

• (4)

Cramer’s rule is used for the matrix Inversion rather than the somewhat more

efficient Gauss’s expansion because it is more robust in an automated computation

in that it avoids the possibIlity of dividing by a very small or zero coefficient ,

an event that plays havoc with the dynamic range of a computer . Crame r ’s

rule as used j s:

xi = i~:i k~~1 
A kjYk 4 ~

- •  
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A I is the determinant of A, A~ is the cofactor of (2~~ the element of matrix

A, and is an element of vector Y. The determinant is computed using

Laplace’s development,

A~ = (211A11
1 + C1~2A22

2 
+ 433A33

1
. (6)

In the computer algorithm the magnItude of the determinant Is constrained to

be larger than some arbitrary limit.

Appendix I Is a listing of the subroutine for the solution using Equation

5 and 6. A modified routine Is listed In Appendix II which constrains the maxi-

mum excursion of the correcting terms. In both of these algorithms a generally

slightly higher rate of convergence is achieved by the use of a gain factor

applied to the correcting terms.

Convergences for several cases are illustrated in FIg. 2. The upper

curve represents the extreme case where the estimate is placed in the plane

of the reference transducers. The determinant in this case is, of course, zero

and the initial excursion is finite only because of the constraint on the minimum

size of the determinant. The effect of the additional excurs on constraints of

Il ls apparent in the central cluster of curves. The number of iteration steps

is reduced by 30% by virtue of these constraints. However, because of the

additional computation required for the constraint, the overall processing time

Is actually longer for program II.

The gain factor of 1. 1 shows a significant advantage in the convergence

of these central curves, but not for the lower left hand ones with a different

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ -.-~~-—.--- ‘.~——-..— .~. ~~~~~~~~~~~~~~ ~~~~~~ -



.— .~
- .,.—--- .-—-— ~~

- —- —- —- ..- —-

- - -. ~~--~~
.-__

MPL-U-43/76
TM 279

and smaller displacement for the Initial estimate. Here the gain factor actually

reduces the converg ence rate slightly.

LOCATION ERRORS -

The statistics of the errors engendered by noise or Instrumen ta l degra-

dation of the time delay data can be determined by differentiating Equa tion 5

3
x~~~l / I AI 

~~~ 
A’

kJ Yk F
J
(Tl~ 

T2 T3)

dx
1 

= aF~/ T dTl + aF 1/ aT2
dT2 +aF~/ T dT3

Assuming the dT’s to be independent zero-mean random numbers of equal

variance,

oj 2 ( ( aF / aT )2 + ( F /  aT2)2 + (a F ~f aT3)2 ) 2

o~~ °T = (1/ A I )( (A’
1~ R 1)2 

+ (A’
2~ R2)2 + (A’

3~ R3)2 )
#‘2

This ratio, the ratio of the location error In the x~ coordinate to the time delay

error , is dependent on the geometry of the problem.

Figures 3 and 4 display error ratio contours In a plane of height

= .3, 0.3 times the reference array spacing,. From these contours it is

apparent that, over the x-y aperture of the reference array, the error ratio

in the xy plane at a height of .3 , correspond I ng approximately to the ADA geometry,

.-- --- -~~- --~~ .—~~~~ - -.~~~~~~~~~~~~~~~~~~~~~~ ----~~- - - -~~~~~~~~~~~~~~~~~~ . -~~~~~~~~~~~~~~~ -~~~~~~~ -~~~ -~~~~~~~~~ -~~~~~~~~~~~~~~~~ -~~~~~~~~~~——..-.
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w ll be less than 2,0, and less than 1.0 over most of the aperture. The z error

ratio will be less than 1.0 over the reference array aperture . Notice that the

- 

- error ratio increases rapidly for locations beyond the limits of the aperture,

the z error ratio Increasi ng much more rapidly than that In the xy plane . The

reason is, of course , that z Is being measured more nearly endfire to the array.

As a matter of fact, it is the coupling of the z error into the xy coord nate

estimates that gives rise to the rapid increa se in the xy error beyond the ref-

erence aperture boundary.

For comparison purposes the error contours for z0 = 1.0 are shown

in Figs. 5 and 6.

PHASE LOCATION

Once the dual-frequency calibration source~ have been located using

high frequency pulsed measure ment of trave l time , they are operated In the

low frequency continuous mode for locatio n of the main array elements.

In this case, where the location is accomplished by the use of steady sta te

sinusoidal signals, measur lág the phase at an array element from a succession

of source locations , the above algorithm can be used to obtain corrected positions .

One way of accomplishing this is to convert the phase measurement to a time

delay error as follows.

The phase from the j th source is represented by

EXP (i~~1
) COS (4~) + I SI N (+~) = EXP (I wT~)

— -~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~
_ .
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The difference between the phase received with time delay and that which would

have been observed for the range to the estimated position is,

EXP(ioiT~ - ~R~) = COs(4~)COS(~ R~) + ~~~~~~~~~~~~ + i(SIN(+1
)Cas(~ R~) - coS(+~sIN(~ R~))

The difference A= uT~ - iR~ is then, within an ambiguity of ± 11 ,

~~ (sIT. ~~~ = SIN 1(SIN( 4~J
)COS(~ R

J
) - COS(+

1
$IN(~fR ~ ))

and.also, to remove ambiguities,

Oi= iIT~ - ~~ = COS 1 (COS(~~)COS(~ R~)+ SIN( +~$lN(~~~R~ ))

The elements of the vector Y of Equation 4 can be approximated more directly,

if cTj - R~ L L.. cT~ + R
1 
by,

C
2T - R 2 -

~~~~

2 
0J R~ (CTJ 

- R
0~
) = CR

0~
. — - -

Subroutines for the phase rotation and conversion of phase components

into time delay values are given in Appendix 3. The lookup tables used in

these routines are sized to maintain an rms error of less than .003 wavelengths.

The rotation subroutine also incb~des provLs~on for the correction of constant

phase shift offsets of an instrumental nature.

VE LOCITY OF SOUND

It will be necessary to monitor the velocity of sound in the water Inside

of the dome because variations wi th temperature can be significant over the

_ _ _  _ _  
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range of temperatures which may be experienced in operation . Pairs of the

base-line reference array elements may be used for this purpose, however,

careful attention must be paid to their location to assure that a reliable path

exists between the elements In the horiz ontal direct ion. This means that,

first of all, the elements should be positioned at a height of 18 inches off the

deck so that they will be in the first maximum of the Lloyd mirr or interference

pattern . - Second, there should be no main array element s in the line-of-sight

between the elements to be used for velocity of sound measurement .

As a very useful check on overa ll instrumental time delay offset it

will be helpful to install an additional high frequency transducer Immedia tely

adjacent to one of the reference elements.

A - suggested configuration for the high frequency reference arr ay trans -

ducers is sketched in Fig. 7.

_________________  _ _  _ _ _ _ _ _  
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~.C ~PQCEOU~E LuCfliE(T1,T2,T3,XO ,WJ,~0,R): 
- 

- - • :~~~~

,.j i ~~~~ “*+*+~THIS F’ROC~I)URE ACCEPTS DATA III  THE FORM OF EST IMAT ED • .

. 
- . - 

-

~ ‘LSJUII I~ iI~ ~U ,~-0 ,ZO , TRAVEL TIFIE S Ti ,TZ ,T3 AND REFERENCE ARRAY
I~ ~i IIHICH CONTAINS COORDINATES OF THE THREE REFERENCE’ POThTS AS -:~ 

- .

Iu ’t ~.Li~LUIIPI VECTORS. )(O ,Y0 ,ZO ARE REPLFICEDr BY IMPROUEO ESTIMATES. • ~
- . 

-

,rJ~3 - 
- - - 

- 
. 

- •
. .  • . - - - 

• • 
- - 

••
- . .

~~ REAL TI ,r~,i~,;<o ,vo,zo ; 
- 

. 

‘ .
. -

.

-
. . 

-
• 

- -

it~7 REAL IiRkAV R(Q ,03 ; :  
.  

- 
- . - - .

- 
. 

- -

,v3 l :EGIII  
- 

- 
-

- 
- - -

1t~ 1 fJ1t.. h~~l . h i 2,H 1 3 ,~~~1, A.~2 ,A23,A 3 1,A?2 ,A33 ,  
t l ,b I~~,6i~~,B21 ,8&,623,B31 ,B32,B33 , -

,Ii Cni ,~~,Y,~.,EI,E2,E3; . 
- 

-

~ 1I .~ si l :— , .~j -F:L1,1f l  A12 :=Yu-R(2 ,1];  A 13 :=~0-R(3 , i3 r ~ELEMEN’rS OF THE 3X3 -

i1~ i~~l~ =~ 0 -RE1 ,~ i; A~2:=YU-R(2,2) ; A23 :=Z0-R(3,2) ;)MRTRIX A - -

1*  ~~ 1~ =>.u -RC 1, .3] : ,i3~ :mVU-R(2,3i ; R33:=ZO-Rt3 ,33 :
.1 5 :.~~ :~ThE B’~ ARE THE COFACTORS

• ;~~ ~~~~~~~~~~~~~~~~~~~~~ B12t =-A2 1~ A33+A3 1+A23 ; B13:~ A2t #A32-A31*A22 ;
1W ~~1:=-Ai 2 ti34 i A32~A 13; B22 :=A11+A33 -A3 1 *A13: B23:~ -A 11~ A32+A3PI~A12: •.

~~~ 6~~~ =A l2.+.423-A22*R1~~ f :32:=-A1i +A23+A2t*RL3 ; B33:=R11~ A22-R2l i~Ri2; ~~ - -

,t ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
~~, 1~ 0 iF I~~S(L~H~ L~~ 1 THEN UA: = SIGN(OH)- .5;~ CONSTRAINT ON OETERM-INAN~ SIZE

.21 E1:=cT l 2-All 2-.A12~~2-Ai3~~2)’2;~ COMPONEt1TS OF• THE ERROR VECTOR -

i�~ E~
;=(T2 2-H~ t**2-A22**2-i~2~**2)’2; ‘ - -

1..~ E~ ;=~ T3~ 32-R31*~ 2-A32*P2-A33**2)’2 . 

. . - 
-

i.~N :<:=(B 1 i~~~1+B21+~ 2+B3 14QE3)’DA;~~CORRECfIOh INCREMEI’I ’TS - 
• -

1.~S V 12*E 1+B22*E2+B33~4’E3)/DA - - - . • - 
. 

-

iZ.~ ~ := $33E l +B23~~ 2*B33~E3)’DR~ 
- 

- - :  - 
. -

:�7 ~h :—4O+1.1*X ; . YO :~~ O+l~~l*Y; ZO:.ZO+l .i*Z ;~ CORRECWION WITH A GAIN. FACTOR
I ~ ~ I•IJfl . . . - . • - -
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H
t.~Ij s F ’~OCLUit} E LOC~iiE(T1 ,12,13,:~O ,V u,ZO ,k); - 

- 

. - 
.

.- : , ~~ ie+~ T;4IS PROCEDURE ACCEPTS DATA III THE FORM OF ESTIMATED .

~~ .~LI~CfsTiOU~ ~.W ,V0 ,Z&J , TRAVEL TIMES Ti ,T2,T3 AND REFERENCE ARRAY - . 
• 

- -

U~ . H WHICH CONTAINS COORDINATES OF THE THREE• REFERENCE POINTS AS • .

I ~~~~~ ~~~~~ UEC~ORS~ X0 ,Yu ,Z~ HRE REPLACEO BY IMPROVED ESTIMATES - 
. -

.C.~ ~I T ItICLUDES A CONSTRAINT 011 THE MAXIMUM CORREC!ION IMCREP1Etff.******* - 
- 

- -

eCt . i E-iI~.. ‘s ,T..~,T3,X0 ,YO ,ZO;lt~.’ t ZAL iiRRFtV RCO ,Ql - .
. . .. 

- 
- -: • 

- 

-

• -
•

iu ~ t~E~iiH - 
- 

• 
- - 

- 

- - 
:-

• - -

1u9 REAL iil1, A l 2 ,f~13,A2l ,R22 ,A23,R3l ,A32,A33 , -

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

- 1.)ii,:-~,Y,z,E1 ,E2,~i3; - 

-

I ~li ~1i1 :~~ &-kC1,U; A12:=Y0-R (2,1); A13 :=ZO-RL3,1];’.ELEI1EtI7rS OF THE 3X3
1 1~ I..~i :=xu-R (l,2~; P.22~=Yu -RC~ ,2]; A23:=Z0-R (3,2];~ MATRIX A

i i - ~ ,,~i :=XU- RCl ,3] ; A~2:=Y0-RC2~~]; H33:=Z0-R(3,33: .. 
-
.

:i :~ :~~~~Tj4~ E’S ARE THE COFACTORS
- 1 1€. ~i1 := 2.~A 33-R32~EA23; 

- B12 :=-A2U~A33+A31*A23~ B13 :=A21*A32-A 31*R22;
;~ 7 i~21:= -HI2.~A33+A32~ A 1 3; 822:=Al1 +A33- A3 1 *A 13; 823: =-Ai 1*A32+A3 1+A12:
~~~~ ~Th=A1 A2 3-H22~A 13; B32 :=-A i l*A23 +A2 1~iiA l3; B33:=~ l1*A22-A21*A12;

-~~ , 1 ’  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ DETER PIIIIANT -

~~0 IF AB~3 OH) LbS I THEN UA := SIGN(DH-)-.5:Y.CONSTRA~NT ON DETERM’INAPW SIZE- - 
-

L ~~ , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ TO XO YO ,ZO. - - 

- 

- 
• - •

~~~ ~ . =h2 2+A2 +A234i*2~ - - 
: - - -

- - -

i .~~ F-:3: =A3I~~+2+~32+*2+A334~ 2; - . - 

. 
- - 

-
- 

- 
-

. . -
- 

-

~~~‘+ ~1 : T * ~ -,<I),a;~.COMPOUE1itrS OF THE ERROR VECtIOR - 
- 

- 

-
- 

- -

L~~ ~2:=(T2~~ 2-R2)’2; . - - 
- 

• 
-

L.~6 .E~: =~.T -.~-t~L’/2;... - - - • - - -  • •  • 

•.a~ LiM$ :=E 1~~~ /2’(R1+T1.~~2);~ ESTI1iATING THE TIME DELAY ERRORS - 
•
- -

.~~
. ~~~ Li~I2:=~ 2:rw2’2/(R4+T2.~P2); 

. - - 
• 

: . - . - 
-

• I~~9 LI~I3~ = E * ~ ’2’(R3+T3*~2); - 
• - - 

-
-

;.~ i L~~.I ~=i1HX(L 1ii 1 ,LIF12); -.

~~I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ TINE DELAY ERROR ~~~~~
- 

- - 
- 

-

~~2 ~-: (611.~El+521*E2+6~ l*E3a,DA;~’.CORREC~1IOM INCREMEWrS - 
- , - 

- - 

- 
- 

-

- 1 3  ~‘:=(~ 12~*E I +B22~E2+B33*E3),DA; - 
- • - -

l;’+ ::= 1 E1+d2~~ E2+B33*E3),OA ; - -

-

• 

1I~ R~=X~~2+Y**2+Z~~2; -

- 1~~ FACT: =SQRT(LLt •ll ‘R)*3; ~‘.CONSTRRINT FACTOR - -

1Z37 IF R GEQ 10*LIM1 THEN BEGIN X:.X*FACT:Y :zV*FACT~Z:~ Z*FRCTsEND;
~~S Xu :—)~OsI,1*X ; .y Q :=yO+1&I*y ; ’ZO :aZO+1.14Z;~CORRECTIOfl WITH A GAIN FACTOR

I 139 E11L1:
- . 

‘ • 
.

.

. 
- 

-
- 

-; - 
- 

• . - . - -
~~ ~

-; ‘ - - - : - -  ~~~~~~~~~~~~~~~~~~~~~ 
- - 

- 

-

L . ~~. ~~~~~~~~~~~~~ 
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~~~~
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~~ 
-

— — ———--- .- -——r — - - ----------
~~

--- -- -—- —- { P I ~~~~~ -S~~~~ 
-
~~~~

• ~~~~~~~~~~ -
, 

.- - —— - -

I 

/ —

1~ 0 F~EhL 1-RUCELIURE liIASETIME ~ CO ‘QUAD ,OMEGA); -

. .
- - - . - - :

i I..EAL LU,UUHD,UMEGH .

~02 :: *~~****.+THIS ROUTINE CONVERTS -CO AND QUAD PHASE -

~ COi*~01IEI1TS TO A TIME DELAY MODULO ONE PER’IUD~ THE -
. 

-

•

i~ ’~ :~ MAiM PRO~.iRAM MUST SET UP THE LO~ (UPz TABLE- WITH STATEMENTS
1~’~ ~ SUCH AS - 

— j
;~~

. ;. KEAL AkRAY ARCSIIIEC-50:503 ; REAL I; - - 
- 

- ;

l~ 7 ‘. ICR I := -50 STEP 1 UNTIL 50 00 RRCSIME-CI]:=ARCSIN(I’50.);
1C3 ,4***********~~~~~~ **********.************** 4I**********4 -~~

:0~? 8EGIU ~~
- - - - .- : - . - 

- 
• : ~- ~~~~~~ - - - -

110 REAL hOU,T; 
I -

11 1 NUCs.= ~QRT (CO**2+QUR0442);• 112 CO:=CO*~50’MOU; QUAD:=QUAD*50,MOOt - - . . -
. - • - - - - -

.

i i~ If AbS’~CU) GEQ .707 THEM - 
- - - .

.
• - 

. -

- 1l~ - IF CO GTR 0 THEN - 
- - 

- - 
- - • - 

-

- 
-

115 T : = ARCSI~1E (QUAD] 
- 

- . — 
•

.. -

11 6 ELSE T := SIGN (QUAD)*(3.1~~I 59-ABS (ARCSItiEtQUAD3-)) -
. :

!1’ LLQE I := SItiFl (QUAO)*(1.5?080-ARCSINE ECOI); - 
-

~18 PHASETIIIE := T’OMEGR~ - 
.- 

.
- 

- 
- 

- 
- -  ~

- 
-

•

119 END; - 
- 

- 
- . . - - -

• 
- - - : .

100 PROCEDURE ROTRTE (CO~ G~URD~ PJ, KAY,SHIFT) ; -

1(11 REAL co .ouAD~ RJ ,KAv ,SHIFT; -

102 .... .....RDTATION OF COMPONENTS CO AND QUAD BY THE PHASE SHIFT
• 

- 10:3 ~ OVER PATH RJ AT WAVENUIIPER KAY AND BY INSTRUMENTAL PHASE SHIFT
104 ~ “SHIFT ” IN RADIANS. TI~E MAIN PROGRAM MUST SET UP A SINE LOOK• 105 ~ UP TABLE AS FOLLOWS -

106 ~ REAL ARRAY SINE(0:160] REAL i;
107 ~ FOR I :. 0 STEP 1 UNTIL 160 DO - 

- . - 
-

108 ~ SINE ( I J  := sIH(3.14159’I’64) ; 
-

109 ~~~~~~~~~~~ 
. 

•

-
. 110 BEG I N •. 

. 

.

111 REAL RLPH,BET,col,QUAD1; -

112 INTEGER TRUI’IC
113 TRUNC := IHT ( (RJ .K:AY+SHIFT) .20.3718)
114 TRUNC : TRIJNC — TRUNC MOD 128; - - 

-

115 ALPH : SIHE (TPUIIC+32 ; -

116 BET : SIF4E (TRUIICfl 
-

-

11? CD1 :. CD.ALPH + QUflD.BET -

118 QUAD 1 .:— QUAD .ALPH-— CO.BEfl

~i9 CO :— COil QUAD $ QURD1 -

120 ENDI -.

$$

I. 
•

- 
‘ 

- 
— — -  - .#~ aaa*J*~~~a* ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~_ ~~~~
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