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ASSTRACr 01-2 (2)
This Paper deals with tisa problem of sound ~ sed trs- 1*2 C2- 2

tao as an aid a. improving our knowledge or the position of a
#alng amnobuoy. This acomplished by processans the oul- In Equation I I. 11., aePresent the Sound SiMe-of-anivaf
puls of a spatlially, dslaced set of hydroplsone seas in an differencet foe the bydsophoa assy patr 1.2. '31.2 in Equa
extended Kahian lser. The Miter' 5state vector mlay be Owi5 tio (2) represents the normalized doppler difference, where
inted to plowina estimates of the sonorbuoy's position, sTebs rqec ftenrobn ore
velocity, and the sound speed firom the sonobuoy to each of thieh as iqec o h arwbn ore

Using sphierical geometry, the distances Rj and tune rate-
it is shown that lath just tie-of-amrval difference and of-change distances A, ame related to the sonobisoy's location by

doppler difference maue ntsystem observabliilty a mar- the following equatons:
Sna - directly resulting in biased estimsates of the sonohuoyas
location. With the additional use of beatig sesarememts. it is
then shown how " senhan~ves systemi observability and. conse- 007 Is a I ' i+M6 1 co' )i 06(1 2 - 81 (3)
quentlsvstnaton perfomance.~ 3Iii 1  c ~ - m 1 an~

1. INTRODUCTON (4)

Is this paper. we are conoerned with the accurate location +14 owa cctX sint1L ,

of sonoboo over a specified interval of time. It is assumed to sin R
be subjected to both randoin and detenmnstac forces over this
same tune period. because of this, our knowledge of she saone- h
buoy's location ia uncertain and cans be in este if we employ
conventional dead reckoning miethod*. iii 1- 1. 2.14 represents the sonobuoy latitude. longitude,

Another approach more accurate than the abv wol e latitude rate. and longitude irate, respectively.
to placesa source emitting a continuous pseusdorandom giu
sial aboard the aenobucy. A set of three or more pas"iv Ai. fi1 represents the latitude and longitude of the ith
bydroptions. geogruptscaliy separated (ton) onte another, can hydrophone.
then be used to pack up the sonsibuoy - signal to provide mew
urements of sound usne-of-arrivid difierience and doppler d1f- In Equation 44j it was assumed that each of the hydrophones was
ference. As an example, one configuration involving three stationiary.
hydroplsones is shown below in Figure 1.

bmcause of the nonlinear feature of the sbove measuremenit
In "hi figure 1,. 1-1. 2. 3 represents the distance from the equatilit it is. very difficult to solve explicitly for the smo-

ionoluoy to sabiof the hydrojpiones and c,,. 0, 2. 3 represents btsey's state victor ii. 12 ,X3, %4 ). In the next section, it willtbe
the sound speed to eachi hydeoplione. NOte that wec Mr usa shown how thi state vector may be obtained in a recurive,
three distinct sound speeds instead of a inae one. Thi a Manner using an extended Kalntan filter.
because sound speed, in a thermally non-honsogenos mediums,
a related In a complex fashion to such variables as tmso-aFollowing this we wi1 show that when she asound speeds are
distance between hydrophone and sanoibuly. being of hydro imprecisely known, tOen estanates; of the aouoayis position
phsone with respect to a0nobuoy. etC. and velocity become Waatad. Section 3 then piese Ill a method

rot augmenting the isound woeeds to the sanobeacy state estimsate
Now if we consider any pair of lsydmophones. pair 1-2 for and it is shown that the augmented state becomes marginally

instance, then we can obtain, through crosa-corvelation mehos observable. This directly results in bawed estinates for the san.
two measuarements. tinie-of-arrval differences and dloppier differ- buoy's state vector. We then show that the additional use or
ence. that are related to the sonobuoy's location by the followsing bearing measurements are see to enhance system obsertability
equations: to Mle point where ettimisaim of the aoibuoy saes "Ctor

R~f. bme unbeisil.

'1. 2  

Finally. 
in Section 

4, we *A sammaite 
eur islalt.
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2I ESTIMATION OF SOI4ODUOY STATIL VEL1'Of represents the noinea depenidence of sk on M16) defined by
Equationib (I I through (4) kkg a the govanance main& of an

lt i apparent front Eusains (1) to (4) that it would be additive white-mOM Measurement sequence. H I*I lk)) is the
di1ffiult to solve for the sonobsop Mate vector in terms Of the measuremems equaion that is linearized about the most airvesit
maesemsot 7- - a- - A reamsiv approach may be sought that state eatimate and is defined by:
avoids thily. The approach we use here involvus appli.
cation of en extended Kalan filter. 1llj)-Biqk)

In order to implement thisfilter. we need in addition to 8 i~k
the smcaieaingnt Eiluatinst lto (4). a moudel oar the dynainws htk) - 100e/0~
of the system Thia messiy obtained when we assuime a constant
speed and constant course drift aid. in addition, a random per- This hncaritation was found to accurately dec "be the furc-
turbation so account for modeling uncertamuies. envarofnental tional chsrsctensucs of thme nonlinear measurement moadel as
for.es. tic. In dusferetetn form, the equations for the system (t( -I was relatively insensitive to varian in 111k).

dynaicswe ven y'.These equations were impilemented us the, ewer we
I1 o &I 07 0 knew the sound speeds to each hydropihoare.%W Und thmc -1 F l stncs, the resulting estimations performance wus seen to he
0It) 1 0 At 0li excellent.

Itt~) 0 0 0 1k) w3 (k) However, for the case involving unknown sound speeds. theL i estimation performance degrades rapidly when we use incorrect
0 1* k) value for thea sound speedb in the Kalman filter. An esample Of

44)S(k) sunobisoy drilt vciLnuIly of I knot and 4wirse oft4S degrees. In
Figure 2, the solid curves represent motion of the tiuth model

where and the dotted curves represent estimates of the sonobuoy st
whM as provided by a K~alman filter. The measurements were assumed

~ (I ois uth astandrd deviation in T and a of.lI second anda,~l (k) "TY , respectively. The estimatin error and a Pniohas-L. 1 tnon standiard deviation are presented us Figur 3. A set of
1k)tdiee hydrophones wene configured essentially us vertices of as

I 4k) X3 (k is the sonoboy state vector equilateral triangle with the sonobuoy starting near the center of
I tlims triangle. Thle truth model sound speeds were set at: C1 I

W' ll 4857 ft/inc. c2 - 4957 ft/sec, arid c3 - 4757 tsec arouindvau
noia ausfrom 'Ufck I 1. Tefilter used anincorrectvau

of 500 ft/seic for all three speeds and no attempt to estimate
At - sampling interval diem was made. It is clear fronm Figure 2 that significant biases

W3 l1k), w4 (k) ate ero mean, random, white noise netm dpoionadsedevl.

sequences In the next section, we will wee hou the use of beating
measurements enhances system obsefrability and allows unbiased

E lulkiw wi Qk 6kj; 6 kj is the Keonieker Dlta. estimation of the sonobuoy state vector.

if we hnease The measurement equation about our moss reet 3. SOUND SPEED ESTMATION
gemae of he state, 1(ki, to obtain a inear measurement
miluix. HIB~k)), we can then implement the extended Kalmani Bemii. -f the biases that develop when we use incorrect
Biteri mal tim In vaclor-anitrix form, these equations ame sound speeds in she Kalman fier. It ws felt that estuntion Of
neuravely green by 131; these sound speeds in addition to tOn sonobucy states, would

eliminate the blowes. Tis adone imply by augmnting the
-l~/)* (A) 14ilk) (6 sound speeds to the original fourA~eter aonobuoy st4 atevct.

The aseumiption ws made that the sounid speed was contant and
Ptk4I/kl I *tAt)Ptkjk) *TgAt)+Qk (7) unknown own a sffitientyloftgtime nterval. Its $tequation

is then Sivea by:

2It/kh41 =i(k+i/k) +Kk Isk -h43(kiI/k))I (a) d - 0; i - 1.,2,3 1II)

ptk~ilfr~) - It. Kk Itilh+I/h))l P(k41/k) (9) Implementation of the extended Kalman filter for the aug-
menited state vector is therefore rather aimple and Streagltfor-

K,- P~kel/kI HlI~heI/k)) IH(3(k~l/k)) Plk~ljk) ward wind will not be p -ePsentd here.

HT 44k~lk .1 Upon implemntaing the augmented state filter, it was found
HT(4~/) k Ithat biases still developed in the sonobwoy states and sound

spee-ds for a number of uenanos involving different starting
Equations 16) end (7) represent Predictions of the st positions, speeds. courses. etc. For this reason, the obervability

estimsate and covarianc to Stune lkel1), whMteSe quation 43) of the linearized, sugmnitted state system was explore using the
thrvo 410, update the state estinmate and covastnce to account informatm matrix 121. lIn the situation involving no pross
faire new measurement. In thejattee set of equaltons, time nose and stat vector a prion information, the inforation
esured vector is given by ak I ITH(k). ra,,3 k)I, where h(- I mari me equal to the inverse of the Kalman Ailter cOvilrsance
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tainst. II I llk P Thu sim "uso be positive deryge for 4. COf4CLUSO#S
mustcabik oseraity and. provided Urn, above conditioso
apply - s soda a remaureve form by; To bumnte the above results, we low thatf to ears, thA

sanobsucry positon and velocity accurately we and to als, sie-
4k/k hate ltst sound speeds to each hydrophose when they ane

r *kk - TtA)p4-IkI 11 uni sown. S ,th the ai of the information maina we found thal

* HT 11(k ~ -))P (1- (I20 the lutearued system was inarginally obervble when attemplang
_1)) Rk 1 14114I-1wrlwo)-oto sttnatteboth the sonoabuty sais and so s peeds.

Becasuse the gnenead moreemeas mel accrostely ep.-
where 41 At i a the stt trnam niatrix defined int (S. tented Its afnluwvr counterpart, we eoneluded that the nolnear
fti it&- I itis the neasuremsent matms linearized about the state system was also marponaly ebsetabl. This was aln reflecting

vsi~tor ilk-I by tan biasted eatijuses of leeb ocaptions wheno inm ems

nomaue olriaue o ti mtrxwers computed tar- Fialy by esoprti odadtoa aecuetm
mA~td o oe) nd latedas.a function of tie. Figure 4 shows tiaefient etartil gi t system olovelvabity, wa enhnce can-

the esuts hatwer obaine fo *aam nvovin amsiderably and we were then abl to track the soerobucry's motion
unknown anti constant sound speed. One of the soibuoy Patti quite .accurately.
sDon cienvalues bcoms di-coendsted and eshibits a smaller
maxinmum magnitude than the other position toigenualue by a few Although not reported in the last section. we also looked

orders of nmagnitnude. This analysis was repated foe a number at tae use of tune-delay and aoppler difference natasurenents
or different sonobuoy starting positions and heatings. and the of more than ohre hydrophones tas opposed to time delay.
same Ivneial resuilt was obtained, ie.. ill-conditicined behavior dopplr difterence. and beacns measurements of just three
of one of the eigenvalues. because of this and the tact that Uie hydraphonest as a mweanis of improving system otsertabdtaty In
state estimates wre biased, we concluded that lie system win geneal, it was found that if one had n hydrophonrs, with a
in, nally otitervable. umksnowan sound speeds from the somalbuoy to each laysrophoee.

lbo wecoud a mot etimte sesonobouoy state vector anid
Assa means of improving the property of systm obere (t- 1) mound speeds: one of these sound speeds had to be known

bitity, we introduced an additional measurement of beaning to eactly when implementing the Kalman fitter.
use in the iman filter. the assumed that it was contaminated by
addatase white Pns with a standard deviation of. I degree. Their At die presenit tune, we are continuing rescati in this area

masuremsents definerd the bearng of the sonobsaoy with respect o ooupsaeadsudsedetmto omr ul
to each hydroptiune. and are normnally available as ou l fro explore the sonsitivity of the estimation process to geometrical
the tame set of hydrophones without intsroducing additional plagnmesit of the hydrophones. tarn between measurements. eci.
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and three sound speeds In Figure S, convergence of the sono- liecusoftsrsachantoJ Hlm ndJ-MRbrs
buoy %tate ?slmnatet to their true values is seen to be veyrpd (WOSCI for their assistanc;e in :ompleting t,. computer analyses
Noise vva inprodm.e an the sound speed truth model to ad an this paper.
more realism to the problem and this, variation is reflected by the
%ain in sound speend of the truth model as shown in Figure 6. RIEFERIES
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Hydrophone I

Sonobuoy

Hydrophone 3 C3

_ 3

Elydrophone 2

Figure 1. Hydrophone/Bonobuoy geometry.
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