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ABSTRACT

This paper deals with the problem of sound speed estima-
Lon as an aid in LMProving our knowicdge of the position of a
drifung sonobuoy. This is sccomplished by processing the out-
puis of s spatially deplaced set of hydrophone sensons in an
nlended Kalu-n fiier. The filter's state vecior may be aug-

provide es\ of e b

velooity, uld the sound speed from the mobuoy (ouch of the
hydrophones.

It is shown that with just umeof-amval difference and
doppier diffi meas! bility 8 mar-
ona) - directly sesulting in bmedesumausolm: sonobuoy's
location. With the additional use of beanng measurements, it is
then shown how this enhances system observadility and, conse-
quently, estimation performance.

1. INTRODUCTION

In thes paper, we are raed with the I
of a sonobuoy over s specified interval of time. Lt is assumed to
be subjected 1o both random and determinisuc forces oves ths
same tume penod. Because of this, our knowledge of the sono-
buoy’s location 1 uncenain and can be in ervor if we employ
convenhional dead reckoning methods.

Another approsch more accurate than the above would be
10 place 3 soutse emitting a continuous pseudorandom gauvssian
ngnal aboard the sonobuoy. A set of three or more pasnive

geogsaphicall d (rom one¢ another, can

lnen be used 1o pick up the sonobuoy s signal to provide meas-
urements of sound tune-of-arrival difierence and doppler dif-
ference. As an exampie, one configuration invoiving three
hydrophones 1 shown below in Figure |,

In this figure R;, i1, 2. 3 represents the distance from the
sonobuoy 10 esch of the hydrophones and ¢;, =1, 2, 3 represents
the sound speed to each hydrophone. Note that we sre using
mnednmlmwm«humudohm.km This s

because sound speed, in a th ) medivm,
wrelated sna plex fashion 10 mch isbles as time-of-day,
dntance b hyd and buoy, beanng of hydro-

phone with respect lo sonobuny. e,

Now if we any pair of hydroph pais 1-2 for
wnstance, then we can obtan, through cross-correlation methods,
two measurements. time-of-arnval dif! tmnceg and doppler differ-

a - k‘ kz
1.2 ‘—I . ;; (04}

In Equation (1), 7} 1 represents the sound time-of-arrival
difference for the hydrophone army pait 3-2. 7.3 in Eqvn-

tion (2) represents the lized doppler diff Af-.vhm
{ is the base freq of the band source.

Using spheri y. the di R, .nd tune rate-
ofchange di ﬁ, are related 1o the buoy's k ion by
the following equations:

R; = cor”! fsinxy sin; + cos x| cosk;cos(x3-8))] (3

A= X3 (3in X} €08 A; €08 X+ - ;) - cO8 Xy 3in A ;)

s R
“4)
*Rq 003X COBX un1xy-6)
sin R;
where
Rj i=1, 2,3, 4 ref the sonobuoy latitude, longitude,

latntude rate. and longitude rate, respectively.

Aj. 6, represents the Iatitude and longitude of the ith

hydrophone.
In Eq (41t was d that each of the hydrophones was
stationary.

B of the nonli i of the above measurement

equations, it is very difficult to solve explicitly for the sono-
DUOY'S siate vecior t1], X9, X3, X4). In the next section, it will be
shown how this state vector may be obtaned in a recursive
manner using an extended Kalman filter.

Following this we will thow that when the sound speeds are
imprecisely known, then sstimates of the sonobuoy's position
and velocity become biased. Section 3 then presents a method
for sugmenting the sound speeds to the mlmoy state esnmne
and il 13 shown that the augs d state b
observable. This directly results in biased estimates for the m
buoy s stale vector. We then show that the additional use of

ments are seen 10 enhance system observadility
t0 the point where estimation of the sonobucy state vector

enge, that are selated to the buoy’s } by the foll ']
equations:
becomes unbiased.
PP B
32 -:l 2 ()

Finally, in Section 4, we will summarze our results.
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2. ESTIMATION OF SONOBUOY STATE VECTOR

I is apparent from Equations (1) 10 (4) that it would be
difficult to wln for the sonobuoy siate vector in terms of the
measurement 7ij, @jj. A recursive approach may de sought that
avoids this di ty. The approach we use here involves appii-
cauon of an extended Kalman fiter.

In onder 10 implement thus filter, we need 1n addition to
the measurement EQuations (1) 10 (1), a model tor the dynamucs
of the sysiem. This is easily obtained when we assunie a constant
lpml and constant course drift and, in sddivon, a random per-

jon 10 for modeling uncertaintes, envronmental
forces, etc. In ducrete-tine form, . the equations (or the system
dynamics are given by:

1 6at O 0
01 0at ]
L 4130 ) 4 X(k)+ (3)
0 w3 (k)
0001 wgy (k)
s
+ay % (k)
where
%) (k)
x5 (k)
k) = 1s the sonobuOy state vector
x3 (k)
l“k)

At = sampling interval

wy k), wy (k) are 2e10 mean, random, white noise
sequences

E {9 0} = Q 8;j: 8y is the Kroncker Delta.

If we linearize the measurement equation about our most recent
estinate of the state, K(k}, to obtain a hinear measurement
matrix, H(%(k)), we can then implement the extended Kalman
filter in yeal time. In veciormatrix form, these equations are
recurgvely given by (3]

f(kel/x) = (A8 R(k/k) (6)
Mksl/k) = AN PK/K) 6T (AN +Qy ()]
Uk+1/k+]) = RkeV/K) + Ky 1z - HRKL/K))) (Y
Pikeifiel) = [1-K) Hike1x))) Pkel/k) ®

Ky = PKkel/k) HUK1/K)D) EH(R(K*1/K)) Pk+1/k) 00
)

-l
HT (ke 1/n + Ry |

Equations (6) and (7) represent predctions of the state
estumate and covanance o time (k¢ 1), whereas Equations (8)
through (10) update the state estimate and covanance 1o account
for a aew measurement. in ¢ 1pu¢v set of equations, the
measured vecior ngven by 2, | = lv,,‘(lu. e, (k)l where (- )

P the i & d of 2z, on a(b) defined by
Equations (1) through (4) R. 15 the covanance matns of an
additive white-nouse measurement sequence. H (x(k¢1/k)) i the
measurement equation that is lineanzed about the most curreat
state estimate and is defined by:

- h(k(k))
H(Z(k+1/x)) = 117
| kk) = K(kel/k)

This linearization was found 10 accurately describe the funce
tional charactensucs of the nonhincar measurement model s
H(+) was relativet 1o vani in f(k).

Y

These were impl d in the case where we
ku-mmmmmnnymmmum
stances, the resulung estimation performance was sten 10 be
excellent.

However, for the case involving unknown sound speeds. the
estimation performance degrades rapidly when we use incorrect
values for the sound speeds in the Kalman filter. An exampie of
this is shown in Figures 2 and 3 for a case involving 3n average
WwAUbVoyY Jrift velocity of 1 knot and course of 45 degrees. In
Figure 2, the solid curves represent movion of the truth mode!
and the dotted curves of the buoy state
as provided by a kumn filter. The were d
nouyvl.huundmldevumm 7 and o of .1 second and
1x 109, resp ely. The ervor and 3 priori/s pos-
teriori sandard deviations are presented m Figuse 3. A set of
three hydroph were g ially as vertices of an
equilateral tnangle with the b ng near the center of
this triangle. The truth model sound speeds were set at: ¢) =
4857 ft/sec, ca = 4957 f/sec, and c3 = 4757 ft/sec around
nominal values from Urick | 11. The filter used an incorrect value
of 5000 fu/sec for all three speeds and no attempt 10 estimate
them was made. It is ciear rom Figure 2 that significant biases
in estisnated position and speed develop.

In the next section, we will see how the use of bearing
measurements enhances sy observability and aliows unbiased
estimation of the sonobuoy state vecior.

3. SOUND SPEED ESTIMATION

Becaus. f the biases that develop when we use incorrect
sound speeds in the Kaiman filter, 1t was felt that estimation of
these sound speeds in sddition 10 the sonobuoy states would
eliminate the biases. This is done simply by sugmenting the
sound speeds to the onginsl (ouulemeql sonobuoy state vector.
The assumption was made that the"sound uned was constant and

k over a sufficiently long time i . Its state
is then given by:

=0 i=123 an

Impi ion of the ded Kalman filter for the sup-
mented state vecior is therefore rather simple and straght(or-
ward and will not be presented here.

Upon impl the aug! d state filter, it was found
that biases still d d in the y states and sound
specds for a number of tving dilferent g
positions, M courses, ¢ic. For ths nnon the observability
of the li 3 ted siate sy wenﬂwmm
information matnix (2. In the sit § ng N P

none and state vector 8 Pnon infi the il
matnx u equal to the inverse of the Kalman filter covanance
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matm. 1 (k/k) This matnx must be positive definste for
stucharin observability and. provided the above condilions
apply. 15 gven I recuruve fomn by:

Flam = o7 canr! @ik ooy
ad
+ 1T -y RV e P o) =0

whete &1 At) s the state transition matnx defined an (5),
HeRes-1 )i 13 the measurenent matna lincanzed about the siate
vsutor itk-1).

To assess the propeny of stochastic observability, the
normalized eigenvalues of this matrix were computed (nor-
maiized 1o one) and plotied as a function of ume. Figure 4 shows
the results that were obtained for the case mvolving ome
unknown and constan? sound npeed One of the umobuoy pou-
won cigenvalues becomes ill d and 2
manimum magnutude than the other posiuon cigenvalue by a few
ondens of mummdc Thas analysis was repeated for 8 number
of difi § positions and headings. and the

4. CONCLUSIONS

To summanze the above results, we saw that to estumate the
sonobuoy pasition and velocity sccuraiely we need 10 also estr
mate the sound speeds 10 cach hydrophone when they are
uninuwn. With the aud of the informatiun matna we found that
the incanzed system was margnally obscrvable when atiempting
to zstimate both the sonobuoy states and sound speeds.

Becauss the Linearized measurement model accursiely repre-
sented its bi Pait, we Sudcd that the '
systemn was also marginally obssrvable. This was also refloctee
by the biased estimates of 30nobuoy position when implementing
the Kalman filter.

Finally. by P 3 lul 3di ! independent mes
surement (beanng) the !yslm observability was enh d con-
wcnblyaduvcnmmmlnctunmobuoylmm
Quie accurately.

Although not reporied n the last section. we 3o looked
8t the usxe of umedelay snd doppier difference measurements
of more than three hydrophones (as opposed 10 ime delay,

same peneral result ns b d, i.e., ill d d beh

of one of the eigenvalues. Because of IM and the fact that the
slale eslimaies were biased, we concluded that the system was
margnally observable.

As a means of i lmprovml the vmpeny of system observa-

Joppier dfl . and Desning measurcments of just three
hydrophones) as a means of improving sysiem obscnabihity In
general, it was (ound that if one had n hydrophones with n
uRknown spund speeds from the buoy to each hydrophone,
then we could at most esimate the sonobuoy state vector and
(w-1) sound speeds: one of these sound specds had to be known

bibty, we duced an additional meas of b g to
use 1n the Kaiman filicr. We assumed that it was contamunated by
addative white Roise with a standard deviation of . ) degree. These

defined the b g of the buoy with resp
10 each hydrophone, and are nomully availabie as oulpuls fm
the same set of hydroph without d '3

The Kalman fiter was then remn with lhcu additional

measurements and the was
found 10 bx very good. Figures 5 6,7, and h summanze the
results Of one case where we the four b stales

and three sound speeds fn Figure 5, convergence of the sono-
buoy state sstimates to their true values is seen 10 be very rapyd.
Nowne was introduced in the sound speed truth model 10 add
more reabam 10 the problem and thy is reflected by the
vanation in sound speed of the truth mode! as shown in Figure 6.
Figures 7 and 8 present estimation error and standsrd deviations
of Ihe 30nobuoy stales and sound speeds. Thesc errors are seen
10 fall wel) within the ¢ two-sigma value as one would eapect
for untiased esimation. A number of other cases were also run
and are NOL p ted here b of space hm For
these oliser cases 11 was found that tracking performance was as
poud as betore and all of the carhier noted biases in the stute

, when p g only nm«lelay and doppler differ-
ence had d:., P

ctly when impl g the Kaiman filter.

At the present time, we are continuing rescasch in this area
of sonobuoy state and sound speed estumation 1o more lully
expiore the itivity of the ion process 1o g
Placement of the hydrophones, ime between measurements, ete.
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Figure 1. Hydrophone/sonobuoy geometry.
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