-
o
R LSRN R N o N

Stanford,

..

{7 P
i1 1 7TrL -

~=%@ Predsnt a short tutorial survey of algo-
ritnms for locating and jdentifying spatially dia<
tributed sources and receivers. The empnasis is
on 3zetnods taat are eitner considered to be very
basic or lend theaselves potentially to distri-
butaa computations, the 3ain opjective of this
WorK..se snall also very briefly outlins our own
approach to this set of prooleams.

f. introduction

in maany practical probiams it is necessary to
aetersine the location of siznal (noise) sources
frcm 3easureaents provided dy one or more sensors.
Typiczai appiications inciude:

- Acoustic surveillance asystems (e.g., sonar
decection of iow flying aircraft),

- Seismic arrays for seismjic exploracion, moni~
coring sarthquakes and auclaar explosions, or
aetacting vehicle movements,

- Antvenna arrays for radic astronomy or elec~
tronic surveillance (e.g., direction find-

irg),

- dultipis racar systems for detection and
tracking. '

The diversity of applications inveiving tne
narget location proolem maxes a general unified
treataant of this subject quite difficuit. -To
provige some focus for our 3discussion we will use
tne foliowing sample probieam:

consider a small numoer of seansor sites
{pernaps ten) distriputed over a spacifiea
area. a4 numoer of targets are present in tae
area and toeir Location is to be aestisated
oasad on the data collscted by the sensors.
The sensors measure signais which are eitner
eanitted Dy tne target (the passive cass) or
raflected oy it {the active cases uhich
requires target iilumination). By progessing
tne signals provided iy the sensor, informa-
tion about target bearing ana/or range can be
deterained.

Sometines a single sensor is not capable of
Teasuring eitner range or bearing, as for exampls
wita omnidirectionai passive sensors. <Comoining
data {rom a1 group or array of sensors, nowever,
3aKkes it possidle 0 fina the desired information.

{a1s worx was supported oy ARPA under contract
303-73~-C=0175.
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A sensor array of this type amay be located at 3
single site, in which case we consiaer i1t as one
wnit, or it may be distributed among wany sites.

In other cases the sensor sites can provide
differsnt types of target related data, in partic-
ular:

(1) Range only (ranging radar, active sonar)

(1i) Bearing only ({(optical, infrared sensor,
direction finder)

(iii)Bearing and range (search, tracking radar)
(iv) Target velocity (voppler radars, NTI)

Different data types lead to aifferent location
estimation tecaniques. For exampls, range only or
bearing only seasurements are related to target
association tecnniques (section 2.2). Bearing and
range data is usually associatea with tracking
algoritnms for moving targets.

Data from a singls canidirsctional passive sensor
is treated oy time-of-arrival mecnods {section
2.1) or beamforming and array processing teocn-
niques {section z.4). The estimation metacd also
depends on the type of signais provided by the
sensor site: conerent/nonconerent, "raw* or fil-
tered qata (linear processing), data after detec-
tion (nonlinear procass$ing), ete.

Classical aethods of processing sensor data
have generally been of the ssntralized type, that
is, all of the sensor data was coilected at one
site and ctnen processed.. an alternative i3 to
process aucn of the data at the collection site
and to send only tae rejsvant data to eitner a
central site or (more generally) to the appropri-
ate user. 1in Section 3 we shall discuss tine dif-
ferent types of distributed processing and cheir
advantagas,

in the last section we will descridve sur own
approach to tne Jevelopment of aistriouted alzo-
rcithms for the estization of position, location
and otper caaracteristics of sensors and sources,
(Morf ev al.). We will give a smort aqescription
of sample aigorithms of a fuily distributad naturs
that asave gesirabls leatures. =e snall also out=-
iine severai of tIfas nonclassizal approaceaes o
soiving these prooiems.

2.0 7Tscunigues for astimating target iocation

DA This section pravides a orief suamary of tae

3oiution teznniques associatea Witn tne targes
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location probiem. dniy the oasic ideas are
presentaa; tne details 2an oe found in the refer-
ances.

2.' [ime-of-Arrival Sstimation

A signal emanating fram a rsmote source andg
zeasursd in the presence of noise at two spatially
separated sensors can be zogeied as

x4{c)=s(tien,(t) (1a)
xz(:)=a$(tob)¢n2(t), (18)

wnere s(t), a,(c), n,{t) are assumed to be sta-
cionary, indepengeut, randoa processes. {ne coa-
Ion astnou of estizating tae time delay, D, is to
computa the cros3 sorreiaticn functicn

Rt.zzaa{x,(t)ngc-tn} (2)
it follows directly tanat
ﬁxmz(t):ﬁd”(‘u-a) (3)

w“nere d4,_(°) is the signal autocorrelation funce
Lion. an important property of autogorrelation
functions 1s tnat Rss(tnsa 3(o). Thus, the peax
of d_.{T-D) wiil cccur aé t=D. 7This provides us
witn 37way for finding the delay by calculating
tne astimatea cross-correlation function. 1f s(t)
i3 a wnits noise source, Rssceho)sﬂéthO). and the
peag will be sparpiy aefinsd. In geaeral, Rss(')
wili pe "spread out® whica tends to broaden the
peax, making it more difficuit to pinpoint the
actuai deiay. Ffuprtunermore, wnen sultipis targets
{ana :auitipie dalays) ars presenc, tne “taiis® of
tne autocorrslation functions for aifferent tar-
gets will Bbe ovariayed and zore difficult to
separate. Thus, 1t is desirabla tO preprocess tne
sensor measursments X,, X, SO0 cthat after
crosscorrelation sharper peaxs Will result, as in
fiz. '. In tne apsence of zeasursasnt noise this
can g done dy passing x,.(t), xz(t) through a
"waitening" filter for s(t), nence the Jorrelation
of 5 is removed. wnen noiss is present, the
filiter has to taxe intos account ooth signal and
a0ise spegtra.
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fig. 't A time-deliy estidator.

Differsnt cnoices for the pre=fiiter are Dos-
sivle aqepenaing wupon tae perforzance sritericn
cnosen oy tne designer: the ligeiinooa <funztion
ihaan and Tretteri, tne deflection function [Knapp
and Carter), ate. .t shcula be noted tnat several
sstimater  structures dasides tne ausliplier-
J0rrelator astinator aave jaen caveioped.
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All of the information about the target loca-
tion are encoded 1n the relative time-delays of
tne various sensors. To 3ee this consider the

follcwing:
i
P (kv
N r \
; 3, 1 (ngyTl

T = Target
si = Sensor 1

\

> /// rN
DN‘ (X-N ’yﬂ)

Fig. 2: Tlargst-ssnsor geomerry

f oV
Dijf-L,:‘ly ('”

woere 91 is the reiative delay becween sensor i
and aenagr §, and ¢ is the propagation veiocicy.

ri:(xT-xi)z+(y7.yi)2,L 2 1,2,..0. (5

L1t can be snown (Scnmidt] that for nQ3, tine set of
equations {+1,(5) can be rewritien as a jinsar set
of equations for ¥. y., wners tne coefficients are
wnown quantities™’ {(i.e. written in terss of
Di' X; ¥4). This set of equations can now Dde
aoi&eé'té determine the target locacion.

Tae discussion above indicates that one way
of sclving tbe targat location problem is to first
estinate tne tine-of-arrival deiays ana taen %0
compute the location based on tne Jecmetry of tae
orooiem [Hahnj. It 1s possibls, of zourse, o
combine these two steps ana dsvelop an estizator
airect.y for the target coordinates (x, y.) or, as
is =ere comonly dons, for its cearing’add range.
This ieads to aiternacive estimator structures,
typically using tne omaximum iixelinood approacn
{Bangs ana Scaultaeissi, {MacDonaldj.

Z.2 Target Association Tsacaniques

a special type of problan arises when 3ulti-
ple sensors whisn 3easure range but not azizutn
(or vice versa) are used o astizate target loca-
tion. if only a2 single target is present, 1its
locatian is found oy aulitilateration. For exao-
ple, 1if azizuta gmeasurements fron several sensors
are avaiiabis, cne nas only 0 I03puta tne  intere
section of tne var:ous lLineseof-siznt.
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The situation becomes aore complsx wnen aul-
tipie tarzets are present. This is illustrated by
Fig. s.

iz 3: Tae target association problem

”,

£acn sensor is assumed to have detectad the
wwo targets T, T,. However, these detections are
not properly asdociated. it is not ¥nu4n whicn
seasurezent of =2ach sensor corresponds to whicn
target. Izus, it is necessary to associata tar=-
Zets witn sensor measursments before estimating
tne targat locations (in fact tne asscciation and
socation proolems are addressed simultaneously).
Note also taat if taere are Jore targets tnan sen-
sors, ampiguitias ("gnost™ cargets) say result.
in Fig. 3, if 3. was not taere, tne Deasuremants
of >, and 3, woulig o0& Jonsistent witn tae assump~

Tion .23t i€ targets are at g, 52 ratner tnzan at
. om ’
L

‘,‘ﬁ'
Jeveral scnemes have been proposad o solve
rie target association problem, ana they are
sriefly aescrised cejow.

vist Forming
P12k a pair of sensors and compute all the inter-
szucions of tneir iines-of-3ignt to potential
zargets {!.e. airsections in wnica they datected
scaetning). {nese intarsection points are poten-
t:al target locations. xow pick 3 ctaira sensor
ang cnsck Wnetger its iines~of-sight pass tarougn
any of tae intersection points. if not, aelete
tnese points Srom tne list of potential targets.
3y proceeding tnis way with tie other seasors, tne
2ist will finally inciuge only taose target loca-
tions Wnisn are donsistent with ail the obssrva-
t:ons. st spouid oe empnisizea that this is a
nighly simplifieg gescription of =ore reaiistic
2ist forming aigoritams.

1
1
=1

Sacxeprojection or Space-3earca

ihe space to be ssgrcned is divided into ceils of
a size corresponding to toe system resoiution.
Ine number ! is adaed to those Jelis of the 3pace
wnisn lie ajong tne line of signt of a given sen-
sor Jdetegtion. 'This process is repeated for aszl
iines-of-signt of 2all sensors. AsS can oe seen
froa Fig. 4 tae target locations 2an oe lzentifisd
35 Lpose  gaving tae zignest numoer (= tae aumoer

of 3ensors) wWritten in them.
higa values
than tnose of tne real target ("gnost" .ocations).

NOote tnat relatively
can oe ootained at iocations otaer
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fig. 4: Association Dy sack-projection

Izage reconstruction tachniques

It is possible to view tne sensor deasurepants as
line {ntegrais through an <idage consisting of
"voints of light™ ac tne target locations. The
line -integrals are over the infrared emissivity
aap {for IR senscrs) or tne radar reflectivicy zmap
{for ranging radars). The probiem of reconstruct-
ing images from their .Line=-integrai projecticns
nas been axtensiveiy treated in iiterature i(e.g.,
Brooks ana Di Chiro, Horn]. #ecantly it was snown
how these tecaniques 2an be applied to the target
association proviea {Friedlander st al., Denton 3t
al.] oy reconstructing the "brigatness aap* of tne
area under surveillance and identifying targsts as
tne "bpight spots”. i shouid be notad tnat the
image reconstruction zstaod requires that taoe sen-
sors provide the actual energy seasured in eaca
direction {range) and not just cargst/no target
information. The aetection takes place after pro-
cessing tne inforsation from all the sensors; in
1ist forming ana space-search, only tne results of
the detection performed at eacn individua. sensor
are passed on.

2.3 Spestral estimaction

Mmiltipie-sensor Jeasuregénts an de  I0N~
siaersd as samples of a time-space functionm yis,2)
wnere P represents a poiant in 3-D s3pace. ine
notzons of (tezporal; corrslation funstion ana
{temporal) spectral density can be extendeg %o
tige=space functizns of tnis iype. ae aefine 3
rancdea fleld y(t,P2) as staticnary ang aczogena0us
if Zyy(e,2)1=0 ana
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Rle,o!, R, R d=Ely (e, 2y(t",2')}
=8{¥, ) - (b)
wnere

Tse-5t, paf-pt

Any nomogeneous ransod field aas a spectral
representation

o .
(e, 2)= ,{,fﬁe“'“‘ Dz(omag, )

mere g3k, ,x,,k5), 2=(x,7,2) and z(0mK) is 2
random function” witn c¢ertain propsrcies. The
correlation function can oe representad by

a4, r)=
L . -2)
J ”;ea(“"‘ﬂ P(unk) om ak (d)
-on

where P 13 the spatiai-teaporsl spectral density.
AS in tne ctemporal 2ase, an inversion foraula
noids:

os .

?(“’-‘h_!—ff me‘j(m ) R
{(2y) e

3,2} of or. (9)

A3 an important example, consider a 3000-

saromatic (single <fraquency} plane wave at tele

roras frequency propagating in tne direction

given by a unif vector R at velocity o. 3uch a
wave 1S represented by

yie,2)zexpljubteg, ") (10a)
wnere
50%2. (*0b)

it is easy to verify that for tanls space-tinme
fungzion we nave

=iluteg "0)
ald,pl=e e {1a)
and
2(0,5)26(u~w,, £ox4) (11)

wnicn is a geita function located at tasporal fre-
Juency ®, ang spatiai frequency {or wave numbdsr)
£y. 1nis axampie indicated now P(w,&) provides
information regarding tae girection {ang veiocity)
of propagation of waves.

The point of tnis qiscussjon is that {spa-
t12i) spectral estizatisn is a way of estimating
target bearing, sincs ir we plot P(w,X) in the
piane {for a fixed @, it will tena to Ce concen-
trated around the point x wnicn Jorresponds 3 the
direction cof :tne wave propagation and nence the
searing of tne zarget {ine scurse of taese Javes).

Thus, target Gsearipng estization reduces to tne
probiem of estimating °(s,k) f{rom the aesasuregents
Y(ti,zd), waere r, represents sensor locations anag
t, are’the sawpiifig wimas of tme output of Chac
sensor.

Many spectral est.mation technigques nave besn
used in chis context; several are describved in tne
references.

2.4 Beamforming and Array Processing

Pergaps tne most common operation in processing
signais in a sensor array i3 that of beasforaming.
Antenna arrays (for radar, cosmsunication, atc.)
and acoustic sensor arrays (sonar) are typical
examples of beazrorming. Beagforaing consists of
a summation of tige-delayed (or snase-snifteg)
versions of tne sensor outputs. i.a.

N
(t)= ¢ y(t-ci,gi), (12)
izt

wnere t; represents the tinte-qeiay for sensor |
ana Pi its location. Propsr caoise of tne celays
t, ennances the signais received {roa a particular
direction and attenuaces signais {rog otaer direc-
tions. This operation is tne spatial equivalent
of a temporai narrow Sandpass filter.

The output 2(t) of ths creaafornmer is a
{scaiar) time funotion, wnich is processea so as
to obtain a aeasure of the signal energy in an
optimal way. The most common processing scnemes
include

Matched filtering
wiener fiitering or least-squarss sstization
Maximux .ixelinood estization

This linear filctering is often folliowed oy a
nonlinear operation, e.g. squaring and integra=-
tion. The order of inezr fllctering ana
sransroraing ‘also 3 linear operation) is aftan
reversed, the exast structure dependaing on tne
application. The implementation of  taess
processes i3 usuaiiy done in tae ~fourier domain
(with phase shifts replacing tims deiays) but tizes
domain implsmentations are aiso useg. a sample of
the vast iiterature on beaxforming ang taeé issoci~
ated 3ignai processing (referied to as “array pro-
a8ssing™! is ziven in the bibliograpay.

A ciass of array processor of partisualr
interest are cthe Jiflerent types of adaptive
arrays. The nesd for adaptive arrays arises for
aany reasons. Some axamples:

- Huii steering, to ainimize i{ntarference froa
sourses other tasn tie target of interss-.

- Agaptive filtering, to nanile unknown noise
and¢ 3ignal staciscics.

- Agaptive beamforaing. Seanforuing reguires
precise mowledge of :h# sensor Locations
{within fractions cf a wavelenzta) :in order

Ut

TR TR PR
,

PRFRIT R I N

Ao -lv“m.}l

-




.
¥ T N

'l- "
s By

l‘:"

k)
WTatal

ﬁﬁéﬂ

it
L)

,n’ X
tuf [0

qia
Fe
1%

taat Reia-

*ne steering aelays de couplitea.
tively small errors can iead TO serious per-

formance degragation. Thus, wnen sensor
iocations are impreciseiy xnown or are con-
stantiy cdanging, a fixea processing scneme
is infeasidle.

+. The dNeea for Distriduted Computation

There are aany advantages in distributing
2caputations for a large sensor network; soms of
tae aain arguments are tae foiiowing:

{*) Reqauction of Computational Complexity

Distributed processing is often used as a
seans for solving problems reiztea to large-scaie
systess. This approca leads %o the decosgposition
of 3 aign-dimensional probiea into a sequence of
smasier-aizensional ones. TInis often results in
2onsiderabie cnmputational savingd; zany fast
aigoritoms, sucn as the Fast ~fourier Transform,
are of tnis type. Alsp, cercain iarge=-scale prob-
lsas simpiy cannct oe soived in a airect manner
{e.5., inversion of very liarge satrices) and ways
nave To be found to decoapose the problema {nto
saailer parts tnat can oe nandled. This can, of
scurse, D& cone in a zentralized zanner, but the
aiscriputed approach often lsaas to natural decol-
positions and vaiuavle insignts.

2} Reiiabiiity

Discributec systeas nave good properties
from 3 reliability scandpoint due %o their
irnerent parallelism. ~Faijures of a coamputational
zogqule does nst necessarily rssult in systez
fsilure since Tne lcmputational load can be re=
aiscrioutad among the remaining zodules. Thus, a
distributea system may nave the anility to recon-
figure and contiaue operation. Depending on the
type of tans aystea and its structure, its cpera-
tion after reconfiguration =zay be at a reduced
performance ievel. (This would e the lase if the
remaining computational resources were insuffi-
cient o compiata the soiution of tne protlem, or
:f the loss of a computationai zoduie was associ-
ated with tne loss of a sensor site.) Tne system
aisplays graceful degradation of perforzance,
wWnish contrasts with tne “catastrophiz® failure
aocde of centralizea systems.

{3} Fiexinility

The sistributad nasure of computations is
aften asscciated with distridbuteg system struc-
Tyures; sucn & Systéeam structurs Iigat de a  collse-
zion of  senscr/cogputer/coomunication aodules
interconnectaq in a network. Tais organization
leaas to a Jery flexiple strurture, possessing
sesiraois properties wWnica are not always present
in a enctraiized systam:

- £asy system growta

- The capcity to nandale topoingicali cnanges in
tne svystea structurs (e.3., aaaing or geiat-

M

<

ing nodes during 23ai1ntainance witaout 1nter-
rupting system operation).
- The possibility of incorporating zany <ousi-

nations of resources, wita variadie perior-
3ance ievels, as determinea Dy tae needs of
2aca user.

- The combination, in a single networx, of aany
types of information sensors.

4. Jur Approacnes

Distributed processing has by now become 2
term tnat i{s appiied to aany types of systeas and
is not very well defined. 3ince tne distrioutac
sensor net prooiem can de wesl descrioec, see e.xz.
{iSL OSN Report;, we snall use it as a dasis for
defining aqistributed processing. we consiger
three coagputational organizations whicn couia ce
used in <ais conctext: centraiized, inuepencentiy
distrisuted, and cooperatively aisctributed.

1) Centraiizeq -- all sensor Jata is passea

to a centrai site, wanere coxputation i3 per-

forwea, and tne pertinent resuits are :gen
returned to tne appropriate remote sites.

2) iIndenendent -- ail sensor inforamacion :3

comzunicated To every other 3ite, and easn

sita then gakes {ts vest estizate of <ne
anvironment. -

3) Cooperative -~ sitas axchange processea

information, and at xost partizl sensor data.
It is tne second and third organizations tnat are
normaily referred to as distriduted orgzanizatiocns,
and tne thira, in particuiar, tnat we consider to
be of zFrsatest interest.

The Jearcn for Distributea Alzcritams

Centralizea algorithms are now gjuite weil
understcoa, as a perusal of tpe extensiva iitera-
ture Indicates. aowever, very few attempts aave
been =xTade to unify and integrate all tuese 4if-
ferent approaches ana cesuits. a zypisal coox 2n
radar or sonar signal processing is a rataser za
iioc coliasction of data, metnods ang tneory (r.oain-
iscent of 2 cook-ocok). 70 an oyt3idsr of tais
field it is extremely difficult to gat 1 conersut
picture and %o daxe inceliigent znoizes :n apply-
ing tnese oethods in the Jesign of systeas. a
systematic representaticn of tais «nowiege, oy
itseif a tremendous task, is resquired in orzer o
@ake effective use of tne availaole alternatives.
It is very tempting to suggsst rhe aavsiopaenc of
an "expert support system" ccapining ind 2axtazaing
recant approacnes in AL, Gatd-0ase Janagemant ins
relateqg flields.

vur appreacn to the Jeveiopaent sf (oooperz~
tiveiy) distrioutec aigoritnas an de suamarizad
under tne foliowing aeadings:

. Partitioning of optimai  censtrziizec
algoritnnms, sucn a5 Maxisum-iilelinco:,
gxtengea Xaizan {filsering, and  Ze:zn
Forzing. This approaca ! o

Jselul wns

2onsideratian

tne systam under
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aivided into Ssubsystems witn sparse
iatsraction.

2. Appiication and extension of aethoas
develceped in  the context of decentral-
1zeg control and estimacion, e.3. team
gecision theory and differential games,
nierarchical and oultilevel  systeas,
aggregation aetneds, singular perturbae-
tion and otner perturbation techniques,
periodic coordination and spatial
dynazic programming (sdp).

5. Development of new optimal distributed
algoritas for specific subsets of sensor
3Jata. For exaaple,

- Time/Frequency Difference ¢4
arrival  (TDUA/FDOA) «ata, using
AfMA aodeling.

- Aange only cr Angle only data,
using image reconstruction tach-
aiques or distributed varsions of
the backprojesction tschanique
descriced in 3ection 2.2.

- fange and Angle daca, using ©Non-
linear Zstimation technigquss.

- Mixed, possibly
inconsistent/incouplate data, using
3 aierarchical approact.

4, Advanced Concepts

- The physical prooles of liocating
and icentifying sources 2as Juch
satnemacical structure; for e&xame
ple, it is heavily dependent upon
zne cnoize of soordinate systeas.
scn  fuclidean Geometry and Non
Classical Statistics (Non-Gausaian)
wiil vepry prosadly oe of great
ocenefit.

- 3ignal processing of one=
dimensicnal signais is a very well
deveioped fieid; spatial and other
aulti- dimensional probleas, hows

aver, require aocre advanced
zathematical toois.
- Jur preliminary investigations

indicate that zost candigate algo-
= ritnps for discributed processing
require nign sommunication
panawizths. As an  aiternative
approach, We are investigacing Pro-
babilistic Algorithms; cthese algo-
s:thms potentially require lowar
bandwidths, are rcaturaliy suited to
parallel and zistributed organiza-
ticns, and shey can o2 very robust.

from a2 systems-desigzn perspedtive
one snould consicer iateraations
setween  software ang  harquware
arzaitecture  eariy in the aeveidp-

aent of algoritams. Ffor this rea-
son, we are considering the poten-
tial impact of VLSI/VHS1 zesigns.

Using these approacnes, sexaaples of fuily
distributed processing ana comsunication aigo-
rithas can be proposed. One sucn example is tne
combination of the TDOA approacn [Scamidt], the
distrituted estimation algoritnm in  [iSL-DSN
fisport] and a distributed protocoi a ia {Merlin
and 3egallj. Tnese aigoritnms nave the desired
rosuatness and iow comsunication bandwidths taat
charactarize desirable distriputea algoritnus.
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