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Measurement with an imaging sensor and a dlgltlzeMmW@NMMM|
Technical Field of the Invention: The pre

invention relates in general to the anaIyS|s of i mage-
gate, ond more particularly, Ly 2 svstem and et AT pY
for determ ning vehicle attitude and position fro

I mge data detected by sensors in a vehicle. *G00002*
Background: Inertial measurement units generally make

up a large portion of the cost of vehicles equipped
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and attitude changes to a suite of navigation

mai nt enance algorithms that 1) integrate theminto
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its I 'nmmune to r{,(arrm n(? and decepti on.
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position, velocity, and attitude.

This combination of cost and navigation drift is especially problematic for
applications where high accuracy is essential, such as missiles. GPS is a potential
alternative, but it does not provide the attitude and attitude rate information required for
flight control.

Summary:
The present invention seeks to satisfy navigation requirements and provide

attitude data essential for robust vehicle flight control while addressing the issues of
cost and instrument drift common to typical IMU systems. It presents an apparatus and
method of position, velocity, and attitude measurement that does not require 1) gyros
and accelerometers, or 2) the subsequent algorithms to integrate their outputs into a

meaningful navigation solution. Instead the invention allows for navigation and attitude



cost and instrunment drift common to typical I MJ
systens. It presents an apparatus and nethod of
position, velocity, and attitude neasurenent that does
not require 1) gyros and accel eroneters, or 2) the
subsequent algorithns to integrate their outputs into
a neani ngful navigation solution. Instead the
invention allows for navigation and attitude 2
estimati on based on scene flow information collected
as a vehicle traverses diverse patches of mapped
terrain. An enbodi ment of the Eﬁesent invention is a
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points. The system also continues to acquire new reference points and, when used for
navigation, match them against the relevant sections of a terrain map or validate them
against updated GPS position data as the moving object continues on its path or
trajectory.

The system may be loaded with as few or as many terrain maps as necessary,
and may be instructed to identify certain specific features in a scene to better allow it to
confirm its location. The system may be used strictly for “dead reckoning” attitude

control or as a primary or a secondary navigation system and may be used for a broad



poi nts. The system al so conti nues to acquire new
reference points and, when used for navigation, match
t hem agai nst the relevant sections of a terrain nap or
val i date them against updated GPS position data as
the noving object continues on its path or

trajectory. The system nmay be j oaded with as few or as
many terrain maps as necessary, and may be instructed
to identify certain specific features in a scene to
better allow it to confirmits |ocation. The system
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angle of a detected entity with respect to the sensor’s boresight reference. In such
embodiments, the feature identification process may include selecting features within
the pixel space of the image data and transforming the selected features into a first set
of object space angular coordinates based on the angle of the detected features with
respect to the boresight reference of the sensor or detector.

In some embodiments, the attitude calculation process may include transforming
the correlated features from the map into a second set of object space angular
coordinates based on the location of the vehicle within the map. The horizontal,
vertical, and arc coordinate differences may then be calculated between a coordinate
from the first set and its correlated coordinate from the second set. Such calculations
may include: calculating pitch based on vertical values of the coordinate differences

relative to the imaging plane; calculating roll based on horizontal values of the



In some enbodi nents, the detector or sensor nmay be one
that neasures the angle of a detected entity with
respect to the sensor's boresight reference. In such
enbodi nents, the feature identification process may

i nclude selecting features within the pixel space of
the i mage data and transform ng the selected features
into a first set of object space angul ar coordi nates
based on the angle of the detected features with
respect to the boresight reference of the sensor or
detector. In some enbodi nents, the attitude
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more scenes and determining, based on the relative changes in position of the features,
the change in position of the moving object across three or more scenes. From such
determinations it may be possible to calculate an acceleration rate and acceleration
direction for the moving object.

Embodiments may also include computing a line-of-sight (LOS) unit vector from

the detector to an identified feature as a function of LOS angles (e, and g, ) measured

relative to the detector, such that the unit vector (u) is given by the expression:



previously known position of the noving object, of a
new position and novenent rate and direction for the
novi ng obj ect. Enbodi nents of a previously known
position of the noving object may include a |ocation,
orientation, and novenent rate and direction of the
nmovi ng object as previously determned earlier

cal culation and / or conparison cal cul ati ons.

Al ternative or additional enbodinents of a previously
known position may include position information
provi ded or received via user input, a GPS system or
an ext grcoséd, teoa@k) hg system Enbodi ments may al so

i nclzfidg chgackiing, jhe identified features across three
or nore scn % and deternmining, based on the relative
changes i n posi‘ti on of the features, the change in
position of the noving object across three or nore
scenes. From such determnations it may be possible
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Embodiments of the attitude calculator may include a map transformation module
that transforms the correlated features from the map into a second set of object space
angular coordinates based on the location of the vehicle within the map. Embodiments
of the attitude calculator may also include a difference computation unit that computes
the horizontal, vertical, and arc coordinate differences between a coordinate from the
first set and its correlated coordinate from the second set.

Further embodiments of the attitude calculator may include a pitch calculator that
calculates pitch based on vertical values of the coordinate differences relative to the
imaging plane; a roll calculator that calculates roll based on horizontal values of the

coordinate differences; and / or a yaw calculator that calculates yaw based on arc-



obj ect based on the difference in the |ocations of the
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| ocations of the correlated features in the nap.
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space transformation nodule that transforns the

'eryéh\ e@ta@ae freay & peagdinatedrom theffisst sebandits eoisietated eqpidipate from

théB&idnd set feRftivE 'td"é‘?éféreh@@ B&nOR thdenaRiHY ;ﬁaﬁg edn.nﬁstant from both
detected features with respect to the boresig

copginatesice of the sensor. Enbodi nents of the attltude

cal ErbRlRfertPt thélFhaldedta AR ﬂdﬁﬁﬁsfeﬁrc@rfeua@ioe WRAWE of
that transforns the correlated features fromthe map

Passyey-detssted imnsmittep peaigne stick thak at leagi gae idenkitiegt fG?Wéﬁ gy

indhafreesitransniifier deaean ioeltigh the vehicle within the map.
Enmbodi nent s of the attitude cal cul ator may al so

i ncFiadiments 9fdhe.iragindotasseramay inclyde @ isile-spedpim iraging

seh$? ah@lentRaindnts YBthé dEAte mAD GIsBIifcIGROA FH unit that stores a
di.fferences between a coordinate fromthe i rst set

temgiiMapPs correl at ed coordinate fromthe second set.

Fur Fivétier @Fribodintatd é‘f thé déVice bl idciide Lrbev fhder ﬂ‘ﬁy tracks the
geégfde a pitch calculator that calcul ates gltc
idepifiesfegtresbiitin imagsdatasr 3 Feqone Seoot eAREE SbSIBPRlfe dhe first
scéred. A mbsdimentshtay dlsBEtge BlraBtve Foditdnl coffputer |tﬁ’ét @létefrr'ﬂﬁfes
based on, horizontal val ues of

ates roll
baﬁ%do ’Hh’%{?'@t'm ¢hanees gositign @f fhechatHrefaWeé%Qﬁ'Bgﬁ EE'tRS’IS't'PHQf the
mo&&lgméijéﬁt &sat%va\w brsfegtufss. ectufhed e?ﬁlﬁ}id‘h&h@hﬁ?ﬁl Belfideoan a
coordj nat e rom et and its correlate
mo§ 8R! A tosto iRt il bt Patestan/scdrmpatison of the
deteghinee nbmggaon pbsition ditae h'rmﬁrgigrt@ﬁlit a@ﬁnﬁqubrdwéﬁﬂﬁknchrO!%sntlon
nat

of RS s b7 Epa ] Boam et gatgiand drdciion for e Hoving

objpelssn vel y- det ect ed transmtter beacons such that at

{7 S e e hS R s sty ol PoREB ARG 4.5 lacgfion, orientation,
and rmgenmgnaatusand dimegtiomnefl thel moaingiobjdet as pm@héw Hetdimiied by

ear‘? g,l’l cc'a uﬁjlomﬁ Qpﬁ{ggﬁgc{ngqugattgng R]?ernate ora dlt?clns?emlgocljnl‘lndents ofa
prevnously known position may include a known position provided through external
means such as user input, a GPS system, or an external tracking system.
Embodiments of the device may also include an acceleration feature tracker that
tracks the identified features within image data of at least three scenes. Embodiments
of such a tracker may include an acceleration position computer that determines, based
on the relative changes in position of the features, the change in position of the moving
object relative to the features across the scenes. Further embodiments of an
acceleration tracker may include an acceleration calculator that calculates, based on a
comparison of the determined change in position of the moving object between the

scenes, an acceleration rate and acceleration direction for the moving object.



terrain map. Further enbodi ments of the device may
include a feature tracker that tracks the identified
features within inage data of a second scene captured
subsequent to the first scene. Enbodi nents may al so
include a relative position conmputer that determ nes,
based on the relative changes #n position of the
features, the change in position of the noving object
relative to the features. Yet further enbodi nents may
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Figure 4 shows vehicle and ground line of sight computations that may be used

to determine relative vehicle position and attitude in an embodiment of the present
invention; and

Figure 5 shows a complete logic data flow diagram of an IMU replacement
system for computing both location and attitude of a vehicle according to the present
invention.

The drawings will be described in detail in the course of the detailed description of the
invention.



nodi fications within the spirit and scope of the
invention wll becone apparent to those skilled in
the art fromthis detail ed description. Description of
Fi gures: The present invention will beconme nore fully
understood fromthe detail ed description given
her ei nbel ow and t he acconpanyigg draw ngs which are
given by way of illustration only, and thus are not
limtative of the present invention, and wherein:
Figure 1 is a block diagram of an enbodi nent of the
i nventive system Figure 2 shows the conputationa
DetailedhBescrigtions enmbodi ment of the inventive system and
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datagireviéew By thenilagihg @lement 101. The image processing center 111 also
identifies and tracks features identified and selected in previous frames of image data.
If there are still at least three previously identified viable features present in the current
frame of image data, the image processing center 111 may not be required to identify
and select new features from the image, although more features may be used to reduce
error.

A viable feature is one that meets predetermined detection and selection criteria.
For purposes of position and movement rate calculation, a viable feature may be one
that is greater than a certain distance away from the edge of the image data, indicating
that it will be detected again in a subsequent image frame. The certain distance from
the edge of the image data is a configurable parameter that may be defined by external
input or dynamically adjusted based on the current velocity of the object. For example,
an embodiment of the system used in a guided missile may discard features moving
away from the center of its field of view (FOV) as non-viable as soon as they are
midway between the FOV center and an image edge. An embodiment of the system

intended for use in a UAV, on the other hand, may wait until a feature is 75% of the way



conmput ation systemto process the sensor data. Figure
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The location and navigation center 121 passes the position and attitude
calculations to a guidance system 131 which makes appropriate decisions about course
and attitude correction based on the determined position and attitude of the vehicle.

Figure 2 shows a computer system running an application that processes image
data to provide estimated attitude and position data. In this embodiment of the
invention, the imaging element 101 is an input device 2130 with an interface 2120 to
image processing and navigation calculation application programs 2050 and their

associated program data 2040, which are stored in system memory 2020 and operated



between the FOV center and an i mage edge before
discarding it as non-viable and selecting a new
feature to track on. In own-vehicle attitude detection
enbodi nents of the present invention that enable
know ng own-vehicle orientation and have a terrain map
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cor*enatétlj" With %@Hgbﬂﬁ@heﬁfstédﬁn this embodiment of the image navigation
algorithm 301 are to calculate a vehicle position 321 and attitude 341 with respect to the
identified features. These tasks are both accomplished by calculating the line-of-sight
angles between the vehicle body and the identified features, and also the line-of-sight
angles between the various features with respect to one-another.

Alternative embodiments of an image navigation algorithm 301 may have
additional inputs of a reference attitude, or may not have reference location and
reference velocity input data. The calculation of the position 321 may be a relative

position or an absolute position. In the case of relative position, the algorithm may



invention, the imging element 101 is an input device
2130 with an interface 2120 to inmage processing and
navi gati on cal cul ati on application prograns 2050 and
their associated program data 2040, which are stored
in system nmenory 2020 and operated 10 on by the .
m croprocessor 2070. The application programs 2160 and
any associated programdata 2170 such as terrain maps
141 and |l ocation data 151 nmay be stored in a hard
drive 2150 when not in use. Once the appropriate
cal cul ations and required processing has been
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multxple vehicles to simultaneously provide earth-relative and vehicle-relative attitude
information across multiple vehicles equipped with a networked or distributed
embodiment of the inventive system.

An embodiment of the inventive system also correlates the selected features
from the image plane to features in an image or image chip of a terrain map 311-3.
Alternative embodiments of the present invention may omit this step and instead
generate purely relative attitude calculations based on the movement of selected
features across image frames over time. Yet further alternative embodiments of the
present invention may have terrain maps at multiple angles, enabling the inventive

system to select a map whose angle of imaging most closely matches the selected



identified features. These tasks are both acconpli shed
by cal culating the |ine-of-sight angles between the
vehi cl e body and the identified features, and al so the
i ne-of -sight angles between the various features
with respect to one-another. Alternative enbodi nents
of an i nmage navigation al goritiam 301 nay have
additional inputs of a reference attitude, or may not
have reference | ocation and reference velocity i nput
data. The cal cul ation of the position 321 may be a
relative position or an absolute position. In the
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velocity and acceleration are calculated based on differences in position over time 331.
After an absolute or relative position is calculated 321, this information is stored and
compared to subsequent position determinations over known time periods to establish
velocity and acceleration vectors 331. The combined position, velocity, acceleration,
and attitude data is then provided to a guidance system 351 or similar device.
Alternative embodiments of the present invention may omit velocity and acceleration

calculations or calculate these values by alternative methods or means. Altenative
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(R) by using a known relative survey point location 1104 and an unknown vehicle
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aohFENH Bl ool P25 Bes il S Lol Leahins SUch
rangedinding aapa;blww bha nespmetaitiog kitevrvieddcoh éodafipns and positions.
Based on this information, the system may discern location data without requiring
further image analysis.

A system that carries out attitude and position estimates according to the process
described above is illustrated in Figure 5. A system package of this type may consist of
three passive sensors (5030, 5040, 5050) that measure a line-of-sight (LOS) angleto a
ground spot with respect to the sensor mount. The sensors are arranged so that their
individual pointing directions (1002, 1003, 1004) are not co-planar. Passive sensors
suitable for an embodiment of such a system include passive RADAR systems that

determine range and direction from an active emitter, passive IR systems that look for



The vehicle is assuned to have three orientation
vectors in space, Oyb 1002, uzb 1003, uxb 1004. The
line of sight (LOS) 1006 angles to a survey point

1005, ey and ex with respect to the x-direction
orientation vector of the vehicle 1004 can be
translated to the angles a and $3 in the ground frane
of reference (R) through the body attitude of the
vehicle by using the yaw ip, the pitch e, and the rol
O Eul er angles, but these Euler angle values are
unknown prior to calculation. The relative

netsRAl-ReRCANSy RN HoRMRY SYRRRRS GNY YRSy inghidingsfisitaliyhoge output is

coFrBRIRRICH elitRert frevilidhEtaptira8 HRage @ith bf alstPed magliMbgé chip to
nce fra are determ ned by conparing their

refer frame (
eSFagH%m §ireptiprtp dhe ¥ AR t he center of the image
f r amge bmbb@ilf@gt §tﬁ>v~bﬂn @ligiﬁ@sﬁie{ cenfa'blétc%f ﬁémmaq% émhe?tdttﬂltmde only,
I ses), an ne an S etween ot her surve ornts..
or B R atosione bicupsiny (e brolirrtiane Felugtvig dh embodmen
of mrdémtrwgnt:ﬁnzé‘rtlipswﬁyg p@ésgjvetﬂsub@%%dmghhinfa@ﬁ@esféns@t@;h at each
. Surv ol n ar e rm.ne coO ari ng elrr .
imaghe g2 Bt Paie 700 Skaomhasteh b aslecketlor BRILRASaye device
frohhﬁ dalllaghiﬁi_jSGBObfﬁl M@l@ﬂing e/ Be iyl o%p&l&ﬂb?ﬂf%ldgggor tg a$rgap or
venl e 1 N | t t the surv pol.Nn an
mapcraehstatse o fidkbss” Enppdnant fihs SPUBmGTapRes fEnge of
magcmng)pdnd%%lchhifrdwgcgmqwtora_@&@gmﬂmehi(s R)alltbﬁiﬁg% i Otlﬁé$ gthttations on
Ihat 1s. determ ne ngl e an can
oIS ARG ALEAmpISTC B LhPved SN avalati SooBUA
praceksing powerf. Onoe a nidy) olayiapisortion & dented fob batH gréusd pyiay5100,
tm%O' t. lpcatio 1104 nd unknown vehjcl.e 14 .
hinest S RssPicoaes IR0 A a8 £8 §f pe e containing all
three gralind pbints 5070 are extitacied fomameldatadasecoor di Inat e).
Sel ' at. . . t.hree surv oi,nts resul,ts jn, siXx
equfﬁ"%’ E)’Hn%evé'}"}wg@foi's It/rgielni Cé’lBrleEaé‘?"eg%éﬁ A EPRYSEIOrS Butplit VidEo 5090
to &xtraicbthed QD angiemipdre tied’ sarabhiertae groaind potnt &1 0@ AN embodiment of

e e By sRiskeE B oMo RE R SR8 na Wit o
thecraap bethesereait aiapasirigrafiine thenstcains ¢shiftd, zbbw, yainflip] and steear) to
miffr el AR e SR 408 PreBSe b pB PR 8| 1
corzelaignriio dhenfeequenty ddveainrbyendlfigying tree Falrieotransiois othd image by
e SRR TR BRYBHF B b o . an
shearfape Martedan eitherrtied imagdesor snapy exet @obthies akkerhatteaday include
cor‘?él&f.ic;nué*{‘:erggﬁsﬁémvg%é‘)jg&oﬂr pStiﬁ‘L‘ucf%er alternative embodiments may
employ holograms and other methods to accomplish angle LOS extraction.

After the LOS angles are extracted, each sensor’'s LOS angles are then
converted to earth-relative angles with a position / attitude extract function 5110, using
the best estimate of vehicle attitude 5010. Once the angles are converted, they are
compared to the earth-relative angles as computed using the appropriate site survey
coordinates and the best estimate of the vehicle position 5020. The measurement
residual for each site is processed through a Kalman filter that reckons corrections to

the current vehicle position and attitude estimates and their rates. The horizontal,



mat ched and tracked against features in a terrain nmap
to ascertain the location and novenent rate of the
vehicle. This conbination of attitude and | ocation
information is then sent on to a navigation unit that
conpares the location and attitude of the vehicle
agai nst the expected | ocationignd attitude and agai nst
any target or destination or flight- path infornmation
and makes course corrections as necessary. The
I nvention applies prevalent techniques of inage
processing for feature extraction and mat chi ng,

vefficat §5d penlepgthidiffesences betwasn the, extmteéirﬁar@rrelangm t:@aﬂated

mélb—bﬂ“bﬂt&?ahﬁ]é’@éﬁhé‘ @G‘r’v@ﬁ pbi @tcoﬁﬁgébndtts Vol Ui h 28R  yaw
known and used in the fiel | mage- based
°”ﬁa\?t'@%ﬂ pfdhe senposyiciativg £ earth-he | nvent ion nmay also rely
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Infra-red, or visual éﬁ I scerni bl e beacons ma
RV
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rangg finding capability or a map contai ni ng known

Pagicy ﬁu'lveta?'nbwgs awapwéguaﬁuadwgcﬂon Bathed- Ghangies (e, and ¢, )
r | on Lem may di scern | ocation data
méa%f‘ﬁ(]n? [?4.' Stse)é Gr t her i rrage anal ysis. A system
t hat carrles out attitudogRd). el ) on estimates
according to the process dé_sg ‘S above is
illustrated in Figuréis. teHfi=package of this type
may consi st of three pa sw@ﬂ@ehso s (5030, 5040,

5050 that measure a |ine-of-sight (LOS) angle to a
Thigyis ifien copestinafized In he pavigation refeesne (wRe, swanghe detector to body

dir8&IdPUSin@ nSatft fo@@gﬁéé)( g%,z)r??'ff t%%@br&%f@&' éé'tlmé?és of the vehicle

poi nting directions are
onérﬁiaﬁﬂr%lﬂ!ctnor? BSsthe/ ﬁlaﬁf?(r(%f’}' Ssing thel8iRNin Ac%@d’uaﬁa e”b(’d' ment
of such a systemincl ud® passive RADAR Systens t hat
determ ne range and direction fro a?C,ﬁ tive emtter,
passive IR systens that Iook for tspot’
beacons, and i madi (6g) sy6 § e@3 - Garry| ¥ y &) [i ncl udi ng
visual) whose output is correlat gl &) i t her
previously captured i nrage data or a~st’or ed map i mage
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area., The enbodi nent shown in ure I's capa

coppited jugingribe estiesimateqf owashie ﬁP§' on gid kiiowledgecof dfrisurvey
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in an enbodi nent of resent 1nvention enpl oyi ng
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u, )| _, .,
. X —x
u (X)={u, (x) =% ©

v,
u, (%)

1

Where % is the geolocation of a surveyed site tracked by the " sensor, and %" is the
current estimate of the ship’s position.
At this point, the azimuth (B,(C{) and B,(X")) and elevation (a,(C) and o,(X"))

Euler angles (relative to the navigation reference frame) are computed for each of the



i maging tinme, a ground point 5100 of known | ocation is
sel ected for each passive device from a database 5060
by matching the video i mage captured by the sensor to
a map or nmap portion stored in the database.
Enbodi ments of the system may use a range of matching
and searching techni ques to aqgonplish this matching,
and the limtations on howthis matching is
acconpl i shed are inposed only by avail abl e nenory and
processing power. Once a map or map portion is
sel ected for each ground point 5100, the conbined
abgyg L@y amitveeiptmeahanizasios rasrechrely- rﬁi‘@ée er getemmipegdby the
folblWiry feARY)as:ni ng all  three ground points 5070 are
extracted fromthe database. This image chip 5070 is
t hen correl ated agauné#)eaehuﬁ&hidx P out put video
5090 to extract the LOS angles fromthe sensor to the
ground point 5100. An enbodi gt)\the LOS angle
extracti on process qm&xooﬂpﬁwée~iupnlng a correlation
of the image to the map to t é¢@9inrmpuyng
affine transfornms (shifts, zoom roll, flip, and
shear) to mnimze erL? aqkrp nati ve enbodi nent
of this process may inp éﬁb orrelation in the

frequency domain by nult|ply| t e Fourier transform
Angf the inmage by the Fourier transformof the map
while nonitoring the peak as shlft zoom roll, flip,

and shear are vari ed o) =i sirei(ut K6 Vrmge or map. Yet
another alternative may include correlation after
per spective projection. Stll[lﬂqgﬁﬁég alternative

enbodi nents nmay emﬁl(&y a&'rs@? ot her nmethods to
acconplish angle LOS extracti r the LOS angl es

are extracted, each sensor's LCS angles are then
converted to eart h- rel g g.% ﬁd Fesl with a position /
attitude extract functror’s511p(Ciing the best

estimate of vehicle attitude 5010. Once the angles are
converted, they are conpared to the earth-relative
angl es as conputed using the appropriate site survey
coordi nates and the best estimate of the vehicle

positt $BROY ! ofmialmeaditeetehieckonssiomgatiortsin theaeurest vehicle

poélt?brp(rﬁﬁ and %ﬂ t&psr %ggsfﬁm}f@g %gél C| er etgga%?l %lﬁg%ﬁges between

correcti ons current™v

A M A

theédltdmm et oeaqménorneJ &trstvmeameamlaﬂdhm@ detw@aﬁﬂ@é re[%mua% and
themnggrﬁalntéq?d Scl)JsrltY %yar% tp tuge ggtlrnﬁaetg ef ned E)y (teher r%easurement
mapping matrix:

H\(C;,%")
H(Cy, %) =| Hy(Cy, %)
Hy(C;,%")

where
H (G, 27)=(F(@;(C})) G (X))
F(GT(Cy)) = (FT(G5(C))) - F(T5(CN™ - FT(E7(CD)) - (xT(Cr))



orientations of the sensors relative to earth. In an
i nventive enbodi nent that estinmates vehicle attitude,
the attitude extraction function to determ ne the
earth-relative LOS of a sensor is defined by the
following equations. First, the LOS unit vector
(expressed in the detector coqgmgdinate frane) to a
particul ar survey point (i) is conputed as a function
of the LOS angles (Eyi and EZ, neasured relative to
the detector: 11 cOS(ey,)-cos(sZ) u di = cos(ey)
sin(fez ) -sin(e) 11 This is then coordinatized in
the &R e CEEENe @l MANY, (GIAHAI HARBe tEEY D) /1o
gody direction cosine matrix for sensor I (C~) and the
a8Current best estimates of the vehicle orientation

dlrectlon i (3 n ~f kL0 o

uat) o u ThBRaTE s %W%j&%@% Eapesiae o,

@ v t%ﬁa( FeR PNy g4 (R Dhecq%g«/f (eﬁ})bﬁOSi(@f seme
frane) IS conpuhadﬁusuw@»the best estlnat@ of ownsh
positi on and knowl edge of the survey point

geol ocat nsmir&mls(@m) aes(BrEdchy) tms(famur(@w)n@mw @(C))

SO G %C%ﬁs’n@&ﬁsg@)@d cosfy f%é&“%ﬁg&uifﬁg»

|th senson, and —f0s(fgu t(ﬁ current estimate?of the

RO ' At thi t, th th C
Nd?ﬂhg% ?rt@'g% gé%ag'ogf evat gnp?lan (Cb) eaﬁél gl(J)) (Ell“ ér)

angles (relative to the fnayvi g?tlon ref erence frane)

are conputed for each off t
(i) =| —u,,

is the skew symmetric matrix equivalent to the vector (G';) in a cross product sense.

At this point the Kalman filter gains are computed using the equation:
K=P-H'(C,#)[H(C], %) P-H(C],#)+R]'
Where P is the (6x6) error covariance matrix that represents, statistically, how well the
filter thinks it has estimated the states and how correlated it believes the various state
errors are with each other. In addition, R is the (3x3) measurement noise covariance
matrix that defines the fidelity of the three angle measurements and the interrelationship
between them. The corrections to the states are then computed via the equation:

&, [ @,(C})-ay (%)

&, | | ACH-AE)
&, |_ o |a@-a@)
¢, Bo(C) - B,(5)

B

a3 (Cy)—ay(27)
9. By(Cp) = By(x7)

At this point the corrections are applied to the position estimate via the relationship:

rl

&
¥ =3 -,
S



above LOS unit vector nechani zations, respectively.
These are determ ned by the follow ng fornulas: a;
(x") _ -sin-"(u,,(Xr)) RI(x") =tan-" u~V (x") (Z)
(;::fl  And a;(Cb) = -sin-"(u (Cb)) u (Ch) 1I(Ch) =
tan-' U4 (Cb) Cb) =ai (Cb) s;( (PI(Cb) An
enmbodi nent of a Kalnman filter iphat reckons corrections
in the current vehicle position (x") and attitude
(Cb) estinmates, based on the residual differences
between the two sets of conputed Euler angles ex) and
el(C)), may be acconplished usin the foll ow ng set
Angto é'@ﬁjé't’&qtjﬂ's coging matmtmmaﬁm@muggém%\eqwi@n&p bet ween
the residuals and the uncer ? ties in the position
and attitude estimates is deffned by the neasurenent
mappi ng matrix: H, (C Xr W€¢X)—HﬂCbXU

H3(Ch, X' ) where Hi (Ch, Xr) g(pi (Cob)) Gui(zr))) F(u
0 7 e el T €
: [ 2y ur (( Xr u

(Xr))) fT(ur(Xr)) (1-u~ (=l>{<¢ -X&S} ?’)2))T)I +i  and -
sin(a; (u'. (X ))) cos(/3 (l¢ (X' ))) - cos(a; (u;
(Xr ))) SI n(/13; (u (X u2)=)
¢,:
C,"=cos(¢)-1+ﬁ;r- ﬁ;’)r-(l—cos(¢))—[xﬁ;’]-sin(¢)
C;=Cr.c

Finally, the filter estimation error covariance matrix is updated, reflecting the fidelity of
the measurements and their applicability in enhancing the quality of the position and
attitude estimates,
S=({-K-H(C],%))-P-(I-K-H(C],%))" +K-R-K"
And then propagated forward in time, accounting for the random growth in uncertainty
pertinent to the dynamics model,
P=S+0-At

In instances where the sensors are RADAR or Infra-red, or otherwise seeking
active signal emitters, the LOS calculations are done with respect to the signal emitters,
eliminating the need for image chips and image correlation.

The invention being thus described, it will be obvious that the same may be
varied in many ways. Such variations are not to be regarded as departure from the
spirit and scope of the invention, and all such modifications as would be obvious to one

skilled in the art are intended to be included within the scope of the following claims.



f(ui(z')) = -sin(a, (u;(Xr)))sin(l, (u; (Xr)
cos(a, (ur(X?)))Cos(f; (u;(Xr))) - cos(Q (u, (xr))) O
- sin(a; (u',. (G))) cos(/3; (u; (C))) - cos(a;
(u,. (Cb))) sin(/3,. (u; (Cb)) = - sin(a; (u,
(Cb))) sin(,, (u; (C ))) cos(a; (u; (G )))
cos(~6; ((Cb))) f(a'(C))- @S(Q (u (Cb))) 0 Note
that, in these equations, O u; -u; ~ 'Y (xur) _ -u;0
U, u;r -u;1lis the skew symmetric matrix equi val ent
to the vector (u";) in a cross product sense. At this
oint the Kalman filter gains are conputed using the
Q%-Hkié\tion: K=PHI(CC, z') [HCC,z') P HI(Cr, X )+Rr'

Where P is the (6x6) error covariance matrix that

epresents, statistically, how well the filter thinks
1. i deci@raioghaaevet e alhdesipEUTaten &1 8 @qvng object

bel.ieves the various state errors are with each
COBPHYEYS: 1 n addition, Ris the (3x3) measurenent noise

covariance matrix_ that defines the fidelity of the

© bt ARG roe bt ot A sCi N ] Soubs Sbiet Wil dgtector or

bet ween them The corrections to the states are then
Se8hput ed via the equation: a, (Cb)-a, (xr rr,

)
of VoS EClastiree BAGBLADR ayage datachial It boidhe
f g;cro?r%faig{qg %ﬂi@ {ﬂ? E%g?élhirefedfigt%_résﬂ%fgaq%iggiri? 2 irgaspt t%%ieemYAea
corresponding map locations of said features and a location of the vehicle within the
map; and
calculating the attitude of the moving object based on the difference between the
locations of the at least three features in the image data and the locations of the

correlated features in the map.

2. The method of claim 1, said detector or sensor further comprising that measures the
angle of a detected entity with respect to its boresight reference; and
said identifying at least three features from image data comprising:
selecting features within the pixel space of the image data; and
transforming the selected features into a first set of object space angular
coordinates based on the angle of the detected features with respect to the

boresight reference of the sensor or detector.

3. The method of claim 1 or 2, said calculating the attitude comprising:



And to the direction cosine matri x estimate through
the equations: O. Yr =/Y-" Yr_O0 _(4+0Q"
+0")1/2 Or, ' “rr / O 01 Yr_ C' =cos(0)I+u, 01
(u; )T .(1-cos(q))-[xu~]sin(O C =Cr .Cb Finally,
the filter estimation error covariance matrix is
updated, reflecting the fideligty of the neasurenents
and their applicability in enhancing the quality of
t he position and attitude estimates, S=(I1-K
H(Cor,i"))P(l-KH(Cb,ir)) T +KRKT And t hen propagat ed
forward in time, accounting for the randomgrowth in
uncERPIPTMiNG thespielatas feptyraseoniihedner tae gesondmesotyhiect
In instances where the sensors are RADAR or Infra-red,
spate agwianeEingiandasgd oadhe peationgiahe atigle within theymapcand
cal cul ations are done with respect to the signa
eni ¢ABPYING the hoRzeatal.ygrticRk and et qogrdingie gifesericas baiween a
i mage correlation. The invention being thus descri bed,
COPrtd"wfef frorpéheotiyst el @nd ita cotrelated spprdinaje fiem thepecamdiset.
many ways. Such variations are not to be regarded as
departure fromthe spirit and scope of the invention,
and all such nodifications as would be obvious to one
4. Ee methpdiah ciaia Tadtorak Brihef eXTBRIPING be i ncl uded wit hin

the scope of the followng clains. 20 d ains:
calculating pitch based on vertical values of the coordinate differences relative to

the imaging plane.

5. The method of claim any preceding claim, further comprising:

calculating roll based on horizontal values of the coordinate differences.

6. The method of claim any preceding claim, further comprising:
calculating yaw based on arc-length distance from a coordinate from the first set
and its correlated coordinate from the second set relative to a reference point in the

imaging plane equidistant from both coordinates.

7. The method of claim any preceding claim, said image data comprising vehicle-
relative locations of passively-detected transmitter beacons wherein at least one feature

of said at least three features comprises a transmitter beacon location.

8. The method of claim any preceding claim, said image data comprising visible-

spectrum imaging data.



1. A nethod of electro-optical own-vehicle attitude
determ nati on of a noving object conprising:
capturing image data of a first scene fromthe noving
object with a detector or sensor; identifying at
| east three features fromthe inmage data of said first
scene; correlating said at |le@ast three features to
features in a map to determ ne correspondi ng map
4348cmaspswis of said features and a | ocation of the
vehicle within the map; and cal culating the attitude
of the noving object based on the difference between
the |locations of the at |east three features in the

. Hgage §§}§ nd t he Iocatlons of the correlated
ifitleed ¢ flaimanypiecedinggiaimy it Meprgtonyirising aterrais mar.
detector or sensor further conprising that neasures
the angl e of a detected entity with respect to its

eS| ht erence; and said identifying at |east
10, Ph& Bl Bl B s8R aS2 sPI TR Sclegcd prgrown
b featuqags Wi thin the pixel space of the inmage data; and
e3001e53PAY ng the sel ected features into a first set of

obj ect space angul ar coordi nates based on the angl e of
the det ect ed features mﬁth respect to the boresight

r ere C f the r ect or . The met hod of
o pFany WaeeHALREEn AT COMBTSIN ¢ ude

co r ng, the correl ated features
t"ﬂ@r}%"a%t%??ﬁtg"ﬁe Bt Re i Gros Hhe sessped sthneicgptured
coordlhahlewgased on the |ocation of the vehicle
Su%ﬁ??ﬁ% e ﬁcaghd computing the horizontal,
nate di fferences

¥ oxeliiring Bead gn BRTEPLYE biardeh o pesiazeer it %‘ﬁ%%st%ree
feaffe, Hd) @'"ta?gé?"%% i8R RTOMOuRS pbiegtreliia i s o 2t hrée ™

ed on vertical values of the coordinate differences
el[ative to the imaging plane 5. The nethod of claim

améaf&[:%ﬁr?&'b%ge&hﬁ 'Hontpléhgcg] of tRE rcig{eirr%tnrég:change in position of the

moving object against a previously known position of the moving object, a new position

fe

and movement rate and direction for the moving object.

12. The method of claim 11, said previously known position of said moving object
comprising a location, orientation, and movement rate and direction of said moving

object previously determined by said calculating, based on a comparison.

13. The method of claim 11 or 12 said previously known position of said moving object
comprising a known position provided through external means comprising user input, a

GPS system, or an external tracking system.



calculating roll based on horizontal values of the
coordinate differences. 6. The nethod of clai many
preceding claim further conprising: calculating yaw
based on arc-length di stance froma coordinate from
the first set and its correlated coordinate fromthe
second set relative to a referxgnce point in the
i magi ng pl ane equi di stant from both coordi nates. 7.
The nethod of claimany preceding claim said inage
data conprising vehicle- relative | ocations of
passi vel y-detected transnmitter beacons wherein at
| east one feature of said at |east three features
cqqgrises a transm tter beacon |ocation. 8. The nethod
e BethPARlCBretedeng 11 ither comnaisingage data
ri.sing visible- spectruminaging data.
435 a@i’%‘%%i'egst thrre TRaUFRSIVIETN nagerdaimgf ept’neré@eiarmegcamtured
sald map conprising a terrain map. 10. The
s“ﬁ%?"ﬁ’(‘iat 191the. PeGARH $69"%r ecedi ng claim sai d map
rising a listing of known beacon |ocations. 11.
The ?rtﬁf’ﬂ'lig'go‘?as&ﬁ)?”ﬁg%E%%F!Vﬁg?hé%ﬁﬁw Ppgftiemetthe ghisasishreg:
¢ Hb g the at |least three features within i mage data
S BAPSE Ersitien gt he pving aRled ffemt the seeand scepe fo the third
scen det based on the relative changes in
sc%’b%re%t%ﬁ?%ﬁet%geaégthre@a@?mﬁﬁ’ 88d features, the change
$S|tlon of the noving object relative to t he at

I ea Cylafinge based AN # EAMPRIROR ¢f Heideterminadedhapge i position of the
det er mi ned chan e in position of the
T e Bpdbe h@siwe g %%HOB%F'%’ e G578 1B posfion of the

the Vi ect, new position and novenent rate
mehe 03’?%%&?%"3&4’ PO et tﬁa i) scepe. apaceeiEatioprASANgf
im1 ai revi qusl knomn position of said
ac%tl)e\zj/}lalr;}%gn %Be]cg%re for PY'ag RBieSt | ocati on, orientation, and
novenent rate and direction of said ani ng obj ect
previously determ ned by said cal cul ati ng, based on a

155?@%%3 rbfagigw:] §I§\ptfho.d frg%:aajlllqrgoqjjl t&lg;j%%)cqmt vector from

the detector to an identified feature is computed as a function of LOS angles (en and
€, ) measured relative to the detector, such that the unit vector (u) is given by the
expression:

cos(e,, )-cos(e, )
4" =| cos(e, )-sin(e, )

l

-sin(¢, )

16. A device for electro-optically determining own-vehicle attitude of a moving object,
the device comprising:
an imaging sensor that captures image data of scenes from the moving object;

a feature identification unit that identifies features in captured image data;



conprising a known position provided through external

means conprising user input, a GPS system or an

external tracking system 23 14. The nethod of claim

11, 12, or 13 further conprising: tracking the at

| east three features within inmage data of a third

scene captured subsequent to 24he second scene;

deternmi ning, based on the relative changes in position

of the at least three features, the change in

position of the noving object fromthe second scene to

the third scene relative to the at |east three

f eal e cgriglation wnit that spirelatesdaniieddeatyrasde pavap: of

the determ ned change in position of the novin

obj %g‘iﬂt‘f"%%af%éh%tid? mg'@éﬁeff?%)qnﬁ@gmlﬁaatﬁlé@égwrr@rrelated

he change i.n position of the noving object fromthe

feai%@%ﬁag?g%cr?go? B&%ﬁé(eb'ﬁﬁer"ﬂt@b@ﬁé?apén accel eration rate

and cel eratjon direction for the noving object. 15.

Th ean@ﬁwSa °8K%U'éfﬂy hiyt celeuiplag the aftifdevat dhemAviag object based on
th la‘Jﬂ#e-Of-Siﬁht?éLCB) unit vector from the detector to

CHTTaRR N lgcations of ihe & leashie teatigesinithe imagsdae andthe

ngl e sy, and _E;) neasured relative to the

|0C%lgﬁ'@cc§g§e’ X%{?%ﬁeq fegturesia themapvect or (u) is given by

the expression: cos(ey)cos(e=,) wud = cos(ey)

sin(ez ) - sin(ey, ) 16. A device for

el ectrao-optical det erm ni ng own-vehicle attitude of
17-aJ”Pr%9?Y1§e gftbﬁléé‘@t{ey fﬂ%@aewiseag%?ﬁmr@ﬁnﬁ@ﬂ IRgNEhEgNFRY that
meS S8R e ile. G el i Y S Erhert oo Dreus foreredce: and

id rfies.features in captyred i mage data; 24 a

fegﬂt?%tegltlggr@e@ﬁéﬁqﬂ% ”U'ltlF?mBrt‘PA‘l’g'cor relates identified

corr es it FREioTuaPalicies KRl Tes B 4fgBkel Spacs orthe

fe%géeegatgpgma | ocation of the vehicle within the nmap;

a space transformation module that transforms the selected features into a

first set of object space angular coordinates based on the angle of the detected

features with respect to the boresight reference of the sensor.

18. The device of claim 17, the attitude calculator comprising:

a map transformation module that transforms the correlated features from the
map into a second set of object space angular coordinates based on the location of the
vehicle within the map; and

a difference computation unit that computes the horizontal, vertical, and arc
coordinate differences between a coordinate from the first set and its correlated

coordinate from the second set.



an attitude calculator that calculates the attitude of
t he novi ng obj ect based on the difference in the
| ocations of the at |east three features in the inmage
data and the |I|ocations of the correlated features in
the map. 17. The device of claim 16, the imaging
sensor conprising an inmagi ng «nsor that neasures the
angle of a detected entity with respect to its
boresi ght reference; and the feature identification
unit conprising: a feature selection unit that selects
features within the pixel space of the inage data;
and a space transformati on nodule that transforns the
selected features into a first set of object space
19aHurerce sfaim g the atiudeicypuiatrefusihgr eorpprisings det ect ed
features with respect to the boresight reference of
t he? BEHLGAculater thatealeuiatee BitehFbased omverticak valuestaf ithe erordinate
.cal cul ator conprising: a map transformation nodul e
d'@F?é\“"*? Feiatvede the iMAEINGdHans- at ed features fromthe map
into a second set of object space angul ar coordi nates
based on the | ocation of the vehicle within the map;

d di fference conputation unit that conputes the
201?@?‘:1 (il%/llﬁeé:ff ,C[a\'fE r8io¢ 4P theptitude calcuiatar durther souprisiagiences
betvve%n Ef?ordinaefromthefirst.set and its _
cor? BIGAEHIa1r doat alcatates ot Raseseors brizRatal kgluesef the goordinate

diffThe device of claim 18, the attitude cal cul ator
PICR%r conprising: a pitch calculator that cal cul ates
pitch based on vertical values of the coordinate
di fferences relative to the inmaging plane. 20. The
19 the attitude cal cul ator

i ce. of .
21 SieRlog g Tb 1. 06 2 e Sfiwile Gristigror farher camtsiagics

rpll ak\JNasqd otg J%%[(iﬁioqt al . valbues of t_e cgotdi nat e

di 13 ¥VaFdcatoninat qgleulaes yaw based. po argrleagth distange frm ape

1] l.cyl furth i S| ng:
oo 8 S RS BBl Vo 4 S o v
j . di te f th i t set dit

a B0 aol R PradiiiSnd BioneRChon hetoraiRs e 1o

22. The device of any preceding claim, said image data comprising vehicle-relative
locations of passively-detected transmitter beacons wherein at least one feature of said

at least three features comprises a transmitter beacon location.

23. The device of any preceding claim, said imaging sensor comprising a visible-

spectrum imaging sensor.

24. The device of any preceding claim, further comprising a memory unit that stores

said map, wherein the map is a terrain map.



a reference point in the imging plane equi di stant
from both coordinates. 22. The device of any preceding
claim said inmage data conprising vehicle-relative
| ocati ons of passively-detected transnmtter beacons
wherein at | east one feature of said at |east three
features conprises a transm ttyr beacon | ocation. 23.
The devi ce of any preceding claim said inaging sensor
conprising a visible- spectrumimgi ng sensor. 24. The
device of any preceding claim further conprising a
menory unit that stores said map, wherein the map is
a terrain map. 26 25. The device of any preceding
claim further conprising: a feature tracker that
2% 53@19?"%@ any Fl’ré%ég)”ﬁ ¢pie® fyrther geraBrising:hi n i mage dat a
of at a second scene captured subsequent to the first
scefdeatdretEgcker that tagks thest leastfree features wilkipdnagedata of at a
based on the relative changes in position of the at
SeF%ré‘gfcetnﬁFé‘Bt”f’éiaﬁqhsé%Hem Fethefissigeensis position of the
movi n okg' ect., relative to the at |east three
f eaf Lﬁg'été‘f RSP SRERptes it gstermings, hased an dherelativachanges in
Cﬁ| cut te% based on a conparison of the determ ned
PosKian ghiheat lsast thresfeaiurasn therihianggy ingisjsition of el mevingobject
| {Sevi qgslé known _position of the noving object, a new
reg G toitbnatirastieefeatredat e and direction for the

novi ng obj ect., 26. The device of claim?25, said
pre® i"g{@!’{‘?”kmswgiCPICHI?tQSfth%tﬁalfumﬁﬁ, hasestprea comparison of

C ri.si a location, orientation, and novenent rate
t“%‘%%%‘i"?‘%‘??ﬁ“’dﬁ%’f Pesitial ofdhe MgVing Bpisst agrinsi aRTaYiQusly known
ermned by said cal cul ating,, based on a conpari son.
polfbt jihe H@Yf"\é&%&cﬂa O Posion ansgmoerpent fRtednd %eynon for the
mo{gn@%.&?si tion of said noving object conprising a
n mnjpdsition provi ded t hrough external neans

conprising user input, a GPS system or an external
tracki ng system 28. The device of claim25, 26, or

2 i ”bnr conpri sing:. an accel eration feature )
26't-|r7I'1a63(: el glatp %gt:?&l,d P%@'Oéf?'yl%ﬁ‘gf' PP#IFEOksid meMiag wbiest n

' of .a third scene captured subsequent to
co*%e& go%%ﬁ%% &qgr;]ta ion, an movemenP ra%le and é‘irectior%1 of said moving
object previously determined by said calculating, based on a comparison.

27. The device of claim 25 or 26, said previously known position of said moving object
comprising a known position provided through external means comprising user input, a

GPS system, or an external tracking system.

28. The device of claim 25, 26, or 27, further comprising:
an acceleration feature tracker that tracks the at least three features within image

data of a third scene captured subsequent to the second scene;



27 an acceleration position conputer that determ nes,
based on the relative changes in position of the at

| east three features, the change in position of the
novi ng object fromthe second scene to the third
scene relative to the at least three features; and an
accel eration cal cul ator that Qalcul ates, based on a
conpari son of the determ ned change in position of
the nmoving object fromthe first scene to the second
scene and the change in position of the aning obj ect
fromthe second scene to the third scene
ac@@laéF%l?faSﬂ“ PesioeRINRHIeida deeTines: Parad ehthegelafive

novi ng obj e
changes in"position of the at least three features, the change in position of the moving

object from the second scene to the third scene relative to the at least three features;
and

an acceleration calculator that calculates, based on a comparison of the
determined change in position of the moving object from the first scene to the second
scene and the change in position of the moving object from the second scene to the

third scene, an acceleration rate and acceleration direction for the moving object.



