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the Earth. It is known that remote sensing sensors produce images. Additionally, the
organizations that collect the imagery also record physical imaging parameters to accompany
the imagery. Such physical imaging parameters may include, for instance, orbital data, sensor
(camera) attitude data, focal length and data timing. These physica] imaging parameters are
unique to each satellite and each sensor and are useful in producing a rigorous camera model
that may be used to obtain measurements of natural and human-made features on the Earth
based on the imagery. In other words, the camera model may be used to relate object-space

(ground) coordinates to image-space coordinates.

[0004]  Accordingly, for those that purchase or otherwise obtain imagery data from a
remote sensing satellite, to correctly interpret the imagery data, it is required to have camera

model for the sensor that generated the data.

[0005]  One type of camera model may be characterized as a set of functions that relates a
point expressed as three object-space (ground) coordinates, namely, Latitude, Longitude and
Height (P, L, H) (or Easting, Northing and Height or Elevation), to a corresponding point in
an image, expressed as two image-space coordinates, namely, “pixel sample” and “line” (X,

Y) as follows:
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between the determined pair of image-space coordinates and the known pair of image-space
coordinates may then be used to adjust the imaging parameters. The imaging parameters may
be adjusted, and, as a consequence, the camera model is adjusted, using a least squares
algorithm with a goal of minimizing the difference between the determined pair of image-

space coordinates (determined using the adjusted camera model) and the known pair of

image-space coordinates.

[0009]  Alternatively, it is known to perform bundle adjustments, wherein one or more
adjacent images are compared and adjustments to the imaging parameters are determined that

minimize relative bias between the adjacent images.
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where (P, L, H) is a set of normalized coordinates of latitude, longitude and height in object
(ground) space. The normalized coordinates are obtained by applying a linear scaling factor
and a linear translation factor to the corresponding actual coordinates of latitude, longitude
and height in object-space to limit the magnitude of each coordinate of the normalized set to a

predetermined range.

[0013]  The image-space coordinates (X, ¥) resulting from the application of the RPC
camera model may be considered to be “normalized” sample and line coordinates in image-
space. A pair of “actual” sample and line coordinates in image-space may be obtained by
applying a reverse scaling factor to a respective pair of normalized sample and line

coordinates.
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[0015]  The RPC camera model has an advantage in that it allows satellite operators to
withhold certain confidential sensor information without denying the public use of the
satellite imagery. However, this feature also means that the imaging parameters may not be

directly adjusted to perform adjustments to the RPC camera model.

[0016]  The coefficients of the RPC camera model may be provided in conjunction with a
satellite image. To improve the geometric accuracy of the image-space coordinates
determined using the RPC camera model, it may be required to estimate and remove residual
errors or biases in the coefficients, rather than the residual errors or biases in the imaging
parameters from which the coefficients were derived. The estimating and removing may be
accomplished by adjusting the coefficients of the RPC camera model such that when the
adjusted RPC camera model is applied to the GCP object-space coordinates, the resulting
image-space coordinates more closely approximate the GCP image-space coordinates.
Alternatively, the estimating and removing errors or biases in the coefficients of the RPC
camera model may be accomplished by through bundle adjustments with overlapping

imagery, as briefly discussed above.



[0015] The RPC canera nodel has an advantage in that
it allows satellite operators to withhold certain
woanfsiodgaeti al sensor information wthout denyi RQTASIE2004/000345
public use of the satellite:.inmgery. However, this
feature al so neans that the imagi ng paraneters may not
[0017be dior e cubiy RiMd) camiceaimiodelrRatitak, oA ehkangsl eSOt detRidnie(2BPC
ﬂ.caﬂ%&a m)gel . [OO&G] The coefficients of the RPC )
coetligig s far ¢aGhOf fopg polyaomialy); te@divstraesys pliald 89 epeffiFients ausing
stande@ @1k dfufrel ' i i f
e kel TH9GmCl8, Iy RRL R0 HaR SR L SR ERLEF MRt Gops.
Refingragniiof thedRC camerameydebin suehjaicagdntpbesdrisiigied tabd impractical.
renmove residual errors or biases in the coefficients,
at an the residual..errors or bhiases in the
10018] = Sl A e b Bt R R eslur AT Srishe Shingp tat one can
still inerovey . gedinetrRSebFBdy FTAnABEs SrofREIRG; i i
acconp) igshed by adj uysti nggt.hlfe coef ?iﬁ lcnl%% g&oﬁ‘an%eﬁ%mﬁg% cither
(2) by pgHRHBNEBPREP-RIQedssinG Atep b ediustithe detpusinedinRRE- spaceeroardinates,
nodel is applied to the GCP obj ect-space coordi nates,
the resulting i mage-space coordi nates nore cl osely

approxi mate the GCP i npge:space coordinates.
Al ternatively, the/"e§tn"2i’}m4aﬁg fchovi ng errors or
bi ases in the coeffici® ? the RPC canera nodel may

be acconplished by thr oggp p;EDSI e adjustnments with
over |l appi ng i magery,Y as— drscussed above. 5
[0017] For a cubic RPCRéfieh-dhodel that has, for
. 80 coefficients (20 caeffjcjents for eagch of
or (b) (i B pROLSdsSing Binkiof o e b tnite S coondinatss using

adjustabbefuncio@nAS and S_“[fn@ obtAR dajfustell BASIe-FRAVRESR dinates X' and ¥ from
adjustnents, is known to require a considerabl e nunber
(40) of CGCPs. Refinemenk”sefX #id@ RPC canera nodel in
such a case may be consje edy.to be inpractical. [00 ]
W thout renoving the biases of inmaging paraneters, it
so thatmay be shown that one can still inprove the geonetric
~ accuracy of images produced using a given canera nodel
ei ther (a) by perforg ng&P.Be8)- processing step to
adj ust the determ ne iqgggi§g?c coordi nates, i.e., P
(P, H P,(P,L,H) or (b) by perform ng a pre-processing
function to adjust thE&LWQGEdSﬁ@CG coordi nates using

adj ust abl e functions = Ei'_Aé/_gro obt ai n adj ust ed
i mage- space coor di nat es % P’aﬁ )Y from

(see Fraser, Clive S. and Hanley, Harry B., “Bias Compensation in Rational Functions for

ie.,

IKONOS Satellite Imagery”, Photogrammetric Engineering and Remote Sensing, Vol. 69,
No. 1, Jan 2003, pp. 53-57 and Grodecki, Jacek and Dial, Gene, “Block Adjustment of High-
Resolution Satellite Images Described by Rational Polynomials”, Photogrammetric
Engineering and Remote Sensing, Vol. 69, No. 1, Jan 2003, pp. 59-68). The adjustable
functions Ax and Ay are typically polynomials of the image coordinates, X and ¥, Such
methods are known to be particularly applicable to a system with a narrow field of view

imaging a relatively flat area.

[0019]  In another approach, in US Patent Application No. 09/ 846,621, filed May 1, 2001,
Dial Jr. et al propose method of adjusting the object space coordinates that involves the

addition of an adjustment term to each of the three object space coordinates. Each adjustment
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valid for narrow field of view systems and flat terrain.

[0023]  In accordance with an aspect of the present invention there is provided a method of
refining a Rational Polynomial Coefficient (RPC) camera model. The method includes
receiving an original plurality of coefficients defining an original Rational Polynomial
Coefficient (RPC) camera model for determining image-space coordinates from object-space
coordinates defined for an origirial object-space coordinate system, determining a plurality of
physical parameters for transforming the original object-space coordinate system to an
intermediate object-space coordinate system and, based on the plurality of physical
parameters and the original plurality of coefficients, determining a refined plurality of
coefficients defining a refined RPC camera model. In another aspect of the present invention,
a computer readable medium is provided to allow a general purpose computer to carry out

this method.

[0024]  In accordance with another aspect of the present invention there is provided a
method of refining a Rational Polynomial Coefficient (RPC) camera model. The method

includes receiving an original plurality of coefficients defining an original Rational
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camera model to obtain a pair of image-space coordinates. In another aspect of the present
invention, a computer readable medium is provided to allow a general purpose computer to

carry out this method.

[0026]  Other aspects and features of the present invention will become apparent to those
of ordinary skill in the art upon review of the following description of specific embodiments

of the invention in conjunction with the accompanying figures.
BRIEF DESCRIPTION OF THE DRAWINGS

[0027]  In the figures which illustrate example embodiments of this invention:



I mage- space coordi nates determ ned through application
of the original RPC canera nodel to object-space
woaarsdisssat es of the known obj ect-space coor di nBRCESGRVA1000345
correspond to the known i nmage-space coordi nates and
have been transforned to the internedi ate object space
coordi nate system The nethod further includes, based
[00285 FHe Iillysteaies the kpowp phicetaiPaph st dingieSYHH®: t he
~original plurality of coefficients, determning a
of | : o T :
00251 PG UM i hoROR] pshah ol ik piocaiel e
according toren @mbodimemtmf theepresemhtiavoht®omyedi um i s provi ded to
all ow a general purpose conputer to carry out this

t .~ 4002 I n accordan with.a further aspegct of
100307 1 PRF S Ui AR o RO el g Anfre e from
objecttiph@ dHoRdiRgteParlIER PC @befHERER; SRBLENLRUNENIRIIREent fthe present
i met hod includes receiving a plurality of coefficients
IMveni@Et i ni ng a Rational Pol ynoni al Coefficient (RPC)

canera nodel, receiving a plurality of values for

ri gidnal ;1100186 ' . . t ity
e e L e Sy
embodiaienhtnefdhd prese imvienigormal obj ect - space coordi nate

system determning values for a plurality of

| nt di.at e obj ect-space copordi pates. in .
10032 1 Bl siosin ehakentissresthid © Lyedle: Inerederiae
imagelsph& JHBEHi RS i‘?@h%%{etﬁﬁi%é@ c6Q81Htel ah& RPYSIRMdichts, according to an
adjusted relative to the original object-space
embodimenidifiilag presaps inventiemandit i | i zi ng the val ues for the
plurality of internedi ate object-space coordinates in

he ' [ o . .
(0033 SO RS IHETRASE TR b BOLR R BE 8D ot BROSE 38Thod of
FIG. 5. nvention, a conputer readable nediumis provided to

all ow a general purpose conputer to carry out this

nmet hod. [0026] O tures of the

present inventi onﬁﬁﬁﬁﬁﬁbﬁféﬂﬁjﬁf@t to those of

ordinary skill in the art upon review of the foll ow ng
[0034 0 eSRIthRPCOtaflerSR6641] dificolb Qﬁi‘ié@ﬁﬁﬁgi@% phPenetddy eRtdlLIRAdy

In conjunction with the acconpanying tigures. BRI EF

represgetiR e icopficrEntsHit ivratl\mome[t@q“grrqnsuancee weqtiyoadiss the
st S AT S DRALRI oyt gy i roc

camer®hjodeltis d¢fired bydondfunetianssyaileingy 8D @QOGikiehtsClo Zefine the cubic RPC
strates adjystnents to obj ect - space

il he kno )
camerwea%h% r@qg%ffﬁmtmgefé &9 df ﬁéthﬁéoéﬁ\é%ﬁ%'&ﬁ (Fep codficients are
knownPtb Be€hhal t&YS; i@ as stated previously, may require the processing of at least 40

ground control points.

[0035] Inoverview, instead of translating, rotating and scaling imaging parameters that
describe the sensor system to remove the biases in the measured ifnaging parameters (the
traditional approach that cannot be accomplished for the RPC camera model), the object-
spaée (ground) coordinate system (illustrated in FIG. 1) may be mathematically rotated,
translated and scaled (as illustrated in FIG. 2) in an attempt to remove the biases in the
biased, a-priori sensor imaging parameters. The adjustment of the object-space coordinate
system may be implemented as an adjustment, using nine physical parameters, of object-

space coordinates before the application of the given RPC camera model. Refining the RPC



[0030] FIG 3 illustrates steps in a nmethod of
produci ng i mage- space coordi nates from obj ect - space
woaarsdiBsst es- and RPC coefficients, accordi ng t 8CasG2004/000345
enbodi nent of the present invention; [003 ] FIG 4
illustrates steps in a paranmeter optim zation nethod
1

accorndi o_an_e ' of. invent i :
camer AR A TR gk B REF DAY e
procesditt biodgrtiAcdnigtfewér drbdad Sontiol poiatuTha BPCrrageraspada thus refined

coordi nates from obj ect-space c¢oordi nates, and RPC . .
may thethbg piediferphotoZyBBeHICRIOSS AR Og ABBEIRE SEtellie fpagery, including
block aﬁh@ﬁﬁ&ft, | KR ?ﬂr BB ah#93BdrebtiffRatibn.l | | Ustrates steps

hoa coetticlent determ ni ng step as part of the

met hod of FIG 5. DETAI LED DESCRI PTI ON g0034] In the
[0036] RPOpeaationaf ean dsdect ofi the eavehgovrilletistedringiGg idregiewih ghe

eeeo 50 D R B e el uE B b B 5 i
Rationélflfa‘%ﬁioﬁ{iém&kﬂéi&ﬁqkf@% PAhSABAGTCS, Iapartichiar, Hies &t bpeginal

I magi ng paraneters. The cubic RPC canera nodel is =
object-giwice Hatd nimy Yedor a givee erowd contyel Raingwhigh alsefngludes pp of image-

s AP B S B SR Bl et e
coefficients are known to be equal to 1), which, as

(£ Lyl ahed previously, may require the processing of at
| east 40 ground control points. [0035] In overview,

00375 SO LR b 5 R o

t he bi ases in the ur ed i magi.n r ¢
aeemn 5 353 OB TR P AR e gomer
model Wit thiPSet 6AE0RcioMS & then ifiticald eRtstpefiftefgédiata dpject-space

coordi nate system (illustrated in FI G 1& may be

coordinpigsiie iesiltdmp bgir pbiraagecspace easstlingted (i 08¢al ed (as
illustrated in FIG 2) in an attenpt to renove the

[0038] bi q\ﬁ&tﬁ?ﬁlgtléah%ﬁ i %%edi@fembﬁ&?—%}t)a%@ REQdidafPG5136h is introduced,
par anef'ers. e adj ustnent” of the object-sSpace .

which Benraishadlercsated e svaledbersiompdighe ntigidalad)ectr-spate wooudirate

systemcBeh BehaRubpIRdT A pREC B e i 1 i GRins B mmesc
coorditACREIREH ShproRRS fdonttdrié A@uFRGeR IR resulibEimaBepadetoyrdinates.

requires adjustnments to nine physical paraneters and,
The infehBsdifto bbjectpspacessirdigaes ($1,dhiH') erndetermirede(stey 364)ngom the
control points. The RPC canera nodel thus refined
original object-space coordinates (P, L, H) as follows:

P B l+s, O 0 |[my my, myl| P
L' |=| L, |+| 0 145, 0 |Imy my my| L (6)
H | |H, 0 0 148 ||my my, my||H

[

where (P,,L,,H,) are physical parameters, called “translating factors,” for adjusting
latitude, longitude and height, respectively, (s;,s,,s;) are physical parameters, called

“scaling factors,” for adjusting latitude, longitude and height, respectively, and

(1yy> Ty 5 Ty Py s Mgy, My, Ty, Ty , 15, ) are Totating factors that are organized in a

rotational matrix determined from physical parameters, called “rotational angles.” The

rotational angles include pitch angle, @, roll angle, ¢, and yaw angle, x . Equation (6) may

be expanded to:



may then be used for photogranmetric processing of
associ ated satellite inmagery, including block

wadposassmmt , 3D feature extracti on and PCT/SG2004/000345
orthorectiication. [0036] Operation of an aspect of
the invention is illustratedin FIG 3 to begin with

the receipt (step 3025 of a set of original

obj ect - spacé ddt & (kha ﬁlué’et(ldxﬁl)(b’@éffﬁyldsehﬂlsﬂfor use in (7
~a Rational Polynonial Coefficient (RPC) canera nodel h
particul ar LFhé 1ol@t- spf FmgPitgl hal) mofd] edt~sspag# data may (8)
be for a glven ground control point, which also

i ncl udes pd'r=Hf +|(hﬁa.geﬂgdt-e(le{59)r;ﬁalzDa(E$s39% £Y ) that ©
correspondsto the set of object-space coor di nat es ("L

37] Subsequently, a set of internediate
[0039) ZH@@ I mget]a@tgtsrame kages to(tse obtined fbm)therrytetioal &1alsER pitch

t of | nal ec ce coor d| nat es
angle o MR IEHER' @ ot S esIa modai TR PR 6-lgan. dich relaton,
howe\féﬁ’ﬁii fchd%h?ﬂ)t & Sindi |
i nt er medi atgzvobj e%?fégég%gnggga&l ?Ilﬁig?lé@&% ’8’?\98% t ina
ar 01{2 |m§ e- space coordl nates (step 306). [0038]
he alily, an internedi ate object-space
od' di ﬁat B3dystemis introduced, which is a
ainsiiat eftly; |r ot at ed and scal ed version of the original
ohyj - ce _coor.di nate system such that applying the (10)
RIEOEREPE" SO Yt s Tee Phwonsa: 00 UbF ecpoapaodos
GPEPAates qepabts-+in gsipoeined GeMPLEY € BEPHRGYin N,

the rgsuyl ting imag Gg coordinates. The
i it er medi.at e obj ecfnégogsce coordi nates (PSAS® 1} are

determ ned (step 304) fromthe ori gi nal object-space

[0040]C Ool“rgﬁéi‘eﬁfoﬁ%{ﬁz {:% % % %E\ﬁlﬂ %]@Frgdlccigé For ? re;"mgl,géhe
translapmg/@ptoaﬂ syr thatethe tmnslaiﬁigl factor isfdeismaict 'b? sﬁﬁxﬁi&é fn InifiQl"

stln | atitude Ion i tude_ and hei
tranSIata‘?e@ls “’\%@la}’mé@f Ofa’ﬂ)an pteonghduift gagfor @ad arvetiabls facter s dollows:
scal | ng factors," for adJP %Jl,?g | atitude, |ongitude
and hei ght, respective A w,w,w,w,w) (1)

are rotating factors a gre or a| nni zaed rot at| onal
matrix determned fr Y rLc%\’I arameters, called (12)
"rotational angles. % fim at- onal angl es i ncl ude

N

pitch angle, , roll el & yaw angle, . Equation (13)
(6) may

[0041]  Rotational drift factors &, ¢ and & may be introduced for refining the pitch, roll

and yaw angles, such that the rotational angle is determined by summing an initial rofational

angle with a product of a rotational drift factor and a variable factor as follows:

D=@,+@-t; (14)
P=@y+¢-t;and (15)
K=K,+K-I. (16)

[0042]  For convenience, the variable factor, which is time (9) in equations (11)-(16), can
be replaced with the latitude obj ect-space coordinate (P) or the line image-space coordinate
(Y) for a scan in the along-track direction and longitude object-space coordinate (L) or pixel

sample image-space coordinate (X) for scan in the cross-track direction.



be expanded to:10 P P +(l+ )Jn +(l +s ) L +( + ) ﬂ

(J) L' =L +(1+4S) Tn +(14S ) n +(l +s ) Jn H(8) H
Wol0s(038384) JJi P +(1+S ) Jn L +(l1 +s )mH (9) PODBEP004/000345

The rotating factors are knpwn to be obtained fromthe

rotational angles (the pitch angle , the roll angle f

[00433nd Ttheemygevse tSortlinates DO X @) 1RADe RIS (st from the
rel ati on, however, is known to give simlar result

interngéate bjedtaspdce edoadinaies {81, LoRE) adfblloddd JJI_JJi JJi Jn
31 32 33 (10) COSOCCS - cos + sin?sin<"cos sin sins: +
cos fsin w cos cososi njﬁe pE#.LEBE) k + sinf sine?sin - 17
sin?cos/c + cos”sin si (PS'LHS’{ in co [0040] 7)
Transl ational drift factop d H may be
i ntroduced for refinin tl,p@ptzagsj ating factors, such

h | ati f t—&r—jm m ned by summ ng (18)
gﬂait nittiealtr?P:\nglt Ia?igng f 2B{Br e; product of a
with %1 l«gtb@,q%l qg%ﬁllg fs%r&%? %ml var cicg] etpf]:. ﬁ;f_’kg‘:aplera model of
equatlf)%%@r?,c))%g%g% l? @t‘h'f“: gﬁﬁ Ol‘ldl{OﬁIéﬁCFl)élnt%%]u%lbﬁ%q }Vlt iflg te 1magery.

angl es, such that the rotational angle is determn ned

[0044by Buﬁhmmrgl that theiphysital rpataatelteﬂtslahclmhgg ¢hreé trdmsaatmgtﬁ)a@ﬂs three
ctor a_variabl e factor

rotatm]%fa a &i%taﬁa;s%%%hilrgf%@f&élnfg% ctq_rst(scg el fafgbts jranslatiopnal dy(lﬁgégctors or
rotation @0} fdcis)CRRY 88 bﬁ%ﬁaedﬁﬁﬁg‘é%ds@gdﬁrécs Al que V‘]‘Jéa%hscfuﬁres
techmalllersreare( dllspussee uaa‘:tvlzv?vr\l%rb(ltals) co(m/sel%/least/least pdf as being used to solve a set
of linear equations having more equations than unknown variables (i.e., the physical
parameters). Since there are more equations than variables, the solution will not be exactly
correct for each equation; rather, the process minimizes the sum of the squares of the residual

CIIors.

[0045]  The formulation presented in equations (6), (11), (12), (13), (14), (15), (16), (17)
and (18) may be considered valid for so-called “frame” cameras. However, most imaging
satellites (including IKONOS and SPOT) use a linear-array “pushbroom” camera rather than
frame camera. In a pushbroom camera, the focal plane is one line of detection, in contrast to a
frame camera, wherein the focal plane is a two dimensional image plane. The frame camera
formulation above can still be used to refine the RPC model of a pushbroom camera if the

errors/bias in the adjustable parameters are small.

[0046] A more correct formulation for refinements to the RPC model of a pushbroom

camera is detailed below.

[0047]  If the flight direction is perfectly oriented in the north-south direction, equation (6)
can be modified as follows:
P A I+s, O 0 [|my m, my|[0] [P
L=/ Ly |+| 0 14s, 0 |\my my, my| L[|+ 0 (19)
H'| | H, 0 0 l+s||{my my, my,||H| |0



be replaced with the |atitude object-space coordi nate
(P) or the line inmge-space coordinate (Y) for a scan
wonodshasal ong-track direction and | ongitude PCT/SG2004/000345
. Obj ect-space coordinate (L) or pixel sanple
I mge- space coordi nate (X) jhor scan in the cross-track
direction. 11 [0043] The i mge-space coordi nates Zand
[0048vayNetably, Bes pero duthedndtsx épwadd)thé rasationtmeatiin ieanpbigid andis added

-laeoghggt]%?ace coordinates (P ,L',H) as follows: _ P
in later 35 the pqUatigRy” 17y b (p . ', H) P (P,V, 'H) (18) P
(P, L', H) with, ,p, ) being the sane pol ynom aal s

[0049Tt h OIéswu@e@j i gk Ve uiliéelEhaeha dakéti®oivatienad péBctlgrial the
(4), having the a-priori coefficients supplied with
north-soqugh dizggedion; tis lagk gépsrfect polrFoyth origniphmay R ecqogated for by
: [ r .Lr el udi t : i :
skewiff W8 LB PRIGREEE pol,Ratid b hn obichBibS AL RO boplying
equatibm (199 (1sss(the ahnsdgingaadiorns s, Ly anisHaterranfdr cdnvehiente)ainothe skewed

ot b Py o e e o e R G2
coordi;gat%gys&%qaﬁte OWFQGIPéﬂg%. M&g&fﬁféah&,l B stdvwAastuldiMsand

eing used to solve a set o I near” equation's having
skewedrbmegitadg) dt.i conslindtesrare ddtaomned trowghl the agplication ohe
physi cal paraneters). _Since there e_nore equations
than variabl es, {fe |soFeH oSN | Opof |be exactly

correct for each gdqya sy radtherg|ithe process (20)
mnimzes the su épf Egasqua es e residual
errors. [0045] The'sfio ation pr ed in equations

i ) bt 2B hhon T L B

estimatdWRHE fhe 4FP SngbTRY tRas@d Gbtil4tRRs OF MelitabdghacKEDEBinaRd X and
SPOT) use a lInear-array "pushbroont canera rather

Y withtregpactite datudeafeasfollpws:a pushbr oom canera, the focal
plane is one line of detecti Eg:'n contrast to a franme
canmera, wherein the focal pl s a two di nensiona

i mage plane. The frang _capgp mul ation above can 21
still be used to refihe the RBE podel of a pushbroom @b
canera if the oP

[0050] Skewed intermediate object-space coordinates (Ps',Ls',HS') may then be

determined, in a manner similar to equation (19), as

P l+s, O 0 ||m, m, m,|l O P
L |=| 0 1+s, 0 |[my my myl||lL [+ 0. (22)
H' 0 0 145, ||my my, myl| H 0
[0051] Reverse-skewed intermediate coordinates may then be determined as
P’ P cosy siny 0 8
L' |=| L, |+|—siny cosy O}| L/ (23)

H'| |H, o 0 1 g

which may be expanded as

P'=P, +cosyP, +sinyL_, (24)



errors/bias in the adjustable paranmeters are snall.

[0046] A nore correct fornulation for refinenents to
wohersRBGomodel of a pushbroom canera is detai | edT/sek@m/000345

[0047] If the flight direction is perfectly oriented

in the north-south directiJﬁ, equation (6) can be

ified as follows: . ' P ~+4S 0 Q0 Tn O PL =+0 +
,rmgl L %0 (19) H Q=dorsiinh 1spo f Notably, Pis (29
“zero in the matrix to which the rotation matrix is
applied and is added infHl atté+Hy the equation. [0049] (26)
However, .it is very unlikely that the flight direction
wherej cos g andsiny may beedlied “Skeve fagtoisk t h- sout h di rect i on.
This lack of perfect north-south orientation may be

k ewi he | atitud ongi tude .
[0052]2‘8 g?fgllﬁfnlgpagé %égt%én&?eg ?‘%Maévﬁltg%hag ﬁheglntllﬂ tegg]? ¥ I FHYALRES (17) and
(18) V\tﬁtﬁt@i‘ ] /?;_r} A4 18)) deifShe thRe B&lﬁg&hﬁié ay h%ﬂct{s?&u 131 etﬁg REC camera

ernms for convenience)on t sKewe ati

modellofagiztiofe ()and ¢ hivess HEA-FBNcIENAERS sSlpBl DGt Even image.
| ati tude and | ongi tude coordi nates bz th(; sage
[ ti angle. Mathematically, the skewe _
(005317, Fire s pardihefessagldined hige tsfilating facoes fidemetional factors

15U B o
factorsy,pse simidar testheidithegainsra foemolntien had, istilang e frath€camera

.1 ent at,i on_.angl C e estimated fromthe arc
formul gé]ng glin:% bgfopttlﬂgg%i:qsg}gaa[afg SHlyALes to 1@;}&? he i nage- space
coordinates Xand 7 with respect to latitude, P, as

[0054]f ol Thewslvigg for MiciBichl fatabheteh nhBOR0cc Pﬁﬁﬁfé,d with knowledge of
. i nt ermedj at e obj ect-space coordinates P ', L" , nay :
Image-spagR geordinates X and Y that correspond to particular object-space coordinates

(P, L.H ) . Such knowledge may be provided as described above in the form of ground

control points.

[0055]  The application of the RPC camera model with the provided set of coefficients to a
set of intermediate object-space coordinates to result in a pair of image-space coordinates
(step 306) may be characterized as “rigorous”. This refinement to the RPC camera model has
this characterization in common with the original RPC camera model. It is known in the
photogrammetry trade to use the term “rigorous” to describe a technique that does not use (or
uses very few when compared to another method) engineered parameters, that is, parameters
introduced to promote ease of calculation, even though the engineered parameters have no
correspondence to physical entities. At this stage of refinement to the RPC camera model, the
physical parameters solved for have physical meaning (rotational angles, translation factors,

scaling factors, etc.).

[0056]  However, processing time may be further reduced by determining a refinement to

the RPC camera model that is only semi-rigorous.

[0057]  In practice, the object-space (ground) coordinates can be in a linear measurement
(meters) for Easting or Northing or, more commonly, in degrees of Latitude or Longitude.

Notably, the latter units of measure (degrees) are different from the units of measure used for



determ ned, in a manner simlar to equation (19), as

P 0O O mWOK=01I +s 0 W4 +0 (22) H'" 00 Or _ H
wO 2p@3034394 Rever se- skewed i nt er nedi at e coor di naPes/SGRY4/000345

then be determned as P sin/ O L' =+ - sinf cos/ O L

(23) H 00 1 Hwhich nmay Bé expanded as P = P + cos

the hel.gh’gﬁ'glmefei%) #‘x}ﬁ%e?@gE él%gﬁtospgfe goortldlg tes, u‘séegﬁﬁ ?lvenéiﬁ% {4Rdra

modelfaﬁ@lilﬂﬂji to bd &dlizdd Wah diffeeee sc‘almgdmaxtseﬁa ﬂﬁﬁﬁmﬁldﬁbﬁs presented
t hen be determ ned from equations 15317) 18) with

above imequgtions (P).ddia gl DN 35 4HD- Pady(hehikasnd qano &s ggyiEHio
carefu{lﬂ ﬁmﬁ? H%Wé'n%ssr@qﬁé dﬁf e%gﬂf?ﬁ‘.é d;fsgh)e qlo%glizﬁ?é’c'aﬁgg
riori flel ente suppli a gi ven T nage
factord, 0053] The physi cal paranmeters, including three
translating factors, three rotational factors and

[00S8E o5 oo Ot o preliy 5no (Dol R Siyeripps.to remove the
self-lnf;ﬁ%cplreéﬁﬁerﬁ‘érﬁ t& hﬁﬁlhﬁie he ubdegidar®m Iﬁi”‘dﬁ‘i‘été’rs T4 Bls %&é\ﬂ?&h a more

simlar to the frane camera formul ati on,
generabptd soilutih. N&imgmall totapnalsugbes €@ ,tec kniagd ecallﬁlg @Mt}rs Th £52, $3),
sol vi ng for the physical paranmeters nay be
equatioge o St %Wé\ﬂlﬁﬁptaﬁ knovvl edge of inmage- space coor di nat es

and 7t hat cor articul 619 Snt space

coor di nat es ( knéw &d be provi ded as

descri bed abqgvé JEO fx:r msgf gav uhg+control points.  (27)
rIC tdro

[ 0055] The a of t gamef gr nodel with
t he provided | ci‘ent § et' of
wmchh{b&q{e éﬂegt@bj ect-space coordinates to result in a
parr |nage space coordinates (step 306) may be :
char acter| zed as P'H BorspuB- i« -Thies K efR nenent to the (28)
RPC canera nodel has
L'=L+x-P+s,-L—@p-H+L 29)
H'=H,~0-P+o-L+s,-H+H (30)
and further generalized as:
P=a,+a-P+a,-L+a,-H+P 3D
L'=b,+b -P+b,-L+b,-H+L . (32)
H' =cy+c,-P+cy,-L+c;-H+H (33)

from which may be identified 12 adjustable coefficients. It is noted that equations (7), (8) and
(9), before simplification, can also be expressed in this generalized form with 12 adjustable
coefficients. However, not all of the 12 coefficients are independent. The 12 adjustable
coefficients are determined based on the nine physical parameters (i.e., three translation
factors, three rotation angles and three scaling factors) through equations (7), (8), (9) and (10)
before simplification and equations (28), (29) and (30) after simplification.

[0059]  The 12 adjustable coefficients a,, a,, a,, a5, by, b, b,,b,, ¢y, ¢, c, and ¢, in

equations (31), (32) and (33) are directly applicable for a set of normalized object-space
coordinates, (P,L,H).



this characterization in common with the original RPC
canera nodel. It is known in the photogrametry trade
woOQousgasdie term "rigorous” to describe a techRCO862004/000345
that does not use (or uses very few when conpared to
anot her nethod) engi neeredjparaneters, that is,
paraneters introduced to pronote ease of cal cul atign,
[0060]ev eFhetushiyhomremerigiorraslation pbequaten(’s) mayealsede simplified into

e o R G b SRR SO g R B9 o

paraneters sol ved for have physical neaning

(rotational angles, translation factors, scaling

factors, etc.). [0056] However, processing tinme my be
[0061]f urkcnerveryeligh dginyysedstresuch as segelbite; tefiainchaight is smalheormpaaed to

canera npdel that i I 1 -T.i 00571.. | )
e el Pﬁ%;%‘g‘?- ab6 15pace Ao %2%%}’153932%«%%@@5%}? igdhe
sur : L
polynoggiFip P G HUFEHE AP L e dbh Dl i ypiatons
are rel%tg’gg}r %12%? an®NhEO LY bd MRolRHGAD thédnStadf tefBAGYS B, and c,. The

are different fromthe units of neasure used
numbek 8f ddudthifte beirabibs:s FEEhRESY takdrifrbier sawilée oobégdiiglsfiging sensor
coordi nates used in a given RPC canera nodel are
can thys begpguced thrinpevehethatzed with different scaling

factors. In the f | ati d ab '
equati ons (6),e( 29?g?%f¥?n%12§$§%2i$, ?1g¥? kgﬁ), G4)

(17) and (18), it is requir t refully maintain
awar eness of the di f"e&%n%‘ ﬁﬁib%gbg? nmeasure and (33)

normal i zi ng scal i ngyfactors o] It is proposed,

then, to sinplify g%ua°ﬁ3%'€g%?qgﬁ rel ated equati ons, (36)

to renpve the self-j d b T he
whete (8 BG RaePed bt aheb s & Ae thag ar o G0 b arafel,
coeffiddgheral i zed solution. Wth small rotational angles ( ,

, and scaling factors s\ equation (6) can be

rewitten as: P - OPV =+ K- f L+ L (27) H - wf
[0062]H Hf wiei ashcondidentethatipersdeno seslinpbiam the nine adjustahle gogfiicients can

be ﬁlrtﬁgrsx)eduLcled Ifo ;evlgn -e'-ﬁjuls'tat_)le Hcogflﬁcge%?s), with g, and b, fixed at zero. As will be

small.

apparent to a person of skill in the art, under appropriate conditions, any number of the 12

adjustable coefficients may be held fixed.

[0063] The intermediate object-space coordinates (P', L', H') determined using the

simplified equations (34), (35) and (36) may then be used as a basis for determining the

image-space coordinates (X,Y) in equations (17) and (18).

[0064] The 12 adjustable coefficients a,, a;, a,, a5, by, by, b, b, ¢;, ¢;, ¢, and ¢; In
equations (31), (32) and (33), may not be optimum as initialized. To optimize the geometric
accuracy of the herein-proposed refinements to the RPC camera model, ground control points
may be used, as illustrated in the steps of an adjustable coefficient optimization method in
FIG. 4. Optimizing the 12 adjustable coefficients for a given sensor begins with initializing
the physical parameters (Po, Lo, Ho, @, @, K, 51, 52, §3) and calculating the initial values of the
adjustable coefficients (step 402). The initial values for the adjustable coefficients may be

determined according to equations (7), (8), (9) and (10) for the rigorous method and



H' =- P+ L +s H +H (30) and further generalized
as: P =+aP+CL +ta H+P (31) L' =b b PhLDbHH+L
w0238)5/088394= ¢ +C P +c L +¢c H +H (33) from whi cRCIsG20ma/000345

identified 12 adjustable cggfficients. It is noted
that equations (7), (8) and”(9), before

equatiShd1@R), f(Q@)%H?ﬁUI) f6eMRe %&ﬁprlg&oﬁé( Rle@ivdied divent Rt 8f ground control
general’i Zed with 12 adjustabl e coefficients.
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coordigBes i fund Gxdeds o RO Ne it SRR
(i.e., threetranslatlonfators ation
correspops f@émawa Sl P@@bJ§%ta3P??Fg°qoé‘glp6tP%f ohro 0‘3 FYHine the

groun(i&%jg{qg Bﬂ%lt écg%sll?lgtg%é} 7 f S gwn%ne“ Catqlé)q?-égqc]e&ﬁordmates
(2, Lq, 92 S?L‘ba-ly;l'f)% d%%rr@ﬁlxle&f %&@6’%@6&%{2{ Ifthé: g%%ga?}zgcri] gqu(aélﬁsls (3?\)3?555’) (33)

and th@ﬂ]qm(nﬁ' §Qt 0?5 o]ggt' srg?g é%r&ﬂﬁ’ﬂeﬁ PblLe ]??;%& Eng ts O)i getermmed

space coo d?f ngtee’

mterm%%%f%néec@gw%% BT A A e
comdmgt]est( ¥4 émé})r% &?ve&ggpS A r?*riperlh gclt]nl%ia Ireiprgsen{yﬁve gf a
ICSIdU_an Sy rbet‘%%%n?%&@t? ﬁ{lﬁéci n%g’e—sh?é Ha%sgpk ¥ ,:Yﬁ MR el known

npared esa

1mage s Jeggcg dfu%gt aFt : ﬁ}jn{a%rggirf Qé"g%%}n{lﬁ%{fg)ﬁl)l Bg IR ggﬁfl@fﬂg} ¥he such
error fgllln«g{&?)tth% %%?B@Eged(lé th8ro tvlﬂéag‘f;‘ dru%sz(rﬁr?e difteleAld Y&intd b%I the

can e constan
equatibrerns a , b and ¢ . The nunber of adj ust abl e

coefficients for i ; : tellite or very
ST 64

hi gh flying sensor to nine such
c +¢c P +c L +E'|—( o) where

that: PP a +a P +a P|+b L +L (35) H
C and c are the nihe adj ustaéje yét |nterrel at ed,

b, b, c, 67

[0065]  As will be appreciated by those skilled in the art, the rms difference is but one
exemplary error function representative of a residual error, and that many other error
functions may be used when optimizing the geometric accuracy of the herein-proposed

refinements to the RPC camera model.

[0066] It is then determined whether the difference has been minimized (step 412). Such a
determination may be based on several determinations of difference, or may simply require
that the difference be less than a predetermined threshold. Selected ones of the 12 adjustable
coefficients may then be adjusted (step 414) by adjusting the values of the physical
parameters (Po, Lo, Hy, @, @, K, S1, 52, §3) based on one of many known least squares
adjustment algorithms or other equivalent algorithm and calculating the corresponding values

of the selected ones of the 12 adjustable coefficients.

[0067]  In an alternate aspect of the present invention, rather than apply the provided RPC
camera model to a set of intermediate object-space coordinates, a new, refined RPC camera

model can be applied to the original object-space coordinates. Operation of this alternate



coefficients. [0062] If we are confident that there is

no scaling bias, the nine adjustable coefficients can
woeodsussder reduced to seven adj ustabl e coef fi BCEISG2004/000345

with a and b fixed at zero. As will be apparent to a

person of skill in the art!7under appropriate

aspect ggfe}%ifptrés‘%ﬂtsmvéﬂ%nqgmg Iiltgé ]uf PRs %%f%%% g]svhﬁﬁ{h@ receipt of a set of

clents I xed
original Dbj?:bﬁﬁﬂﬂcﬂt@rdh,a‘es btadpaaef coafﬁdlen‘atfesus(e@h an btiginkd RPC camera

R N T e

igi c | hdvRnsfifiek
oriind O HRRE CERSED LY JTLES chifcle dappehineniaitec

camera madgl. Bhe ndw, refingd RPC cmera@odeCwithChaneiTsétiof eogffiticnisds then
. (3 32) .and, (,33), . ti . .
applied ) the 57t BE EbPb BRI Faro PRI P A BB L85 PR

coordifftéLisitpBogposed refinenents to the RPC canmera nodel,
ground control points may be used, as illustrated in
the steps of an adjustable coefficient optimzation

[0068]m;tlﬂ&j 6|1Huqh]a‘@s steps Qgthp determigationobihp seftodppw coefficients from the

et on LA SR 308 USRI BoghTe by oo

p(P', Ealitulogdivedg the initial values of the adjustable
coefficients (step 402). The initial values for the

be determ ned according to
égﬁaitga§“(§§@sz]§é‘2@?-gﬁ%k(lo) for the rigorous
met hod and16 e(qua Fons (28), (29) and 30) for the

semi - ri gor s Grek'Hdd. PA- G vidht €etL’ of’ o0 didd cot Po1 '

poi nt s Ry chey pLey| pled  ophecant. B agtien retbod ape . (sg)

known pairs | Mhge- Space cooldi naté
2, ..., JVONhérar? Hfut bIé - RlnBgr 8F MQ{R'QH'ZHOCIQEB§ Hhat

cbrrespond et.s;0f object-space coordi nates
, C%pgh ?ggéfw g the ground control point
In eacl‘gtgcﬁ tn'ﬁg% ggnec(%%%?f JﬁQ 6)1%11191 %ﬁéct %Bade%@ﬁdﬁ?ﬂéﬁ%% be substltuted for

I nat
the 1ntenmedmte(d1]ﬁp-spﬂﬁ)coushnagest lt\s sgan dhreaddtaraainatigu af tlmrwt Qf&ﬂc)w

e TR T T ——

polynohHAISfuiBHb B! oF tRDH B hal DPREEs5eRE CHbrAIa®S nldy be substitited for the
correspondl ng pairs of inmage-space coordi nates (X

intermedigtp ebyget-enape wmdmue@ (ster0@)h) An partiqylars eomespapding to equa)mon (6),
which %e%?neg %gregnq ro Séjed rf" 1&%%&%"5‘6 %E[sr lthe ?.Eb\qﬁ&;lﬂ S? ﬁreﬁne camera,

ermned ace COOI‘ I nNat es
each Pkrilmquamﬁw)smdﬁ Ieplaéedi wiah €& c(orrebiao)ndﬂwemtbeﬁ'orbehe right side of
determ ned (step 410).. In particul ar, one

equation (7). Likewise, each L' and ‘H' in equation (38) may be replaced by corresponding

terms from the right side of equations (8) and (9).

[0069]  As has been illustrated, each polynomial has 20 terms, where each term is defined
by one of 20 products of object-space coordinates of various powers, PI/H*, and a
corresponding coefficient, Cy. After the substitution of step 602, it can be shown that there
will continue to be 20 terms. For example, in the eighth term, the substitution leads to:
C,L” = C,L; +2C,Ly (1+5, ) my P+ 2C, L, (1+ 5, ) mp, L+ 2C, L, (1+ 5, ) mp H
+2C, (1+s, ) myymy, PL+2C, (1+5,)’ mymy, PH +2C, (1+5,)’ mymy,LH . (39)
+C, (145, ) mA P +C, (145, mb 1P +C, (145, mi H



error function that can be used is the
root - mean-square (rns) difference defined by the
weqostsgad [ (x -xj+(r,, -r,,)"'] ~ ( _N. (37) PO0SERI0A®00345
will be appreciated by those skilled in the art, the
rms difference is but one dRenplary error function
ep Lve of si dual err.or, and that nmany
o070, SRRERByy GieCen B 20 R is ol vamars ot e Hyelered (step
606) agé drsioetRiciRe of 16 Yelobted p@dh&rﬁloﬁi&f-gﬁeé B8briiRhics GFBhSned
to the RPC canera nodel. [0066] 1t i's then determ ned
(step GRS tSieh semming ddtstoemedginaate tedransiatingfazeds, (§} 4R, A1R)the
_ Such a determ nation may be based on several
scalingyfactorsyi (5asi.6n)s apd thei ofating fastgrsor may sinply require
that the difference be |l ess than a predetern ned
(111, Wi s ok 2 B 4, £, OMes, 10fo ateay d@felpnis Chbl e
coefficients may then be adjusted (step 414) by
adeustin the val ues of the physical paraneters , f, |,
[0071]g, " 1t gl dBesnbodrderminashiyhathenatl 2etsbe Bigduete of ebjpeispaent
: j i L.t hmsan .
coord iR R Sl RleR e (R 81 ATl 20300 PR g ogpimates

have notlesn ebngitiered, 2nathetipioddtef obRtf-ipat€ 0d@dinhRO &gl dcred tep 604)
ntion, rather than

al ternate_ aspect of th esent i nvent, i
for suripie S EREHEICNA (il ORPIE Al el BrOfHBp! plicet Shae Goprdinates have
been cORM LR WheXef 0PPY RS cSHBEENE AR J&Bﬁﬁere& t§Hine’ Bidwned

RPC canera nodel can be appli to the origlnal
polynoghpleorresprmdingcto dhakicteatadspolpperial Itantheh defeirmined whether all four

pomFELAPL 40 BRRESRa Rl A% DR R Qe e

considaed, @bthef bHihepolydbineas rssPRERI ¢A6S 807)3h8 20 3RH Refftten®f are
coefficients for use in an original RPC camera nodel

determmed £pr the sslected pelygeraial.| 1 all fous pplyspmimnhavsdfern consitesed, & is
’ ; t i o mer
consis ST 6, A3 KPE S8l PhoBlfl By SARALUG\RB) 2 f3hEFom o

four nemepalprexniBRCeahrdefincdipd20 new becffielentsr ef i ned RPC caner a
nodel with the new set of coefficients is then applied

[0072]tr g %Fﬁn%&%g%&gﬁ{izh%}aa@i | %;giegg%@gqgrgglq%&)%%iggr?%le 'g:gtqspace

coordik@8) (P, L 0A% 8k fHildws: 6 i1l ustrates steps in the
determ nati on of the set of new coefficients fromthe

set  of ori gy N-—O'%fi cients (step 504), which
i nedPved?bxp di}?)g fCe&JIMHpol ynomi al

=0 j=0 k=0
=C+C-L+C,-P+C;-H+C,-L-P+C}-L-H+C,-P-H
+C; - +Cy-P*+Cy-H* +C}y-L-P-H+C,-F +C!,-L'- P’ (40)
+Cl;-L-H*+C|,-I’-P+C};-P*+C}-P-H*+C!,- I’ ' H
+Cly-P*-H+Cly-H

where Cj, are new coefficients that incorporate the translating factors, the scaling factors and

ik
the rotating factors. The new polynomial p'(P,L,H) has the same order and form as the

original polynomial p(P,L,H) used in the provided RPC camera model.

[0073]  In the new, refined RPC camera model, the image-space coordinates are

determined (step 506) as follows:

pi(P,L,H) @



P(P, L', H) togive: N - Ni- KN - P(P,V, H)=

CP'LH i Jt=O. =C+C-L'"+C -P+CH"'"+C L' P +C
wO200303839°' H +C -L' +C -P" +C -H +C -L' P PCESGR00#@00345

-L'-P* 2. (38 +C-L' H +«CLP+CP3 +CP-H2 +C

-L'2 H +C-P -H + -H 3 ha each pol ynom al ,

functions of the original object-space coordl nat es nay

be substituted for the,i ntPrlediate obj ect-space 42)
- coordi nates. As such, ¥re detery nation of the set of (

new coefficients beglns With’ 'sel’ecting one of the four

where RALLYSYARR PbI§néHiadPhB A% ruciuey givhiebs epdbe ¢@ol ynoni al ,
functl ons of the original %J ect - space coordi nat es may

e substituted for the internedi ate o ct-
[0074]coo}ncrhm@‘@ere(la@cb%l’@mnerau TROGAr PceRt far t 2 %trcegf%&%r o

T TR e Y
the oﬂ%ﬁ'ﬁ LOerHERAH a?e vér9 11? #EEEB :b@ Hﬁfe’f’é)t oY ﬂ}é%oéﬁﬁhéﬁﬁqﬁ tMé dinal

e correspondi ng’t romthe right sid
RPC cemeaitmadel (Mpre 1h1poemm$3e jtheeeoh r«tﬁnedrRP@rcamwa@mdat hasrthe same

(38 be r d correspondi ng t f th
degreqighect 8 8 ostenbh AEE Rt 8pA9nG " (0) " 0060] s has

been illustrated, each polynom al has 20 terns, where
[0075]330}515 b€ hfRrhstivéab |eg@eﬂlo‘ﬂ}(29)n @hith 26ngy Mé[ﬁtlﬁrolﬂfsed rigorous
i nates of various powers, P anda

] € ct-s E@C e Coor
reﬁner@mts tosthe RGharodeldpr & pﬁl?élhtomwwa»tqaréh Juss Fﬂ‘iaﬁwn &3P)gpay be

replac% W@Bﬁ% COrlletsp(fg(;ﬁrh t)%%rlﬁr%ﬁm tﬁ@ﬁ%];rl]ttsﬁfer& At 0 c(?n@} 'Lﬂ&:%wgeo each L'
and HS‘) lib s@uamuhl(m Ih@}a‘d@reblmcec{by é’orfesﬁbﬂdlﬁgﬁnhs flbm-l-the )Jghithe of

equatis (2é>oar{d (263] ﬁ»uhsﬁqpﬂlﬂé? éﬁ% MR ARARES @ﬁ@‘g’v)ﬂﬁ'@ Yfanﬁi%ﬁfg factors,
(1+ +
(B, LOZ% B" %riﬂjt gf(%\?f %ao%?r%, O %%191 b &Ens—:%ﬂ‘té I%edslg a Jw tes

coefﬁ&éﬁt?p 606) and the coefficients of the select ed

product of object-space coordinates are sumred (step

608). Such summ ng acts to anmal gamate the transl ating
[0076F acFwtigr alidnatively, corrtdpendinglto eqpatian (Bhswhich defings hereamd

tge rotati ng ffactors, . .
proposed semi-rigorous refinéments’to the RPC model, each P’ in equation (38) may be
replaced with the corresponding terms from the right side of equation (31). Likewise, each L'
and H' in equation (38) may be replaced by corresponding terms from the right side of
equations (32) and (33). Subsequently, like terms may be gathered and the 12 adjustable
coefficients a,, a,, a,, a;, by, b, b,, by, ¢y, ¢, ¢, and ¢, in equations (31), (32) and

(33) may be amalgamated into a new set of coefficients.

[0077] Notably, in all three alternatives, the expressions for P’, L' and H' contain only

constant and first order (linear) terms of P, L and H.

[0078] In appendix A, a set of coefficients are provided as may be received as an original

RPC camera model. In particular, SAMP_NUM_COEFF_1-20 = Cy.1o for o
SAMP_DEN_COEFF_1-20 = Cy.y for p,, LINE_NUM_COEFF_1-20 = Co.19 for p, and
LINE_DEN_COEFF_1-20 = Cp.1g for p, . Additionally, the linear scaling factors for latitude,
longitude and height are represented by LAT_SCALE, LONG_SCALE and



(mm m,m,m,m,m,m,m) , ainto new

coefficieCnt', . [0071] It may then be determ ned
wohaedsivaszal | 20 of the products of object-spaceCT/SG2004/000345

coordi nates have been considered (step 610). If all 20

products of object-space cmordi nates have not been

consi dered, another product of object-space

HEIGPEBMMnE,tré@ep@V@y and tleedlinest %ﬂ%&)}l fﬁ‘éﬁPszfelfﬂ%PHlj‘eolf’ngl’fUde and
I TN e e —

linear SeAlirfaBRY ﬁﬁlﬂirfebﬁrﬁmmoﬂﬁaum areoussil den@thdiae thefactual abj ect-
new pol ynom_ al correspondjng to the selecte del i
space qogTdjResed tiarrive atingrmplized QBICET TRARS BORHBAISS fo WhjchihgRPC model 15
sal s have been considered (step 612). If all
applle‘¥%¥oq g%ynom' al s have not been consi dered, another of
t he pol ynom al s ig sel ectPpg, { 5Adp 0502) and 20 new
@

coefficients are tetesil nq[@ﬁcgcng sel ected
pol ynomal. If all four polynomals have been
considered, it is consqpler ed.oN@at OgFnew, refined RPC

camera nodel haénmbﬁ&n—c%"éﬁ?—ggy_%‘eﬁ%@d in the form
of four new pol ynom al s ack detinhed by 20 new
coefficients. [0072] Eagh negm@mn@pfal may be
expressed in teHr,y;s,,a,pL #Wd space
coordi nates (P, L, as f N-

Add1t1<€ ai]xé&iﬁ F%ﬁ{‘a?l&ﬁd &% %)EQG %gogcah_tg%pﬁdugd' %g@'ﬁﬁplﬂaﬁ of an

RPC c&lBerb 46 deitfiay bbe corterted B fslB®ws:+c; -P-H +HC, +C P1 +C H3
where C are new coefficients that_incorporate the

trans| at i Mt SSmid h§AM%1$Ga‘§LE)1b SN the

rotating factors. The new polynomal p' (P, L,H has the

sane order Epg #(dto%,@wLﬁﬁEgﬁ'@@LE)&LﬁﬁEy@EFn al

p(P,L,H used in the provided RPC canera nodel. [0073]

In the new, refined RPC canera nodel, the inage-space
[0079]c odndppendiss Baa ect déceathiviantd aresrepidsd ey mag be deieanised 6 2 new,

reﬁne&%]]ééeé' ﬁa%yvﬁgéﬁ% %ha ;%Blirogm c%{n)épao Wh%%esthg ASefBicihis Wed #Ht&mined

from application of the structure given by equation (40) to the coefficients provided in
Appendix A along with a set of translating factors, (£, Ly, H o), scaling factors, (s,5,,5;),
and rotation angles, (@,®,«). The rotating factors, (1, , 13, Wy, My, Wy, Mgy My, T3 ) 5

are calculated from the rotation angles according to equation (10). More particularly, the

intermediate object-space coordinates (P', L', H') may be determined using the rigorous

equations (7), (8) and (9) with the 12 adjustable coefficients taking on values as follows:

ap = 2.355817E-3; a; = -1.15968E-5; a = 6.91212E-5; a3 = 6.661834E-3;
bo=-1.890136E-3; b1 =-1.01896E-4; by =-5.25174E-6; b3 =4.91882E-3;
co=-1.63330502E-1; ¢ =-9.867145E-3; ¢y =7.28553E-3; c3 =4.8094164E-1

[0080]  The intermediate object-space coordinates (P',L’, H') may then be used in the
provided polynomials (p,, p,, P, 0., for which a set of coefficients are provided in
appendix A, according to equation (38) to determine new polynomials (o], o, 25, 04) Tor

which a set of determined coefficients are provided in appendix B.



[0074] In the new, refined RPC canera nodel, except

for the first coefficient of P (P,L,H) and the first
woaedsfozgivent of p (P, L,H) (both of which are ROD/SG2408/000345

be unity), the other 78 coefficients are very likely

to be different fromthe co¥fficients in the or|g| nal
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. rnat el respondi ng to equation (27
S"ahn%i ‘H%%nfhﬁ yf‘Fﬁ?sg wﬁctgrﬁrﬁr@ fqngmegdbe F@ﬂltwgﬁéWﬂlslmaﬁe-Space
o] Saf Q may be
Coordfglgtgls ggee%j W t r118t hg%ﬁzgs%oﬁgll%ﬁ%ét gr?’fejrs ??om the right
de of equation (31). Likewise, each L' and H' in
[003213 quAnicsnr pBS e daprhimed bpivace thesynagespespoadimgestietemmined

using 4 SFELAPR P FabieRy 80 and HedpoBe éuaﬁfg?a”d bGF Gepatiges. Inthis

case, thﬁdj:mj&tlabl% piged iide.2hlifesr , A , b, b, b

c and ¢ in equations (31) f]S32) and (?g%7g?y
ted ] a new set of coefficients.

[00831Not@’é?gp%ﬁ?ﬁo%wfz?%&a@ctawWawgs are eeckinpihe aei.arned RPC

n ad  first
e B0 o .08 Sl 40 AR A e
coordmate%()ééfb resfilt @ eD2H00%IB0S, 8&9@&44@93)d‘6ﬂleﬁ$hd’ﬂmeab§:ahng factors
and hnsgr?t?a{n\élea? 83 %ac%%ﬁ/%relm naI EE 1¢s Bn&a gq%!age épr;lce coordinates
specifySANEL DENIOSEFF 42 20 EinE=1 9363.89-| NE_NUM_COEFF_1- 20 =
0-19 for and LINE_DEN COEFF_1-20 = C for .

Addjtionally, the linear scaling factors for |atitude,
[0084] oné;‘i1 PREmanalsh be determined betpees tl@ég%ypalgﬁ'-\?rmsdma@s determined

using tk%g%% é%gmtﬁlrg%g@r mgrlmpaﬁgﬁ&éi 1\r/nea:g§ ﬁgrilcte&ag s. In

l'inear translation f
this case, the error is 0.42 pixels and 0.11 lines. Evidently, the refined RPC camera model has

improved the accuracy of the image-space coordinates determined from the provided object-

space coordinates.

[0085]  As will be apparent to those of ordinary skill in the art, the methods provided
herein may most efficiently be performed by a processor in an image processing workstation
or other processing device such as a general purpose computer. Software for executing
methods exemplary of this invention on such a processor may be loaded from a computer
readable medium which could be a disk, a tape, a chip or a random access memory containing

a file downloaded from a remote source.

[0086]  Other modifications will be apparent to those skilled in the art and, therefore, the

invention is defined in the claims.



hei ght are represented by LAT_OFF, LONG OFF and

HEl GHT_OF_F, respectively. These |inear scaling
woacisosgsand | i near translation factors are usedTiSG2004/000345

normal i ze the actual objectspace coordinates to arrive

at normalized obj ect-space“coordinates to which the

RPC nodel is applied, aspppNbpeea: _ P - LAT_OFF

normahzed ' L normahzed LONG S CALE - HEI GHT_OFF H

nor mhzed HEl GHT SC  ALE Additionally, the normalized

i FPEYR-QRECA0 - pideles produced through application

of an RPC canera nodel may be converted as foll ows:

a (ﬁﬁ;NP gﬂéﬁE@ SAMP OFF - LINE_SCALE+) LINE_O FF
g% n appendi X % 3 set of coefficients are

prow ded as may be determ ned as a new, refined RPC
chdr OFhodel. 488ﬁ0090|dagdacﬁr oom canera, where the
coefficients are determ ned from application of the

oo S e VARG W 1 h & ser of transiating
factors, (P, ,H) , scaling factors, , s, s ) , and

rp;mGanomg#esmoﬁomhers The rotating factors, Qv , , m
W m,m,m,m,m) , are calculated fromthe rotation

%\Ies accor d| ng to equation (10). More particularly,
EmEephEdrt 88{9Pé’é’fel%pace coordinates (P, L', H)
rray be determ ned using the rigorous equations (7)

(§A1\@1ﬂd3((@ﬂEWrddE6h6‘@0 %&eﬁdj ustabl e coefficients taking
on valTes as = 2.355817E-3; = -1.15968E-5;

6.91212E-5; = 6. 661834E—3; o= -1.890136E-3: b =
LA@LS%EBHOB&ISME)QM%S 4.91882E-3; ¢ =
-1.633306Q2E-1; ¢ = -9.867145E-3; C = 7.28553E-3; C =

B o (Wﬁ‘%@?(&&%ﬁ&fﬂ;ﬁt be.ubed it he

provi ded polynom als , |, , for which a set of
cHHIGHT 8atAd Fart®160.6000 chetbrd n
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appendi x A, according to equation (38) to determ ne

new polynomals (p[, p' , p"' , p\) for which a set
wohoaasem ned coefficients are provided i n appemsiG004/000345

B.2 1 [0081] For an exenph%ry ground control point,

actual object-space coordifates specifying Latitude:

1y B9 2@9V22OHFEN g1 { bdR 06434602 0BNANd Hei ght:

87.6877 may be feceived in association with a pair of

act ual inagfiﬁﬁﬁce coor di nat es s&ﬁfifying Pi xel Sanmpl e

LINE NaMd CORE_12:1-886U7806R498266(8-0bbj ect - space

coordi nates may be nornmalized, using the |inear

S ' dld taon factors, to
i B e AR T e
0. 230854063, 0.460548125). \Where the normalized

ohINIE INSPRCOERIO A di 132835812072 66498EFIB t he ori gi nal RPC
camera nodel defined by the coefficients given in

BT S e 5568 B PROG ARG B When the 1 near
scaling factors and linear translation factors are

r e eduM TOBES ubt 11682401681 76 TRIgiEaS pace coor di nat es
speciTy Pixel Sanmple = 4720.96 and Line = 13370. 76.

[0082] An e tor may be determ ned between the
i e -NENe £ Q8T di7hdt @ 8§48 HE-9%i ng the ori gi nal

RPC canera nodel and the known actual inage-space

c [ tikai is 1.96 pixels
O RS R B G Zea

obj ect-space coordinates are used in the new, refined
RPONE aNEMh GJele]_19ef-1.78tH 18086 1d 4007 i ci ent s given in
Appendi x B, nornmalized i mage-space coordinates (X, Y)

r t 7 0 8 3. Wien the |inear
sﬁﬁﬂ%%ﬁﬁ%égéﬁéégﬁd$?$§%§§”?%§%ﬁ?§?ﬁgn factors are

renoved, the resulting actual inage-space coordi nates
spECEfPERI €OEFBaptR06ADDLG0CIR0SOAEHOONe =13363. 89.
[0084] An error may al so be determ ned between the

O B B T S B Bt vl

i mage- space coordinates. In this case, the error is

014REPDER! 8OHME 9: 4 1d4nes)116989@BL03y, the refined RPC
canera nodel hasS inproved the accuracy of the

i mage- space coordi nates determ ned fromthe provided
ijﬂgELE N EOESEr di 1924064 4538348416 7K04i | | be apparent to

those of ordinary skill in the art, the nethods

PEeNEIBENTEORIFE §BY4 T9sdgs865 0uegi-by be performed by a
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or other processing device such as a general purpose

conputer. Software for executing nethods exenpl ary of
woOhoas/3889ent i on on such a processor may be | oaded/SGe@aiono34s

a conmput er readabl e nmedi umwhich could be a disk, a

tape, a chip or a random access nenory containing a

frings il caded 1o 05118468821 8¥8E®S. [ 0086] Ot her

nodi fications Will be apparent to those skilled in the

art and, therefore, the invention is defined in the
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et hods AP BIENICOERF Bat-H 6nbd 53886393369 BI06Coef f i ci ent
(RPC) canera nodel, said nethod conprising: receiving

an original Iurall of c ffICI ef i ning an
origi n§4\ Jni‘if‘hl Q%@ﬁ{]@%éﬂt%( RPC) carmera
nodel for determ ni ng i mage- space coordi nates from

obj ectsﬁpﬁfﬁﬁ@%gﬁmtse% gefoned;oesodnogr i gi nal

obj ect - space coordi nate system determning a
plurality of physical parameters for transform ng said

ori gi nSAMIHDEN SPREEF Godil &l A2F6888F4EMEAEIR an

i ntermedi at e obj ect -space coordi nate system and based

or' o ne SR 0L PR SR SR BRD IORBEE A 00 2

refined plurality of coefficients defining a refined
RPC cagaMP DEN|COERFF TiMe-ng3398a82#02885iE¥08 f urt her
conprising: receiving a plurality of known

coor di SaVE SYSY bR 2 5b A 3o T eREin e space
coordi nates corresponding to said plurality of known

obj ect sARAE HMOAIERRL 185 +3 M1 345093 S1dEr@f i ned RPC
canmera nodel to said Pl urallty of known obj ect-space

coordinates to determ ne a ural i of t erm ned
i mage- SPNER TSN @PREF 4 -hdh 73@3?%92}#?\' plurality

of differences between said plurality of determn ned

| TRgesRAGEp ‘iﬁﬁﬁdc@ﬁi:?slsaﬁé 2885 th1RB88@4T7EW 90T known
I mage- Space coordi nates
SAMP_DEN_COEFF_16: -4.884035757030812E-11
SAMP_DEN_COEFF_17: -9.883433002813063E-10
SAMP_DEN_COEFF_18: -3.868418893148365E-09

SAMP DEN_COEFF_19: -8.031537736835294E-09

SAMP_DEN_COEFF_20: -9.829680383549699E-11

SUBSTITUTE SHEET (RULE 26)



f—

W

where said determning said plurality of physical

paraneters acts to minimze said plurality of
wdizddsasgreces. 3. The met hod of claim 1l wherei nPE®ISA2004/000345

plurality of physical paranetgss includes a

transl ation factor such that, through the application
wefclgiad:d transl ation factor, said i nternedi ate

obj ect -space coordi nate systemis translated rel ative

to said original gbject-space. r di nat tem 33 . .
11 A iethp O B BRUGHL P AD OGS e GR B L AR ol sed
m@ﬂl\‘)ﬁic‘é rig@kanmeters include a rotation angle such

that, through the application of said rotation angle,

said internedi ate object-space coordinate systemis )
r ot ateeeivinglaatdriginal plugality o6 eoeffisignts dbfining a8 ptigimal Rational Polynomial

coor di nat e m . The th of. claimiéd IR

cai dePBPseErErO Greram o TR s ekl E L s Bipaiss rom
cl ai ghjdetvpedecdodrdinites dedindll ifeinadiipigal iobjedt-¢pakd cavrdinate system;
7. The method of claim4 wherein said rotation angle

is a yaw angle. 8. The nethod of claim1l erein said .
pl ur ¢tprynigE aﬁﬂWﬁlB’aquﬂié{?lﬁﬂé’la@‘%a?rﬁ PLEESQUEEgY %alﬁgoﬂgmal object-

factgp s ?(g%{i%lrg,%tsgg%g‘r@ ug b B3RP U())]%@tt-égtg& Kor§ifhid system; and

scal 1"'ng I ntermedi ate oObj ect-space
coordinate systemis scaled relative to said original
obj ebised pasadphoality vdpby Sead peramegers Andwnporiginalpdaahityl of

medi um_cant ai hi ng. conmput.er - execut abl e i.nstruct.i ons

i CHOCE BB R £ i BB e 25O LGkl RLRLS refined RPC
process@h middel.r ecei ve an original plurality of

coefficients defining an original Rational Polynom al

Coefficient éRPC canera npdel for determ ning
2 ridgeneibedef daigr HfeesoPPEFNShj ect - space coor di nat es
defined for an original object-space coordinate

syst fér%ir\{gg a‘f%ﬁ}aﬁ%f &t o%adﬂ:rj %c)g-lsﬁe{cgﬂsmfﬁii&ﬁés iR 34id 'Egﬂgﬁfaﬁ object-space

for sfform ng “sai d orig obj ect space coordinate _
syst esordina@ystamendrdilatbtyofjkeowndmagespoe colirdipates corresponding to

syste nd. based on said plurali.ty of physical

par aﬁaén%1 Bﬁggﬁﬁ Bf‘g%ﬂvﬁn BIPJFYJTSRE © cﬁoﬂ‘i&lﬂ%ﬁ’y of

coefficients, determne a refined plurality of

coef B%Iﬂﬂriﬁg tsgiddefiicd REC sarhehinield] RRGiCslorliey efidelvn cbjecAspace
met hod of refining a Rational Polynom al Coeffici e({]t ]

( RPCyoazdimaies theriamine a pHuatiy b deteidnped Wnagg-space coordmates; and

determining a plurality of differences between said plurality of determined image-

space coordinates and said plurality of known image-space coordinates;

where said determining said plurality of physical parameters acts to minimize said

plurality of differences.

3. The method of claim 1 wherein said plurality of physical parameters includes a
translation factor such that, through the application of said translation factor, said

intermediate object-space coordinate system is translated relative to said original object-space

coordinate system.
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N =

receiving an original plurality of coefficients
defining an original Rational Polynom al Coefficient
wORRB)o3gamer a nodel for determ ning i nage- SpaceCcT/SG2004/000345
coordi nates from obj ect-space jgoordi nates defined for
an original object-space coorélnate system receiving
a plurality of known object-space coordinates in said
40 er@i method bf daitn & pdereic sxad glunaite of p]s;tsmai pmdmaters include a rotation

ural [ f ce, coordin
?F@ﬁg%d&ﬁ@ggléﬂg%ﬁpgﬁ %ﬁum %atiﬂoaﬁoma + %4 itrmspigisoblect-space
c&d?@ﬁlgferk%t@ﬁl iStbtated ?él@cwy tBisiid o%gﬁlay Bﬁleétts)f)a&f cddRKiRAE BYstem.
paranetérs for transform ng said origi nal objectspace
coordinate systemto an internedi ate obj ect-space
5c ddednethodoBgisinedmiherciteshid eotatiaf fnglr isngiichangleen: said
known i mage-space coordi nates; and a plurality of

' MRES %H &gfaﬁg{gwge?fsaqg}o%t ea[%%[e 1rs] ?Hﬂg Qpl i cation

of Sardior cammera no 0 ob eet space
coordlnates of said known obj ectspace coordlnates t hat

7 c Orteasghodlof daiged evhisreivanid raageonsngteis agawdinghkt es and .
have been transforned to said internedi ate object

spac dj ate stem ased on.said plurali

s oP e hehpt Jans Bt waPLLay of ot barBrafatids a scaling
e Rf shdittheN iitou gileﬁ@ Etﬂblwaﬂgn af §8d 3880 Plctiraddid Mtdnediate Ob_] ect-space
coefficients ining a refined RPCgcarrera nodel .

caudipatesystemas sdales rnbtj]&/@m shergindlropject-space coordinate system
conput er - execut abl e i nstructi ons which, when perforned

9.byA %oﬁ{aﬁ%%essga e %1 Eﬁq éol?l? 1%51% %g&?ﬁ{er-ggecu{a%fe 1h¥tﬁlc"ﬁgns which, when

orrgrn ura coe

p&fdrfied dly aﬁ}ﬁwe@ml caB@é she@ibaeksoceef f i ci ent (RPC) caner a
nodel for determ ning inmge-space coordi nates from

obj ect - space ,c_oo i nat es de ned f an or
obj oECEp A6 Erighial elp yeOfS‘iP§¥ gt %%Ig}l%%"fbﬁaQgﬁtwal&olynomlal

Knowg, ofpic Rt M%n&%@ﬂél%ﬁ&etérﬁuﬁﬁg Qm@éé Qﬂa@@l:oordmates from
obj ect - space coordi nate system and g uralit

knownbjeetespecesqracdnacodained fersancuigied pojedi-sngce goczrélmdte system,;
plurality of known object-space coordl nat es; determ ne

a pl Herttéallnlngl% a% ur@h[é %% g%‘;rm%?%mte?er sz angf{)lqﬁ]iﬁ& géiﬁiopi%inal object-

said origi
space coordinate system to an intermediate object-space coordinate system; and

based on said plurality of physical parameters and said original plurality of
coefficients, determine a refined plurality of coefficients defining a refined RPC

camera model.

10. A method of refining a Rational Polynomial Coefficient (RPC) camera model, said

method comprising:

receiving an original plurality of coefficients defining an original Rational Polynomial
Coefficient (RPC) camera model for determining image-space coordinates from

object-space coordinates defined for an original object-space coordinate system;

receiving a plurality of known object-space coordinates in said original object-space
coordinate system and a plurality of known image-space coordinates corresponding to

said plurality of known object-space coordinates;
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coordi nate systemto an internedi ate object-space
coordi nate systemto reduce a difference between: said

wenossgarmge- space coordi nates; and a plural it pcofSG2004/000345

I mage- space coordi nates determ ned through application

of said original RPC camera Bddel to object-space )
cooggtimaihig aafluatiychiighgvivalghymedtar daerasforgingsasboniginal object-
correspond to said known i mage-s e coordi ngte

d3
herase sedingiesysiemiadg ilgtgng%ﬁ%;e B%t%%tr'??@‘é‘? QoK 1865% ég%{eméo reduce a

spa ' . system and " determine a refined

pl uragfe?%%gk&ge%@ffi cients defining a refined RPC

camera nodel based on said plurality of physical

par anet esaid &nows ahageespags eairdiphies;ainidt y of

coefficients. . A nethod of determning a pair of

I mage- spac oordi nates, said.neth S1nNg: ‘ot :
recei vi n@pﬁnéftﬁro fm?%?'sﬁc%%oeqx‘?‘lp%ﬁeseggg&g‘gﬁ J[r]??éﬁ gpplication of said
Rat i onal oReiynert shm&aahddet keotjedtRpsde cwaniinseswufdeald known object-
receiving a plurality of values for origipal .

obj ect - s ppase cowdingten Ahas sorroipepd taswidikpn Wi Wrageyspage coordinates and
val ues for ariagi | ect bt &sc@kSordinate system:
ot i medt 1y ek WP G RARGERR TR SRcB ordinate system:
system dgderm ning values for a plurality of

i ntermedi at e obj ect-space coordinates in an

i nt ermedi ate obj ect - space .coordi nat e, system er
o DR e S e R ST LA elifety ot

ad] ust@diehg! @étér}&ﬁ‘nihg aSefiftkailin@lifads RBifREntSdE@eng a refined RPC
coordinate system and utilizing said values for said

pl ucametaymadel.i nt er medi at e obj ect - space coordinates in

said RPC canera nodel to obtain a pair of inage-space

1 1?&%@%@% getsagabég jmgg{{%l aethad, gc‘s)aﬁjhgeir-%k%ta\m&fnﬁg&ctﬁ% Gvhich, when

Space C e system:|

peifb il 13t £kob@kal tause U gatdsartogi nal obj ect - space

coordi nate system 14. The nethod of claimwherein
said determ ning conprises addin first translati .
f acesciemaprigind plugltgohase Brpas e lping an cpgil Rafyial Polynomial

ano g, Fii; ht PRPE R dnifa Hoder fod iBRImiARig8atap&BF&RS coordinates from

object-space coordinates defined for an original object-space coordinate system;

receive a plurality of known object-space coordinates in said original object-space
coordinate system and a plurality of known image-space coordinates corresponding to

said plurality of known object-space coordinates;

determine a plurality of physical parameters for transforming said original object-

space coordinate system to an intermediate object-space coordinate system to reduce a

difference between:
said known image-space coordinates; and

a plurality of image-space coordinates determined through application of said
original RPC camera model to object-space coordinates of said known object-

space coordinates that correspond to said known image-space coordinates and
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coordinates to obtain a first internedi ate
obj ect - space coordi nate anong said internediate

wohypesasmpace coordi nates. 15. The net hod of clkarsGI®4/000345

wherein said internedi at e obj ect-space coordi nate

systemis rotated relative to3said origina

obj ect - spage e frahdIatngedsy Shidhietfiedidib ®bjeet spade edordinate system;
cl ai mwherein said determ ning conprises nmultiplying,

by a firstadotating factor, a first original

obj ect - space coordi nate anong said plurality of

orig : T r.i : i

11 r PBBmR2 (il pludRY R SR hRA-ARidk A RPE camgra model
i nt ebased ioatad phjrality-of phgecat paradiatat esd sald oridinal ptedahitydof

of claimfurther conprising: selecting a pitch angle;

sel eERAGEHSr ol | angle; selecting a yaw angl e; and
determining said rotating factor from a predeterm ned
13 U elekia dFlde@ahfhid 4 pdir amhage-s?@ecbobaﬁhat@so §4i€@ nddfibdS@nthrising:
yaw angl e. 18. The nethod of claim 12 wherein said

i nternedi ate obj ect-space coordinate systemis scaled |

r el atdeoiyings ﬁmaiitym‘fﬁ geHigiendpilefaingp Retionsd Bplynpegiad Coefficient (RPC)
syst 19. .The nmethod of claimwherein said
dete?%#%?%ﬁx%%nprises mul tiplying, by a first scaling
factor, a first original object-space coordi nate anong

sai drgobising d plyratify afiviadien dbr @igird objratepace ooatilimatesswhaye said

cnonpusgieel o b dherteb €5 e EbGrarmicuel opn oreina
A cogﬂg&tg‘ga&%@ﬁgﬁge RAHmM cont ai ni ng

comput'er - execut abl e i'nstructi ons whi ch, when perforned

by a processor, cause the processor to: receive a )

pl ur d¢temyining vebyes far @ pwnabitydeffintermediate REtech#ice coordinates in an
Pol ynom al,. f£ficient : 3 [ I

o IR ShRE s AL SRIEL BRRANE e spue

coor ghdrdings syswharieadjaited plattvalto kaid ofiginal oigsctfspace coordinate system;
origi nal object-space coordinates are defined for an
ori gP—‘?f’aI obj ect - space coordi nate system

utilizing said values for said plurality of intermediate object-space coordinates in said

RPC camera model to obtain a pair of image-space coordinates.

13. The method of claim 12 wherein said intermediate object-space coordinate system is

translated relative to said original object-space coordinate system.

14. The method of claim 13 wherein said determining comprises adding a first translating
factor to a first original object-space coordinate among said plurality of original object-space
coordinates to obtain a first intermediate object-space coordinate among said intermediate

object-space coordinates.

15. The method of claim 12 wherein said intermediate object-space coordinate system is

rotated relative to said original object-space coordinate system.

16. The method of claim 15 wherein said determining comprises multiplying, by a first

rotating factor, a first original object-space coordinate among said plurality of original object-
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11

12
13

determ ne values for a plurality of internediate

obj ect-space coordinates in an internedi ate
wohy®sais®pace coordi nate system where said PCT/SG2004/000345

i nt ernmedi ate obj ect-space coordi nate systemis

adjusted relative to said oridiénal object-space

seamo icdondatates $(y sbtein a Arstiniridetlinee ctjeat-spadewesrdinate smbg said
.@I ur lit i nt er nedi at e obj ect-space coordinates in

i FQI*‘C,&E%\‘F@P%PW& ngtes. obt ain a pair of image-space

coor di nat es.
17. The method of claim 16 further comprising:

selecting a pitch angle;
selecting a roll angle;
selecting a yaw angle; and

determining said rotating factor from a predetermined function of said pitch angle,

said roll angle and said yaw angle.

18. The method of claim 12 wherein said intermediate object-space coordinate system is .

scaled relative to said original object-space coordinate system.

19. The method of claim 18 wherein said determining comprises multiplying, by a first
scaling factor, a first original object-space coordinate among said plurality of original object-
space coordinates to obtain a first intermediate object-space coordinate among said

intermediate object-space coordinates.

20. A computer readable medium containing computer-executable instructions which, when

performed by a processor, cause the processor to:

receive a plurality of coefficients defining a Rational Polynomial Coefficient (RPC)

camera model;

receive a plurality of values for original object-space coordinates, where said plurality
of values for original object-space coordinates are defined for an original object-space

coordinate system;

determine values for a plurality of intermediate object-space coordinates in an
intermediate object-space coordinate system, where said intermediate object-space
coordinate system is adjusted relative to said original object-space coordinate system;

and

utilize said values for said plurality of intermediate object-space coordinates in said

RPC camera model to obtain a pair of image-space coordinates.
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