Rapi d 3D Mbdeling Cross Reference to Related Applications [0001] This
application clainms the benefit of priority to provisional application SN
61/ 391, 0680 20vizd48304' Rapi d 3D Model i ng" nami ng the sane iPavarstan/ossd fil ed
in the USPTO on Cctober 7, 2010, the contents of which are incorporated
herein in their entirety, including any appendi ces, by reference.
Background of the Invention [0002] Three di nensional (3D) nodels represent
the three di nensions of real world Djects as stored geonetric data. The
nodel s can be used for renderi aR‘Q\g VIReH¥i&nal (2D) graphical inmages of
the real world objects. Interaction with a rendered 2D i mage of an obj ect
on a display device sinmulates interaction with the real world object by
applying calculations to the dinmensional data stored in the object's 3D
nodel . ErassRefaenderto dedated Applidationan obj ect i s useful when physical

i nteract/ W th e obj.ect in .the real ldis not aossi bl e, dangerous,
mpractfdéﬁﬁ or ot HERAPE Cﬂm&?lvﬁﬁb%berrﬁaeéwrwwmr eiprakapRissboR T

produci g§ 661/3'3)? 086t RAAd 9D MG&elin@ﬁ h&‘&lﬁlg%é Sérﬂé‘idv%ﬁt& hed mRdEh R0 a

conput er an artist or engineer using a 3D nodeling tool. This nmethod is
time coH§H @n@bcebﬁoﬂ@sthacgmmtlseﬂwrhpélrac mcormnratmblhemtn thgid nodel s can
al so be 1rrot cl d%gDascannl ncﬂ E r%d into the conputer froma real world
obj ect . Vbl Se‘ﬂl BRI Lo PY ELES i st ance i nformation about an

obj ect ' Bagkgkdadlast thé tviention S fiel d of view The "picture” produced by a 3D
scanner describes the distance to a surface at each point in the picture.
Thi s al the t L t icture to
be |dent0:0¥y|§ed Th?g?e?ed#ﬁ%%%ﬂ@)l @gﬁ@ékﬁ:&%h@g%?? ?rg%nesllcghgacﬁge rom nany
differ ewbrldhobﬁctsm@rss)red)gmhnarm dataf dhamiddets abdetused Forseudesingftwbhe obj ect.

These techni [ ef pI| ti.ons. [0004]Sti

vari et ygéﬁ ’351?1 @t) Z‘ W%eﬁgﬁ%I ealrv o Qpisgtsy tgﬁﬂ“‘%fb‘f"l‘f&i%@%‘f coul d
rapi dl y206mnegabean3bbjsadsl asdl‘s‘»‘falﬁiﬂgé'\hcé HsuneedinfRictRRAlRE I 1B WoREsBjb&e, and
w t hout relyrng of éxpensive and tine consum ng scanning equi prrent One

exanpl eby sprlpnadaicnlatines fo b dirénsgmiabdate stereslinghe pljert’ méDaMdﬂll on. In order

to sel egt ale so Isf Lnstal l.ati.on .g., a
oot of SimifRA BRELEHS 38k 3h BRAFIssbR whilR bRk P flaf e Horide iR in®
convent theneéd] workt ignbepossible, dange26i)irfiprabti¢as odbﬁiaambaddésaabtee Si te of the
installation to ggysmally i nspect and neasure the installation area to

¢

det er ni W03k s di §V‘aﬁ§>nawn§tih9® ofi gpeuging # PRemeds Hlipn RGIeshnchslst |y, In
sonme ca lneerag t her can
cause e§<1? n%e@thg ay(%!g gldtngg &nggglgﬁg{ﬁos(t:afén %%mgﬁgny dera Pﬁg Zt ance
fromt h@hmamthmi 1sttemhmnsummg ard requyirestahsdi vddsap ebeordiiof ifripbarhdntt GDamoéfsls. It
woul d be ef.ul e systens and t hods that all ow st uct yr al

measur e %Oﬁeopfsa %Pgltlﬁ’ Wéﬂ“‘f‘gg?ﬁrao@%e%ﬂlé? COTRpIer Bmd%reé gglogkﬁcgcreen

i nst eadAQifplEil@‘Iﬁ@daﬂﬂelt&)ll%E‘lg dritRE GRtbInfatiBiAstout B oBeEe@durtREd thithid et ur e.

[ 0005] Sone consuners are reluctant to outfit their honmes wth sol ar energy

syst ensfigdddef wv\u Ader'paiture padoctd she 3Dosamter desiibes theafistamiedo aparfets when

o o o aNafet {lbr e HE: FERAHETEe s BulerufrasbuPh BLEAT R B, 2L

concer ntha peutiire @9 bt destifieds ThikhesRiRNGHENSy £a0iry Aakifle st &Ohemahp t he
adoption of solar energ What are needed are systens and net hods that

r api dI ydiffeest deqtions it pptaininiratier phaus @l sides @ﬁ&ﬂ%bj@ﬁeghﬁsecteglmlwes
conmponegt S &8 ltrlt}gynwlgamgar installed on a given hone

[0004] Still, a wide variety of applications would benefit from systems and

methods that could rapidly generate 3D models without the need for engineering
expertise, and without relying of expensive and time consuming scanning equipment.
One example is found in the field of solar energy system installation. In order to select

appropriate solar panels for installation on a structure, e.g., a roof of a house, it is



[ 0006] Vari ous enbodi nents of the invention rapidly generate 3D nodel s that
all ow renote neasurenent as well as visualization, manipulation, and

i nt eract iwo 20izdaszoeal i stic rendered 3D graphics i mages etCTrisadiiwesssed 3D
obj ects. [0007] Summary of the Invention [O0008]The invention provides a
system and nmethod for rapid, efficient 3D nodeling of real world 3D
objects. A 3D nodel is generat ed based on as few as two photographs of an

obj ect of |nterest 5‘ t he two photo r(glgr rrﬁ be obt |ned .using a
convent PEFETANBHINKIAYY Bedy ‘3’3&@9%&“ CRN¥GITQug] WsRGAYRNSg2 feﬁ Bi§1384%odi nent  of
the i nvapbieRed BGhsSikSohd M4el11aGETR fh Sﬂ%ﬁ Ssp @&%@%&Eﬁk%@ﬂkmﬂ%ﬁ&?d for

correcting errors in canera paraneter app I cations for the
i nvent i erga nmdd:tgmempal]mddn@[mmmdeﬂ sltagwslors tané nvnsednmg]ahd emtly] i sorm')t i on
pi ctures and as for architectural and nedic

appl i cabisGha st eﬂégégi%?r%thcagf ﬁ%ﬁé‘aﬁplﬁm‘rﬁ’éerﬁ? Jreagner fﬁ‘b%’]serﬁ’é%d d ot her

obj ect S delapAt AGRE midybedBMASY AGCONGerlabR diStUHEH & e hdar&ie tRRRRIANGr frOm a
consideration of thé follow ng detailed description of the invention

consi defay othierwisgjbgrstficolt twa@qqrss Hew@nlad/\bmvgsefulgqhe\se systemrsmndhnetp@@mlo] Fi gure

30 moael e €y Sria) RO S BT FubB oL g BraCe PO GRS ER "

i |1 ust r adredig iristad tof @@ velegotodind hiyAcAly meaahpRRtalafortd@nichuent i on;
[ 00012] Fi ure 3 i I lustrates an exanple first image including a top down

vi ew of [i¥3bbj ect SeBwsonsymes arqisbictast teouiblg!r homes atitesalarengegy i n an
exanpl esﬁ?@ﬁ?@c‘ldgetetungért&% AoBYERE | cQdMnetic effect of solar panels when installed on a

roof. Some consumers would prefer to participate in any decisions about where the
panels are placed for other reasons, such as concern about obstructions. These concerns
can present obstacles to the adoption of solar energy. What are needed are systems and
methods that rapidly provide realistic visual representations of specific solar components
as they would appear installed on a given home

[0006] Various embodiments of the invention rapidly generate 3D models that
allow remote measurement as well as visualization, manipulation, and interaction with

realistic rendered 3D graphics images of real world 3D objects.

[0007] Summary of the Invention

[0008] The invention provides a system and method for rapid, efficient 3D
modeling of real world 3D objects. A 3D model is generated based on as few as two
photographs of an object of interest. Each of the two photographs may be obtained using
a conventional pin-hole camera device. A system according to an embodiment of the
invention includes a novel camera modeler and an efficient method for correcting errors
in camera parameters. Other applications for the invention include rapid 3D modeling for
animated and real-life motion pictures and video games, as well as for architectural and

medical applications.



[ 00013]Figure 4 illustrates an exanple second image including a front

el evation view of the house whose roof is depicted in Fig. 3 suitable for
use i n sowo2erapioed enbodi ments of the invention; [00012CFiusaeie/ 05548 a
tabl e conprising exanple 2D point sets corresponding to exanple 3D points
in the first and second images illustrated in Figs. 3 and 4 ; [00015] Fi gure

6 illustrates an exanple |list of 3D points conprising right angles sel ected
fromthe exa Iefﬁir t and._second inmages illustrated in Figs. 3 and 4;
[ 00016] FS s exanpl e of 3D points conprising ground

pl anes s$edoe¢t ed frpwastBed eaRABbEctE, festuradndd 28¢aMsbes BRERSInbdtontwidtid i n
Figs. 3 and 4; [00017]Figure 8'is a flow chart of a nethod for generating

3D poi neBpaedram Agoraderatiempodt fellnwiog detaded dessriptiomof (hedovd}iPngure 9 is a
fl onmchar t imating error accqrding to an enbodi nent of the
I nventi SIr)\';]S%e\?\% ggcfgﬁglﬁﬁé%%%ﬁ% Sg’érz‘?é’dn[ %119] Figure 10 is a
conceptual illustration of the function of an exanpl e canera

[00010] Figure 1 is a diagram illustrating an example deployment of an

embodiment of the 3D modeling system of the invention;

[0001 1]~ Figure 2 is a flow chart illustrating a method according to an embodiment

of the invention;

[00012] Figure 3 illustrates an example first image including a top down view of
an object comprising a roof of a house, suitable for use in an example embodiment of the

invention;

[00013] Figure 4 illustrates an example second image including a front elevation
view of the house whose roof is depicted in Fig. 3 suitable for use in some example

embodiments of the invention;

[00014] Figure § is a table comprising example 2D point sets corresponding to

example 3D points in the first and second images illustrated in Figs. 3 and 4 ;

[00015] Figure 6 illustrates an example list of 3D points comprising right angles

selected from the example first and second images illustrated in Figs. 3 and 4;

[00016] Figure 7 illustrates a an example of 3D points comprising ground planes

selected from the example first and second images illustrated in Figs. 3 and 4;

[00017] Figure 8 is a flow chart of a method for generating 3D points according to

an embodiment of the invention;

[00018] Figure 9 is a flowchart of a method of estimating error according to an

embodiment of the invention;



par anmet er generator suitable for providing canera paraneters to a canera
nodel er according to enbodi nents of the invention; [00020]Figure 11 is a
fl ow charwoi2binmmssoat i ng steps of a nethod for generati ngcirnistétalosssy st

canera paranmeters for a canmera nodel er according to an enbodi nent of the

invention; [00021]Figure 12 is a flow chart illustrating steps of a nethod
for generating second canera paraneters for a canera nodel er according to
an enbodi ment of the invention; [00022]Figure 13 illustrates an exanple

i mage of an object_ displayed in an exanp r aphi cal user |nterface (G

I
provi dedOW 9% di spiigyredavs %éowaw@hamr@fg)en tb‘bﬁ»mam of & FETRlaEMPGi nt
sets forartanfete?%ﬁ&% oRSiedi R of &lémfggr B O;g/ﬁfﬂ%eteis th A& ahidYLRbL AR

[ 00023] IEI gure ustrat es teps an error corrected 3D
nodel ofcandiopieembadioendi afgh¢ mvamti@ybodi nment of the invention;

[ 00024] Figure 15 illustrates steps for providing an error corrected 3D
nodel of an object_accordi n%ito an alternative enbodi nent of the invention;

[ 00025] EHWY4PE 16 i Eigurecdnis agiararhart BlystaHng stepstof atmeihod For&ea#K3HRE 3D nodel
gener at %awﬁ}w Qs lé)xefg?gfdr a%ﬁﬁggoﬁgaas%cegng%tm dhbRffnend e fi 1 st

and second i mages ac ng to an e I nent e I nventlon;
[ 00026] kivgatien; 17 il | ust rates an exanpl e 3D nodel space defined by exanple
first and second canmeras wherein one of the first and second caneras is
initialized in accordance wiith a tOP pl an vi ew accordi ng to an. enbodi nent
of the i Q]ng,l‘] i on: Figure 12 1s a flow chart illustrating steps of a method for generating

second camera parameters for a camera modeler according to an embodiment of the

invention;

[00022] Figure 13 illustrates an example image of an object displayed in an
example graphical user interface (GUI) provided on a display device and enabling an
operator to generate point sets for the object according to an embodiment of the

mvention;

[00023] Figure 14 illustrates steps for providing an error corrected 3D model of an

object according to an embodiment of the invention;

[00024] Figure 15 illustrates steps for providing an error corrected 3D model of an

object according to an alternative embodiment of the invention;

[00025] Figure 16 is a conceptual diagram illustrating an example 3D model
generator providing a 3D model based projection of point sets from first and second

images according to an embodiment of the invention;

[00026] Figure 17 illustrates an example 3D model space defined by example first
and second cameras wherein one of the first and second cameras is initialized in

accordance with a top plan view according to an embodiment of the invention;

[00027] Figure 18 illustrates and describes steps of a method for providing

corrected camera parameters according to an embodiment of the invention;



[ 00027] Figure 18 illustrates and descri bes steps of a nmethod for providing
corrected canera paraneters according to an enbodi nent of the invention;
WO 2012/ OWB8201RATIWS2011/ 055489 [ 00028] Figure 19 is a cearastaalosdBagr am
illustrating the relationship between first and second i mages, a canera
nodel er and a nodel generator according to an enbodi nent of the invention;
[ 00029] Figure 20 illustrates steps of a nethod for generating and storing a
3D nodel according to an enbodi ment of the invention; [00030]Figure 21
illustrates a 3D npdel generating system according to an enbodi ment of the
i nvent i 8}902§b0031frg1{jaﬂngachr§eatual| @grémazﬂlpstmtxwg@ elatinpship st wes® f or

adj usti t ' | . ,nventi on;
[00032] PRy RLRSnR BGER) £l HILIeh B 98 BREIR Mo e 1B b o

accor di egbddinment efthednveanbn,of the invention; [00033]Fig. 24 is a block

di agram of an exanpl e 3D nodeling system cooperating

[00029] Figure 20 illustrates steps of a method for generating and storing a 3D

model according to an embodiment of the invention;

[00030] Figure 21 illustrates a 3D model generating system according to an

embodiment of the invention;

[00031] Figure 22 is a flow chart illustrating a method for adjusting camera

parameters according to an embodiment of the invention,;

[00032] Figure 23 is a block diagram of an example 3D modeling system

according to an embodiment of the invention;

[00033] Fig. 24 is a block diagram of an example 3D modeling system cooperating

with an auxiliary object sizing system according an embodiment of the invention.

Detailed Description of the Invention

Fig. 1

Figure 1 illustrates an embodiment of the invention deployed in a structure
measuring system. An image source 10 comprises photographic images including images
of a real world 3D residential structure 1. In some embodiments of the invention a
suitable 2D image source comprises a collection of 2D images stored in  graphic formats
such as JPEG, TIFF, GIF, RAW and other image storage formats. Some embodiments
of the invention receive at least one image comprising a bird's-eye view of a structure. A
‘bird’s-eye view offers aerial photos from four angles.

[00034] In some embodiments of the invention suitable 2D images include aerial

and satellite images. In one embodiment of the invention, 2D image source is an online

database accessible by system 200 via the internet. Examples of suitable online sources



with an auxiliary object sizing system accordi ng an enbodi nent of the
i nvention. Detail ed Description of the Invention Fig. 1 Figure 1
i Il ustratwe 2are/@sdadi ment of the invention deployed i n &CItuSaeit 055489
measuring system An inmage source 10 conprises phot ographic inmages
including i mges of a real world 3D residential structure 1. In sone
enbodi nents of the invention a suitable 2D I mage source conprises a

col l ecti of 2D inmm stored. in hic forpats such as EG_ TIFF, GF,
RAW and g?ﬁé?’ag?ﬁa@’& 8? }r ul aee 1ob fimgyt tO%BWé ‘ffs{)gﬁfelsr&?i’f’gra@g UiVEY ent i on
recei ve (B5G%aHe MBS/ 1AiMGR bSO GdvRg Facill r%&ﬁ&bﬁ%eweﬁ\wsﬂ ¢ Redfhucture. A
"bird s-eye view offers aerial photos fromfour angles 034]I'n sone

enmbodi nﬁ‘masﬂedfMtcr@SOiftrR@mmb Mapsi(MBR)e DlBse dagbases ntorfunhepsamd ainahnd
satel | |§ | gs- I n one enbodi nent of the invention, 2D image source is an
onl i ne ?85 e ‘accessi bl e by system 200 via the interne. Exanples of

sui t abl 00036} ne s auk68E emBbdidients BYARS ivREti bt €ma '\Eéétarélrg%ol’t@ferédcellt Adgdoo the
United St ates Geographical Survey (USGS), The ryland d obal Land Cover

Faci | i t jefaisacerumagsepyams ugarmaten gither widhianisel firdn asupnlemestant &lé Maps
VSR 0
Snbo maEet SRR B BALSBAG AR haly BIRERHARIR. yifietaldds 20T

i mage c6ntmats1Suntalbia)fomgbo-wfereﬁcmgemclu\dd Gl:(ﬁl"xlfflﬁiﬂ find MrSidh ()ihe&dﬁpgéﬁmay ary
file ( a world fllrp‘)e that, indicates to a GISMstem how to align the

i mage wcgfﬁy BEhERICTaREIAS IHBIRRICY 18 giccamPBiondile gupwiemehishidp ag avvrnid fie.
GeoTi ff whiddds naﬂﬁalgy ?Sirﬂau (el WiR G&%%g;@énamﬁg afngi sgﬁf’xeéﬁft,ﬁl ﬁgé fig 1 nformation

in a conpanion f nown i n Arc is normally a
smal |t éxageasiaremantdilyt gee-rstemenced fier wsadn serhé embodinednes ofrthgmvbnhm Highges are

manual | referenced f. e in sone enbodi nent nvepgtion. Hi gh
resol ut ¥?§ﬁﬁﬁ?‘ﬂﬁ¢'@§ge§raée 3%?[’535(@“15? DR HAtRBASER BHC éﬁﬁp&@i%ﬁ ﬂ“hg Googl e
Earth PinupfhedvBPRUaRATIMdrSofidl dndldenbiRt of HEBn el MBRbRe¥mbdagmbmyent i on.
In sone enbodi nents of the invention, geo-referenced i mages are received

t hat i nef thean'\Gavgn.ogsiorieiarerced mla@gesrarss@wné thaGig)uder{fengrenhio mformation
[ 00036] styucture | have been captured, for exanple by aircraft 5
t aki ng ggﬁlgrgl?(gi%t%%{rga%s ‘of structure 1 using an airborne inage capture

devi ce, [600Gh] as ammagersttﬁ“rsnﬁcmamh@ébeeﬁmammpr& enb@bRoyyegircrd@d thlakgn by
camera 4 :'?Z g p down view of a roof 106 of residential structure 1. The
exanpl e3¢ PEY aﬁﬁhaeﬁstmwdéwwncaaw@m image cap@%deml%swbe%% t he roof

106 of aﬁﬁaﬂseamalaﬁt/&y%ﬁ@ h.oo a7 5108 o 9“55?08%%& {ffi&d to

top down views. Canera pture ortHogra |c an I que Vi ews,
and ot heroofi 1€ f oésidentiastoucaurs 1. [me(észnhplmgmmgmpmmmmgneah’ageamemrébe 10

need not_ be |1 mted t.0 aer oto hs For_e addi tional inmages
of str ubst%tf’Bp AW Of Stf h?@qﬁ{‘ 8 AUt L é@g’p‘ﬁ%f thgrRyeptiog 1not 5
ground pased (€ aFRIcOviets QR ASR4Y AISR S ulcHiHAdR hmﬂndacﬂﬁilqﬂgtwév&sm ted to

front, side and rear elevation views of structure depicts a
second pibetbgr wpys e6gresfturstir uct ure 1. In this |IIustrat| on phot ograph 108

S XU R A NI N R
photographs. For example, additional images of structure 1 are captured on the ground
via a second camera, e.g., a ground based camera 9. Ground based images include, but
are not limited to front, side and rear elevation views of structure 1. Fig. 1 depicts a
second photograph 108 of structure 1. In this illustration photograph 108 presents a front
elevation view of structure 1.

[00038] According to embodiments of the invention, the first and second views of
an object need not be captured with any specific type of image capture device. Images

captured from different capture devices at different times, and for different purposes will



an object need not be captured with any specific type of inage capture
devi ce. Images captured fromdifferent capture devices at different tines,
and for dwbferzams3opur poses will be suitable for use i nPCRHAISY@ENI063489
enbodi mrents of the invention. Inmage capture devices fromwhich first and
second i mages are derived need not have any particular intrinsic or
extrinsic canera attributes in common. The invention does not rer on

know edge af leftrl nsi c, or extr SIC canet[ attributes for actﬁ camer as
used t o ESPARIEIOF FFSP thp e is bociage ﬁeomﬁypdﬁcenm@a@ers &ist%red in
i mge s@WrCOhibA firdtha s@é&]damgéei%& Befifdd Rl G6l hAV AYPaRRYMrGAHinsR Fy St em
100. In an exanpl e use, operafo obtains a streét address froma

cust omeextrigge camena atit®utpayn asmman. |Tﬂnagmvenmnagemandt relyion Khog/ledgeadcess a
source of es . 10.. for example, .via the Internet. erator 113 nmay obtain
o g Pesanig b e SBEBuGy halul Frmged Lgg e eors BapaTEe]

provi di pgagespl urality of views of a home |ocated at the given street
address. Suitable views for use with various enbodi nents of the invention

i ncl udel@083%b1 an Pneqimagasayastprsd ivimogs sogqeqesléb@hqy\ﬁée ovalable for s¢lejioaphi c

pr oj ect i.e 00040] I'n
this exgr?r&pfoevrﬂp J|’dr st%ﬁseﬁaﬁggﬁﬁﬁqgregée [ Sé I?err% H%(\?v&%fn gh%ﬂréee a\fﬁre‘f e first

Vi ew pr é&smndt useonherp (QPedator 1 BBamay uge droiphageimdinge@edt. unfin3seconsds anage 108
presents a second vi ew of the sanme house 1. The second image pr esents t he
roof frotHree ofitrreseh: 197 expgmlavia thadniemst. 9ﬁewprulr13tw ehtaigranmage by
Ther ef op@widihea L R first
B R A T R L

t he samehoiy éaated at theagiserc snabt aaldresst e&mtahlelvmevzsl}os pecwithlvarisosre

i npl enent at the inventio east on e.conpri ses pl an
view of 2R %B}ea'étof the wg%ntfwagl%*ﬁpaman Ssednley RS 1065 pﬁ&syeﬁfwé?veh om
each ot b@lﬁo%w.,smc pRjReBhs, %lléh@ﬁnag%§9§&5th'éﬁ%lggs oPiicthoRl hed vighar acteri stics of
the object 1represented in the imnmages Wen'it is desired to neasure
di mensi B1994@k str Irtthtﬁr @amplft,lﬁrsttlmgd lg"éptmchts ﬁﬁg@ylw of heusstIr. Jbedirgt ar e

obt ai ne Qur ce 1 cant _to n hat infornmation
Shout ek BRGSO Glw cta robt RSl The Sont it fut e¥efas
necessasdcbyd sicor &thé Ehmd‘TB@ﬁeSOUl'lﬁ:Q;e&&)d iRfige ipPesthts MIRCRDS ol ¥ diffedmitded wi th
a retrieved jmage. In many cases, no information about caneras used to take
the fir¥EWaaEt gl@eéh%i Sbﬂw%@ﬂmmt view a\ThrTedpnecthe fissh 1mage 487 Ce@Prigssiivdi ment s
of the i i Uo he first and
Second MMEULRBOREE! G AR OrBhnaflEs BTG ' AUIRELAT BB 08 10 Lt her

or not covhpmsesan anagehafithe sdree abjectal infd gesdbndodersatomnic 2Iapwrcas Insoawai | abl e.
WO 2012/ 0 8304PCT/U 811/ 055489 00042] I n one embodi nent fj rst and second

i mages BPPIFRENABRSLIAPGInvERLoN ] 3690%‘“3/ AWHCPDWTISERR PIPRRYEY ¥fPtan oper at or
113. OpetsjadtOrFidst dnhdld AIBkidSsebidlintdpe 108B%ESdikRr #6ACLEh iR WAt REed; (Cont rol
points) to be provided to 3D nodel "generator 950. Mddel generator 950

provi de® sazesaymdetlOMndtmber@bp@cterlsfrmf3nr olpjdet] lrewe$®mﬁalmede froagedi spl ay on

G monsi BRPY: “Tre sttt Uned SOREURURERNE AR REIRY, SSTRRbRNG”

appl i cainiapes bPthee Bir@étacd arwiobtaitdddrdth b gy @l (8ot is sibnefidiER) ndre @figr enent s
are converted to real world neasurenents based on informati on about the

scal e oftlQTEtiPD pRQUtgAMCES Ao 1 Prayisking the dustradseeandemagents ke real worl d
obj ect @Jc@ssgﬁgﬁst&‘e e%uﬂ:%el% hOr ¥ %Btcestsgﬂysdrb%deg%ug% FEW%V%dOf the

invention are capag e of generating ure based on at

| east tu\migphm ngnﬁpinsies nonef@matibn hh@lt&bmer}is uséd @ take [HROHEB4Hd @cod
il ustr es a deSC{ b%e a nmet hod faor asur%wg@a real. world ob{?ect based
on a 30 lstis frpilabls Gem oY cewar ngmbgdime FRYRNIGR afefappblsiit i on.

determmmg information about the first and second cameras based on the first and second

images regardless of whether or not information about the actual first and second cameras

is available.



[ 00044] At step 203 a 3D nodel of the structure to be neasured is generated.
At step 205, the nodel is rendered on a display device such that an
operat or we2eralaB®d to interact with the displayed i mnageCraSnEas6s489
di rensions of the imge. At step 207 the neasurenents are received. At step
209 the neasurenents are transfornmed fromimge neasurenents to real world
nmeasurenent. At that point, the neasurenents are suitable for use in

provi si oni a solar energy systemto the structyre. [00045]To carry out
Stop 20800040 del E%H@? e bidigren fir P?f@%ﬁ?e%ﬁnwé&%v&hq%awﬁw Yoint's
and geneyad 3 0@ andPdi¥PAStd tolffoptutiPIR. b eré@%%ﬂ?%t&ﬁc@%llﬂ?ﬁgmgé&qgel

optim zation technique“to the reconstructe structure. refined 3D
nmodel r eépresate ppit s¢te (comtriol points)l tsbe provided tovB DhmedHl fgendrator 98¢.cMagel t o

enabl e uysabl e sur epen of .the structu be .gbt ai ned easuring the
refi nedg%rﬁﬁﬁgﬁfpr%b%gé]ﬁ)pmgg@ﬁﬁ% %t?ﬂle(_‘tthirrgl,e%h@(’é ‘ﬁﬁ‘?ﬂ’g?reflgg? g’%@é?’ed on

di spl ay ol @RI @isgiey deldc s 03 b?aser;zferihgenghé.pb%%@orniqd%ea%m%s EAsMiG-of The
nmeasurenments are converted to real worTd neasurenents. The real world

measur eferibiech dsplaged ob displayol0drusinger myaspriog iapplinsiting te jnseraeh wish gheovi si on

the str i - | ar nels. Figs. 3 an 00047 ampl es of suitable
first aﬁ%bggg%%ggms@gsm%(?ezr? a?uurgrtn%t?éj? ?Oﬁwﬁ'iq%(gt.o[@gla %‘]"fﬁeg?‘%je@e?tﬁ ustrates
a first basedga ilOmeRGPIbaIt A Rale@ thY Gkt MdeEWcohd Bndgeof Tahs Mmehqii&fentkor
exanple, first inpge 107 is a photograph taken by a canera positioned over
the rooff @Fraalé*fqr@gqm% agomade yihewlihe peedLorvasit the sHie.v EBRodmenisol Bef . | n

t he si : 1 L EITS | j I /A uned to
have bengir}/% g%%rfél}?ggbﬁé'gf %%)n\r%@aetﬂl i onab%ggit %%ddsr tﬁ#ctdﬁggjg%ggu ?lnaé l%ﬁg{\ﬁr ee

di nensi phatbgmphiecinagésofithe sbjeatse a house, onto a 2 di nensi onal inage pl ane.

[00048]Fig. 4 illustrates a second i mage 108 conprising a front el evation
Vi ew Othh(i house illustrated in Fig. 3 including the roof illustrated in
Fig. 3. 1% % s significant to note the first and second i mages need not be

st er eos tM9H8] i mag&se. 2Alinstraees anditesdritres a nagtbiod far omehsumneg)e scah swdldrabjedye

scanned, | es.,n an odi nent _of the invention, e.first and second
phot ogrgﬁﬁgnian‘?’a%{ans()%gf%fetggﬁgﬁwe%c% "fgntrggaéle bpq(iﬁjmg&oog\typ%glsvegﬁ% as caner as.
[ 00049] FEn04pur poses st 208iaS315 pakief 6f0at kvicthRao bemRaskRatOgmpdted.r gafers to
an image created by |ight falling on a |ight-sensitive surface. Light

sensi t i V&P 309.fthe Bwdehis rensergshn @&salpm idgvice yshathat 1 epsratonisenablgdé? s such as

Char ge : e g;gl? : l,.Ox| de ] ctor
(CMOS) ?Rn%{gétﬁglt@élﬁc%slg o)r“"‘g'“ﬁF"ggg}e%?%@ﬂfeﬂ‘%?“ggg@ﬁef‘Eqég%i éﬁﬁ%gg?%r aphs are
cr eat ed mgssunrgments arsacecivéll. caneem20efhe mseasoremetiavire eangformie frigmanlagas t o

focus a scene's visible wavel engths of |ight into a reproduction qf what
t he hurrﬁf?a%%m%&%reéle&?}q?@éﬁ?@@ RN et tgﬁ%ﬁ?‘wa’rﬁmﬁﬁs“{eﬁ‘ée“it%f@ﬁ’c‘it Cfirst

i mage 1@ yROWMPHo$RHrA a solar energy system to the structure.

[00045] To carry out step 203 a model generator of the invention receives the
matching points and generates a 3D model. The 3D model is refined by applying a novel
optimization technique to the reconstructed 3D structure. The refined 3D model
represents the real world structure with sufficient accuracy to enable usable
measurements of the structure to be obtained by measuring the refined 3D model.
[00046] To accomplish this, the 3D model is rendered on display device 103.
Dimensions of the displayed model are measured. The measurements are converted to
real world measurements. The real world measurements are used by a solar energy

provisioning system to provision the structure with solar panels.



ort hographic projection of the real world object to be neasured. Generally
an i mage-capturing device, such as a canera or sensor, is carried by a
vehi cl e ovopbetd4g3omy such as an airplane or satellite, &ou/usgoaionsd at a
nadir point that is directly bel ow and/or vertically downward fromthat
platform The point or pixel in the inmage that corresponds to the nadir
point is the point/pixel that is orthogonal to the inage-capturing device.
Al l othq{!psbnts or pixels in the inmage are oblique relative to the

I mage- cap% H& device. As the points or pixels becone increasingly distant
fromthe nadir point they becone increasingly oblique relative to the

i mage- ca@d04i7i ng déi)daowlesl_dﬂseilsitﬂeﬁtshan@smndl imagqslaee dlustratad én Figse3 anthe

surface 4aEea, corr e covered b I X 0.l ncreases.
Such ool dindtisnaRR st e 1 SPREYES et BER M EF alodheT BHEST R ¢ o be
di st or t @dampiePe&t Fhdgk llmgﬁ?hét%hr%bh\fﬁie}ﬁ | SdaAtra begme!aeouaamerrospw

[ 00051] To project a 3D poin , fromthe real world i nage onto the
cor r espSHEGIHE S2BS H Fatulse towlams\img Oéﬂiedppﬁdg tmrmolept @pb@hm@m pagal l el to

the y a corre be, descr.i bed by
the fol fﬁgﬁmer%porngxgls?frxége 07 1 egﬁmgé Py F%VGB%ET capt %%(2%3/ ggnfls%t ?n sz az +
cz | OOOB#bwj‘t&:ItlﬁgItHi‘EchV&Cchﬂfenﬁonzﬁ odfecB i tHi§ eds¥ advabe ohard Qﬂlm&ﬁ:ﬁbrﬁl is an
arbitrary offset. In sone enbodi nents of the i nvention, these constants are

ysed_to‘@??@NaW%e first camera nodel viewport to match the view presented

'[ goggg]si?oodgggg] 10?1%.%'1@%{(% § énééoﬂallr%ég%' 103 Phsidd ErERUALI00R VRGFOFTE:
the house illustrated in Fig. 3 including the roof illustrated in Fig. 3. It is significant to
note the first and second images need not be stereoscopic images. Further, the first and
second images need not be scanned images. In one embodiment of the invention, the first
and second photographic images are captured by image capture devices such as cameras.
[00049] For purposes of this specification the term ‘photograph’ refers to an image
created by light falling on a light-sensitive surface. Light sensitive surfaces include
photographic film and electronic imagers such as Charge Coupled Device (CCD) or
Complementary Metal Oxide Semiconductor (CMOS) imaging devices. For purposes of
this specification, photographs are created using a camera. A camera refers to a device
including a lens to focus a scene's visible wavelengths of light into a reproduction of what
the human eye would see.
[00050] In one embodiment of the invention first image 107 comprises an
orthographic projection of the real world object to be measured. Generally an image-
capturing device, such as a camera or sensor, is carried by a vehicle or platform, such as
an airplane or satellite, and is aimed at a nadir point that is directly below and/or
vertically downward from that platform. The point or pixel in the image that corresponds
to the nadir point is the point/pixel that is orthogonal to the image-capturing device. All
other points or pixels in the image are oblique relative to the image-capturing device. As
the points or pixels become increasingly distant from the nadir point they become
increasingly oblique relative to the image-capturing device. Likewise the ground sample

distance (i.e., the surface area corresponding to or covered by each pixel) also increases.



enbodi nent [3200 00sz; of the [ax a, invention an orthogonal image is
corrected for distortion. For exanple, distortion is renoved, or
conpensatwo 2bro4839y t he process of ortho-rectification waTals2oinsas8Eence,
renoves the obliqueness fromthe orthogonal image by fitting or warping
each pixel of an orthogonal inmage onto an orthonetric grid or coordinate
system The process of ortho-rectification creates an i nage wherein al

pi xel s Save Hhe same groqu sappl e di stance and are orie tqﬁ to the north.
Thus, any BT HUCRTS dh b PHtRceqnatinage causchdgptuea i e magatods dseigdan x, v
coor di ngéRciall§ iBAgRelatitQyldNMtht 3Dnt IR daARYBitCal € i's known, the |ength and
width of terrestrial features as well as the relative distance between

t hose fE¥001ks cadotpsojeell 8 3Dapwnt, ay, a,, a, from the real world image onto the

corresponding 2D point by, b, using an orthographic projection parallel to the y axis
(profile view), a corresponding camera model may be described by the following

example relationships:

[00052] b, = s.ay + cx
[00053] b,=s.a;+c;
[00054] where the vector s is an arbitrary scale factor, and c is an arbitrary offset.

In some embodiments of the invention, these constants are used to align the first camera
model viewport to match the view presented in first image 105. Using matrix

multiplication, the equations become:

bl [se 0 01]1%| [
byl |0 0 s, ay—'_c:
4

[00055] £

[00056] In one embodiment of the invention an orthogonal image is corrected for
distortion. For example, distortion is removed, or compensated for, by the process of
ortho-rectification which, in essence, removes the obliqueness from the orthogonal image
by fitting or warping each pixel of an orthogonal image onto an orthometric grid or
coordinate system. The process of ortho-rectification creates an image wherein all pixels
have the same ground sample distance and are oriented to the north. Thus, any point on
an ortho-rectified image can be located using an X, Y coordinate system and, so long as
the image scale is known, the length and width of terrestrial features as well as the
relative distance between those features can be calculated.

[00057] In one embodiment of the invention one of the first and second images
comprises an oblique image. Oblique images may be captured with the image-capturing
device aimed or pointed generally to the side of and downward from the platform that
carries the image-capturing device. Oblique images, unlike orthogonal images, display
the sides of terrestrial features, such as houses, buildings and/or mountains, as well as the
tops thereof. Each pixel in the foreground of an oblique image corresponds to a relatively

small area of the surface or object depicted (i.e., each foreground pixel has a relatively

10



[ 00057] I n one enbodi nent of the invention one of the first and second

i mages conprises an oblique i mge. Oblique i mges may be captured with the
i mage- capvororg4sini ce ai ned or pointed generally to thecsiuseoiofsasg
downward fromthe platformthat carries the inage-capturing device. blique
i mges, unlike orthogonal inmages, display the sides of terrestrial

features, such as houses, buildings and/or nountains, as well as the tops

t her eof . h i.xel in the f oregroun an ob]ique i e corr,es onds to a
relativ&M F%HD S&V‘BL ¢ diptapera ?aééégb‘?‘x%‘tj}‘é'&‘{ f)@fggrwg‘?&%frﬁsp@n ds
foregr oua@h\wlmlrgéwsa af ﬂ@lsaﬁfha@éryobjmgglctga@p@dea%ﬁmsa&l@%rgaﬁ &Q@Pﬂas"é{her eas

each pixel in the background corresSponds to a relati | arge area of the
sur f ace reJptivshy laege grepn S?Eiﬂpléldl@aqce)eélﬁhlqbauhgamaptum agtndndty mapeebial vel y

{1 apezoP Bt sRETBERe ShAAN R S oy T R Be BEP G Paline

foregr oursdbsmsfmirange shfaﬂ@:egx@uﬁld Bep18 Aistan b Pisd. ANKilgRéd r)ésoaﬁﬁd) JQhargih%lmd sanpl e
di stance (i. hi gher resolution) than the background of the trapezoid.

Fig. 5 Pé@@%ﬂ“@rﬂféhﬁﬂr?%@czo%d second i mges are selected and displayed point
sets (control points) are selected. Selection of point sets is acconplished
manuall:pg sone enbodi ments of the invention, for exanple by an operator.

I n ot her %ggfd ts ?j tarﬁllé i nvention, control points nay be automatically
sel ect ed00 exaIce 15§ ARE SRTIR 1(7135?5(%6?@8@%’ éanrﬁtsﬁﬁb’%l??’é&?ﬁﬁ treagol For
manual  gaRaY L FERIR D S%lPé’c&%B%"fgéfg &4 R Rc I%heh%&ﬁﬁnf if §dmd Mage and a

correspondi ng point in the sec |nage e|n bot p0|nts represent the
same poembodimentseofitbainvwaotion f@&mmpdmbwmeopc{r%%ﬁi dibet elebddifgn@nd thendi cat e

mat chi n nts er at or 3 interac e fi r t and second di spl ayed
i mages ?%‘J%P[]ﬁ » EBPY i ?téérﬁ’é’#(’far‘fémﬁ%lcﬁbpéﬂﬁc@‘ﬁéh RS 9?&1 mcrEe Ui second

i mages. fdafurk hfat@ﬂli’g"%'cﬁnlq{les': | % madu@NEnbodi ReAR an dpfatdré@lecr ddnt3R ted ruct ure
1 indicates a right corner of roof 1. Point A appears in first inmage 107

and in §&ddnaed Inslgecorospondingipint i e écond imagowheretmkotb poirterepresphtay ed
i mages. ﬂ{eosgg,g%m "g)gl%errea]]t\gorwg GRL, turorrespondl ng points in the first and

second I mages "oper a aces disprayed indicia over corresponding portions

of an o[iDO&é)GQ in eaC]I’b Qtfenﬁﬁ/tanaridd@ﬂé mat@gespdiafs, opdidtor FO3 it¥abRIvaEth thedi ci a
i's Iac%Fover poi nt, A of object 102 in first inmage 105, and thenépl aced
i)

over cotFapdirsrng dispiayed AnégeSémr@&atemmsaowag peratseon b displayed dHstpoi nt
the opepad %coh@&h%gefn ifel e&gﬁl&)%qul g B%naﬂlégémt ko(gfrg Wl@3Dgh5fu®i or

| eft nouse clic operation of other se I on nec anl sm er devi ces
such as indicatdsmaiighs cokmybﬁamﬂsl Poirg At appenas, in fiostdmage @B asd in wyetd kageand t he
Thus the

i ke ar 'tal.ef use in enbodi ts of the invention.

oper at o?oggb%ﬂggd rF'Put Q%H’(’F’Ff’gfheaﬁe PladimieFtmges to produce control
poi Nt PRIOVBORS lIhmgweat&mdlc@te%ogres&ndi@%@%Ilﬁt&rmsﬁmk@n@{m&égnent of
the invention, a touch screen display nmay be enployed. In that case, an

oper at oPP@@qOéBkageSadlﬂdiamd indicist oner cmeg:lpondlog portices @f an johjeat wi eaph afédl i mage

troon. MPIRERS BRI 08 RaBle, R )0 R Pabh A AU bR RERR ' °P

descri pirhage 106! seShengiacgd boerldderes ponggGRMtaA BF BBjetNB2SIANStIndgRuehed
pi xel s. In other enbodi nents of the invention, an operator uses a nouse to

pl ace aMgaghgrointdhe gpgrator inligadettsslection ef thy peuitnior exarpplesy sebteer lefi an
i mage. (doh,ekiipg 13RdR of ¢ d
mar ker . §yst em 1 %S% r agsﬁ)atg) @gp ﬂ%cnt&n)?% é@grpdﬁﬁggﬂe%%%g% %J;ﬁacqéggﬁé i mag
coor di nktybeards Q)6 pEis) eowwhrstreehs, joystitiss adethptiky hbesithbledoBi3enibdel gener at or
950 of a ED . . : : .

embodiments of the invention. Thus the operator interacts with the first and second

images to produce control point pairs as illustrated in Fig. 5.

[00061] In one example embodiment of the invention, a touch screen display may

be employed. In that case, an operator selects a point or other region of interest in a

displayed image by touching the screen. The pixel coordinates are translated from a
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nodel i ng system of the invention. Reconstruction of an inmaged structure is
acconplished by finding intersections of epipolar |lines for each point
pair. Fi g8026122m8304 [ 00063]Fig. 7 illustrates points defPcmiusgoignsissg

pl anes. I n sone enbodi nents of the invention a generated 3D nodel is

refined by reference to ground parallels. Figure 7 illustrates an exanple
| ist of control points fromthe exanple |ist of control points i1 lustrated
in Fig. erein the.control. 0|nt in Fig. nprise und parall el

| nes  adBBRREeE GOEHEUIEHRIRR (B 1 FEATRTeh e GATAIORBEH F5oguPEon

i |1 ust r 3besspBRAIAL So dﬁflhﬁF@GOrfthlﬁmg AOMREd ARSR& Rixed. W bihel BRLOMKRGL Li ke
ground planes, rrght angles may be used in sone embodi ments of the

i nvent i @ﬁtmonv@tlpnearepmmtqbws a nﬁlugct t@plpwmﬁﬁrl{%rgor @hérlihdisatogtogsr @ syst em

of the ti 0 | ai ned r ect to

el ect s PRIERBEecl Grf! MREC clbloie’ BERESHs e s pikIeoBBUERES BEes

di spl ay ﬁlicﬁhmarl«ﬂ:r S[Hyatentl 800 G&ns&S thépixel 8dor@maRs @o B&dshyndikaMBig 1)
receives pglnt sets fromthe first image. A second canera matrix (Canera 2)

recei ve§°{BIMAteSset s from the second i mage. Mobdel generation is initiated by

provi di agoeh ti al m@rc@ﬁ@ﬁélgﬁntg Qfe mé@tola §H o%aeméé&rgto{:@g(g {)ﬁ%%}o[ 00066] I n

one enbodi nent of the | tion canera paraneters®econp | I owi ng
| ntri nsimodplngsystens of ﬂl@@ﬁ)\&?l}lan)Rf(obﬁsm&)lon@lﬁﬁﬁ ﬂnm@d@erubﬂlr@imb@nplﬁs}febe i mage
center Is the ctio Sf the canera center on the retina.

[ 00068] fmg’é‘ﬁ 13igysec ‘E:%ﬂ PO BeHIor EAEh PRHRGRAIT-

Figs. 6 and 7
[00063] Fig. 7 illustrates points defining ground planes. In some embodiments of

the invention a generated 3D model is refined by reference to ground parallels. Figure 7
illustrates an example list of control points from the example list of control points
illustrated in Fig. 5 wherein the control points in Fig. 7 comprise ground parallel lines
according to an embodiment of the invention.

[00064] Fig. 6 illustrates points defining right angles associated with the object.
Like ground planes, right angles may be used in some embodiments of the invention to

refine a 3D model.

Fig. 8

[00065] Fig. 8 illustrates a system of the invention. As explained with respect to
Figs. 1-7 an operator selects first and second image point sets from first and second
images displayed on a display device 803. A first camera matrix (Camera 1) receives
point sets from the first image. A second camera matrix (Camera 2) receives point sets
from the second image. Model generation is initiated by providing initial parameters for
Camera 1 and Camera 2 matrices.

[00066] In one embodiment of the invention camera parameters comprise the
following intrinsic paramters:

[00067] a.) (u0,v0): coordinates in pixels of the image center which is the
projection of the camera center on the retina.

[00068] b.) (au,av): scale factors of the image.

12



WO 2012/ 048304PCT/ US2011/ 055489 [ 00069]c.) (dimx, diny) : size in pixels of
the image. [00070] External paranmeters are defined herein as follows:

[ 00071] a.WORn1zv@sai on whi ch gi ves axes of the canera i RCTIES201af08348NCe
coordi nate system [00072]b) T: pose in mmof the canera center in the
reference coordinate system [00073]A canera paraneter nodeling unit 815 is
configured to provide canera nodels (matrix) corresponding to the first and

second | . The canera.nodels are a description of the cameras used to
capt ur etmgsﬁst a? "Hx’idr’rﬂ’égs.s‘Z?pr‘ég]ﬁ@?éhep‘%ﬁet er nodel of the invention

model s {40976] St BREHAGARGhEATBF AT heR 4LRIIBGsUde camera constraints.
The paraneter nodel of the invention accounts for paraneters that are

unl i kel {00081 bccur agR:aptatipmwdiichagivésoaxeewéithel camesa mathe refergoss taavdinateat woul d
poi nt aslsf:e% in a direction away from an object seen in an inmge. Thus,
t hose paraneter val ues need not be considered in conputations of test

par amet f0972] 00078) TheoseAfBAm dFMAEHRARA cEOMEEhitRErdfétehcd Got@Ritegy§ed t o
nodel rel ationships and constraints descri be rel ati onshi ps between the

par amet E19873bnpr i 4 ¢enard pammetar mosigling uoit§ 1 pay coniguredge providseamerat | east

[ 0075) Fracle Uhafbd KhirtirBRafe 1, S fE! SFoid fitlecones SROTREMRES e 11 ci en

i nf or madésoriptadioof thp osmtias ns@bapardthe 10mnt 28 imdpss. ThdcHeaaparad@@ as to
pr event sgéleo%ltﬁl:'?&on of .invalid or_unlikely sub-conbi nations of canera

par amet B! BRI BEFIn e firstandiseepekramara metiagss fpdsiudesamess that it
woul d bgorstraib@y ARtk sm4el MBdel I’thﬁ ﬁxa/gn iqn! ﬁ@ﬁ@ﬁé Pdr%agafmé?éljg Ghatlape 1 nvalid or

unlikely camera positions were inc Int test paranmeters. [00076]In
sone enbwikictetotecut a adesoriibefooexamplat a camarh pbhicof ithas woahtpsiecoleds daner as

in 3-dinensional Euyclidean. space, three paranmeters are enployed. Various
embodi m AVES AR 1o aROPIST 1P i BRI, DPPCRTAESh VPR et
vays. Feg cosrifRiden complfRioBSBPELiRMm&Lst he i nvention, a canera paraneter
nodel represents camera positions by Euler angles. Euler angles are three

angl es 98¢4)i bi ngTheeameragaramdtermeodelmgrundi isl confiigured v mhdel ecletibasdiprent s a
FREN TE LR ey T
second parameter sets based, at least in part on the attributes of the selected first and

second images.

[00075] The camera parameter model 1000 of the invention embodies sufficient
information about position constraints on the first and second cameras to prevent
selection of invalid or unlikely sub-combinations of camera parameters. Thus
computational time to generate a 3D model is less that it would be if parameters values
for, e.g., impossible or otherwise invalid or unlikely camera positions were included in
the test parameters.

[00076] In some embodiments, to describe orientation of the first and second
cameras in 3-dimensional Euclidean space, three parameters are employed. Various
embodiments of the invention represent camera orientation in different ways. For
example, in one embodiment of the invention, a camera parameter model represents
camera positions by Euler angles. Euler angles are three angles describing the orientation
of arigid body. In those embodiments a coordinate system for a 3D model space
describes camera positions as if there were real gimbals defining camera angles

comprising Euler angles.
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WD 2012/ 048304PCT/ US2011/ 055489 [00077] Eul er angl es al so represent three
conposed rotations that nove the reference (canera) frame to the referred
(3D nodelwof2omxmas30Ffhus any orientati on can be represent @dThs2@i00piase ng
three elemental rotations (rotations around a single axis), and any
rotation matri x can be deconposed as a product of three elenmental rotation
matrices. [00078] [00079] For each point in a point pair, nodel unit 303

pr oj ect ne of 0 t hrough the corre di n h ot heti cal
caner a m@fﬁlapt urEé‘ZC t%ﬁgleg r?[f@ée G FL e P rRIRS® B?tﬁtt‘mps'l‘ﬁ gassi ng
t hr ough r¢tbRnéd (cainetdyHERnERI tH@Y&eﬁ&ﬂO@ﬁohél?ﬁaﬁﬁs?hﬁ%ﬂﬁr@ﬁwl&%n gecond

i mage epi pole would intersect under ideal conditions, "e.g., when the canera
model  adenipsenist\pyrcopesiagtthres igkemaantal adtaemse(retatons avger 4 snglapam),eamdhe

acour ot SRR ek AR R BRSSPl ek AP R R BRIt eFo00s0] 30

model ufdao78P3 detLerm nes the intersection of the rays project ed t hrough
the first and second canera nodels using a triangul ation technique in one
enbodi mEMO78F t he FPh@%ﬁ‘rbm%W m|arpogrérpérramod@1rqnatrﬁd1}|m@]eétﬁ aalsnetcrfélaiﬁé@ress of
det er m pj Y. S known
poi nt's atﬂgl?r%ﬁgnr h%(‘c ; e}g)%t)aglgﬁcﬁgi%?a t%%in&%nﬁﬁ(gnh%ﬁgg il %’rﬁtfa{n? t ances

to the pwipuintdi rT(heﬂxlny paélélng thoduph thafirst hﬁﬁgd}@nﬁalxaﬁlda&ltﬂ&q)atshngd}rp@gmt of a
wi th one known side and two known angl es. The coordi nates and

triangl

di stancg"'tsﬁc"an dy51ase cpipeleRoridynigraset ‘E‘QFE@F%&qoﬁﬂltpﬁéq%nﬁpﬁngﬁ@ﬁ@r%l de of a
triangl gnodgi AR DraR AN TR A e Qémﬁrbqln%ﬁa aﬂ@ ?édj&ﬁc furk Bfe ibfdoBNh&: for med by
that point and two” other known reference nts n an errer-free cont ext,

t he int @ﬁlse@tab@mtcm‘dhmthesdmmamcsesf ndmet falvs e@sdicomasiandaonsisteat i on of

t he poi ac 00081] According to some enbodi nents of the

i nvent i gﬁtwge%% rf‘gD ?nd Sﬁﬁ%‘?‘f@‘é OH%PHr ee- di mensi onal representation of the
real woroehge r uct gremovblame J03tdeeerin®its RCRMbdciin P Y ra§Eprof@eaet ri c data
referenced to a coordinate system e.g., a Cartesian coordi nate system In
sone enﬁaawbethﬁ@rsifanﬁiﬁecqnﬁ\ﬁémermoskelsuﬂng@dmnmﬁmn tS@ml‘Hlegma)@hl cal data
file. nglbg? l%e‘h?@f t%%?me%hf)g nlﬂéen%ﬁ'ﬁrt?gn%ﬂatl 1 TRe roces S RERIRE h(senot

shown) € purposes o i'Ong aRd Treasurenen

[ 00082] Ac3omoflepoiaaby b&awr&@ anghd ty itsﬂ:halh ldj!o‘ﬁﬁ pointywr-eitheeasd ehafixédmage

t hrough, a ED renderl ng roces(g Once a system of the invention generates a

3D m)depase ng, &Aider thap Meagimng dsgnegsdo therppantdireptly nEhfaroint canibembgiikedn

di Pl 2y odfiitifd bl of SRMNERI AR Bhe LERAPGHD Gnd RETRALESnAEE il Labl e Tor use

in enbodi nents of the inv ntlon Besi des rendering, a nodel is otherw se

usef ul ceorgmashiagddistmcen oma gompbarcid fouodputcelculsitmgltlm icogth cfroake caleaflaat | ons.

Render e be stored fo ver, enbhodinments

of 't e ORI PORT GreR T HRE e ABES BLsies 3 Ra G B S ope Ry duit pognd

di spl ayego bihePRRIwH RFErchédBoifR. th GPLAY-AOScAie PR ahRfsedidch ¢dHRASS

control point pairs. [00083] The 3D co-ordi nates conprising the 3D nodel

defi ne E€PRBPIIE &g Bres- megsmu@ltlgcaéwpmfm@pqmt nrd emdﬂlemacwarl d space. In

contras ge c i def i,ne th at.i on . e st ructures i mage

poi Nt s I)n OFEE il %Cgél% r%atté)l SZ)g}e eérhl?odlm%él ﬁéxedgvein ign a modef COMPIISES a
three-dimensional representation of the real world structure, wherein the representation

comprises geometric data referenced to a coordinate system, e.g., a Cartesian coordinate
system. In some embodiments of the invention a 3-D model comprises a graphical data
file. The 3-D representation is stored in a memory of a processor (not shown) for the
purposes of performing calculations and measurements.

[00082] A 3D model can be displayed visually as a two-dimensional image
through a 3D rendering process. Once a system of the invention generates a 3D model, a

rendering engine 995 and renders 2D images of the model on display device 103.

14



[ 00084] Poi nt coordi nates are transl ated between 3D i mage coordi nates and 3D
nodel coordi nates. For exanple, the distance between two points |lying on a
pl ane paraibl2ei2/we30a phot ographi c i mage pl ane can be det ecwiused 1loyssaeasuri ng
their distance on the inmage, if the scale s of the image is known. The
nmeasured distance is multiplied by 1/s. In sone enbodi nents of the

i nvention, scale information for either or both of the first and second

i mages e known, e.qg., by receivin e infornation as tadat.a with the
ot oaetv TR RkreRadtine i ot idaB o g S SEME PR erron
unit 118esidhenddrns RORBHeIUD bthediife GHM i@ Srafdad bPhor ddiphRameasure the
real world 3D object by neasuring the nodel Tendered on display device 103.
[ 00085] cPWPWSL WHEatwns ang ¢algelpdenss RepddredhaD impages maydss stered dornitwid t o
system : ' f .the.inveption, a.fir sel e image is a
Cop ot ey Al sETRAMARTb B ihARb UEREE T hedir oleble SEEGRLER Lot ew of
t he honmimagdepes bt disphiedlirsipaaysl-haichon dinges 10M agbsaphiay 1 dPidéates@ontdsl Ng a
nouse, or. other suitable input device, operator 61 selects sets of points
on the PPPEPAEnd second i mages. For every point selected in the first

i mge, esponRdl| L0 i | . descri bed
above, goydg)tg g 100@%2%1 ggbgﬁ]ndé%ecﬁ)gitpggn%ggét@ gtrpﬁ?egr%ggﬁg\tlaepﬁ&gﬁ)gé%nfani pul ate 2
di mensi stnadturg odits imthg 89 wakbwbdd grhconinobtraktsiptapy cdexrdimed defiharthehe
simplified.exanple of Fig. 1 at . .|least one 2-D inmage, e.g., first

phot ogrLﬂﬁﬁ‘i’%“Si Jaj%stwrrsg"awm%aow I e HEctnic Hegrue 49ich-a a
processgooddR. | npeii@boiRed AERASIREd b&tG kMY Pa88 cBorditatding 3gpur ce of
2-D images is stored in processor 112, and sel ectable by operator 109 for
di spl ay medeldioopdingtes] eboreaxamply, thedistamsedretwean twe prontsllyingoea plaen regard to

the n t of .. mages source | oyed., Rat her. ariety of inmage
Sour cosPTBIENE o PYBRePIne B SIS EF By SSRERI A pathasrtine st Sfisfigt g T
di spl aytherimdps it ey se8¥is OF tHignagk FORDAT ahe XN didtdhce he @R By

enbodi ment descri bed above the invention is deployed to rem)telt)l/jbrreasure

di mensi &ds BForpesmbadiments eftthe invantéan, seale informatipadfes eidher ondodafibe ures. 1 n

those efedhdBLd SAATRLEL Rlo@easy AEELIRAe O3 AURRAS 28R, RS

mai nt ai ned Cros are Su € SOouFrces o
enbodi néetdowaloddhe imagmntlihescalk idformedtiondn stoesdefol henbphrasaemest wiit 2- D

i mages. r..exanple, first image 105 is selected froma first |pnmge source,
and secbﬁg Thizq eiﬁlferpgnts‘lé‘i“e]c]ntgéﬂ‘a‘;]f:%ﬁﬁ’%{a@é&3)17’183 msrRrathederleydd dBur ce.

| mages gljkativyadeurife BRUNBIC SRR JTRES t&¢g3. €. 9., disposable

camer as?lgvi nggg%angr%s and Pihe 1 ke ar eﬂg}ﬂ?t@\gg ZG%‘ or use in enbodi ments of
t he i nvE¥OB2h. Li kewi se, professional inages obtained by satellite,

geogr apy rvey ~ _nagi equi nt, .and a vafiet f other i i

equi pnewt()%;g)@gvi di g& ercag?#@r 8%8?@3‘?‘8%% tﬁl-oﬂn]aﬁﬁsg)%’§%8¥m?(@gltovﬁﬁt?rari@gj E‘gt s are
sui t abl end @fibdiiMentbittheint@niiona fRERRHcIRANIage s 4 v JlaY el &ithe home.

[ 00088] Accor dj n%; to one alternative enbodi nent, 1st and 2nd inmages are
scannedAFsFany selackdamage symperspestipt g of the bemss lpetator 6Idisplagsbethf or each
scanned; i [ ' t . The . scann I e r

i apl ay SoHER0En U BR UG oL LBREERRASY, of bher T0SeR ARG HEE SEF o I Bl ve
enbodi meddcts sersaefi pognts apithi Brseand gpoeind inhggek 0Fat eekrppoinhieelsite@ irtheilistch t he
real world house is |ocated. In that case, inage capture equi pnent provides

i mges Y§ESr HEVESBPN YRS PQing 1y Sﬁ’ée_qeﬁtiéFdeerq‘!]En‘P%Qééie?FﬂbeS@bﬁY%Wﬂ%@ in
real tipm efdbled taﬁroﬁgrattdﬁ_ 199 tg qrggﬂggle\gitﬁﬁn@rﬂcampﬂﬁa?e bl endO1A K%ng%gg%e of

images is an inmge archivin communi cat I'ons syst em con
pr ocessdisplayel wi 2 [hdidplag deeicel)3k . In tharsiohplifiad eramplefoffRig. Hoatdeasn dnap{iar at us

capabl e, of gener.ati or del.ivering.imges,are suitablge for e.wth

vari ous "BREoaPni PRI IAgh P2t 20Bbe BPTRL oG ireerBel® § 00000] I n
pract i Cgroc@RbiPI2aNn @ERFRIHOdinSertdPEhE lchMos FREHARE sdutcof 24 inRIRE @Ir aph.
2-D coordinates of control points fromthe first and second i nages cannot

be meastiPed inprasessenl 1. ang seleetablady. opvraterold foy displayfordispley devieh 10
georet I e HOLRfon s A0 1ifigs Ll @Edrt 00t nulnbe? b by RVrTha B! GGHRN €rror,

| ead to 1 naccuraci es | con
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poi nt coordinates. In addition, the geonetry of first and second caneras is
not perfectly known. As a consequence, the lines projected by 3D nodel
gener at orwbnromvasm4cor r espondi ng control points via thepCirnstoiangsdgecond
canmera matrices do not always intersect in 3D space when triangulated. In
that case, an estimate of the 3D coordinates is nmade based on an eval uation
of the relative line position of the |ines projected by the 3D nodel
generator.llreldoge errbodi.r‘antf.of the invention, .the estinat e%ﬁD oint is
et or m sEaySa  BERET AN REB C Bas Sturccty Trsnanabltos SPRBPRLE fcPABRERe

cl osest farragefhismion afd AlspRYTIH disfhy 8&\Gcd 1gBt control point projection to the
second control point projection.” [00091] This estinmated 3D point wll have
an errot9498dbor t i anexample.tin thresramploembedimenhdessrbed gwivathomventionisal

world s r.e, irect. and. errpr free asur enent, been made,,of the
r eal \/\D?Féjgietlartgé?rﬁ?%ba %assugerrém?ee%'é?af ﬂgﬁflgegﬁaalgﬁ@cﬁuwgﬁf?d&f‘ %aegeagf Mat ed
error repuctaent B thoe drbddineMs comnidiciabsdoofiphRAinigk dhtabhRBstidieasibogol nt

t hat woul d have resulted froma noise-free, distortion-free, error-free

pr oj ect MEMyped,by. MHgrosptt Phirgsuisaile sourgesf P imesesdi Sasee embedipeatsiafvent i on
the est ShHk I,alc~0R :0f ] e ' from
the 3D Loy R RACAN ISRRGRGR' ar Ot ST ael L FRAMIBLT AR Bples ) 001
based ohOTmistleried fobef b ifiest imupesnatd, ynd serohd amagy 1 Ghiseplet@t drom a Beddne
generation of, the 3D nodel .84000,92&&- projection error js a geonetric error
Sor es Al ee RRUTErrelaee QRianER bl spmiser grasiedmasingdieyisehic-&ind a _
measur edispeiableRamIPIsCFidb O Bardtiabhhd tHRIikRAYE LRS! fr Bk RENMBT RS ofith2D POI Nt
X recreates the point's true projection X Mre precisely, let Pbe the

pr oj ect inyantyaat: rlikewwise.cprotessipnal amdgeshabtained byrsajellipn; gpegraplinsafveX, i.e. = P
X. The rojection error of Xi iven by d(x, j)., where 61(X:. 4denotes the
Fucl | ce L ER By bl iardor gt Theta SlupbbpaiiEirbspHase il o xand x

[ 00093] Fadgeminigsdf 38l AR obj & &8 80BN foraSe ¢l BeSaModSeBSHERhA oft e
nodel ed 3D real world structure, is would be desirable to mnimze

re-proj BetnwRteRr or . Therefore, in order to produce a 3D nodel with an
accur ac ficie . i i . e. g.st fonnd.he pu

st ai | T0oEEL) o “REd BTG E S dBOSLROS RN R L b e RS uf o

second usings bocdbsanngrtdoapled t@ploicessgr | I Seay @ath @6k dacheSanasd dhageisas
possible to intersecti (lz)n while ensuring the estimated 3D point |lies within

t he conBiovisded tQprpcesspe I Lanthesqaanedwmages awsdlisplayegedp operator 109 on display

2012/ 0483Q04P@H/ 2489 o pasj;n' e ' ion the
3D mdelgagoor di ggt% gésﬁaggﬁer at lev[gggg%glerééchrti ﬁ%ﬁa‘%o e a? gu@;er%e?lggc]b&é&?/% a
nunber @k sBapehich sheewabwpdd hgus i8S DeatedelIn ghenn easet Boadeycaptung equipmgnicont r ol
poi nt pairs, through a caner d the c ra paraneters and,the 3D points
Conpr i Py en RS PrekBRRh IV EIh isthef neiRBHERy bEGre i sl |ty
criteri gie]drs@rvd fighd Hoviied hes PR difc.| ABREMPEQIECHT iagedls Al imapei nts. It

amounts to an optim zation problemon the 3D i mage and vi ew ng paraneters
(i.e., HShEMg apdsemapunieRiions Bysjern gpnnestiddto papdessantlildryimmdata agheork. A

di st ortian),.. i r i ich.is opti.ngl_under the

const ot oy b A AR EF BRI ShARE of Bk R AR T G 1S

ef f ect | swetaylerfonisel wids viritmisreafbiodjeaits oftheinantibat ween the inage | ocations of
observefb ﬁébg predi cted i mage points, which is expressed as the sum of

squar es 9 | ar ge number of nonlinear, real-valued functions. This type of
m nimzation is typically achi eved using nonlinear |east-squares

al gor i t Refninglthé MsiRl LevenbergMarquardt is frequently enpl oyed.
Levenberg-Marquardt iteratively linearizes a function to be mnimzed in

t he nei hood pf cur.rent estimpte i s.algorjthminvplves the

sol uti o@hggd]l i neafr?1 %r%/és} Ceehégléﬁlg{/\ﬁeoe{éétgﬁté?ngrqrréaﬁ%ye%r%%ﬁ'%ér}g’.aWFI e effective,
even a sipiogephvabilobordinatlefleenesigoings Monaharist aldgecdddimands edhnoxpl i citly
t akes advant age of the nornal equations zeros pattern, avoiding storing and
oper at %%u%’rwﬂéw@mﬁ@?mﬁ% uYgrdouspshimofsenpich s greMEEicAIRisR i on

processgbg 188 L Ri"oﬁﬁytriixftgllgslg%c?mi qetépBh ieﬁ%},i 104Btof iRhc SRR ih i RIRRENT

invention is deploye
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Fig. 8 [00096] Figure 8 is a flow chart illustrating steps of a nethod for
generating a 3-D nodel of an object based on at |east two 2-D i mages of the
obj ect acwondizgsioe an enbodi ment of the invention. [000@TjUs2018055480nt r ol
poi nts sel ected by an operator are received. For exanple, an operator
selects a portion, A of a house froma first image including the house. The
operator selects the sane portion A of the sanme house from second i nage

i ncluding.the sa use... Di spl ay coordi.nates for operator sel ected

porti on?ggj}‘ CPH: mglgeﬂs %@Hf%‘f@% 36?{?“‘("?% Q&lif‘tr‘cgtaniﬁﬁFoé’Q&gW&rqsr}%B%tspe &83}& ovi ded
t 0 proceas®wh. Adta Bddequienidd, ki lined Pedjectbdb RIBLR6$el REFerhRF Blo¥fthe €. 0., from
the operator. At 809 remai ning canméra paraneters are cal cul ated based, at

| east i §OPEIPONGAL LOREMEIANS Afaathe fisyt anddesond Thmeragnatrigehdo Botedwapsil t hr ough

825 : ' i i N Fi 8. Fig..9 [0O Fi 9
o oy £ SRS a BB B E A e i i pE BRI R sy a0
nmodel aeee dastg dnarcevabimbiod iofeitretiveé lge ifv@smm bOMhe linkgproléttdOBPHI3ID one

enbodi ment of the invention each of the first and second caneras are
model ed Mslehgsiera [ong catpodime E thy ipkantiongthp estimeted3poRAIR ISned i n 3D

nodel s . L at ! rn.l ' ra
gi ol - P fndd By HinyBDS iiRih 3DThodd shileTelrBs MR EcIb s LorshRRL O
posi t i omelati@mnshipl oflthe Krst sothd poas prajéctivmeo diegieeendEorftrod @dmmprajedion.

t hr ee-di i onal _space. thai_occurs when the axes of two of the three

gi nbal s Dt veﬁ‘i‘srﬁsé“‘?t‘ifg}lﬁlppg’lt VA RRY LRI HETMOPOTHIGRY tR S dEH@tieY st em i nt o

rotati ofronitiR shife plintBAhORal weRaSRucth@RORAPOLiIES aﬁé?g?r}pr fte FelsurdPent
t ho or dl'y

represents one advant ageous configuration and ne rapi
det er mi heergmegs dinthe réal vepmldl rudtuee nler emestmbaskserite of fredpesttiongh@- D i mage

control points to a nodel .space accqr,ding to an.enbodi e of th

i nvent i S-Et.lm%g‘i?)?(&]i ISRreEnts Hbepc%ﬁ&’é’loniogiﬂ?ei eéﬂ"’ﬁg‘idé??érftgif)%mfﬂi‘)er gll%) PPyt ﬂéﬁd second
canera Wajuld K88 réastdderdnahoRBgFceUdiS®rttin-frbe cFoF-fiRe Pesjdttis dhP&nhel i cal
caneras (915, 916) are arranged as to be directed toward the center of

spher e 9Omt @G Inether gpeodimgnis #f desnyventiopdbe edimaieersen iepresentithen respect
to sphere, i . I pat. [ 09¢i.e.,
posi {1 ofgd i fnE AR bR Him e ot e BRSCAL IE BB B ¢
aper t ur ¢heaieatedordd 8 Bgiolint bdeswhovacritetio defintdtdxeerfialhy, Siichods Byhaen Spptatos.in the
generation of the 3D model.
[00092] Re-projection error is a geometric error corresponding to the image

distance between a projected point and a measured one. Reprojection quantifies how
closely an estimate of a 3D point X recreates the point's true projection X. More
precisely, let Pbe the projection matrix of a camera and Xbe the image projection of X,
iex=P X The reprojection error of Xis given by d(x: 5(), where d(x: i)denotes
the Euclidean distance between the image points represented by vectors Xand X.

[00093] To generate a 3D model representing, as closely as possible, the modeled
3D real world structure, is would be desirable to minimize re-projection error. Therefore,
in order to produce a 3D model with an accuracy sufficient to measure dimensions, e.g.,
for the purpose of installing solar panels, embodiments of the invention adjust first and
second camera descriptions to bring the projected lines as close as possible to intersection

while ensuring the estimated 3D point lies within the constraints of the camera parameter

model.
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[000101] I n addition, the range of possible positions is constrained to
positions on the surface of the sphere and further to the upper hem sphere
of the spNere12/Hssther, the x axis position of camera 9PBTIUS261@1053489 r emai n
at x=0. Accordingly positions assuned by canera 915, conformng to the
above constraints, will lie on the z axis between z =1 and z = -1, wherein
position of canmera 915 with respect to the y axis is determned by z axis

positio h of .caneras 915 and 916 are fr to rotat bout their
respect [Q%)ng)t i call™ §RggMbO eﬁb‘i?P@EB’%EW@MF%E%QST%MT‘QFM
ar r angepeidsctibddigiovataedrelfifed GivehQ Mt @?§DCD[5'H§@_§ RomBLiing ai 3D Modkll zat i on

paranmeters that facilitate convergence of 3-D point estinmates from an
i ni tial generatpdhbe prajedimgesonirabpaintysesitirgugle i icamdracoededs theqamerr i t eri a.

000103 L] Vv h ohtained for .i.ntrinsic,canera rapeters are
East abl i bjﬁjé%lte%fggr ?“n“g'!hgﬁﬁ Irgﬁlt{ti%acf)lmfgt“lngghes?lgseloafre ?wgﬁﬁgt‘lﬂﬁﬁtgeﬁ{eﬁﬂlg Fated in
Fi gs. linea3@nbptimblieseritaiion ifolviNaihg@arrdsfiondthgaxRgt ptdjectdns bhgll peinkd. On

t he other hand, pernutations of extrinsic paraneters for successive
i t er at | SREWNtSIP FIoRFINYzAtioBtIERRISMem the dD) imaga ene Hiexwing pr@mEtsEs By i xi ng t he

positio . - $ Xk Ll on of the other
caner a g?rg%a%gﬁee axi sS %bg% gﬂ%ﬂé"%&@%@ ea?l ?@4‘%%%%68%?’0@%&%%& 11
i |1 ust r etcesstarctonl ehich i eptimairetded thef @hsteahgrofithe pgamareeroddl. (THe) pitch, yaw

and roll, based.on . d initial paraneters given by the paraneter nodel
i || ust rﬁ“%‘q\‘%oﬁ?’ﬁ .m‘f@.ﬂomegfgctr??x MBHAAZAS RS TEREY SOty POBYSEPK_SIMAE Fi gur e

yaw and Lo eed e ot o Rl R kol el Mooel
i |1 ust r squacesiof afange nuMmbeFpfnonlBeartraiphleedincBone dilshiype of minimization

is typically achieved using nonlinear least-squares algorithms. Of these, Levenberg—

Marquardt is frequently employed. Levenberg—Marquardt iteratively linearizes a

function to be minimized in the neighborhood of the current estimate. This algorithm

involves the solution of linear systems known as the normal equations. While effective,

even a sparse variant of the Levenberg—Marquardt algorithm which explicitly takes

advantage of the normal equations zeros pattern, avoiding storing and operating on zero

elements, consumes too much time in the calculation process to be of practical use in

applications for which the present invention is deployed.
[00095]

Fig. 8

[00096] Figure 8 is a flow chart illustrating steps of a method for generating a 3-D
model of an object based on at least two 2-D images of the object according to an
embodiment of the invention.

[00097] At 805 control points selected by an operator are received. For example,
an operator selects a portion, A of a house from a first image including the house. The
operator selects the same portion A of the same house from second image including the
same house. Display coordinates for operator selected portions of the house depicted in
the first and second images are provided to processor. At 807, initial camera parameters

are received, e.g., from the operator. At 809 remaining camera parameters are calculated
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[ 000106] Figure 13 is a screenshot of a graphical user interface enabling an
operator to interact with displayed first and second i mages according to an
enbodi mrenwoabi1zdagsounventi on. Fig. 14 - Sinul ati on Met ho®CTsRoNg/0Fzase st

error output [000107]Figure 14 is a flowhart illustrating and descri bi ng
steps of a method for generating a 3D nodel while mnimzing error in the
generated 3D nodel. Fig. 15 - Canera Paraneter and Sinul ati on Met hod

[ 000108] Figqure 15.is a flowhart illustrating and descri bj steps_of a
met hod PEFUgRetLin Pyt an 8 SFRERAraReE aPAY. 10e EMAHBEScRBRL | BYORNEs2d

i nvent i @ps carfidddout b6 dEQLPBEIH Fupe gonceptual diagramillustrating an exanple
3D nodel generator providing a 3D nodel based projection of point sets from

first and second images according to an enbodi ment of the invention. Figure
16 depi &i%9 at 1, 2 and 3, the 3D points of a 3D nodel that correspond to

the 2D pgo0o9By i n tFReuré DriBhstARE 58 @R8Gibe iR ARIhod Yos MillRGigIngdeRei@hor operates
on the control §0| nt pairs to provide a correspondi ng 3D point for each

cont r ol gpiirated 3R odatgecqrilingtto ap @mbediomant ofithgdnymsitions of first and second

i mges respectively (corresponding to the sane three-di nensional point) the
i mage p@iié]tg and the three-di nensional point and the optical centers are
copl anar (g 00110£An object. in 3D space can be nmapped to the imge of the
obj ect 19PPRE 2D Ipaeecmpodimenhalibeimeation cadheofithefirst aad secopd cAmERSYI ce

e CoBRGIR | RS NORRIIECHAE B AT Bl
t r ansf ospeat (9t 9169z The platformoimnturn i3 coeplled woa ' chnBdth givaled’. t Inglossiblet 0 be
proj ect %gr'nera position is thus embodied as a ‘gimbal lock’ position. Gimbal lock is the loss of
one degree of freedom in a three-dimensional space that occurs when the axes of two of
the three gimbals are driven into a parallel configuration, "locking" the system into
rotation in a two-dimensional space.

[000100} The model of Fig. 10 represents one advantageous configuration and
method for rapidly determining optimal 1gl and 2™ camera matrices for projecting 2-D
image control points to a model space according to an embodiment of the invention.
According to the model initial parameters for first and second camera matrices assume
that apertures of the corresponding hypothetical cameras (915, 916) are arranged as to be
directed toward the center of sphere 905. Further, one camera 916 is modeled as
positioned with respect to sphere 901 at coordinates x0, y1, z0, of coordinate axis 1009
1.e., positioned at the top of the upper hemisphere of the sphere with its aperture aimed
directly downward toward the center of the sphere.

[000101] In addition, the range of possible positions is constrained to positions on
the surface of the sphere and further to the upper hemisphere of the sphere. Further, the
x axis position of camera 915 is set to remain at x=0. Accordingly positions assumed by
carﬂera 915, conforming to the above constraints, will lie on the z axis between z = 1 and
z=-1, wherein position of camera 915 with respect to the y axis is determined by z axis

position. Each of cameras 915 and 916 are free to rotate about their respective optical

axes.
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cz,Y,';- the actual real world location of the canera. The rotation of the
real world canmera. Wen cz,Y,z= (0) 07 0) 'and 0= (0. 0. CO z,Y, 1the 3D
vect or <Iw0,2012/(4830pr oj ected to the 2D vector <1,2>.  z- PCAISZ01806348%
position relative to the real world display surface. Wiich results in:

bz,Y- the 2D projection of a. [000111] The invention enploys the reverse
transformati on of the above. In other words, the invention naps a point on

an i mg f e ohject in the.2D space,.. as.vi ewed through the viewfinder of
the devieipRly CIbEaianfnat ihRualaTE rid J0 RSV o FRHEY | nvent | on
provi desi@PafioNpiramétefSthat R ilRRERbAVefgdRE OF 3-D Bdint SstiBfeNEbmUG infthe 3D
real world object in nodel formby projecting point pairs onto 3D nodel

space 768imgtetan ostigatemgenng défined canergengesritkefai ned by canera paraneters.
Caner a ers include 'intripsi.c paraneters' and 'extrinsi
aor e, DRGROBLCT > iR VARSI ohéd R i BRC BFRER Spa s K bhafifenpa

caner a, derigg an IndAiza@én st8p SPREn@RGUsMIIBR atkdd AALiEON.1 andtI2i MHeSe MRMALEL €r S
define the geanetric paraneters of the i magi ng process. This is primrily

the foc&hangehgumngexachidon ahthe mgihod: fan Hesyherhandarerrmiativas of BPFINYA of | ens
distorti > I I I r '

conpri sgé}ggmhegr/%%? %é%%gsgf@gg‘g{g%%%sgﬂﬁlgpéé %ﬂ{c;sglr;}grfgﬂ%ﬁ ﬁg?r(tg)gpﬁ%%igé%%e first
i mge. By sizogntle pasieomofomtedanicod alvag twa hxeso aipd fismg the pyqnomef the ather
description g; the canera that captured the second i nage. In sone

ermbodi nEHEE2FONEHECI?Pent i on, camera matrices 731 and 732 are constructed
usi ng canera resectioning techniques. Canera resectioning is the process of

findi ngFid1e1tPaySmeeraVBiHas of the canera that produced a given photograph

or vide ra para s.are represented i.n 3 4 matrices conprising

Caror o AOTPAT 1% RARETT BhiGu3les onf BEtibe! SaclibrdorafpmedB et e space
(C1) pitch, yaw and roll, based on C1 initial parameters given by the parameter model

illustrated in Fig. 10.

Fig. 12 — Parameter Method
[000105] Likewise, Figure 12 illustrates and describes a method for determining

camera 2 (C2) pitch, yaw and roll, based on C2 initial parameters given by the parameter

model illustrated in Fig. 10.

Fig. 13- Example GUI Screenshot
[000106] Figure 13 is a screenshot of a graphical user interface enabling an operator

to interact with displayed first and second images according to an embodiment of the

invention.

Fig. 14 — Simulation Method- Using lowest error output
[000107] Figure 14 is a flowchart illustrating and describing steps of a method for

generating a 3D model while minimizing error in the generated 3D model.

Fig. 15 — Camera Parameter and Simulation Method
[000108] Figure 15 is a flowchart illustrating and describing steps of a method for

generating a 3D model according to an embodiment of the invention.
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[ 000115] Figure 17 illustrates a 3D nodel space into which control points
are projected by first and second canera nodels. [000116] The term ' canera
nodel ' aswoerr/daesoei n refers to a 3X4 matri x whi ch descrchas2tihesswppi ng of
3D points conprising a real world object through a pinhole canera to 2D
points in a 2D image of the object. In that case, the 2D scene, or

phot ographic frane is referred to as a viewport. [000117] The di stance

bet vveenFLQq canmera and the projection plane, d; and the dinensions of the
Vi ewport vw and vh. These val ues taken together determne the field of

vi ew of (000409} oj edt 2 eonceptuak dingramt lﬂiestaatgﬂganwmla %chsiebg@eratom he

proj ect 2{ 048304PCT/ US20 000119] The first and
second ?gondéﬁggrgrépr?]g\é%sl%%%%{%&ec oy ‘ggp‘?‘ ttz)ﬁﬁ% BT §*ht fromfirst

and secaogrdinpgesn érhbﬁdiﬁhnﬁoﬂth@mdéﬂﬁb& angG?e”ﬁf d’e;ﬁ@tﬁlfdtguz afld Bnthagpor dance
with the carrera nodel and into the 3-D image space in which the 3-D nodel

wi |l bePpiBAfgetP n{O@ebtPQmwgor@afenh%&ﬁmowtm the firgranp seeandrimpges.

d t ual
2coor danpemiidfehd P GRTEh BB A AR Bl b DGPese SR 29E° 12
known, @nmt ﬁppadammtno:t poiat pat.i Fmtﬁzrst hel aomt mml’p@ﬁlfﬁﬁ ef first bﬁwﬁ&aﬁd It is

al so known t hat a‘%i én set of 2-D points to _be projected via first and
second UHESS SCSRETTHCORCOREIROBdPSA thesamectheesrdimsgsignalinginththed@age ppisfsect i on

nto a_ dndnsiel.diMbidrda bsink B UPRARRLA RELAPRLET estimation according
to principles of the invention conprises steps of providing nmanually
esti mat €01 RO} i al Axmm@s ,ln BBsspacmg:ahdne mapmén@&momaganﬂtmmbgm imet2ie caner a
matri ces bas d on tl}g ts o;. éhe congercqence t est g] 1% | mage
Regi st r 3pac 88 AR IRage roug ev1ew inder of the device that captured the1 age by

perspective projection transformation techniques. The following parameters are

sometimes used to describe this transformation:

aﬁﬂ,y :- the point in real world 3D space that is to be projected.

o Cz,y.: the actual real world location of the camera.
. 91 ¥,%- The rotation of the real world camera. When Cx,y.2 = (0 0, 0) sand

O: YT T <0 0, 0) the 3D vector <1,2,0> is projected to the 2D vector <1,2>.
o €2y, the viewer's position relative to the real world display surface.

Which results in:

b

. Z,¥- the 2D projection of A.

[000111] The invention employs the reverse transformation of the above. In other
words, the invention maps a point on an image of the object in the 2D space, as viewed
through the viewfinder of the device that captured the image. To accomplish this, the
invention provides cam 1 matrix 731 and camera 2 matrix 732 to reconstruct the 3D real
world object in model form by projecting point pairs onto 3D model space 760.
[000112] Camera matrix 1 and 2 are defined by camera parameters. Camera
parameters may include ‘intrinsic parameters’ and ‘extrinsic parameters’. Extrinsic
parameters define an exterior orientation of a camera, e.g., location in space and view

direction. Intrinsic parameters define the geometric parameters of the imaging process.
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[ 000122] Figure 18 illustrates and describes steps of a nethod for
registering first and second inages with respect to each other according to
an enbodiwenbi2afssiohe i nvention. Fig. 20 Method for 3D Mpdelus@anmesaBse on

[ 000123] Figure 20 illustrates and describes steps of a nethod for bundle
adj ust nrent according to an enbodi ment of the invention. Fig. 21 Model
Generator [000124]Figure 21 is a block diagramof a 3D nodel generator

Vet hod GlisrS PN D00 Ry EI-gar35e [k et ang e pE B E R BN "

descri bypereéeps of a nethod for bundl e adjustnent according to an
enbodi nent of the invention. Fig. 23 Mdel Generator Enbodi nent
[ 000126]@0¢l3le 23 Acsordinglyekfingt eagnezamsideh(os amti®) qavasisend hypetheti@or ding to

an enbogesrrg Bior? I)f tthh%axjnn%ﬁ%t c%ptured the first image. A second camera model (or
matrix) comprises a hypothetical description of the camera that captured the second
image. In some embodiments of the invention, camera matrices 731 and 732 are
constructed using camera resectioning techniques. Camera resectioning is the process of
finding the true parameters of the camera that produced a given photograph or video.
Camera parameters are represented in a 3 x 4 matrices comprising Camera Matrix 1 and
2.
[000114]

Fig. 17 — Camera Matrices and Model Space
[000115] Figure 17 illustrates a 3D model space into which control points are

projected by first and second camera models.

[000116] The term ‘camera model’ as used herein refers to a 3X4 matrix which
describes the mapping of 3D points comprising a real world object through a pinhole
camera to 2D points in a 2D image of the object. In that case, the 2D scene, or
photographic frame is referred to as a viewport.

[000117] The distance between the camera and the projection plane, d; and the
dimensions of the viewport, vw and vh. These values taken together determine the field of

view of the projection, that is, the angle which is visible in the projected image :

% y )
viewport
vh vh
oy - S 7
tan(rn) =0.5*vh/d
n=atan(0.5 *vh/d)
z2=d1 z2=02 - - - -
[000118]
Projectors
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WO 2012/ 048304PCT/ US2011/ 055489 [ 000127] The conponents conpri si ng system
100 are inplenmentable as separate units and alternatively integrated in
vari ous cwotnreAu4smas. The conponents are inpl enent abl e iPRTASY@NI083499 Of
conbi nati ons of hardware and software. [000128] Wiile the present invention
has been described as having a preferred design, the invention can be
further nodified within the spirit and scope of this disclosure. This

di scl os iis, therefqre intended to enconpass.any equival e to the
Struct al 00148 of dheiS: A SErEaaamiEt BARICRRRITHOR oy Pl SRoBarREaPES) s

i nt endedofn® PR AP AREsRONd HA4deRtrBNSh a UFSSthetRal 8RR 3bhAARe@in t he present

i nvention that use the general principles disclosed herein. Mireover, this

di scl osaserdance widriie dameragnedshpad mtathe dBPparagaspacefin ovhicthibe Subjreeste! mat t er
disclos%g %ha;\p&qp wi thin the known or customary practice in the pertinent
art and WHPER™AMS  within the linits of the appended claims. Vhile the

i nvent i poochag] beerrhabexdh cuntbral fR6T &@ﬁcw; talls inefeReanéOwRRAits oGl mera
embodi nents, 1t is not thus limted. Numerous nodifications, changgs and

enhanc e MAYS PHRMEteRs §4itiRES. apiped aaival camerpeparapefers. for o cameras providing'l

2012/ 04 : p$§4 9 at 1S [ |.Sx stem for
gener at ?ﬁg@%ﬁj‘%ﬁé%o é‘gﬂ r 85% W?%hgtﬁ? éﬁ{ﬁ%glﬁﬂéfﬁ%geﬁﬁp&gn@g?%r a nodel er
conpr i sifeap12&] i r Stisiatypknom@aRat\w gigercsorer 2-Ip poimbEiotdyeSirojected via first and a
second input receiving first and second point sets correspondinglgo poi nts

on r esp&8tONd Eamrrasataies CtsSARN ek sares paint inragy depdjpsgjection into a the
camera gROg]. Wikl b Re Rt ShREL! R AEr Lsfithatioh Sbedithe36 PAACIRAIGM S ! ©

into a 3D space in accordance w e camera parane an obj ect nodel er
conpr i simgntion comprises steps of providing manually estimated initial values, testing for
convergence, and adjusting the camera matrices based on the results of the convergence

test.

Fig. 18 - Image Registration Method
[000122] Figure 18 illustrates and describes steps of a method for registering first

and second images with respect to each other according to an embodiment of the

invention.

Fig. 20 Method for 3D Model Generation
[000123] Figure 20 illustrates and describes steps of a method for bundle adjustment

according to an embodiment of the invention.

Fig. 21 Model Generator
[000124] Figure 21 is a block diagram of a 3D model generator according to an

embodiment of the invention.

Fig. 22 Model Generating Method Overview
[000125]  Figure 22 is a flowchart illustrating and describing steps of a method for

bundle adjustment according to an embodiment of the invention.

Fig. 23 Model Generator Embodiment
[000126] Figure 23 is a block diagram of a camera modeling unit according to an

embodiment of the invention.
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an input receiving the projections; a first output providing a 3D
nodel of the first object based on the projections; a second out put

provi di ngvaroesusimt e of projection error; t he sy®gCcenusadjiosissng at
| east one canera paraneter in accordance with the estimate of projection
error, the canera nodeling unit projecting the first and second

poi nt sets based upon the at |east one adjusted canera nodel paraneter,

t her eby i ng e object nodeler to provide an error corrected 3D nodel
of tne” IIPIE L7 e d6E comnhend barmuing Sufer SDd Sred e teaiper e

render i ngitddHdtalleRftivelyNAte@htdd AU ariba¢ c4RGRhNOMRY THRR oRIpoRENtS QFe €Ct ed 3D
nmodel , the rendering unit "providing a 2D representation of the first object

based otmplamertablsrin @oiarigt afccosibimatives of BardWhe andso8waot. cl ai m 2 furt her

i St 2D, di spl ay. devi i ncl udi [ i Vi he 2D
aprosoiRiPSh of TRE P PReRipt tiobdes Brvniher o Pl 4GB

di spl aydeggd, fie AbertRpr @adrtfaitha@medifitd &ithid G spiit@6d scope of thigh oper at or
control device coupled to the display device to enable the operator to
i nt er acisgiosres Has disclospreds Sierefpregnteafed weencpmpassmy equivalsniseadie e

di mensi L.ect of;.: ' f r.incl udi ng: a
di spl aygtglzc\?gjgsegﬁc}gﬁ? %ﬁ{r‘%g&s cél%seglﬂgrﬁﬁgéﬂl ?t H%rsihlgglg&ls&e%gﬁ%{n%%%?%ges of the real
wor | d 3Enavinjpasd any variadibngpeesaboaddptfishs dLtheGeesentiphettidnahtitheedhspl ay devi ce
to enabl e gfﬂ o.perg%g;, to interact wwth the displayed 2D i mages to define

the fir8ENCEHAPrOEPSTHisrdossd heeiry Moregverris disclpuis & intandeddUCnsREW@Sh t he 2D

di spl ay ;6le¥ifaguics ffmme%fegt ﬁ)auwigéi&red%a%@% J\gkhih %?éﬁno%e?é mage of a

second obj ect and wherein e operator contro vice I's configured to
enabl e VWBtROArY/PD%380 4PAE/ poB2G:D1 A 3bd 8hidhhfallopdriatiar limas pHhietappendelde | mage

of the sgecon bj ect. within one of: the displayed first i|inage, .the
di spl aygg"’gseg%ﬁ‘géﬁ ﬁéﬁ‘ée,nt“é{ng'%g‘fe i’awf’éﬂﬁgfe ’bﬁaré{"dg’ I53REEH O glT‘iﬁ‘ﬂarerror
correct @ﬂb&@nﬁﬁﬂ?lt-is not thus limited. Numerous modifications, changes and enhancements

will now be apparent to the reader.
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5. A nethod for generating a 3D nodel of an object conprising: initializing
a canera nodeler with first and second initial camera paraneters;

recei vi ngwbyotamgszmaner a nodel er first and second 2D poi RCTASRE1/055489
corresponding to points on the object appearing in first and second 2D

i mges of the object; projecting by the canera nodeler the first and
second 2D points sets into a 3D nodel space; determ ni ng 3D

coordi nates to conprise a 3D nodel @E hgg obj ect based on the projections;
determ ning an error associated wt £ projected first and second 2D

Poi Nt \§R4Ss claimed is:2dj usting at |east one of the initial camera parameters
in accordance with the error, such that the first and second 2D point sets
are re-proj ect ed in accordance with a corrected canera par aneter ;

det er i niyn oordinates,to ris D nodel .of the object based on
the r & phoyeiRdf il ol as ol iR AhdB8iThe’ et nod of cfaim 5
wherein the stepsapkraaaddlenomPrisig; ecti ons, deternini ng 3D coordi nat es,
determ ning an error aafndtlaﬂmtusdmﬂggaamaﬁ@aﬁn&wraneter are repeated until

the determ ned error o SchfSipiianihs GG IRofd BERAGHEIMAShARIS O - 7. The
met hod of cIa|m6 etermning error are

epea
carried outtBY® &% ]E)CISP/‘?CHéeﬁfStIaE%E COE% %‘%ﬁﬂﬁﬁ?‘gﬁr‘)&%'ﬁer to optimze time to
converge on the predébesamaiemodelepprovalingprejesioniad the fiesk andresonchpeinicty a
further steépoaf3D edein agoidagceewitiothecaneecpeamdbrsirodel for di splay on a

di splay device. ,9.ohemBBLROD Y risklsdl M S including further steps of
receiving a third set of L{gﬁ C{Vﬁégfz‘ resent | ng a second obj ect appearing in a

third i mage; E¥°ad%ori entati on of the represented
second object to mat @ﬁlrﬁwtﬁé@r@/l@ﬁﬂaéﬂ padedtof ghe fost elhect bpsedtonghg ect by
operating on therdjbittoisset of points in the 3D nodel space;

a second output providing an estimate of projection error;
the system adjusting at least one camera parameter in accordance with the
estimate of projection error,
the camera modeling unit projecting the first and second point sets based upon the
at least one adjusted camera model parameter, thereby enabling the object modeler to provide
an error corrected 3D model of the first object.

2. The system of claim 1 further comprising a rendering unit including an input for receiving the
error corrected 3D model, the rendering unit providing a 2D representation of the first object
based on the error corrected 3D model.

3. The system of claim 2 further comprising:

a 2D display device including an input receiving the 2D representation of the
error corrected 3D model, the display device displaying the 2D representation of the first
object;

an operator control device coupled to the display device to enable the operator to
interact with the 2D representation of the first object to measure dimensions of the object.

4. The system of claim 1 further including:
a display device configured to display first and second 2D images of the real world 3D
object;
an operator input device coupled to the display device to enable an operator to interact
with the displayed 2D images to define the first and second point sets.

5. The system of claim 4 wherein the 2D display device is configured to further display at least
one image of a second object and wherein the operator control device is configured to enable
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di spl ayi ng the second object with the displayed first object.

WO 2012/048304 PCT/US2011/055489

the operator to position the image of the second object within one of: the displayed first

image, the displayed second image, a displayed rendered image based on the error corrected
3D model.

5. A method for generating a 3D model of an object comprising:

initializing a camera modeler with first and second initial camera parameters;

receiving by the camera modeler first and second 2D point sets corresponding to
points on the object appearing in first and second 2D images of the object;

projecting by the camera modeler the first and second 2D points sets into a 3D
model space;

determining 3D coordinates to comprise a 3D model of the object based on the
projections;

determining an error associated with the projected first and second 2D point sets;

adjusting at least one of the initial camera parameters in accordance with the
error, such that the first and second 2D point sets are re-projected in accordance with a
corrected camera parameter ;

determining 3D coordinates to comprise the 3D model of the object based on the
re-projected first and second 2D point sets.

6. The method of claim 5 wherein the steps of generating projections, determining 3D
coordinates, determining an error and adjusting a camera parameter are repeated until the
determined error is less than or equal to a predetermined error.

7. The method of claim 6 wherein the steps repeating and determining error are carried out by

evolving at least one camera parameter to optimize time to converge on the predetermined
eITor.

8. The method of claim 5 including a further step of rendering the error corrected 3D model for
display on a display device.

9. The method of claim 5 including further steps of :
receiving a third set of points representing a second object appearing in a third
image;
adjusting the scale and orientation of the represented second object to match the

scale and orientation of the first object by operating on the third set of points in the 3D
model space;

displaying the second object with the displayed first object.
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