SYSTEM AND METHOD FOR TRACKI NG THREE DI MENSI ONAL. OBJECTS

CROSS- REFERENCE TO RELATED APPLI CATI ON [ 0001JThi s application clains
t he benefi WQIRN08367Pr ovi si onal Patent Application. No.PGUUSYIE/FIBS
filed March 2, 2007, the contents of ich are hereby incorporated by
reference herein. BACKGROUND OF THE I NVENTION Field of the Invention
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Field of the Invention
[0002]  Embodiments of the invention relate to computer vision and three

dimensional (3D) image reconstruction.
Description of the Related Art

[0003] Over the past twenty years many well documented techniques have been
developed in the field of computer vision to try to reconstruct, digitize and track objects:
in 3D. One such technique is the reconstruction of objects from multiple two
dimensional (2D) outline images taken of this object. This technique typically makes
use of a 3D volume of voxels which are carved using the 2D outline images from
varying viewpoints. This technique has been effectively used 1o generate voxel volumes

that represent the general 3D shape of the object being reconstructed.

[0004]  Several algorithms have been published for the computation of the visual
hull, for example: W. Martin and J. K. Aggarwal, "Volumetric descriptions of objects
from multiple views,” IEEE Transactions on Paitern Analysis and Machine
Intelligence, vol. 5, no. 2, pp. 150-158, March 1983; M. Potmesil, "Generating octree
models of 3D objects from their silhouettes in a sequence of images," Computer Vision,
Graphics and Image Processing, vol. 40, pp. 1-29, 1987; Richard Szeliski, ".Rapid.
octree construction from image sequences,” CVGIP: Tmage Understanding, vol. 58, no.
1, pp. 23-32, July 1993; and W. Niem, "Robust and Fast Modeling of 3D Naiural
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grids has, _pr o.be very tjne intensive. One, technique of tracking
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Pat ent Naerefh. 257, 237. The contents of this patent is hereby _
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performance and flexibility. By predefining a grid of voxels in X,Y-and Z dimensions
computer resources are quickly depleted. Real-time performance has only been possible
with greatly reduced resolutions involving as few as 1 miilion voxels representing a
100x100x100 low resclution grid. Many techniques have been developed to try to
optimize this approach using space subdivisions and other optimizations. These.
techniques have helped but have not made a voxel based approach a real time
practicality. US Patent No. 7,327,362 describes one such approach. The contents of

this patent is hereby incorporated by reference herein,

|0008] Afier image reconstruction using the above techniques, researchers have
then often used various techniques of analyzing and tracking the objects. Ana[yzing.
voxel gnds has proven to be very time intensive. One technique of tracking a human
figure represented by a voxel grid has been described in US Patent No. 7,257,237, The

contents of this patent is hereby incorporated by reference herein.



100101Enbodi nents of the invention address these and ot her needs by
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such as animals as well as the human body. Embodiments are directed to a method that

successfully achieves real-time marker-less motion capture system which no longer

requires subjects to use markers or attached tracking devices.

[0013]  Embodiments are directed to a novel approach to reconstructing a 3D scene,
via 2D cameras and then re-projecting this data back onto 2D surfaces. This method
greatly simplifies the image processing required to analyze the 3D model by moving

the analysis technigues back into the 2D domain.

[0014}  In addition to providing a novel new approach of digitally reconstruction 3D
scenes, embodiments of the invention provide a unique approach of leveraging and re-
purposing graphics card hardware (Graphics Processing Units - GPU) developed for the
Video Game industry. Repurposing this hardware using this novel approach can
accelerate 3D scene reconstruction at multiples of 100 folds over conventional CPU

driven approaches.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] Objects and advantages of the invention will become apparent upon

consideration of the following detailed description, taken in conjunction with the



acconpanyi ng drawings, in which |ike reference characters refer to

| i ke parts throughout, and in which: [00161FIG | depicts 6 views of
vi deo fromw® masremws® surroundi ng the subject; 100171FI GecRusmps/&has
vi deo vi ews showi ng background subtraction information; [00181FIG 3
depicts a video view of caneras | ooki n‘é) at large calibration board;
100191FI G 4 depicts a 3D view on right show ng a 2D pol ygon after
all canera data has been projected on it (in this case the |ocation
of the Polygon is offering a cross section of the floor along the

| ength of atddmpamhe Atavikgetin ; wHiBO M4 Fleferende SidSieds NRfr €EUIRE \pRangISe Of
2D proj ec "exam ne" the space and find the full figure

ted polygons to
of a humaf™" j"écg“,d“il‘yg'ﬂ: FIG 6 depicts initial matching of a
skeletal figure to the data generated by eval uating the 2D pol ygons;
[ 0022JFI G[00T6)s hoWAG. A [Mepiols $ytens ofifides from$icamaadkatrauting: theabjep o) ect ed
onto them 100231FIG 8: depicts a close up of an arm being tracked

usi ng 2D pRhYgongd , L nate. : ¢ hows how a
Loxtir o o e pri 2 e gEe g vesh IR R oRBGRu SRt rpiaBf S o
anot her vi e\/\g)oi nt_of the projected texture fromFI G 9;

[0018] FI1G. 3 depicts a video view of cameras looking at large calibration board;

[0019]  FIG. 4 depicts a 3D view on right showing a 2D polygon after all camera
data has been projected on it (in this case the location of the Polygon is offering a cross

section of the floor along the length of the subjects feet);

[0020]  FIG. 5 shows the recursive use of 2D projected polygons to “examine” the.

space and find the full figure of a human subject;

[0021] FIG. 6 depicts initial matching of a skeletal figure to the data generated by
evaluating the 2D polygons;

[0022] FIG. 7 shows 2D polygons after texture data has been projected onto them; -

[0023] FIG. 8: depicts a close up of an arm being tracked using 2D polygons in

local coordinate space;
[0024] FIG. 9 shows how a texture can be projected onto a 2D polygon;
{0025} FIG. 10 depicts another viewpoint of the projected texture from FIG. 9;

[0026] FIG. 11 shows a layout depicting how the real world relates to a digital

domain and how cameras relate to virtual projectors;
[0027]  FIG. 12 shows how camera/space calibration is setup;

[6028] FIG. 13 shows a virtual projection cloud of intersecting camera projections; ‘

[0029] FIG. 14 shows how data from camera projections are “Drawn” onto a 2D
Polygon;
[0030] FIG. 15 shows how slices positioned local to the bones of a character being

tracked can offer position information for the next time-step;



100261FI G 11 shows a | ayout depicting howthe real world relates to
a digital domain and how caneras relate to virtual projectors;

[ 00271FI G wiR2méramess7how canmer a/ space calibration is setp@iydfesEihkG
13 shows a virtual projection cloud of intersecting camera

proj ections; 100291FI G 14 shows how data from camera proj ect ions are
"Drawn" onto a 2D Pol ygon; (0030]FIG 15 shows how slices positioned
| ocal to the bones of a character being tracked can offer position
information for the next tine-step; 5 [0031]FIG 16 shows how 2D

slice anall§silp C&IG.UE stis@dhdvo2Blsiied dhallysls ANTUSEOR ik Rh&NioR GENeS;
[0032] FI G_ 17 shows how "end caps" can help properly position a
skel etal FPYRUFESEHSi ng tracked; [0033]FIG 18 depicts the flow of

data in an exenplary system .
[0032]  FIG. 17 shows how “end caps™ can help properly position a skeletal figure

being tracked;
[0033]  FiG. 18 depicts the flow of data in an exemplary system;

[0034] FIG. 19 shows a typical video camera layout, in accordance with

embodiments of the invention; and !

[0035] FIG. 20 depicts a close up view of projections onto a 2D polygon.

16036] It is to be understood that the above-mentioned drawing figures are provided
solely to assist in describing the concepts of the present invention and may not be to
scale, and are certainly not intended to be limiting in terms of the range of possible

shapes and proportions well within the scope of embodiments of the invention.

DETAILED DESCRIPTION

[0037)  The steps used, in accordance with embodiments of the invention, to extract
and track a human subject in 3D who is being watched by multiple video cameras, are

described below;

[0038]  Step I. Image acquisition.

[0039] Certain embodiments use the video feeds of 10 or more digital video
cameras which are oriented around the area of interest in a way to give the maximum

number of perspectives.

{0040] The Video acquisition subsystem is described on FIG. 18, Multiple cameras
[1801] feed into a host computer either via Firewire Cable [1802], Ethernet IP, via
Analog cable or any other common used method to transfer video. This video feeds into
camera acquisition boards [1803). In the case of our demonstration we use custom
made cards that function using the IEEE1394a firewire standard. In general any type of
image interface board can be used as long as it has the capability to transmit video data
via Direct Memory Access (DMA) Transfer [1804]. Using DMA we then transfer the

video data to system memory on the host computer. From there the data is moved via



100341FI G 19 shows a typical video canera |layout, in accordance with
enbodi ments of the invention; and [0035]FIG 20 depicts a close up

vi ew of projcemvs/onss7onto a 2D pol ygon. [003611t is to becroskisisens
that the above-nentioned draw ng figunﬁs are provided solely to

assi st in describing the concepts of tthe present invention and may
not be to scale, and are certainly not intended to be [imting in
ternms of the range of possible shapes and proportions well within the
scope of enbodi ments of the invention. DETAI LED DESCRI PTI ON
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FIG. 11.

[0042]  Step 2. Background Subtraction,

[6043] i) Using black and white cameras: When we use black and white cameras.
we use an active background to aid us in rapidly subtracting the subject from the
background. In our case the active background consists of a backlit sheet or a reflective
surface as can be achieved with reflective products soid by 3M called ScotchLite. This
material is commonly found on sireet signs, reflective stripes on clothing or even in
paint on streets. If shining a light on this material it reflects the light back to the
location the light came from. When placing lights around the camera lens the effect of
the light returning to the camera makes the background appear to glow. The basic idea
behind these glowing backgrounds is that even the lightest texture of image of the
subject will be darker than the background. Two methods can then be used to subtract
the background. We can use either of these techniques interchangeable depending on
the lighting conditions of the setup. In one case we simply clip the image at a specific
brightness level. In this case we say that every pixel that is brighter than a specific
threshold belongs to the background. In the FIG. 2 this background is replaced with
black to help illustrate. Another way to replace an active background for black and
white cameras is to take a reference shoi of the background and then do a pixel per
pixel subtraction of the background and foreground image. We then take the absolute
value of the subtracted image and clip on a specific threshold. The idea here is that-
pixels that differ more than a specific amount between foreground and background are

probably part of the foreground. The resulting subtracting looks similar to clipping the



DVA transfer directly to the G aphics Processing Unit Menory (GPU
Menory) [1805]. The GPU in our case is a standard D rect X capabl e
consuner gmaamoeBDIsp7aphi cs card capabl e of running vertexrreswogussel
shaders. Optionally we sinultaneously ke a copy of the video data
and DVA transfer it to a Hard Disk' Arfay [1806] for later retrieval.
The purpose of using 100% DVA transfers is to free up the CPU of the
host conmputer for other tasks. This nethod of image transfer all ows
us to nove all video data into place using only about 1% of CPU
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per f,or man i . Y, i .al |, t hese, additjonal. cal cul ati ons
when corrp%?g% e\{/i\n“{'ﬁ t{’%@a‘%laggﬁme{#cfg ‘\r/br% pdesed ﬁnﬁb&{feba@g%cﬁplﬂgﬁ “ahdve.

Bot h t echinireplrtime daweven by the progetion matbochwewdasenibelatertit ehipdasjuaatti on et hod
we describe later in this docunent. 100511A special note on

Backgr oundosiybt r a6fdcANnod §0BaL VS dES bi-hdBnbackground subtraction in
concept here. In our approach we don't subtract backgrounds at the 2D

| evel or | pr.e- proces tep. proj ect backgrounds into the scene
in the safﬂ@sz\?\lay ‘&édfﬁcﬂﬁ%g?‘: g1 n%%’lﬁ’g&“@w QRNSERti 5E Ih 8MGRProagh Ve gi ves
us conpl atod’tf subresto Batkprovaadk apviiieh2d heved at an af ﬁr@fprdcﬁsshﬁ?. been§tQ) ect ed
onto the 20 Pol as described bel ow). 100531Sten 3.

Y ¥gon éor slijc % , (
Lens di stBFi&ER gwgot ﬁfﬁff]%l’"dg §a51e Y3V 3YE project the video (as described below),

This gives us complete freedom to work with the dara after it has been projected onto

the 2D Polygon (or slice) (as described below).

[0053] Step 3. Lens distortion and camera calibration;

[0054) The lenses on video cameras distort ifnages. This is seen most clearly when
looking through a fisheye or wide angle lens. Straight lines have a tendency to curve
around the edges. To successfully reconstruct objects that are seen by the cameras we
need to un-distort these images and compensate for the image shifts introduced by the
optical properties of the lens. Only if we can compensate for these distortions can.
projected lines converge properly in the digital domain as we reconstruct the real scene.,
To do this successfully we must first derive the exact lens parameters. The parameters
include the following: Exact, or near exact, focal point in both X and Y directions (this
is the number on the lens such as 6mm focal point but we need to figure out the real
number which may be around 6.0231 mm for example. Exact lens center-point in both
X and Y (this is the measure of how the lens is attached to the image sensor,
Manufacturers place the lens in the center of the image sensor but we need to know this
number down to less than one pixel or 0.002mm). Lens Skew in both X and Y. This is

the value for which the camera lens is not mounted straight on the camera. We use two



100541The | enses on video cameras distort inmages. This is seen nost
clearly when | ooking through a fisheye or wide angle lens. Straight

| i nes havewd toegrd®sazy to curve around the edges. To sucpgefsiidbdossrzg
reconstruct objects that are seen by the canmeras we need to

un-di stort these inages and corrpensate9for the image shifts

i ntroduced by the optical properties of the lens. Only if we can
conpensate for these distortions can projected |ines converge
properly in the digital domain as we reconstruct the real scene. To
do this susresdiwld yecammodmé fok howsthedotadl VengihtharR¥oatidiffesns phiak &wat er s.
The paranef er s -th ﬁl u%’ett &follow ng: Exact, or near exact, focal
point in 5ot °>f( and” 8?? i ons (this is the nunber on the | ens such
as 6mm focal point but we need to figure out the real nunber which
may be ar 6038] 6. OZﬁemefM$mm lens Exlmckerbcmrdspmemm tphai abbui 3 bot h
X and Y (thi t e e, len att chedt t he i mage
sensor. . F\I/Etlr%? gé’%‘l?tr}ger‘éﬁg%%ew P& Igr?égl dﬁ:' ﬁzh HF%‘? dﬁﬁ%é)f%‘@se
sensor buputvibe aestctian poirgwf alhsgiares o dre tdmmThne ldae&;sxhé harmemdth@oxel or
0. 002mM) e . X val ue f t he
canera Ienéstse?ip %ﬁ%{}g{%@.&g rlgpg \('e“ iR he \%ca'ﬁgémt%ensg

nor e val upyamgerdccommodat e for how the focal Iength changes at
different points fromcenter of the lens to the edges [0055i Step
one: Ve siygsit he | ¥ .l Mages
from di ffte?(rgent ang tgg:gt%Qﬂ%gKg?%%a}{aggteg%g;e[t@ﬁes&agg?ﬁgse "eﬁ %gar ds
and fi gur &€ lesgtion ﬁ%‘hf’ FRRFrae diardive feiern lapder shackesbpard and mlncet !hel thear d.

Thi s | eavesiel BEwE X MByeW ddhedDthat c%ﬁtvevpifhe Qf-?écﬁ'%rb afd QR LGEG RNt S 1t
uses wel | publlshed algorithnms to cal cul ate al ?ens par anet ers. '

100561t efFtiol® checkerent direptintgus lipughtve wapublishedrerethods wederered t o

cal i brat ecaniehﬁ‘pds@l@ﬁst teRifivOlo hb BoLHANRS Rive d'éﬁEe% a%cthﬁ{@lg % WS to
checkerboard an ace it in the center of the sce Every canera

that can 'tﬂpé%et(’fté?fetﬁéb ReFpYa Fentinugusly takepicsyres by allramges 6009 mieee)

checkers madhdnhuilaQl Mk of ﬂsﬁtfbﬁ!ﬂ%laﬂﬁtsh‘@? b&%@éﬂ ﬂh%]e%td’ég’é&sont Gcherive
canera p05|t|0€§ relative to t he board, we have devised a technique

that al | cRE€FS" %‘VFH?f’r‘tH\?éo R borrd (PeecOntPe. W conti nuously take

pictures by all caneras (100 or nore) and then build a map of .
posi t i ondP057¢| atWershippse b:eﬂawemnalid flava awd E’e&eb&é&ﬁhe@d’l RAEPRHIRT aS

relative |t| to,th eF 5 n. place

t he boar C[ngﬁ t'A fqogrgronglhe 'v (<5 e@g#xp?}sg og e Jt;“hcg‘ %’B}éfﬁtoi“g’?‘? flogf at i ve

to t Ee ]hlcivacainas nhetmand [l’omlrgm fdie dfdpe scaf ipaﬁﬁmt(ﬁer umfhctoh@co&hﬁbcmfoboar d

on the C orig Qi n can space and
QCOEOJ??) QIR e 2y cq?hemﬁ%zfr 8’8%&“’?&'3 Zeﬁ"i'}ﬁ’Etp(? oG nee

the up vector (‘comng out”o
every carbet\ta!ekn@ud;e\teheothem lcahervmemamm tlmncdnekwe&”th& boadhalilidytRhithot her
orie ther)grld of

canmera t , N board wil |

caner as %?'fi%??%lée@%s rQI \e tg nl}e orlﬁm ppom Ftﬁh B%sﬂ‘t?“;S*B% P??WO& W eve

ori ent at |cefn¢ra1slmns19mewknowanehaavestophs ibbardn odigin Ipamwr'rhe akatricyeftite t he
boards or, i (o3 t he to the origin
o nt i &tk g8l the oty ALY e opitanG B B icfeatriotpP. "Bt

t he rel atBuy thepelgtive positiof of camerago tn:hemlmh uset dver oneslaindied samysles. Wendr ed
sanpl es. r r i t,aki,ng the standard devi ation and
r enovi ng out{ eIJT gk%ft? %n @hg ﬁ’gﬁi"‘ﬁt%? F%vﬁar'ua@']hé?/meovf"gu%g'efsng '"\ﬁe

achi eve &alsuligioni Weihaes fopndxthiz vpoashtel @maﬁb-mdhmeterc,‘sz qmsnmner arcmaeyer a

(ol a1 ve SRl MR cuf) GinCEEI SRR RIRSRAETIRNR, o,
via proj eﬁﬁplﬁWfdwcktr@Brtburfaces 10 breakthrough techni ques: W
can project these imges onto 2D surfaces. To project the video onto

sur f aces g4gs rrplsewmtas@h@a@ta&tﬁf?m, m-,%ﬁ&&%qté%g%%aph' cs to
proj ect sha ows 1Tn 3D scenes. are i shed

[0059] Ore we have subtracted backgrounds and have gained the knowledge of

every cameras exact position and lens properties we are ready to implement one of our.



100601Mar k Segal and Carl Korobkin and Rolf van Wdenfelt and Jim
Foran and Paul Haeberli, "Fast shadows and |lighting effects using

t exture nmapmw 2008/10958 CGRAPH Conput. Graph., vol. 26, no.péEpus®issis
i ssn. 0097-8930), pp. 249-252. The contents . of this document is
hereby incorporated by reference her eilfh. . 100611By way of anal ogy,
the conputer is basically sinulating vi deo projectors. In a 3D
sinmulation we turn every canera into a video projector. W project
the video feed of the background subtracted i nage, or the inmage

t oget her biekkthiobgh oMkt Witkean paget thatedmbits ofld 2DRRERcek Ofo Bajeht Rf t he
caner as. e idea here is that every canera projects a. video,feed

ks
into the EYALPMQISYECES WA SHAGY AroriaHe cuwmaely b“tﬁgl"i BB raphics fePRistyal

camera W ‘smcm\heuexacgceﬂeenmq@é @&emaﬁye@ewfpusitsﬁeda&wﬁ{?ues@Imr &hpﬂojec:e}‘ fect
Wor n _the_rea

we are reversin i s ha enln in the real

world I i gﬂtad?‘?’%%f m?f BjeET Pty QA1 41 Pelyean exures yppe Qireet oF t he
many canmeogeéGy. Theye tsqhﬁtqﬁfﬁ mbavédtmsz&li?n GJVlté)mIr@roﬁdlﬁatEsabf Hensi n

t hese images. are daing the reverse - t stemis projecting,the

|ight from°fRemE ssrdrad 1 fieh HEHEXTWE Meio PERECI o i £1F° LU REbbingac

| ens pr Opprb}ebl@& is then vadeb s&@dﬂiﬁ%&se&é&nﬁﬁ&w WY1 GRfetsRioatie thetfh@ioft hese
ht neet i gital domain in the sanme way they

rays of

- enanat QEOTREHEHECS i Bl A HEFT GV aR SoeH B e 8

[ 00621FI G 19 offers a side by side conparison between the real world
and t he djogéajal idarkedegal aﬁu@avldafra:km odRolf eypriidentels acd lilneforet andal
space in t dat ilable and, :

oot esent PHEHSHE, Aast RN o i o in B8 Bl STRVEALR,
space do UemmetGraph. ywopr2éj ot 2,t HJé?Zvnsdmd)O%s%ohnpp 249-262.f BleeconByits _
pl aci ng | ' e pace we can catch t hese -
si mul at e?ibp%l;?s H&luégﬁgs he@‘%]bsl "ECQ’HD%{%&O%Y ?ﬁte%e\%enhﬁ e\1/\"}ay if a foreground '
texture (i.e. non-black) touches a pixel on the surface of the slice
we incr eni@?ﬁl a dBUNLER apglogih ghegpmpytetsip hesicalbbeimulating vifgogitojegtordi I f er s
from the paskaf.RUAdwe him @\;er)tt Eh@ne%%o%f \’lﬂyo%ﬁ&;drn@eﬁl'cjf)ec?ﬁlg?fd%ﬁ fRAt o

this slice we 11 count th nber in 1 ncréenents equal the
number ofofeiiniackgrowd SH%HPéteB r"Bj’&@c?re‘He [renge ssatersyitiyie bgckewysdimaganber )
then we kR@Wd 1Ripabd@BF Bach BF ﬁﬁtch’fﬁérbsy The 184 hede Qma?g\ﬁer)} SinfelproRacs of

this pixel. This solid pixel then represents a solid object” in the
real wor | ‘idegieedhngp thesexaqt diresiian prishronyibie gxsst pasisipn Qbhww gtmesp withs t o

. deconstrusd esacBRn§ pedpRrtied lof ROKSGuaD icBmb@l 1if OFfRN WiRlre | ré@%'i@gwﬁéfsngem
when we pl ace many slices fromtop to bottomon the scené. getting

al | the dPpRsaingdRihesend wﬁﬁslnw)a%/rea!@w!swlaw Gorga)l phigess is W@aw

st andi Ng thdkubjed ihB e MHyEamBAPBEAK sfent. S bb%‘oﬁer i i Bgitht géﬁ.ﬁh
dormain. The pore slices we use the nore precise the Hﬂig}e becones.
£a

[ 0063] FI ¢hesa ungses 458 fing hs reysie r\A!E? sﬁﬂ?'ﬁt‘%PfPJﬁCft“Héhe\hSéib%mﬂ WS | i ne

up on a nm@Itwgﬂmnaﬁh%o@qmam\e&amleﬁacsme pkdpmessamenom ea?neeas%éfer ent
way by taki nl%éa cl oser | gok of slice nunb fromFIG 19. In this

case one PERRTE SAbFRRH then Higsq Ryt of Eg"éé‘ﬁebﬁs‘ﬁﬁg‘erﬁbHB“%{rq?PEf'b]“e‘E% s out-

from eversym@ﬁ? 6§ Rid ebRndtBPhrord thelstiSiedt ir0hE e8PR3r1dO(Bet RRG.9B).CE. Al so
note the doted slices on the 2D p| ctures [2001]. They gl ve an idea of

what the ok |i it was r ect db

carer as. @4%&41\@%)& % %&ﬁa? s dﬁg)ypsbqe GoRAe? é’e |er§ eyer Efngctk“? vel y
slices t Idrgnmlgdonsapadﬁe &ila elfofxdé’r::apxasemslaet\hkoretrttﬂOsph&tanrtmhlaitmrcﬂodxatnhat t he
carmer as ctl on of .

ener a
the real A le?ﬂ"’b %?,"ag?bé%f‘ﬂfg rf?ﬂ%ﬁ ‘%&fFVg%ﬁ r‘?aht‘”(?r]fihg"t "& Eél PSR, An
anal ogy tbolytdian®lthic epanayo e actadlly pfrqemﬁanndVRHam/ﬁﬂba syr(f)‘a:te cm,nplgﬁﬁo a
slice thrg h therﬁ ﬁlss section of the hu]PrTrg‘ l}é é(g juses
very diff (YL T PELRRIFCHRR SHRTE V1Rl carsihibiess SpRuatsd @ o‘?{e Sﬁf "of
cour se wir thefblidndngngambl @ fhegeesl lehmted@.et fua-tked)y oubMes aipixd wnged t he
surface of the slice we increment a counter by one or by some amount by which it

differs from the background. If at the end of projecting all cameras onto this slice we



[006611. It is resolution independent. The clarity of the slice is
determ ned by the resolution of the surface of the slice texture we
ar e render wopoosiimwss7neans we can chose. the propert| es pﬁT/t]m(]gidssgg
dynam cally. W can chose vvhere and at what orientation the slice is
pl aced. We can chose what "real worldlkize" it represents (i.e. is it
one neter across or 5 cnm. W can chose the resolution (i.e. is this
2D slice made up of 10x10 pi er s or is it 1000x1000). This dynam c
ability to "look" and "exam ne" the real world inside our 3D virtual
proj ect i onotmysheamu(mdnendhgemaits gomvdynéquall theWhinibsr bo céﬂﬁhr&s(d)mﬁé mfnwﬂﬂk 12
very inportant: eci de ,on at we need to | ook at
caref ul | y PRGNS S°B1§r5f’ght}gflesdﬁrj 'E‘E’(b§r)é]?eé ‘Yf’o'f%é’s Rt RET {sAtually ﬁs?}‘iie case
of tracki nbjedvimeie spadei afnhif pixel. rratsaamapma m@rreﬁteyanism:@bbjehenmest at
a less fine resolution t 00k hefln ers of the

Subs oot Byt WS o ey Sy RN wERe BBy BB onbEtr 1EURRrBETIDA e
conpl et el ycens. rlcludtse;hﬁildrlrrearl Makumgi@m;rﬁe:ﬁMeﬁ &8 9ladé many dreehchafdp
nodel s t hat a@ GdzaJ st res afch inthis tield 1006712. W can
r epur pose 39U it B BB AP PP IoRS B UE £ visualipse

desi gned fhe rpentsbremhlahr@ih t]ifﬁ‘fe&]l \lvorulrekppeag AthRGs1iBRIiK Ele. diditil Goth&g.hnjeque

al l ows us toesdcc G ¥th V\% r.ed features devel oped as part of
billion doffcar*¥é é’é ﬁ"]c’ﬁe%ﬁsﬁ MPESO5HB % i deo gani ng and repur pose
t hem for our needs Projecting textures is a big part of mdking

| i ghting i0863)i debCydraustrates hpwaivp giings inUse n/gieOLdatasrhascBné eqhon gue we

pl ggybaC k rl’IOB htl 29'sllevxzyth?srﬁqxng%l?teléécuop niaa %ﬂﬁpén?t %){) &‘% V\?¥IOS Thi s

way we ach |e e war e acce roj ections edi'tig up - réfderi ng
tinme to 1ok @l?sllewewm@@(f@ﬂbﬂ& il B tlflasetsepnetttaarseeﬂm doaasrehhtmnadches

SODOBL3. hE bl IS bur APl BRIIPS Bher TPIe0fnf 8RE U1 edfiRe | Do

bel ow run up~“to one ster
t echni quedlse note ibesdateshslices onl @ Y1 dictuikh €20y h diex gwesmlxdﬂuoﬁmmembni que

al | ows ussllt:é)\a@ﬁ@!o%\(‘ﬁk@nf%@gt]%&%}%ﬁ%a&ﬁﬁt%l lltrlatdfglgra% han is possible with a

voxel based approach. W ty y run a imes the resol ution of
publ i shed %item; runni ng on voxel nodels. 1007015. In addition to
gener al del " iz ya% the petveem(ife 2Rrslce) sfectively shiess tlipugh sgacecad

appr oach dfﬁrs&piv\&l”ﬂﬁﬂ‘!ile@&il QorIRRIRPIE BBmddl FOTRHAE! 'Wé’daﬁ '.19\9 gtematte have .
been prevbous%\% solved in fhe 2D domain but not in the 3rd dinension.

Usi ng sl iSBERCIoN seetipn pithe reakworkidy nhicmeseshasofyeen indkthe aitalseaceatl cr oss

section (adaseytobtﬁdslioatuﬁary)bel datal a6 IPMIONReRe AdiCeah RENa 9&%&1%@ hath@ their
3D position in.a ste%' W therefore effectively D 1 mage

processi r?&’s?;\fecf'?fe"fcefﬁ%lf““&f‘ boy (npigg XKD pese sedHGrens ierki ‘lj@@q”e v et to
repur poseamawsszdacﬂdmgeoﬁmnswme& b'éiﬂg'fab!@@d/éb% lweli@éibnﬁyfwefsinvp@} y in
the 3D enyj onmag ]f16 Scal ility. Buildi a Vvision

ar chi t ect%ar '8¢ By %1°°c51h°"§-°19 dEsslipgalgng V“‘s@élc’&'ﬁ'ldé ‘e"Nr%Sf’s:f‘@hY‘éWFﬁ

set up usiofitheRufiite 3@E YLhs crasckebtivnyir eds of cameras and

[0065]  Why is this 50 special? It differs greatly from other published techniques of

volumetric reconstruction using multiple cameras in the following important ways:

[0066) I. It is resolution independent. The clarity of the slice is determined by the
resolution of the surface of the slice texture we are rendering. This means we can chose.
the properties of the slice dynamically. We can chose where and at what orientation the
slice is placed. We can chose what “real world size” it represents (i.e. is it one meter
across or 5 cm). We can chose the resolution (i.e. is this 2D slice made up of 10x10
pixels or is it 1000x1000). This dynamic ability to “look” and “examine” the real world

inside our 3D virtual projection system (the digital domain) allows us to do something



every individual slice could be rendered by picking the right cameras
that are relevant 13 to it based on its position in the space. This
woul d al | owd mes/ttess7abi ity to outfit a large facility mets2oenssas
and track objects over vast anmounts of spaces. [00721Step 5. 2D i mage
Anal ysis on Slices 00731As nentioned &bove, one of the great benefits
of the projected slice technique is the ability to work with
conventional inmage processing techniques and then project theminto
the 3D domain. The first step we use is to sort objects that we find
on the 2DvayiiaportaAn W)é)j:eeotowi decidebon ruledﬂ;asvha vEOidetl RAIRYB aCt@dshsawt i on
on the 2D pl ane. }Ne.c t hem bl obs. I wePav,is]QIated,inividuaI
bl obs e X581 RF &F PUERS HEROT Srigwontt Jarbacast of FHema R Mieen for
common t einbuaimu& c.aﬁ nuweooksm the chést ki'a ags ik Irésplidort thed e naly Adbk afl thes

gi ves us fﬂ % 'Vfﬁl ue of ltI}Se ent er, poi nt _of the blob,

as wel | "%?FF {ifenn g} Yu% OLHRE 8 YP5ElabasHh ARATACR 10| FEOPHIUSI Wy ne

have rmveeb:ﬁglemy ciaunBlenctas ok wbiw/aadrdaltntonltizhérgaiiodsls e a)item and
t hen we fv fromr avl\]/ ng&Eata to usabl e vector data by sinply -
fitting a®OP9ShIpRRpdn hf raw bl ob points. 100741l n the next step

we then take the 2D vector data and derive its 3D properties by
appl yi ng 08&7)pr opeMe ew rghurpdse 3 video haydwire (BéaphiaklePrbaesingatoitunt t he

i1 . . lice. . o
Rert o G20 iRl B yRals ilf vl Efimiok MEpLE TR IR RS 5T
posi t i onsdigktly hee kdrd ivored feaudydeveloped napas of hiilﬁcaadiollaordsezhrelpmcﬁ)(l . €.

i i t
boar d) 100 A PE KD U abd Rpltbbdd ko B the e, Mojookfexifls i08 raeiaf’”
wor | d objtegpart of ipakyts la;hfleHS'!dfrp Ieem@trmps realiio 763iFy @r sldlcesttdmagu&)ue

system w hﬁ.%ﬂ%&' & a%h!rfgncp s%qgguh?t:onﬁjggelg%g&z % gﬂ \ﬁagmreegcth Qb f1oor

| evel . e projection te escri otind t he
"foot pr |hﬁttb”9rﬁt)4t?€€1?r@te§ whgjestions %dtﬂsem rapgsting tme e | boveyemidils ofied

el l'ipse ftlnliets'félgrh g b U%‘d&daﬁﬁa&&d crosses nmark the center points of
the objects on't |ces e two 2 dinensional w ndows of the slice

on t he screen showthe actual textures of the slice that is in the 3D

view. 1009985t ep- 6t SNEBRPSIDEtedERiIGHES of 0191RN JaRrue desciiRsd bilewdwt Wt a
human shapend didlionwhek FastePthen fl®y SBAARE techniques in this domain,

[6069] 4. The dynamic resolution technique allows us to achieve a much higher
resolution than is possible with a voxel based approach. We typically run at 200 times

the resolution of published systems running on voxel models.

[0070] 5. In addition to general 3D model reconstruction we are able 1o use this-
slice approach to solve many other problems in computer vision that have been
previously solved in the 2D domain but not in the 3rd dimension. Using slices we can
for instance effectively track textures and cross section {described later) in the 2D
domain and then extrapolate their 3D position in a second step. We therefore
effectively get 3D image processing at the cost of 2D image processing techniques. We
get to repurpose many 2D image techniques that never worked effectively in the D

environment.

[0071]) 6. Scalability. Building a vision architecture based on slices is very
scalable. A system could be setup using many servers and hundreds of cameras and

every individual slice could be rendered by picking the right cameras that are relevant



14 100791a. W place a Slice on the floor and | ook for footsteps. W
do this by analyzing the slice and by | ooking for "blobs" with the
properti esvwhzws/mageibe the size of feet. If we find theprwes2odddasib.
Pl ace another slice a few inches higher. These are the ankles, If we
find them we deternine what directionl?he person if facing. The tips
of the feet tend to face away fromthe ankles. 10081llc. Next we pl ace
a slice at knee, hip, chest and head height. W place a few slices,
around the head to try to pinpoint the height of the person. [0082]d.
We find theitbasednt &t pemtionfin theapdeedihidyoulddlawnfyr die abifiey argifiea ¢irgd he

torso. 10Q8 slices on either side
of the bo Cﬁ&ggégﬁﬂw%nangﬁfm‘t%é%g°t'%rsvf15y8ﬁ'8%rﬁs %Pac\ﬁ% can deternmine
with a hi degree of certai nty that Wwe are |ooking at the human :
shape in goog kci £iep Ipdd bmage ApalysibbwSlicasipl e of . this can be seen in

FI G 5. 1008518t ep 7. Mbdel Matchl ng: 1008610nce we used the above

"smart sapg@hng” Ak afdiiosieasRe bR er det Bl BeLnW dhme &9@&&1 %ﬁﬁ' mat e
that we are | ookjng at _a human subject We nove into th next phase.

W enpl oy te&heRg !aé'rq ability i@ yyopla 2@l copveptigns] image jpsrcassing tnﬁlgsﬁu@m@d

i nver se kth@ﬁ?BﬁJjécﬁﬁtem\QﬁmQﬁ@ﬁN df)ﬁﬁlﬁe'ﬁhetfﬂstts@pswm iOR dorbfEcONR wel 1 NLO
place where we think the arms, hands, head and feet are. W initially

assume t hipd ehibe 213 slices An gbiegtrisdefingd ag glcpntimppusicsersectien ecihie 8P plaset | ons

of the el We&ﬁﬂfﬂleﬁfbliblgE()r&’e'w%@ﬁvé"@olﬂ@d’ﬁdimdﬁﬂ%bb %Q%ﬂ??arﬁﬂé Sotishlgt h
step 7 we_have rough%%vrratched a nodel to the 1 he real ‘
worl d.. FI & e ithigss PesAnuugadeshiiaye Megisa isrtag fidoan ellinse &0 thee 2D
slice frapeyamis ditsub hvXtah@tyehokifibPvaldLF MY @H@r point of the blob, as well as

an X and Y radius and a rotation angle, In this way we have moved from raw 3D data

to raw 2D data using our slice system and then we moved from raw 2D data io usable

vector data by simply fitting a 2D ellipse to our raw blob points.

[0074] In the next step we then take the 2D vector data and derive its 3D properties
by applying the properties of the slice to it. We take into account the position and
orientation of the slice, the resolution of the slice as well as its real world size. From
this we can convert the pixel XY positions of the ellipse to XY coordinates in real

"~ world space (i.e. in millimeters relative to the origin point of the floor calibration.
board)

[0075] In this way we have generated 3D vector data of a real world object in just a

few simple steps.

[0076]  FIG. 4 shows our system with a single slice placed at the feet of the subject
at floor level. Through the projection techniques described above we found the “foot
prints” of the subject. We then applied the above mentioned ellipse fitting technique.
The red crosses mark the center points of the objects on the slices. The two 2
dimensional windows of the slice on the screen show the actual textures of the slice that

1s in the 3D view.

[0077] Step 6. Model Detection.

[0078]  This is how we detect a human shape that walks into the space:



[0087] Step 8. Model Tracking: 100881lIn step 8 we hand off the

mechani sm of placing slices over to the Rag Doll. Fromthe point of
view of th#¥oReugs/Mwsd7 (and no | onger fromthe global refecros®ogussns)
we place slices for every body part_ The slices are "attached"” to the
bones in fixed orientations. W cal culdte all center poi nts and
figure out the discrepancy between the 15 ellipse centers and the
bone center. We then apply forces to the nodel to allow the nodel to
further approximte the position of the 3D data. FIG 15. In this way
we can anil¢ia9k t he WagldohklSliae dn niskBodrfantl dbdkofhr tfiwastepg aWevdar thib B@urran

where th h tuy TRSE d t he
i ch 1 of PR BE SRERRS by RoRNERFCHORE i B bree e Tt e ™

si mul at i onf fehaHywvet findelsenpee: second we repeat this process: The subject
noves, the caneras record and update the projections they pr oj ect
into the WS& Wb“ﬂlﬁ@mdﬁ%‘??hé@%%@%che&ﬁ@ﬁ pl‘h@‘&:%% El% ﬁ( V%Lﬂ% Its
bones and conpares its position t ‘tion o i'pses tha t
are gener Heaigve geiarping whekditegéon fa?)pftmceldffaomg Hihe Rigg) ODﬂJb Ifeeamti wdetz Rag
Dol | bone,i5, @Ry amgg{]errent ally closer to the center of the cross
section o? t'he s t is representing the real subject.

10089] Thi ngs. we vvatch out. for when tracking bones this way:

1009011 nt HEFHr ente No¥k Wierlpredifiesat kneegprphpst and ficath beighi We Algeeafewr m

there is dicePdr@hidens Waen tﬁhb@ngélmtﬁpwgne#m& erkdp, the body. At some '
poi nt two separate bl obs, one belonging to the cross sectl on of the

armand o o the SsS, sect t hat - t hey
forma si E’g?ie] bl é(;b“%l'?d th ?{188%8?{}1‘82“%5&% gyﬁ’é{; étrt ﬁl‘:’ﬁ"r&b] ect.
bel ongs where. W solve this problem by using the Rag Dol I and
checki ng 083lor sudVe ledk fanthe ams.by glaawe skides oReitheDodd ofits: body.i ng over
time in the sane way the real person is noving, we can nmake the

assunpt i opogd)at Hh& B@ghe'@ltést Eﬂle@f?%yw’éec%ﬁ@!eﬁﬁm%aﬁthra‘?%l%hd@e @e fn the

case the two bones are cl ose enough be "touc oy a
nmechani snieftHAY thal e aredpeidng a4 herliumre shape 1nwesp¢qnférau>saﬂ a‘amﬁiampblocﬁb t hat
has ner gedisehi ¥k Rl iRFHE. one as nmay beconme the case with an armthat
is too close the body. FIG 16 for details. Since we know the

di anet er Qéssﬁrge irrg EE% tgge di ameter and relative position of the
body we cl ‘that the small blob of the armresides
within the larger blob of the body. This techni que has proven very
ef f ect i ve0@6] kedpricagrebse/ thpaboe ‘Smantrsatpliok? raghntiqlgemhaaveaduknﬁnmti ng a
01 2akdontf  Hig LLAGK A% Y 3 IBATIILIIN SE03 vl GLASES, L ha!

search for th Fte end $"%hcl ude
t he handsphaﬁ‘fﬁee‘?t'e amalomeaehp Eﬂldsxswps bm&emsmhyelci, Heintsyvenasy endsirwatse:hl ng

the Rag t gyt and
hoad | ot o iemalith Setabfy REASHIS % noWant oGl Bhd DRl OB e WER0ET7 v
apply t hemsgfendsphrad a%ﬁ/\&ﬁteﬂrq é‘&hmthE agsome tdt thapboms” tpfnhet he dpll §vi ous

section. ihf ;1%%98%% @ %98@5 8?&3%@@9@19%?&001{&%@%#% %décu%hil'gur

forces to pr event one m " ner
step 7 we have roughly matched a model to the 3D data of the real world. F1G. 6 shows

our system superimposing a rag doll into the 2D slice framework to illustrate this.

technique,

{0087]  Step 8 Model Tracking:

[0088]  In step 8 we hand off the mechanism of placing slices over to the Rag Doll.
From the point of view of the Rag Doll (and no longer from the global reference point)
we place slices for every body part. The slices are “attached” to the bones in fixed

orientations. We calculate all center points and figure out the discrepancy between the



100921Step 9. Using textures: [00931As mentioned before, one of the
great advantage of projecting onto slices is the ability to use 2D

| mge procwssimngiwschni ques on 3D nodels. j 009410nce wepdpySot8isshed
and are tracking our Rag Doll using the cross sections of our slices
we can run a second pass to refine thé5position of our nodel. By
anal yzing the surface textures of the nodel we can further position
the Rag Doll to match the actor in the real world. P0951Here is how

it works: 10096] When the Rag Doll is in very close proximty and
posi tion efliptehenred andl thp 66i0tknive Warheplapsle forsdsi ©QEe ndadl 3216w YRS

sections hut, .as.surface sections.,.For, ex | e can place a slice on
Uhe chest TBPeIgR SBGT Sherpmers e aTomel 5 31 e 14 L8 T bispeviewnittod by
t he sane amtnhedhé Rag Qodisamdsmasie GFsljows hewed1gvddll Kuh@inOMidrd R @dmdnhe
chest it is intersecting. But since now the position of this
slice rel V& ?}f %qpf’e‘c"gﬂsé‘?’aigldmﬁlge gﬁﬁ%r ér‘ﬂ'fTﬁe““ha“ﬁI&i%?lg‘Meﬁhe tPASeEct ual
proj ect edpiofxtedidenfin dm 3D bdpideraimdliibn bty HA& fdr GRRHD GRITEFeaL this-

proj ectors. NQ\A(.ht hﬁ).chest h?s not only. the ﬁi?tl i ne ,of the body but

al so the PPEBk"SAPITE RV FeMBFATHRS B A9 uBAdte His Posiertions Y 8ISl ace
t hese sl i mes thal 3D adiroulaibnt Eacth®dy BolD boev pladeh aslib@dg@buidh s $8RE andook”

of the real subject..Mre i rtantly, we can now ana e each 2D
slice and¥TAER™® H%S'ngrggg?npﬁg’efgﬁ?fedf@é arﬂ’?@ﬁ?@f:‘%/ﬁ:ércfﬁarﬁélﬁ@rat e a
hi gh degrappliaf toabe Bag@Dyll andl 8428 Hag Tholla8s is-mdvied irchneRagy Dokdr 16 et he
contours of slice (i.e..elli . posi tionin 10Q98] 2nd pass -
once the 353} Eﬁl“f érf)sss Sﬁéﬁ\%afﬁhﬁflbce%? i rﬂr%?g@'"ﬁf'ﬁa%‘?#'t’ ®%t the position
of the real person we can place slices on the surface of the subject.

These wi | 1008 f erThingstwgevaeth queor wherstrasking henes déd wper son. W can t hen
track these textures to further inprove the positioning of the Rag

Dol I . Segoédof ﬁn@ﬁ%eﬂe@et@eeﬁ%jﬁ%f@ﬁ}?ﬂuﬁﬁe:Qlf/heﬁrt%jcﬂﬁé LA &L GER ONto

slices. [00991Step, 10. Texture Trackine. 17
problem when this arm moves close to the body. At some point two separate blobs, one

belonging to the cross section of the arm and one to the cross section of the body are so
close that they form a single blob. It then becomes hard to determine which object.
belongs where. We solve this problem by using the Rag Doll and checking it for such
situations. Since the Rag Doll is moving over time in the same way the real person is
moving, we can make the assumption that the Rag Doll closely resembles the real data.
In the case the two bones are close enough to be “touching” then we erhpioy a
mechanism that calculates the highest likelihood of a small blob that has merged with a
large one as may become the case with an ann that is too close the body. FIG. 16 for
details. Since we know the diameter of the arm and the diameter and relative position of
the body we can make an assessment that the small blob of the arm resides within the
larger blob of the body. This technique has proven very effective at keeping body parts

from sticking together and creating a breakdown of the tracking system.

[0091]  End Caps. We call slices that search for the end of body parts end caps. End
of body parts include the hands, feet and head. End caps make sure that we are
stretching the Rag Doll into the extremities. By forcing the hands, feet and head into
position we have achieved great model matching. FIG. 17, We apply the same model
aware technique to end-caps as in the previous section. If one hand moves to close to

another hand we adjust our forces to prevent one hand from “merging” into the other.



the sane slice at the start of the ani mati on sequence. W then
determ ne by what X and Y value the two textures differ in position
and by whaw@mgs/eesdiey have rotated. The uni que part of pthuszopeaeRss
is that we can then use this 2D X and Y and angl e data and cal cul ate
its 3D position in nuch the way we di d®with the el lipses. W take the
position and orientation of the slice itself and extrapol ate how the
change in 3D is actually a change in 3D. W use this offset to add
forces to the Rag Doll to further refine its position in a second
pass afterodmp i Sdpidallsihe tekture@: With the ellipses. It is in this
second pass that we achieve a very high degree of accuracy that

exceeds t f a st ens _whi.ch.enpl oy
mar ker s amﬂigggdy%\ségﬁns EEggfope §1F%%{‘Tgé1!{8£f.é%9{3§ gfap féF%’%fB‘“ 1% ISnow we
can pl aceth{:atbllitsc@tl@ﬂﬂé!mdg@pm%hwm‘chmmes o8B Imedelsl project a texture
fromthe video i mage onto the nodel. The projected texture is shown-
in the 2D;odoRdoWOnEe Waehal® Waichb@fahd GRY f}fcrkmgfoutrl—;% 'B@ig%§m Jt (1;;%?51 I n
sunmary: 1001031 By projecting onto slices f D pol yg we have
achi eved éecﬁﬁ?sd}f OB} digke We eARgHn R secondipass rrefinesthe position Oéﬁbbmsdeijsﬁ)ft o]

appr oxi MahRiyRIrFoRE Surlek e&hsres(mh@modah@é&ntmm? Mal %'t@ E

appl yi ng and. repur posi ng Iy |1 shed techni ques romt % wor | d
and make t“H@M’W@F%"@fq’qr@?léﬁ{ dy |n the 3D domain. It has allowed us to
build the world first.real time marker-|less notion capture system

whi ch can[ooesjf or Herfis idheit @#pged and resol uti ons of systens that
require the subject to wear specialized markers and body suits to aid

the visio trackln t ask. 001 041 . Not
iy cvanr o PS8 DL AR i fiebln 14 AN ol ARt i e dOME e anth os
Pr ocessorperspheveRad pbne [slios setors cras tdugorksibosds s@Pide cegpiald,. Eoodxatapied! i ng

rrst st CooaipEd RE PR TACs deaSRieh IR hilfits ortibetes 1 Mieiminetnms
advanced lsrh&ldeaanmymm ﬁnt ctchse statmas sh@ﬂﬁ@Gﬁs Wetdmtlideeoﬁ thé rchebuéd ison of
P a1 ko8 . AE AV RIEET, OB Lt IRLETED] ol S0l
ever yt hi rdgtefmmmand radeli the @frttlal (pmjtcoedb@crkrg fiovmal blsub bf the then rpoamthed

proj ecti S I i a

brole gﬁraP@,la pr@ggtaﬁsnhgastﬁ% t@l@eﬁfha@:?ﬁt Y,lug duﬁﬁﬁtﬁ ip@ Wl bl %? %0107]
Enbodi mentepkdand taxtuierpf émhochn fromrthe vidéoudMe can pleve these sbicks alh drosydsthem of
reconstr [W=YeX | in of the
Comput er ooy B8 fisthe Mgl EahEIdRbEE Bl 06ielh Blok e e 1% e
di gi tal dewasnlyanrec2 sbre aushihck themicvement co’cﬂmttexmmgthems@vmm nor e
vi deo Ca%ﬁ@&eaﬂl,ﬁld%&&@%& acquisition or input port, a host.
conputer Wwth tont r ol Ier Central Processing Unit and or a

G aphics Pr OCESSI ng Unit. [001081 Enbodi nents of the system of can
use a Di 1&¥k or]S‘CE??ﬁG_ﬁédE%IR@EaP@H b §Prteure f dthe slies fiet ellipse t he
conput at ipgfiforig)t he proj ections onto pol ygon surfaces.. Enbodinents
of the system can use 1EEE1394 standards to transfer inage dat a.
Enbodi nme f th sstem nus t.hernet.to trapnsfer jnage data.
[00300)  EhBAEH nafit 857" e SB)RHE Rollin mous iy e E05e, Boulann g e

pr ot ocol sposmnrt afalsifesrpeisomge cﬁlaplace dhiodzaali theedut faceQdf thdw@bjeys Tz GaD :
project b vid dat a background data fo ach camer n

pol ygons. Pft th? ﬁgﬁ?x?r%sf‘%?ﬁeemg e%@f’nbkggﬁ?" %Brh%‘:ﬁ‘tt teire tﬁ%{&fé on the
surfaces nm}ﬁrotdweueaibsmbmhgtbfelmb Roed YoUN SEAEIG. toamdFMRId ehreeanplenaf es.

[ 00110] Enboa system can be used for tracking human
subj ect sP ol’fﬁg F&Bﬁfgm&snteﬁe system can be used to track ani mals.

Enbodi ments of the systemcan be use to animate a 3d character
Enbodi mei08%iof Step |&yRexwirn Trackidpe used as a. visual aid in a karaoke
system [00111) Enbodi nents of the system can use 20 i mage processi ng

[00100] We employ published techniques of texture tracking on 2D surfaces. For

each slice we compare the “image” or texture to a reference image that we took from



19 1001131 Enbodi nents of the system can recursively use projected
and anal yzed polygons to figure out where to place the next polygon
t o I ncr easwiglogs/imsedst i gate t he shape of a reconstruct eBcobs®edoss72s
Enbodi ments of the system can project video textures onto the 2D

pol ygon based on a bl end between cametds based on their inclination
angle. relative to the polygon normal. Enbodi nents of the system can
use 2D optical flow techniques to track contrast points in the
texture which has been projected onto the 2D polygon. [00111

Enbodi menthe sarhe $lke astiis stemo e atimatissedqrace) Met thel deforiile bpwhaapand e

systemto,track, and digiti the movenment of hunmans without thqefsuse
of mar ker ¥ GIEeaPE Reshigatires e o 0y “dibei et S srotle. Lt em
can be usedqiecpanedshis protdieishat @ve@hin theh upehis 20X @6d Y andl aigde 624 sidl at e

precise joint rotation. point ased on.anal yzi t subj ects,
overront et . 23p8%sh % RhSPERERvE BB S elbied Bk e Sisfiasnni <
pl a%/er: anall gtie'glagoﬂ hﬁthﬁ\ﬂii@gitsamdndbeﬂmpmﬁtemmrﬂh ula glﬁangemlmesr adt&(ljlyriprkf)ve
per formange an revept ipjurie i ke sho er, el bow, ankl e.
probl ens. &T%Tﬁé&ﬁﬁﬁ @é‘n‘?@ebp Tﬁeg"?fz%f"eﬁjﬁ E{Qﬁ Dpd duigher r‘&?"és‘@ar ch
and devel pphienin 4 ecaidydyd afgr kdieitaDMERR RIS thelllBsHl) 10GLS thidvetdid padsng

particul ag_products. Enbodi jents.of the syste an .be used to gnal yze
Phe. oven DAL SHeLE & i ed RIgh 2 e stcinRior<a g i P BHEe b3 o
prevent imptitnicepturespdrack wigch anglby inlkers ysd eddy @it thayused to ani mat e
and broadcast a virtual character of the actual subject over TV

br oadcast affOr 8. o489 ﬁ@.l!ﬁl?a@dr}o@?{% %a@hg&é‘? SITE Rl %ﬁespgf fged as
part of human conputer user interfaces. odl nent's of the system can
be used amodsh#nd pudject adexoue from thaddesrnag@ninonihemnde. T préjectsiistrem can
be used t:0ufd.ts; jeat , L qui pnent such as

bi kes, goI ?ﬁoé‘{f]d%gl@g%y |“§gl ﬂzzeni leﬁggﬁ%ﬁé%%fgﬁgﬂigfgl Enbodi nents of the
system can be used as part of a visual sinulation or training system
Enbodi merdP&%t tIR&v8P&¥em can be used to eval uate human body shape,
size or vital signs such as breathing nechanics. Enbodi nents of the
syst em cgnoisg] ushdpaiciay bntof20Asebl(20 polyaeds) alenim@Btacki¥RErd anpe.
Enbodi mar]JtS_ f the s stgm can li)e sed as a fitness or xerrcq)ste .
eval uat | QRPN Bh RUTRIE  Bions JSUBRE o aRPATIAF SReabiBSFIecE AR ment s
of the sybisemhedmmabeubjsedyasplging ahdreprarposidpandng pobl shgieschnighedfesdh ment s

f th b f.a. i,Qi l,. 001191
Ermbod morle P RETLgURE e R The Tsead 4Linp AP Bfeig s plkeonadp 1

vi sual i zauildthe syslddint réah time mtadien leinotornmptufe s9fterh hhidhryue pérfoam,at al | of
di e steps,of the h can. be perforned by a conmputer, or ., .

conput er ?gees egé;saf' gﬁ]‘gmg’gm&eg% FXSB%’& hAfotrauIr ﬁ’eaﬁ"gjé?tnté’t VA BRHYEedent s,
one or noragkeosf antihedystugp® aidithe bisiopeohprterdnl e maclingtaskby a per son.
1001201 In alternate enbodi nents of the nethods described herein,
addi ti ongho18kLP MR Yn BPLARARMAE. CErtain steps may be excluded, certain
steps may be perforned nultiple tines, and/or the steps may be
performed in a diff&}q%nt order and/or_sinmultaneously. 10012110ne
skilled 18P1P¥e Embogimen's appieetseatle henBedepm & 7Pt furrhics nPregassape The
practi cetteldsnfrbREsot Ramet fig: deBCEIHRAE o8 KRR I BRI areMHsEd) pRjtion

presented for purpqoses of illustratign and not by way of Iimtation.
Vari ous Alepathge Aevtieeddr thisparefe $bs ipedcensEn Y imlemeredpsinggtrdeny

those skilolgld 4, hetntt AFhinced §HaHsyd@Pathd Mgefrom the spirit and.scope
of the present invention, which is limted only by the clains that

Tol l ow [00106] With the introduction of GPU shader version 3.0 we have been able 1o
implement the entire projection technique into a single pass. This means we calculate
everything from lens distortion to background subtraction and projection all in a single
pass and via instancing we are able to project all slices in a system with a single GPU

call.



WD 2008/ 109567PCT/ US2008/ 055728 21 CLAIMS 1. A nethod for creating a
3D representation of a target object in a 3D digital domain, the

met hod confwa B08ip9567i ) placing a target object within apbposBIsNIEDdS
space; (ii) directing at |east two Vld§0 caneras at said target
object; (iii) acquiring a total image-from each of said video caneras
directed at the target object; (iv) subtracting said background space
fromeach of said total inmages to produce an target inage of the
target object; (v) performng internal calibration of each of said

vi deo campttaer) (\Em);)oqheueﬁt@romtlmgmw&inaﬁ icwe imektieanmaly ahddadl BRmObF t WO
or nore of sa

ras Vi constructing a 3D i mage of
said tar géetco'bc‘h ‘été’tg bée(‘f{sl"g 4" &‘F dlb%‘\té{ g‘?‘““r‘ﬂ)? 5f°°‘§g‘?‘
i mages i npmjasamgimﬁlﬁpldlcgmbralwddomams withithite 8igid) demeih oﬁloaﬂmpdlygdﬂﬂler ein
t he backgrornd subtr ‘59 e i nternal canera calibration and |mge

reconst r ud{'F6H" %‘E“@’d’gmétr JeRsH Y e Fa et Yirfgpmet aequisitign Hbﬂ‘plﬁtf
claim 11, whrereiosttdompbec kgthoaumiva udvhtréltk,i Ohiral PERESRRAL CRINBRA or a

calibrati Blhphics Processing Unit.

[00108] Embodiments of the system of can use a DirectX or OpenGL accelerated

graphics card to accelerate the computations of the projections onto polygon surfaces..
|

Embodiments of the system can use IEEE1394 standards to transfer image data.

Embodiments of the system can use Ethernet to transfer image data.

[00109] Embodiments of the system can use Wireless networking protocols to
transfer image data. Embodiments of the system can project both video data and
background data for each camera onto polygons. Embodiments of the system can.
convert texture pixel on the surfaces of the 2D projected polygon back to 3d world

coordinates.

[001106] Embodiments of the system can be used for tracking human subjecis.
Embodiments of the system can be used to track animals. Embodiments of the system
can be use to animate a 3d character Embodiments of the system can be used as a.

visual aid in a karaoke system

(00111] Embodiments of the system can use 2D image processing techniques on
data projected from the cameras onto the 2D polygons. Embodiments of the system
can use 2D shape fitting techniques to evaluate the 2D shapes generated on the
projected polygons. Embodiments of the system can perform all background.

subtraction after all data has been projected onto the 2D polyzon.

(00112} Embodiments of the system can use black and white cameras and 3M
ScotchLite retro-reflective material to accelerate and simplify background subtraction
stage. Embodiments of the system can use color cameras. Embodiments of the system
can use vertex and fragment shaders to move slice projection calculation from the CPU.

to the GPU.



and i mage reconstruction steps are perforned substantially

si mul taneously. 4. The nmethod of claim1l, wherein the relative
ext er nal caveras/t@F47brati on step is performed prior to POBUSHBEESS728
capture step. 5.The nmethod of claim 1, wherein the internal camera
calibration conprises analyzing the diltortion of at |east one I|ens
on each of said video caneras and conpensating for any inmage shift
I ntroduced by the optical properties of said | ens. 6. The nethod of
claim5, wherein said internal camera calibration further conprises
cal cul at i heP1p3lop&ntbodisienis of ahal sysens pars adcorsivelp pae tpir@'&:taie?:ﬂCitﬁtj(zéd om
t he grou .Sk L t ocal Dpoin f said lens, the center
boi e of " 2ERos3b Blte Sy MGe LB RO pliech W et PR PR EER 4R e
ext ent t oshdpe oha sapmitrhatevsobieny Hreboaiieaneschfale systeh saaprbrethédbottexnsed d

vi deo ca / | 008/ 955728 22 7, The met.hod of

ol aim o e AR bdd o be e A Bt on e BB ptefins
conpr i sesrelgtive ipthagpiclygomnaivet kembmimehtpatt he systenncdnhse BBApgEdWod space
such t hat . d Vi a_acquires one .or, nore imges, of sai
checker boéegﬂh%gﬁogﬁ%k% &gﬁh& At so’ﬂstﬂeatﬁﬁf"ées‘?h’ hh %%?cpéwgcé‘?drﬁ"ﬁgt?? ﬁ@_

i nt er sect p@pequoi nts of each square on each of said one or nore inages

of said checkerboard pattern; and (iii) using said intersection
poi Nt St 0114l Bhfiodifend EiNfie BRAER BE Sseads HHE o PHBAG: Qbrfd Sl 7.
wherein at least thirty or nore 1 mages of sald checkerboar
to track and digitize the movement of humans without the use of markers or attached,
tracking devices. Embodiments of the system can be used to measure the size of a
human subject and to calculate precise joint rotation points based on analyzing the
subjects movement. Embodiments of the system can be used to analyze a tennis player:
analyzing the swing and body movement of a player to improve performance and to

prevent injuries like shoulder, elbow, and ankle problems.

[00115] Embodiments of the system can be used in research and development to
studying the movements of subjects while using particular products. Embodiments of
the system can be used to analyze the movements of a skier/snowboarder to improve
performance and to prevent injuries. Embodiments of the system can be used to
animate and broadcast a virtual character of the actual subject over TV broadcast

networks.

[60116] Embodiments of the system can be used as part of human computer user
interfaces. Embodiments of the system can be used as part of a security system.
Embodiments of the system can be used to fit human subjects to sporting goods

equipment such as bikes, golf clubs, clothing and or shoes.

[00117]  Embodiments of the system can be used as part of a visual simulation or
training system. Embodiments of the system can be used to evaluate human body
shape, size or vital signs such as breathing mechanics. Embodiments of the system can
be used as part of a public entertainment experience. Embodiments of the system can

be used as a fimess or exercise evaluation or recommendation system

(00118}  Embodiments of the system can be used as part of a physical rehabilitation

system. Embodiments of the system can be used as part of a clinical motion analysis or



pattern are acquired. 9.The nmethod of claim1l, wherein at |east five
or nore video caneras are directed at said target object. 10.The

met hod of d¥@&r0Gs/10956%herein at | east ten or nore vi deo CROPUSROSISET2S
directed at said target object. 11.Th§ nmet hod of claim 1, wherein at

| east one of said video cameras is seffcted fromthe group of: a
digital video canera, an anal og video canera, a bl ack-and-white video
canera, and a color video canera. 12. The nethod of claim1, wherein
sai d background subtraction conprises: (a) placing an active

backgr oundvélytigmiad). bErobagliroentsdo feiwesysrerh el bredussdasthntadd fyethe Ghjdé@pped( b)
causi ng sai ' o) t | ow; c) .det erm ni ng whet her each
pi xel of ggﬁaﬁﬁ’tﬁlé‘égf{ﬂgg‘}g%’ﬁggef e&%ﬁ%ﬂfb?feﬂffsi"éw ed threshol d: " (d)
characterizing each pixel which is determned to be brighter than

sai d pred&03Fh nEﬂlbtﬁfﬁmé@hcﬂfdhwyaemacekgnewn@ apipes| of aridirtual Reality

char act er i,z| : b X [ | S ' . lcess_.bright than
o 0 pr ede R P b i M ol o e
r et ai ni ngMetenh candreangrfoured byi aceimpytsr, vacempuraiged syftemhas deasribed almivpect .

ég rrg ??s g‘;FMQmQ{ivecén%omnqemsm%ro‘?inﬂ)ré@i.j e Q@ﬁ%lﬁgﬁ Qélge(;fb%!r{p& lgmarﬁ;[ail)(r), %y a
person. .

l
(00120]  In alternate embodiments of the mettods described herein, additional steps

may be added, certain steps may be excluded, certain steps may be performed multiple

times, and/or the steps may be performed in a different order and/or simultaneously.

[00121]  One skilled in the art will appreciate that the invention can be practiced by
other than the described embodiments, which are presented for purposes of illustration'
and not by way of limitation. Various arrangements of the described embodiments can
be made by those skilled in the art without departing from the spirit and scope of the

present invention, which is limited only by the claims that follow.



W02008/ 109567PCT/ US2008/ 055728 23 (a) capturing a background i mage of
sai d backgr, prior to placing said target object within said
backgr ound “2@2@8599%36 securing a foreground i mage of saif¢T{EPH8055728
after placing said target object within said background space; (c)
perform ng a pixel-per-pixel subtraction of the background i nage from
the foreground image; (d) characterizing all pixels remaining in the
foreground i mage as a foreground pixel; and (e) retaining each
foreground pixel as said i mage of tGEAIMSjet object. 14. Thenet hod of
claim11l, wherein said background subtraction conprises: (a) capturing
a background i mage of said background space prior to placing said

t ar get1,obj ek mefiddfoncreating 4312 kepreveniatigpefedarzetopbjesking 313 ¢igitaf dnmain.dimd
i mge of said,target.after placing said target object within said
backgr ound @ﬁ@@gggwg¥ﬁgﬁverting each of said background i nage and

sai d foregrgund ﬂu&%eﬁ%a@oﬁﬁ&wiﬁﬂﬁhh&ﬂdgﬁm@aﬁané;at i on col or - space;
(d)characterizing a_pixel in th_g col'or-s?ac‘f acco]g,di ng to one or nore
rul es sel eciidd fdixgatingd leasbiny Vdersamerssgt pud target object;

(iii) acquiring a total image from each of said video cameras directed at the target
object;

(iv)  subtracting said background space from each of said total images to produce an
target image of the target object;

(v)  performing internal calibration of each of said video cameras;

{vi) performing relative external calibration of two or more of said video cameras; and

(vii} reconstructing a 3D image of said target object via projections of one or more of

said target images into said 3D digital domain,

2. The method of claim 1, wherein the background subtraction, internal camera calibration

and image reconstruction steps are sequentially performed.

3. The method of claim 1, wherein the backeround subtraction, internal camera calibration

and image reconstruction steps are performed substantially simultaneously.

4. The method of claim 1, wherein the relative external camera calibration step is performed

prior to the image capture step.

5. The method of claim 1, wherein the internal camera calibration comprises analyzing the
distortion of at least one lens on each of said video cameras and compensating for any

image shift introduced by the optical properties of said lens,

6. The method of claim 5, wherein said intemal camera calibration further comprises
calculating properties of said lens, said properties selected from the group consisting of:
the focal point of said lens, the center point of said lens as it is attached to said video
camera, and the extent to which said lens may be skewed as it is attached to said video

camiera.



(1)characterizing a pixel of said foreground i mage as a foreground

pi xel if sg ' jn said foreground image is lighter | ation
than a con3%§6@% ?%g’pixel in said bac&ground i mage; ché?ﬁ@ﬁ%&#&?ﬂ&ga
pi xel of said foreground i mage as a background pixel if said pixel in
said foreground image is darker in saturation than a correspondi ng

pi xel in said background i mage, the hue value of said pixel in said
foreground image is within a predeterm ned range of said

cor r espondi gk REMKEH of BlaRidh SyiRAGK 9@ eRE of 6AERatingPEbpehis Of SAi@lenn comprikes:
saturation and | um nance between said &I@EH in said foregrou,nd, mag

and sai d cofi espdadngg chickerboard petiera ibHie arkarmvad sy BINIIH SEIC SRS dg
2 bredet er i ned LaogacqR G000L100BRLRETE LERAONEARRHDE S vhious

characterizing a plxe regr I'mage as a foreground pi xel
if said pixel inngksd foreground image if the hue value of said pixel

in said forgground i nrge.,.is outside a.predetermned ra . of _sai

cor r espondi ﬁig pi a)?@?’ﬁ“ﬁ‘%% H}ednfs%?j’é?‘d%? Hﬁg?ffég%?‘i“ﬁﬁ?c?“(eﬁ?% &%%éfoélg Y4 :jof? ng
a pixel as the fig{-gey Ofsaill dnbclichatdpf@rpwdtl and background differ in
saturation heyond a predefined difference, clipping the difference

and settinglihe WsinBagrbintrasceton pUints i ealewtpte Bedows pamelsiScel type; and

(e)retaining each foreground pixel as said i mge of the target

obj ectg, 15. Themmbdeficlain 7 veRin ot AR HEHP oSRbA Ak DF oMM dh&uBibbaet | on
conpri ses using region- based techni ques which anal yze changes in

gradi ent s i PpttERE) e pemitagdound space versus a foreground space. 16. The
met hod of claim 1, wherein the relative external canmera calibration

conpriges: fiRmihasbfdam £RAKGH ROREE AREbE BbR vidiolhBeRaalediiRERd BRREC

such that each of said vi deo caneras acquires one or nore i neges O
sai d checkelptggboic¢hat tern from vari ous angl es; (b) capturing one or
nore i mages of said checkerboard pattern on each of said video

camerag, ( OIhARGRd 8f a1, Wik bERAE il A hAPYB P clorBARD RN £ 100
each of saltd otneb.ort nore 1'mages of said checker oarc‘i3 pattern; ana
arget object.

11.  The method of claim 1, wherein at least one of said video cameras is selected from the
group of: a digital video camera, an analog video camera, a black-and-white video

camera, and a color video camera.

12, The method of claim 1, wherein said background subtraction comprises:
(@  placing an active background in said background space behind said target object;
(b)  causing said active background to glow;
()  determining whether each pixel of said image is lighter than a predetermined
threshold;
(d)  characterizing each pixel which is determined to be brighter than said
predetermined threshold as a background pixel, and characterizing each pixel which is
determined to be less bright than said predetermined threshold as a foreground pixel; and

(e)  retaining each foreground pixel as said image of the target object.

13. The method of claim 1, wherein said background subtraction comprises:



(d) using said intersection points to calculate the position of each

of said vi as. 17.The nethod of claim 16, further_conprisin
bui | di ng aqﬁgﬁ&g}fm{:’ﬁﬁ positional relationships between é’&&fwsg%s@a'faﬁg
vi deo caneras based on each of said vigeo canmera's relative position
to said checkerboard pattern. 18. The nethod of claim 17, wherein said
map buil ding of positional relationships conprises: (a)determ ning
whi ch of said video caneras is in a best location to capture said

i mages of sghd C roHI%m PRk 5@7&%@3&#&@9 Qbihd 28425
(b)orienti ngd)al I&gmg?q%%g%gi d viaégeq()) carrerg% to said vi gﬁ%l cagrera
determ ned to betaiget ebjpesstithimendd baskgonndsnicdire sai d i mages of said

checker boar 19, T f. i4m. . .S . “or s
cal cul ati ngﬂp he & %%%%E%%nglpo%@gﬁgﬁﬁ%%ﬁfﬁgS%ﬁtg g?&eﬂri Eﬁ%@%mect[ ‘ﬂlethm
cal cul ati on, 20.sgidkachetohndlspate;cl ai m 1, wherein said i mage

reconstructiQn via.projectiqns of one or, nor f ,sai d.acquired i mges
nto said 3B7di GIEEPIE AR RRERBFeLRD RIS ok He hae ke iR e SR S o
from each of saighrathr\@@ igAp®Rras into said 3D digital domain in the
direction, and fromthe position, of said video canera, and with the
| ens proper {Pes Srragkgriging alfasxdniematningin therfosegraind dnagstas faregrond pixel;
wherein said i reconstruction is acconplished using hardware that
supports shader language. 22. The nethod of claim 20, wherein said

i mage reconé®)r uctefagming ezchifercgmoung pixekbas: saiddmegpofithd fazgehgbjesie or nore
virtual projectors in said 3D digital domain in a configuration

anal -ogpys t I ty Of_.sa| : I aner as;

i nsert ?ﬁg oggé %rgthﬁg reglﬂ\g/flﬁ!r.l '? ﬂg@%‘%%ﬁ?gg‘g (?'ﬁf] g{‘%%%%&%%oﬁggaéﬁt al donai n;
conparing e@h ofapbuing aliackgrainditags ofseii havkgrantl spheesmicd tpplapieg said

ntersect s ono. P ey e B CRRpbETsreg o S% d projected Tmoes

(b)  securing a foreground image of said target after placing said target object within

said background space;
(@  converting each of said background image and said foreground image to a hue-
luminosity-saturation color-space;
(d)  characterizing a pixel in the color-space according to one or more rules selected
from the group consisting of: ‘
i) characterizing a pixel of said foreground image as a foreground pixel if
said pixe! in said foreground image is lighter in saturation than a
corresponding pixel in said background image;
(1)  characterizing a pixel of sald foreground image as a background pixel if
said pixel in said foreground image is darker in saturation than a
corresponding pixel in said background {mage, the hue value of said pixel
in said foreground image is within a predetermined range of said
corresponding pixel in said background image, and the difference in
saturation and luminance between said pixel in said foreground image and
said corresponding pixel in said background image is not outside a

predetermined range;



conparing said counter to the nunber of said one or nore video

canmeras; an ecidi ng whether said target object is considered to

exi st at tﬁ’g"?%’g};ﬁﬁi’%ﬂ of said virtual 2D slice in said ZBTHS§08/4F5728
domami n. 23. The nethod of claim?22, w#rein said imge reconstruction
further conprises dynam cally configuring the characteristics of each
of said virtual 211) slices to best fit the characteristics of said
target object. 24. The nethod of claim 22, wherein each of said

virtual 20 sliceg:~areq 1-0d, | ' el | i t
each of said vi r@&al %@%ﬁ%ﬁgakg&g{éﬁg}ffg@%@gb@r eﬂg? %?rgfﬁ. Hggalxgm
virtual 20 slices. \WaidfodidadbRyaRenEisagodiedsraiue ef id pixel irstidod

of claim1l1l, wherein the nethod further, conprises tracking. [ rrget
obj et i sal 3D o orErou Haee 1 Ssin & FFREleHTet Ffd AL R
the method further cospéliisesd BRkgebhdingesaid ace texture of said

target object; and tracking said surface texture of said target
obj ect. 27.The n@PhodchBracterigipgp pgseijmg? Grperopadst thedeaegrqyn aacthacljeround

target object conprisgg, iﬁ%&mﬁ%ﬁﬁ?&ktgi@ E@Bhggcg@ﬁ@ﬁ@%dai@'@?g)@ﬁﬁr&ice

sai d acquired inages projected int tal donmain;
detecting the presencadstttisathe biackageundshe Sregroamidol se thet kel kypsnand

characterisgics - sal et obj.ect: and creatin I dol |

vi rtual reptegsenlig%f]ﬁ%%g%+%é%$8u?%%§a38%ﬁﬁmg? ?iftﬁ%%‘gﬁ%g(ﬁyj%g'gi t al
domai n. 28. The nethod of claim 26, wherein the 20 i mage anal ysis
conprik®s: Themethod of ciaim 1, wherein said background subtraction comprises nsing region-

based techniques which analyze changes in gradients in said background space versus a

foreground space.

16.  The method of claim 1, wherein the relative external camera calibration comprises:

(&)  placing a checkerboard pattern in the background space such that each of said
video cameras acquires one or more images of said checkerboard pattern from,
various angles;

 (b)  capturing one or more images of said checkerboard pattern on each of said video
cameras;

(c) ascertaining the intersection points of each squafc on each of said one or more
images of said checkerboard pattem; and

(@)  using said intersection points to calculate the position of each of said video

cameras.

17. Themethod of claim 16, further comprising building a map of the positional relationships
between each of said video cameras based on each of said video camera’s relative

position to said checkerboard pattern,

18.  The method of claim 17, wherein said map building of positional relationships comprises:
(@)  determining which of said video cameras is in a best location to capture said

images of said checkerboard; and



(a) assessing each virtual 2D slice for one or nore inage

representa ructs; (b) calculating the outline of each of
sai d inageg*éﬁgépgﬁ%atlon constructs; (Ofitting an el | PEIVSEYSAEIH
of said inmage representation constructy; (d) calculating the
centerpoint, x- and y-radii, and an angle of rotation for each of
said i mage representation constructs; and (e) applying the known
properties of each virtual 20 slice to each of said i mge

represent at ijgn ot bRGREAM v Jﬂerﬁ@«ﬂoqaw&ed%hmzﬁd@iehﬁﬁueame in
generate reg® hﬁ% Eﬁhaﬁégﬁgyﬂﬁ salh fnage representation
constructs. 29. Tfnbestrhmwumtohammalsmﬂmﬁagmés@nh@h@tm(ﬂon of the
target object conprises: (a) conceptualizing one or nore virtual

proj ec j s to
Phe cort gut By PSS PEatlratd Buree SBfidl IR ol RAIRADRE

one or rmreremuvtugaiuﬂm&bmdmcalaulamos.al d 3D digital domain at one or
nore | ocations predeterm ned based on the known characteristics of

d t t Vi
R R e R
olne of sai dofwall] aiieel ingeciato ﬁidefiﬁélgttﬂ dongirndongaisek ptbﬁttl.r@ saidiDmage
slices; WO 200 09567P 8/ 055728 27 .sai d. count er
To Lhe’ nunpeatted dameanhet B Vigro ARt e ad SOLEETE A6t i s GRS e
sai d tar get ok dif thd fosRRASASIISA b QaB¥iaSindakith 1he 1dnd pripeiRs Of safdbideo

camera.

21.  Themethod of claim 20, wherein said image reconstruction is accomplished using

hardware that supports shader language.

22.  Themethod of claim 20, wherein said image reconstruction further comprises:

(®)  conceptualizing one or more virinal projectors in said 3D digital domain in a
configuration analogous to the configuration of said one or more video cameras;

(b)  inserting one or more virtual 2D slices into said 3D digital dormain;

(¢)  comparing each of said virtual 2D slices to each of said projected images;

(d)  incrementing a counter each time one of said projected images intersects one of
said virtual 2D slices;

(¢)  comparing said counter to the number of said one or more video cameras; and

(f)  deciding whether said target object is considered to exist at the location of said
virtual 2D slice in said 3D digital domain.

23.  The method of claim 22, wherein said image reconstruction further comprises
dynamically configuring the characteristics of each of said virtual 2D slices to best fit the

characteristics of said target object.

24.  The method of claim 22, wherein each of said virtual 2D slices are inserted into said 3D
digital domain such that each of said virtual 2D slices is parallel to every other of said
virtual 2D slices.



virtual 2D slice in said 3D digital domain; (g) assessing each
virtual 21 | . one or nore inmage representation [ S
(h) calculé??h%ﬁ?%égéutline of each of said imge repreggﬁﬁéﬁﬁ@#ﬁmm
constructs; (i) fitting an ellipse to 2ach of said i mage
representation constructs; (j) calculating the centerpoint, x- and
y-radii, and an angle of rotation for each of said inage
representation constructs; and (k) applying the known properties of
each i3t uafheRethbd 6€clhin EaaRrddt the McthddfgRerc@ppessiadking said gt ohjets
| ocated within said virtual 2D slice to generate real -world

coor di nat esingpidR Aigal domain. | nage representation constructs. 30. The
nmet hod of claim 29, wherein said target object is a human, and the

met hodhd.ur t 1S mE@BM bi 18 23, Whefeld 1RO nidhod"thiidr campiies deteBiia suethcd O
the floor and at floor height; inserting a virtual 2D slice parallel

to the fl ootex@rmiofsaidtmepicobinstghd tragkingseid suglage textueqef saityrael ghiget,
parallel to the floor and at knee height inserting a virtual 21)
slice ral ]-hpg s ab.: i el e 1 bl Ld.t ual
21) slli‘)%e p'g}?éaxfl%@?& ? gclttti er Iwglg%lrgér?%t k@ ec%‘{%ﬁnﬁéz}m%ﬁ?fc }éicﬂ‘g)e tn?é% one or
mor e vi rt ua(a) 2D pedormingPat indaze inalysis drecatch obsaidiadubied irgds projegted inig said
The net hod of clﬁl,g] %grdJHyr.t,her conprising determ ning the
orientation of s&i dehunsn af)rii anal yzing the rel ati onshi p between one
or nore i na@® rejuietagtietprameofsiid tirpa objeetiiaseld o theikfiowa tishradtaristied of
2D slice parallel .dtoo tgﬁgfl_oor and at floor height and one or nore

| mage representaf"fJl fAreeh e A s | ocated within said 2D slice paral | el
to the fl oofc)andrédtinglkcheddIEvighil rep¥senihiién bRiafitDErgRf o5t ink2d3D \WBHEI N
the determ natig:r of the orientation of said human further conprises
anal yzi ng the rt°®4®nshi p bet ween one or nore i nmage representation
constructs located within said virtual 21) slice parallel to the

floor 28)d alhdthethb®bOdkiners] wh¥ieink@0 8H 5856 AREHeaPi8éP55728 28

(a)  assessing each virtual 2D slice for one or more image representation constructs;

()  calculating the outline of each of said image representation constructs;

()  fitting an ellipse to each of said image representation constructs;

(d) caleulating the centerpoint, x- and y-radii, and an angle of rotation for each of said
image representation constructs; and .

(e}  applying the known properties of each virtuat 2D slice to each of said image
representation constructs located within said virtual 2D slice to generate real-

world coordinates of each of said image representation constructs.

29.  Themethod of claim 26, wherein detection of the target object comprises:

(@)  conceptualizing one or more virtual projectors in said 3D digital domain in a
configuration analogous to the configuration of said one or more video cameras;

(b}  inserting one or more virtual 2D slices into said 3D digital domain at one or more
locations predetermined based on the known characteristics of said target object;

(¢)  comparing each of said virtual 2D slices to each of said projected images;

(d)  incrementing a counter each time one of said projected images intersects one of
said virtual 2D slices;



one or nore inmage representation constructs |ocated within said 20

i I f d at chest height. 33. Th h f
slice para‘*,giz%otsgogsgnp oor and at chest heig }gﬁ‘ﬁ%ﬁ@ﬁg%m

claim 32, fur

34. The net hod
virtual 20 slic
obj ect can be d

(e)
(2)

(2
()
(D
G

&

er conprising determ nifg the hei ght of
of claim 33, further conprising inserting one or nore
es as end caps, such that the edge of said target
et erm ned.
comparing said counter to the number of said one or more video cameras;
deciding whether said target object is considered to exist at the location of said
virtual 2D slice in said 3D digital domain;
assessing each virtual 2D slice for one or more image representation constructs;
calculating the outline of each of said image representation constructs;
fitting an ellipse to each of said image representation constructs;
calculating the centerpoint, x- and y-radii, and an angle of rotation for each of said
image representation constructs; and
applying the known properties of each virfual 2D slice to each of said image

representation constructs located within said virtual 2D slice o generate real-

world coordinates of each of said image representation constructs.

30.  Themethod of claim 29, wherein said target object is a human, and the method further

comprises:

(a)  inserting a virtual 2D slice parallel to the floor and at floor height;

(b)  inserting a virtual 2D slice parallel to the floor and at ankie height;

(c) insertinga virtual 2D slice parallel to the floor and at knee height

(d)  inserting a virtual 2D slice parallel to the floor and at hip height;

() inserting a virtual 2D slice parallel to the floor and at chest height;

(D  inserting one or more virtual 2D slices parallel to the floor and at head height,

31,  The method of claim 29, further comprising determining the orientation of said human by

analyzing the relationship between one or more image representation constructs located

within said virfual 2D slice parallel to the floor and at floor height and one or more image

representation constructs located within said 2D slice parallel to the floor and at ankle
height.

32, The method of claim 29, wherein the determination of the orientation of said humean

further comprises analyzing the relationship between one or more image representation

constructs located within said virtual 2D slice parallel to the floor and at hip height and
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one or more image representation constructs located within said 2D slice paralle] to the

floor and at chest height.

33.  'The method of claim 32, further comprising determining the height of said human.

34.  Themethod of claim 33, further comprising inserting one or more virtual 2D slices as end-

caps, such that the edge of said target object can be determined.



