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CAMERA POSE DETERMINATIONS WITH DEPTH

BACKGROUND

{0001] Cameras may be used in three-dimensional (3D) scanning systems,
virtual or augmented reality (VR or AR) systems, robotics systems, assisted or
autonomous anving systems, and the like. 1he pose of a camera, that 18, 118
actual position and onentation within a frame of reference, may be used o
reduce error in processing information from images captured by the camera. +or
exampie, in an AKX system, an accuraie camera pose may aliow for increased
accuracy in positioning an overiay graphic. Similarly, accuracy in object

scanning or fracking may be increased with a more accurate camera pose.

BRIEF DESCRIPTION OF THE DRAWINGS
0002 FiG. 11s a schematic diagram of an example system {0 determine g

cose of @ camera pased on image features and depth data.

{O003] Fi5. 218 a schematic diagram of an exampie pose determination of a

camera pased on image features and depth data.

10004 ] Fis. 318 a flowchart of an example method (0 detlermine camera pose

USINg image features and depin data.

{O005] (s, 4 s a flowchart of another example method to determine camera

DOSE USING image features and depth data.

10006 Fi(. 5 is a diggram showing a plane skewed with respect to a camers

for which depth and feature data i1s used 1o determine pose.

{0007 ] Fi(s. B I8 a schematic diagram of an example system to determine

poses of a cameras based on image features and depth dats.
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10003] Fias. 7A 1o 70 are schematic diagrams of example layouts for unigue

markers.

{O00Y] FiG. 8 is a plan view of an example platform including arrangement of
gecodapie markers {o determine a pose of a camera pased on image features
and depth data.

DETAILED DESCRIPTION

0010 Camera pose, which is also known as camera iocalization, may be
gescribed dy six degrees of freedom, such as the camera s position {(e.g., TX,
1y, Tz} and the camera's onentation {e.¢., RKx, Ry, Kz) relative 1o an ongin or

datum in a 3L worid coordinate sysiem.

10011] image analysis may be used delermine camera pose. In lechniques
sSuUch as Perspective N-Foint, the precision of feature exiraction may limit the
accuracy of the determined pose. in some cases, sub-pixel precision is needed
10 produce an accurate estimation of camera pose. Further, the accuracy of
many image-pased {echniques may rely on a large number of markers or other
determined features. 1his may reduce robusiness {0 changes in acguisition
environment, such as ighting changes and occiusions, as fewer features

detected tends {0 reduce the accuracy of pose determination.

100121 As discussed herein, depth data may be used in conjunction wilh
features exiracted from captured images {0 increase the accuracy and
ropusiness of camera iocalization. The depih data and image features may pe
specific (0 a planar object, such as a fiat piatform, which may be used to support
a target object. A plane equation may be used {0 enforce a geometnc constraint
on the depth data, which may reguce error in the depth data and theretfore
INCrease accuracy of camera pose determination. Further, the use of depth data

may reduce the numbper of markers or other features needed.

10013] FiG. 1 shows an exampie system 100. The system 100 captures
mages and depth information that may be used {0 generate 3L data of a target

opiect 102, The system 100 may be a 3L scanner, smariphone, computing
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device, or similar device. The target opject 102 may be used in certain example
implementations, such as 30 scanning. in other exampies, the farget object is
not used. For example, in VR/AR scene reconstruction, a target obiect may de
omitted, with scene reconstruction peing faciitated by a pianar object, such as a

planar platform, discussed below.

0014} The system 100 includes a camera 104, a depth sensor 106, and a
controlier 108 connectad o the camera 104 and geptn sensor 1U6. The camera
104 and depth sensor 106 may pe aimed owards a planar opject, such as a
planar plattorm 110, The targel object 102 may be placed on or above the
platform 110, so that the {arget object 102 i1s partiaily or fully iocaled within the

fields of view of the camera 104 and depth sensor 106,

00151 The system 100 may be assemupled and disassembied. Wwhen
disassembied, its components may be stored and/or transportad together.
when assembied, its componenis may be affixed reialive {© one another and

generally stationary. tnhe piattorm 110 may form part of the system 100,

0016] The camera 104 may capture visible light, infrared (IR} Hght, or both 1o

obtain images of the target object 102 and planar platform 110.

100177 The camera 104 may include the depth sensor 106, For exampie, the
camera may be an RGE-D camera with an integrated depth sensor. Two-
gimensionatl images and depth information may pe reiated 1o each other by a
oredetermined relationship, which may pe established during a pre-calibration at

time of manufacture or factory testing of the camera 104 or system 100

100181 The camera 104 may have minnsic properties, such as tocal length
and principal point {ocation, and an exirinsic transformation that describes a
position and orientation of the camera 104 in the world coordinate system. The
depth sensor 106, when included with the camera 104, may be pre-calibrated
with intrinsic properties of a camera, such focal length (e.g., X, fy) and principal
point location {(e.g., ©X, ¢y}, and an extrinsic transformation belween infrared and

depth or an exirinsic transtormation between color and depth. A depth-relative
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iransiation and onentation may be pre-calculaled and stored in the camera 104
When muitiple cameras 104 are used, the mninnsic and extrinsic properties

petween the multiple cameras 104 may be predsetermined or computable.

00191 The camera 104 andg depth sensor 106 may be separate components,
and the relationship of two-dimensional images and depth information may pe

defermined when the system 100 18 manutactured, set up, or in operation.

00201 The depth sensor 106 may use stereo visible light (e.¢., mulliple
cameras 104), stereo infrared ight, structured hght, time-of-flight, or simiiar
technigue 1o generate a depin map or depth image. 1 ne depth sensor 106 may
be integral with a camera 104, such as in the example of an RGEB-D camera.
The depth sensor 106 may be realized by multiple cameras 104 operating in
CONUNCHoON, such as stereo visibie ghtiR cameras 104, and theretfore the
gepth sensor 106 may not be a distinct component. in other systems, depth
data may be denved from oilher data, such as capiured images on a host
controlier, such as a depth map obtained from photogrammetry technigues. A
dgepth image may inciude two-gimensional coordinates each with a deptn vaiue
indicative of a distance from the depth sensor 106. A depth image may be
convertad to a sel of three-dimensional coordinates in a world or other

coordinate sysiem.

00211 The plattorm 110 may pe a tiat piate or similar object. The piatiorm
may have a planar top surface 112 that is generally exposed 1o the fields of
view of the camera 104 and depih sensor 106. The plattorm 110 may be
rectanguiar, circular, or nave another shape. The target opject 102 may be
placed directly on the platform 110, may pe nheid above the platform by a
support that sits on or near the platform 110, or may otherwise be positionsd

near the platform 110,

100221 The platform 110 includes physical features that may be exiracted
from captured images that partially or fully contain the platform 1105uch
physical features may be corners of markers, centroids of circular shaped

fiducials, centroids of cross-~-hairs, etc. Exampies of additional features for the



WO 2021/086355 PCT/US2019/058964

system include a specially shaped boundary of the platform 110, a specially
shiaped invanant line or curve on the top surface 112, a texiure on the {op
surface 112, a marker (hducial) provided {0 the top surface 112, or the like. A
phiysical feature may have a predetermined position on the piattorm 110, For
some applications, physical features may be extracted in captured images that
are invanant with respect to rotation and scale. Invariant features may be 2D
features that are unique, positioned In a small iocal region on the plattorm 110,
and invariant 1o scale and orientation change that may resuit from image

capture.

O0Z3] in this example, a plurality of markers 120 is arranged in a
oredetermined arrangement on the top surface 112 of the platform 110, The
markers 120 may pe stickers aanerag to the piattorm 110, prnnted 10 @ medium
that is placed or affixed on the platiorm 110, etched/embossed inio the platform
110, printed directly onio the platform 110, molded into the platform 110, or

provided i a simiar manner.

100247  The guantly and arrangement of markers 120 are readily configurabie
for speciiic use cases. For example, a particular patiern of markers may be
provided {0 a platiorm 110 for a system 100 that is 1o scan a particular class of
target objects, such as numan feet for the making of customized or orthopedic
footwear. in another exampie, a particuiar pattern of markers 120 may be
printed {0 a medium, such as paper, and placed on top of a generic platiorm

110.

100251 The controller 108 may include a central processing unit (CFRU), a
THerocontrolier, a miCroprocessor, a Processing core, a processor, a field-
programmable gale array (FPGA), an application-specific integrated circuit
(ASIC), or a similar device capable of executing instructions. The controller 108
may cooperate with a non-transitory machine-readapie medium that may be an
glectronic, magnetic, optical, or other physical storage device that encodes
execulable mstructions. The machine-readable medium may include, for

exampie, random access memory (RAM), read-only memory (ROM),
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electrically-erasable programmable read-only memory (EEFPROM), flash

memory, a storage drive, an optical device, or similar.

100201 The controller 108 may be connected 10 the camera 104 1o conirol the
camera 104 1o capture images of the pianar piatfiorm 110 and a target object
102, if present. The camera 104 may dbe aimed such that the piatform 110 and
opject 102, if present, are fully or partiaily contained in such capiured images.
The controller 108 may be connected {0 the depth sensor 106 1o caplure depth

dgata of the planar platform 110 and {arget object 102, if present.

100271 The controller 108 determines a pose of the camera 104 using ine
depth data and fealures exiracted from a captured image, specifically the depth
data and image teatures of the planar piatform 110. To achieve this, the depth
data may be used to define a mathematical plang that represents the planar
surface 112 of the platform 110 and image features may be located within the
capiured image. Then, a 30 transtormation may be appiied 0 posilion the plane
orthogonal {0 the camera’'s Z-axs (e.g., axis 500 of FliG. 5) and further
transtorm the detected marker positions 1o remain in the plane. Then, the
marker positions may be referenced to perform a 20 transformation {0 move the
camera's viewpoint to align the markers with a feature reference. The camera's
COSe 1IN WOrid space can then de determined given a predetermined  orientation

of the plattorm 110 that gefines the plane in worid space.

10028] in another example, the controlier 108 may solve a system of
equations that define the 3-dimensional marker positions in a coordinate
system, such as camera coordinate system defined reiative 1o the camera 104,
with the piane function in the same coordinate system, and wilh camera
intrinsics. 1he system of equations may be soived by an error funclion  so that
the 30 transtormation from the rotational and transiational veciors to be solved
may minimize the error belween transformed marker positions, and markers

ceing iocated at predetermined positions in the plane .

10029 in other examples, other technigues {¢ blend depth data and imagse

feature data may be used.
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{0030 Prior to determining the actual camera poese, the controlier 108 may
process the depth data to fit it to a plane equation. Since the planar platform
110 18 partially or fully represented by the depth data, the controlier 108 may fit
the 3-dimensional data (X, Y, £}, which are generated tfrom individual pixeis of
the depih data that partially or fully represenis the platform 110, {0 a plane
equation such as AX + BY + CZ + D = 0. A plane segmentation may be first
used 1o find all 3-dimensional points that meeat reguirements and tolerances of a
plane. A least-mean-sguare fif after ocutlier removal may be used for plane
fitting. As such, error in representing the platform 110 may be reduced.
Reduced error in the depth data may increase the accuracy of the determined
camera pose. Frocessing of depth data may inciude processing all depth data
Or only processing depth data in a region of interest. In addition, depth data may
pe fillered, spaliaily and/or temporally, {0 smooth the depth data pefore fitting i

to the piane egualion, so as o furiher increase accuracy.

10031] Furiner, pror o determining the actual camera pose, the controlier
108 may 1o align the caplured image and depih data (0 a common frame of
reterence. As discussed above, a relationship may exist between the reialive
coses of the camera 104 and the depth sensor 106, wnether this relationship 18
established at factory or determined at time of operation. For example, ihe
common frame of reference may be defined by the pose of depth sensor 106.
Hence, the relationship may be referenced {0 align the coordinates of pixels in
the caplured image o a coordinate system defined by the depth sensor 106. in
anocther exampie, the commaon frame of reference may be defined by the center
of projection of the camera 104 and depth data may be aligned 10 image
coorginates. in still another exampie, depth data is provided Dy stereo cameras
104 and the common frame of reference is the center of projection of one of the

cameras 104.

00321 Animage used to determine camera pose may be specific {0 pose
determination and may be subsequentiy discarded. Altemnatively, an image

captured o determing camera pose may aiso pe used (o obtain nformation ot



WO 2021/086355 PCT/US2019/058964

the target object 102. That is, the calibration may be performed after the target

obiect 102 is placed on the platiorm 110 and using ihe same image.

00331 A camera's pose, which may aiso be termed its exirinsic
transtormation, {8 described Dy six degrees of freedom, such as the cameras
coordinates in 30 space (e.g., Ix, Ty, 1z) and the camera' s onentation {€.¢.,
Rx, Ry, Kz} relative 10 an ongin or datum in a world coordinate sysiem. A
camera’ s pose may be defermined and used in a calibration by compuling and
vaiidating aligned 30 data of the target opject 102, The calibration may be
reterred 10 as a field calibration, that is, a calibratlion that is performed after the

system 100 is assembied and during operation of the system 100,

100341 A nominal camera pose may be a pose expected when the sysiem
100 18 in use. Nominal camera poses may de chosen pased on specific use
Cases, such as the type of target object 10 e scanned, lighting constrained,
potential obstructions in a camera' s field of view, and the like. An actual pose
may differ from a nominat pose due 1o various reasons, such as maccurate
sefup of the system 100, movement of the camera 104 and/or platform 110 over

lime, vibrations in the building that housses the system 100, and s8¢ on.

100351 A pose of the camera 104 may be stored by the controller 108 Tor use
in a calibration. The calibration may be applied (0 data extracted from images of
a target object 102 to obtain accurate 30 data for the target object 102, 30 that

the target object 102 may be modelied accurately. In other examples, such as in
VIR/AK scene reconstruction, the calibration may be used when reconstructing a

sCene on or over the planar platiorm 110.

{0030] (. 2 shows an exampie determination of camera pose using image

features and depin data.

100377 A camera 104 captures an image 200 in 48 field of view 202. A depth
sensor 106 caplures depth data 204 in its field of view 206. The fields of view
202, 206 may be the same, similar, or gifferent and have a reiationship that may

e predetermined or determined at time of operation. A pianar piatform 11018
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partially or fuily present in the overiapping fields of view 202, 206 and therefore

represenied in the captured image 200 and depth data 204.

00331  The captured image 200 may undergo feature processing 210 1o
identity teatures of the platform 110, such as markers 120, which may be {aid
out on the platform 110 according to a predetermined arrangement. ihe
predetermined arrangement may have a predetermined pose in world space (8
world coordinate sysiem). Addiionally or alternatively, a given marker 120 may
nave a predetermined location in world space. As such, the position  of the

markers 120 may be referenced (¢ delermine camera pose in world space.

100381 A marker 120 may include areas of contrast that are decodabie Inlo 3
sel of coordinates idenlifying the position of the marker 120 on the platiorm 110
OF & numenc or aiphanumeric code (e.g., 1001} that signifies such position. A
marker 120 may pe in the shape of a sguare, rectangie, circlie, gonut, ine
pattern, crosshair, or similar pattern of contrasting areas. Exampies of suiiabie
markers 120 include Arco markers, 2D barcodes (e.g., (Juick Hesponse or UR
codes), circuiar markers, conic sections, surface texture, or simiar. he position
of a marker 120 on the platform 110 may be defined as the position of a comer,
center, or a similar point of the marker. The platform 110 may be situated at a
seiected position and orientation in six degrees of freadom {0 provide a worid

coordinate space ongin (e.¢g., a seiected cormer of ihe platform).

100407 A marker 120 may encode its position on the platform 110 or its
position within a predetermined arrangement of markers 120. Hence, feature
processing 210 may inciude detecting the apparent position of a marker in the
image 200 and gecoding the marker 120 1o obiain s actual position with
reterence 1o the plattorm, the arrangement of markers, or other datum. The

posttion of a marker 120 in the image 200 may be expressed in pixeals.

100411  The depih daia 204 is processed {0 defect the plane defined by the
platform 110, Plane detection 212 may inciude time-averaging depth data 204
1o smooth error, obtaining a point cloud from the depith data 204 (.., X Y, £

coordinaies for each pixel in a depth image), and plane segmentatlion to detect
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the plane of the platform 110 {0 the exient present in the field of view 206. Plane
coefficients are obtained. That is, the coefficients A, B, C, D of the plane

eguation:
100427 AX+BY+CZ+ D=0 (Eguation 1)

10043] are optained. A fithing funclion may de appiied to reduce or minimize

error in the plane coefficients.

100441 Pose determination 220 uses feature locations as determined from
the captured image 200 and depth data 204 as represented by the detecied
plane o compute the camera pose {(1x, Ty, 1z, KX, Ry, Rz}, intrinsic properties
222 of the camera 1034 are aiso reterenced. From each measured marker
position X, y in the image, a homogeneous coordinate may be computed from

Cquations 2:
100457 xh={X~cx) /X
048] yn=({y—-cy}/ty

00477 where tx and fy are camera focal length and ox and cy are the

camera’ s principat point.

10048] Homogeneous 30 coordinates according to a pin-hole camera model

(xh, yvh, zh) can be expressed as tgualions 3:
100491 xh=X/Z

00501 vh=Y/Z

00511  zh=1

00521 where X, Y, Z describe each point of the plane as viewed from the

camera 104.

{0053] Furtner, 3L points are generated 1or each detected marker position as

viewed from ine camera 104, as the homogeneous coordinate obtained trom
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each 20 point forms a ray from the camera 104 to the {arget and that ray

intersects the plane.

{0054] Hence, the plane, as computed from the depth data, and the positions
of the markers, as determined from the image, may be expressed as
mathematicaily in a common coordimnate system, such as a coordinate system

gefine for the camera or a world coordinate system.

100551  Camera pose may thus be computed based on three rotations around
the world X, Y, £ axis respectively, R, Ry, Rz (als0 Known as pan, yaw, 1oil},
and three transiations which are the relative distance {(Ix, Ty, iz from the

camera origin to the world ongin.

{0056] Geometric transforms may be used. For exampie, first 3
transtormation petween the camera and the plane may be computed. A normas
transtormation, 11, may be used to align the plane normal (o an aiming direction
of the camera. Such transformation, T1, may soive the camera ¢ plane
orientation around the cameras A angd Y axes, as well as the transiation from
the camera 1o the piane in the camera’'s Z direction. With reference o FIG. 5,
the transformation, 11, makes piane normatl to the camera axis 500 and

determines the distance from the camera (o the plane along the axis S00.

100571 Then, using the above franstformation 11, the detected points solved
in Equations 1, 2, and 3 may be projected info the camera's £=0 plane. Thatis,
the marker locations are also transformed s0 that the marker localions remain in
the piane, as constrained py the markers 120 peing positioned on the platform
110,

{0058 Stubsequently, an affine transformation of inlier marker points, T2,
may pe computed. This may be considered a 20 alignment between the
transformed, plane-projected 20D points Xp, Yo (Zp = () and the reference
coordinates of the corresponding points Xw, Yw {Zw = (). A feature reference or
iempiate of markers may be used. {his transformation, 12, solves the camera 1o

plane corientation around the Z axis of the camera (axis 500 in FIG. 5), as well as
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the transiation belween the camera and the plane in X and Y directions relative

o the camera (directions perpendicular to axis 500 in FiG. 5).

{O05Y] Finally, the transformations, 11 and 12, may be combined, such that

ithe cameraspeose= 11" 12

0000 in other exampies, tguations 1, 2, and 3 may be applied as
constraints in a computalion that reduces or minimizes error. A cost-function
through non-linear mean sguare optimization, for exampie, a Levenberg—

Marquarat aigorthm may pe used.

{0061 (. 3 shows an exampie method 300 of determining camera pose
Using feature detection and depih data. The method 300 may be performed with
any of the devices and systems descrnbed herain. the method 300 may be
embodied by a set of controller-executable instructions that may be siored in 3

non-transitory machine-readadie medium. 1 he method begins at biock 302,

100621 At block 304, a camera capiures aniimage of a scene. The image
may be a visibie light image, an (K image, or a combination of such. the scene
inciudes a planar platiorm inciuding deteciable features, such as markers,
mMarkers encode 1or position information, physical features of the piatform, or

simitar. A target opject may be situated on or above the piatform.

10063] At block 306, depth data s captured for the scene, inciuding depth
gata of the planar piatform. Multiple depth images may be acquired for depih

averaging and noise reduction.

10004] At block 308, a pose of a camera is computed. £xpected positions of
features, such as a predetermined arrangement of the markers on the platform,
may be combined with information (e.g., plane-defining A, B, C, D cosefficients)
that defines the piane of the platiorm, as obtained from the depth data, and

predetermined camera intnnsic parameters, o obtain the pose of the camera.

{OUGD] Further, a calibration may pe generated with reterence (o the

computad camera pose and homography information of detected markers (8.9,
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a relation petween 20 image coordinates and 3L world coordinates). the
calibration may map 2D image coordinates captured by the camera to 2D
worid coordinates. the calibration may be referenced wnen generating 30 data
of the target opject from captured 2L images, or from captured multipie target

opiects from a plurality of depth cameras.

0066 The method 300 ends at block 310. The method 300 may be repeated
continuously, requiarly, or pericdically while g system is in operation. The
meinod 300 may be performed without a target object iocated on the plattorm.
The method 300 may be performed with a target opbject located on the piatform
and redundancy in placement and/or numbper of unigue markers may provide
sufficient robusiness to generate the calipration when fewer than all unigue

markers are getected and decodeq,

1006/ Fis. 4 shows an exampie method 400 of determining camera pose
using feature detection and depth data. 1he method 400 may be performed with
any of the devices and sysiems descrided herein. the metnhod 400 may be
embodied by a set of controller-executable mstructions that may be siored in a

non-transitory machine-readaple medium. the method begins at block 402,

100638] At blocks 304, 306, an image and depih data are captured, as

discussed eisawhera herein.

0008 At block 404 the depth data is preprocessed. Noise may be reguced
Or removed. This may include average depth data over time, fillering depth gata
(e.g., a bilateral fiter}, or similar operation o reduce the effects of environmental
or sensor-reiated error. Depih dala may be cleaned in the spatial domain, ime

aomain, or both.

00707 AL Dlock 400, the captured coior or IR image 18 enhanced. This may
inciude applying a filter, such as a sharpness filter, adjusting contrast or
brighiness, or similar operation 0 increase likelinood of detection of features,

SUCH 88 markers, in the image.
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100711 At block 408, if the depth data is in the form of a depth image, such as
X, ¥ image coordinates and a depth value in units that correspond to a world
coordinate system, then the depth data 18 converted {0 a point cloud. A point

cloud may be expressed as X, v, Z coordinates in @ world coordinate system.

00721 At block 410, feature detection is performed on the ennanced image.

Various examples of features that may be detecied are described elsewhere

nerain.

{007 3] Regarding Aruco markers, these fiduciais are sguare-shaped and
inciude an outer border thatl establishes the fiducial’ s poundary, and an interior
region that encodes an identifier using vamnying, pre-determined configurations of
plack and white sguares. A sysiem that detecis ArUco markers may take as
iNpuUt an image of a planar target with ArUco markers printed on it and a pattem
or arrangement describing the location of the marker or the patiern of multipie
markers. Feaiure detection may inciude determining the locations of the four
corners of each detected Arlico marker given in camera pixel coordinates and
the corresponding marker identifier. Gaussian blurring for Noise suppression
and bilateral filtening are examples of enhancements {(block 406) that may
improve Arlco marker detection. Other examples of enhancement include
mage pyramid (Up-samphng foilowed by down-sampiing after rough detection)
and image thresholding. Such enhancements may make the marker comers
easier {0 detect and may increase the speed of detection by shrnking the
amount of data to process. For instance, once a rough outer polygon is
detecied, the precise corner ocations may be refined with corner localization.
The intenor of the polygon may then be analyzed {0 extract the marker identifier.
identification of the marker based on the defined identifier may serve {0 venty
that the comers detecied correspond {0 g valid marker and, hence, the comers
may be used to reference an inpulted pattern layout. A list of detected points
paired with corresponding identifiers may then be outpulted for camera

iocalization.
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10074 Regarding circular markers, there are variocus circular fiducial designs
which may be processed by detecting individual markers as visible to the
camera using eilipse detectors, determining the dentifiers of the circles pased
on a pattern encoded iNto each circle, estimation the centers of the circies {o
subpixel accuracy, using the determined centers as the feature coordinaies, and
finding the homography belween a reference plane obtained from depth data
(e.g.. a plane of a pilatform)} and the image of circular markers acquired by the

Cainiera.

10075] Regarding conic sections, these are geometry pnimitives, such as
Various conic secltions {&.g., circles, ellipses, second order parametric curves,
efc.). Perspective distortion of these shapes and their relatively simpile
mathematicai representations allow 1or nomograpny between a reference plane
optained from depth data (€.g., a plane of a platform) and a captured camera

image containing conic seclions {0 be readily computed.

1810745} Regarding textures, a texture may be seiected 1o uniguely and
repeatably mark local features (€.9., points of interest) for feature matching. A
selected texture may be invariant o scale and rotation and should be robust
against lighting and minor viewpoint vanations. ~eature detection of a lexture
may include entitying feature points using Image matching technigues, such
a5 scale invariant feature transform (SIFT), speed up robust feature (SUREF),
pinary robust independent elementary features (BRIEF), oriented FAST, rotated
BRIEF {ORB), or simiar. An index of feature points may be determined and
compared (0 indexed feature points from a reference texiure image. then, a
iransformation (homography} between a plane of the texture and a reference

plane obtained from depth data (e.¢., a plane of a platiorm) may be obtained.

00771 Atblock 412, plane segmentation and fiting are performed on the
geptn data. A plane representative of the piatform is obtained. A piang eguation

of the form:

0078 AX+BY+COZ+D=0
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1007 9] may be used (o determine coeflicients (A, B, C, D} that define the
plane. Fitling may include east-mean-square with outliers removed or simiiar

technique.

00801 At block 414, positions of detecied fealures are determined. Detectad
markers may pe decoded. For exampie, a predetermined decoding schneme may
pe referenced 1o convert areas of contrast (e.g., bright and dim palches)
arranged in a deteclable pattern inlo a position or code represeniative of
position. Feature detection and perspective correction may de used for marker

detection and/or decoding.

100811 A unigue marker may be disregarded if the unigue marker appears in
ihe image wilh iImaging qualily that faiis {0 meet a3 minimum gualhty. This may
OCCUr under {ow or poor-quality environmentat ignt. Further, a unigue marker
may be hidden or obscurad by the target object or may pe subject o other

condition that renders the unigue marker cbscured or undecodabdle.

00821 Al block 416, the pose of the camera may be determined with
reference {0 the iocations of the detecied features and the plane optained from
the depth information, as discussed elsewhere herein. With reference to Fi. 5,
ihe plane provides accuracy as o the distance of the platform 110 from the
camera 104 aiong the camera axis 500 and as 1o the rotalion of the platiorm
110 about orthogonai axes 502, 504 that are perpendicular 1o the camera axis
500, The {ocations of detected features provide accuracy as to the rotation of
the piatform 110 about the camera axis 500 and the position of the platform 110
along orthogonal axes 202, 504, The accuracies in the depth and feature
gomains are complementary and increase the overall accuracy of gslermining

Caifiela Pose.

10083] Position information determined from image features, at plock 414,
may be used to perform an nilial pianar pose estimation, at biock 418, which

may be provided for pose determination, at biock 416
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100841  Afealure reference for the arrangement of features may be provided,
at plock 420, {0 the pose determination, at block 416. The reference may be a
tempiate or other descriptor that defines the locations of the features on the
platform. The feature reference may pe a ground truth of the features of the
platform. This information may be used o fit detecled features (0 the template {0
requce individual error in feature iocation. That s, the determination of feature
pOsiioNs may be made for a set of detected features considerad together,
rather than each feature individually. in effect, a set of delected features may

form a super-feature that provides 1or greater accuracy.

00851 The method 400 ends at biock 422, The method 400 may be repeated
continuously, reguiarly, or periodically while a system is in operation. The
method 400 may be performed without a target object iocated on the platform.
The method 400 may be performed with a target object iocaled on the platform
and redundancy in placement and/or numpber of unigue Mmarkers may provigde
sufficient robusiness 1o generate the calibration when fewer than all unigue

markers are detected and decoded,

10086] Fi(. 6 shows an exampile system 800. The system 600 is similar {0
ihe system 100 and only differences will be described in detail. The system 100
may De referenced for further description. in this exampile, the system 600 s 10
capture images of a users feet 10 generate 3D models of the feet 10 aliow Tor

customized orthopedic footwear {0 be Created Tor the user

00877 The system 600 may include a plurality of cameras 602 secured
together by respective arms 604, The arms 604 position the cameras 607
around and apove a planar plattorm 06 that carmes an arrangement of markers
608, 610. The cameras 602 are aimed centrally downwards toward the plalform.

The cameras 602 include depth sensors and may be RGB-D cameras.

00831 The markers 608, 610 may be arranged on the platiorm &80 in 3
pattern than aliows three or more non-colinear markers to pe visible to each
camera 602 when an obiect, in this exampie a person’'s feet, are sifualed on the

platform.
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100881  The platform 606 may further include guide marks 612, such as an

outiineg of a foot, to inform ihe user where 1o stand.

{00901 The system 200 may further include a controlier 620 and memory
©22. SUCh a5 8 machine-readable medium, connecied 1o ine controdler 620, The
memory 622 may store executabie mstructions 624 1o carry out functionaiity
gescribed here. The memory 622 may store relevant data 620, such as camera

00ses, calibration data, and the like.

00911 The controlier 620 may dbe connected o the cameras o2 and may
execute ine instructions 624 (o capture images and depth data of the platform
606, The instructions 624 may further determing a camera pose for e€ach

camera o2, as discussed eisewhere herein, using imaged markers 6038, 610

and a piane of the platform 600 determined from the depth data.

{0092 Further, the controller 620 may verity a pose of a camera 62 and the
alignment to another camera 602 that overlaps in the field of view based on the
compuied pose of that camera 602, The cameras 602 may be mutually fixed in
space py the arms 6l4. The relative pose between the two cameras 6l2 may
e computed after the two individual poses are determined. Hence .ihe
controlier 620 may align from one camera coordinate {o the other camera
coordinate afier the controlier converts marker image coordinates {0 camera
coordinates of that camera with depth and captured images. The controlier 620
then transforms the 30 locations viewed py the first camera to the second
camera, and measures the offset (o the 3D locations viewed by ine second
camera pased on the common markers. if the alignment offset between the two
cameras (s outside of expected py a margin, then the pose computation of poth
cameras may be redone. Thatis, fallure (o verily a pose may trngger re-
computation of the pose. Imaging parameters, such as filler setlings,
contrast/orightness, efc., may be varied during re-computation in case

arvironmental congitions or other sources of error exist.

10093 Pose verification may be consirained 0 markers 608, 610 capiured

and decoded by the relevani cameras 602, That s, a first camera 60Z that
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captured and decoded a first set of markers 608, 610 may have I8 pose verified
oy a second camera 602 that captured and decoded a second set of markers
o038, ©610. The markers 608, 610 contained in both the first and second seils may

pe used to venty the pose of the first ang/or second camera 62,

{0004 ] FiGs, 7Ato 7C show example types and arrangements for markers.

The posilion and orientation of markers may be selected 1o meet a use case.

Different types and shapes of markers may be used.

(0095] (. 8 shows an exampie platform 800 that may be used with any of
the systems, devices, and methods discussed herein. 1he platform 800 includes
an arrangement 800 of decodabie markers, such as Arlco markers. fhe
airangement 00 may be g gnd-iike pattemn, as shown, or another pattern. The
arrangement 800 may pe located between two guides 804, which indicate

whnere a user is 1o stand o capture 3D data of the users feed.

{0096 It shouid be apparent from the above, that an accurate and ropust
way of obtaining camera pose in sixX degrees of freedom s provided. A
specialized calibration object is not required. Constraining depth data to fit a
plane approaches ground frutn for the planar plattorm as the number of depth
datapoints used increasses due o regression o the mean. Further, sparse
markers are possible. For instance, three or four markers are sufiicient in
VATIOUS impiementations. Fewer markers may increase the speed of pose
deterrmination, as marker detection may be processing intensive reialive {o

depth mapping.

0097 it shiould be recognized that fealures and aspecis of the various
exampies provided above can pe compined into further exampiles that aiso fall
within the scope of the present disclosure. in adgdition, the hgures are not o

scale and may have size and shape exaggeratad for thustrative purposes.
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CLAIMS

1. A system comprising:
a camera aimabie at a planar piatform;
a depth sensor aimable at the planar platiform; and

a conirolier 1o control the camera 10 obtain a caplured image of the
clanar platform, the controiler further 1o controt the depth sensor o capiure
depth data of the planar platform, the controlier further {0 determine a pose of
the camera using the depth data and feaiures exiracted from the captured

image.

2. 1he system of claim 1, wherain the controlier 18 further to determine the pose

ot the camera py a constraint of a plane eguation from the deptn data.

3. The system of claim 1, wherein the controlier 18 further to align the caplured

image and depth dala 1o a common frame of reference prior o determination of

the pose of the camera.

4. The system of ciaim 1, wherein the controlier is further to extract a piang from
the depin data of ine planar platform, and wherain ine controlier 1s further 1o use
a piane equation and the features extracted from the captured image o

determine a three-dimensional pose of the camera.

o. 1he system of claim 1, wherein the conirolier is further {0 extract a feature
from a representation of an invanant feature on the planar platiorm in the

captured image.

6. The sysiem of claim 1, wherein markers are arranged on the planar piatform
iN a8 predetermined arrangement, and wherein the controller is turther {0 exiract
a teature or multiple features from a representation of a marker in the captured

image.
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/. The system of claim &, wherein the controlier is further to compare the

representation of the marker in the capiured image {0 a feature reference of ithe

markers {0 determineg the pose of the camera.

8. ine system of claim &, wherein a marker encodes a position of the marker on
the planar piatform, and wherein the controlier 1s further 10 decodge the marker o

opiain the position to determine the pose of the camera.
9. The system of claim §, wherein the marker includes texture.

10. The system of claim 1, further comprising the pianar platform, wherein the
planar plattorm i1s 1o receive a target object, and wherein the controlier is o
controt the camera 1o obtain captured images of the target object and 1o exiract

ihree-dimensional data from the caplured images with reference 1o the pose of

ihe camers.

11. A non-transitory machine-readable medium comprising instructions

executable py a controiier 1o

obtain an image of a planar object captured by a camera,
detect, in the image, markers on the planar obiect;

obtain depth data of a planar object, and

determine a pose of the camera using the depth data and iocations of the

markers detected in the imags.

12. The non-transiiory machine-readaple medium of claim 11, wherein the
instructions are further to determine a plane from the depinh data, wnerein the
plane representis the planar obiect, wherein the mstructions are further 1o use

{he plane and the locations of the markers {0 delermine the pose of the camera.

13. The non-transitory machine-readable medium of claim 12, whersin the

instructions are further {o fit a point cloud of the depth data {0 a plane eguation

o detfine the plane.
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14. A sysiem compnsing:

a planar platiorm;

a pluraiity of cameras {0 caplure images and depth data of the planar
platform; and

a conirolier connected 1o the plurality of cameras {0 extract features from
ihe images, determine a piane of the planar platform from the depth data, and

determine poses of the plurality of cameras based on the features and the
plane.

15. The system of claim 14, wherein the controlier is further to verity an

accuracy of a pose of a camera of the pluraiity of cameras.
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