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BoccTaHOB/IeHME TpexMepPHbIX
Mmoaeneu

* Bxopa: nsobpaxerHua (RGBD, IMU)
CTaTUYECKOM CLEHbI

* Bbixod: o4HA UM HECKOIbKO MOAE/EMN,
KaX[aa U3 KOTOPbIX NpeacTaBleHa CETKOM
(Habop TpeyronbHMKOB) U (ONLMOHANBbHO)

TEKCTYPOU



PoboTOTexHUKA

Boston Dynamics, Spot Launch, https://www.youtube.com/watch?v=wlkCQXHEgjA




Autonomous drones

Tightly-Coupled Monocular Visual-Inertial Fusion
for Autonomous Flight of Rotorcraft MAVs

Shaojie Shen, Nathan Michael, and Vijay Kumar

® THE HONG KONG
ll J UNIVERSITY OF SCIENCE
AND TECHNOLOGY

INSTITUTE




JlononHeHHaA peanbHOCTb




CKaHupoBaHue 3yboB



[1pOn3BOACTBO KMHO




Co3aaHune undppoBbIX At04en




doTorpammeTpuA

Image credit: James Busby, Ten 24 Media, https://80.Iv/articles/photogrammetry-

how-does-it-help/
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OcHOBHbIle 3Tanbl co3aaHmnAa 3D
moaeneu
* BbluncneHmne NnonoxKeHus Kamep U KOoOpaAnuHaT
TPpexmepHbIX ToOYEeK
* [locTpoeHne NoOBEepPXHOCTU

* TeKcTypupoBaHue



Ramepa

O ANy —¢

TURNING LIGHTINTO -
ADIGITALFILE . =

seltal saracrin

How your digital camera converts e
captured Light into image pixels Harimvicy

Sabjert

,;ﬁs‘tf The colour filter array

photutites ¢
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Kamepa-ob6cKypa (pinhole camera)




=)
"'\""'°
;

Ps

a) f

Real image

- j‘:a

Pin-hole
camera
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[TpoeKuma Kamepbl-06CKypbl

* [IpsAMbie NIMHNU NPOEKTUPYIOTCA B MPAMbIE
IMHUU

* [lapannenbHble NpAMbIe NPOEKTUPYIOTCA B
nepecekatowmecs



[lpoeKumnAa Ao anoxm Bo3porKaeHuA

[yy4o agn byOHUHCEeHbA
«bnaroseweHune»
1308-1311
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BO3HMKHOBEHME NPOEKTUBHOMN reoOMeTpUun
(Hayano anoxu Bo3poxaeHusa)

Tomaso-aun-[xxosaHHM Ma3ay4yo, «Ynnata nogatu», 1427




BO3HMKHOBEHME NPOEKTUBHOWU
reomeTpumn

* NoraHH Kennep n Kepap e3sapr (Hayano XVl
BeKa): beCKOHeYHO AaneKkne TOYKM, TOYKA Ha
6eckoHeyHOoCTH, NpsaAMasa Ha 6E€CKOHEeYHOCTH

* KaH-BukTtop lNoHcene, Muwenb LWanb
(nepBas nonosmnHa XIX BeKa): npoeKTUBHOE
NPOCTPAHCTBO

e ABryct PepanHaHag Mebuyc (cepegmnHa XIX
BEKa): 04HOPOAHbIE KOOPAMHATDI



Moaenb Kamepbl-06CKypbl

X

NAOCKOCTb Z X' = X
n3obparkeHus . -
p i 7
Y Y
| L
=1 . . 7 Y 7
Z |
') u=f x'+c,
— |
Y= fyy +c,

U,V — KOOPJUHAThI NUKCeJel Ha U3006parKeHUHU
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[lpOeKTUBHOE NPOCTPAHCTBO

* COCTOUT U3 MHOECTBa NPAMbIX TNHUN,
NPOXOoAALWUNX Yepe3 HYEBYHO TOYKY
IMHENHOrO NPOCTPAHCTBA, BKAOYAET TOYKY Ha
6ecKoHeYHOoCTH

* Ecnm nuHenHoe NpoCcTPaHCTBO TPEXMEPHOE,
TO NPOEKTUBHOE NPOCTPAHCTBO Ha3bIBalOT
MPOEKTUBHOM NIOCKOCTbIO P?



OaHopoAdHble KoopAuHaThI

/

X
o > / 2
TouKa Ha NnpoekTuBHOM niockoctn P = |y | € P

1

CTaBUTCA B COOTBETCTBME BCEM TOYKAM U3 TPEXMEPHOTO
NPOCTPAHCTBA, MPOEKTUPYIOLWMNMCA B HEe:

X X
—>:<y):Z yr ERB

(X,y,z) Ha3bIBaOT OAHOPOAHbIMU KOOPAMHATAMM TOYKN P.



OaHopoAdHble KoopAuHaThI

YpaBHEHUE NPAMOWN:
p'1=0 pl.+pl +pl =0
[MpAamasn, npoxoaAulan yepes ABe TOYKU:

[=pi %P, pi P % P, =0

[lepecevyeHne NpAMbIX:

l)=ll)(l2 ll-Tll>(lz=O



Moaenb Kamepbl-06CKypbl

X

NAOCKOCTb Z X' = X
n3obparkeHus . -
p i 7
Y Y
| L
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Z |
') u=f x'+c,
— |
Y= fyy +c,

U,V — KOOPJUHAThI NUKCeJel Ha U3006parKeHUHU
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MaTpuua npoeKkunm Kamepbobil



MaTpuua npoeKkunm Kamepbobil



MaTpuua npoeKkunn Kamepbol
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CTepeo3peHue
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CTtepeo peKkTUudmnKauus

* [locne Kannbpaunm ctepeonapbl, Mbl MOXKem
cAenatb aNUNoAAPHbIE JIMHUN TOPU3OHTA/IbHBIMMU

Object

Left Camera E Right Camera

M, Distort R0 7]

(e, oty

©) unaete ] oty | ﬂ

(d) E -~
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Stereo correspondence block matching

For each block in left

image:
Search for the
corresponding block
in the right image
such that SSD or
SAD between pixel
intensities is
minimum
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iIPhone X True Depth camera

HOW FACE ID
ACTUALLY WORKS




CTepeo3peHue

(u',v',l)-F-

(1)

y
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HaxoxaeHne pyHAaMEHTaNbHOW
MaTpULbl

* Haxoaum K/itoueBblie TOYKM U COOTBETCTBUSA
mexxay Humm (SIFT etc)

* [Mpn nomowm RANSAC punbtpyem
HenpaBW/ibHble COOTBETCTBMA M HAXOAMNM
dYHAAMEHTA/IbHYIO MAaTPULLY
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Katoyesble TOYKU
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CooTBeTCcTBUA
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Random Sample Consensus

* Do n iterations until #inliers > inlierThreshold
— Draw k matches randomly
— Find the transformation
— Calculate inliers count
— Remember the best solution

I‘ ‘ I : : ‘ '#matches‘k
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PnHaNbHbLIN pe3ynbraT
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OueHKa no3bl obbekTa (3agaya PnP)




OwunbKa penpoeKkumnn

(X,
Y.

l

Z

l
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Perspective-n-Points problem

min error(K,R,T)
R, T
P3P, P4P
Levenberg-Marquardt
RANSAC

O(N) closed-form methods

— See Hesch J.A., Roumeliotis S.I. A direct least-squares (DLS) method for
pnp; Proceedings of the IEEE International Conference on Computer
Vision; Barcelona, Spain. 6-13 November 2011; pp. 383-390.



BoccTtaHoBneHMe 31 cueHbl npu
NOMOLLM OAHON Kamepbl

* SLAM: Simultaneous Localization and Mapping

TpexmepHan
PEKOHCTPYKUUA:
BoccTaHoBneHue HOBbIX 3D
TOYEK U YTOUYHEHUe
NONOXEHNA CTAPbIX

OpomeTtpua: PnP ana
onpeaeneHmna HoBOro
NONOXEHUA KaMepbl
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Structure from Motion

[laHbl ABa n306parKeHnsa ogHON N TOU XKe
cueHbl. TpebyeTcss BOCCTAaHOBUTb TPEXMEPHYIO

CTPYKTYpY.
1) BHyTpeHHMe napamMmeTpbl Kamepbl M3BECTHbI

2) BHYTpeHHMe napameTpbl KaMepb
HEN3BECTHbI



Teopema 0 NPOEKTUBHOM
PEKOHCTPYKLUUNU

P, P’— maTpuubl NpoeKkuun Kamep

q:,9".€P?, Q, .EP>.

MycTb {(9;,9,")} — Napbl COOTBETCTBYOLWMX TOYEK
Ha ABYX N300pa*KeHnAX, U CyLLLEeCTBYeT
eguMHcTBeHHaA F Takas, uto q,'Fq=0 gnAa scex i.
Nyctb (P4,P,,{Qy;}) v (P,,P,,{Q,}) — ABe
PEKOHCTPYKLMK, cooTBeTcTBYOWME {(q;,q.)}.
Toraa cylwecTByeT HECUHIyAApHaa maTpumua H
Takas, yto P,=P,H™, P’,=P’" H1 n Q,=HQ_, an-
BCEX i, KPOME TOYEK, NerKallunx Ha JIMHUMN,
COEeAUNHAIOLWEN LUEHTPbl Kamep.



[MpoeKkTnBHOe npeobpasoBaHme R3

_ Hy1Xo + HipYo + HizZo + Hyy

X —
Hy1Xo + HypVo + HyzZo + Hyg ‘

v — Hy1 Xy + Hyp Yy + Hy3Zg + Hyy
Hy1 Xog + HyoYg + HyzZo + Hyy

7 - H31Xo + H3,Yy + H33Zg + H3y ‘
Hy 1 Xog + HypYg + HyzZo + Hyy
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HaxoxaeHune NN10CKOCTU Ha
6eCcKOHeYHOCTH
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Structure from Motion

* [1pn N3BECTHbIX BHYTPEHHUX NapameTpax
KamMepbl U HaANYUU JOCTAaTOYHOTO KOJIMYECTBaA
NPaBUJIbHbIX COOTBETCTBUMN (MUHMMYM 5),
MOXHO O4HO3HAaYHO BOCCTAHOBUTb
OTHOCUTE/IbHbIE MO3bl Kamep (Kpome
BbIPOXKAEHHbIX C/ZTy4a€eB) C TOYHOCTbIO A0
MmacLwTaba



ORB-SLAM2

Instituto Universitario de Investigacion
en Ingenieria de Aragon

Universidad Zaragoza

«1s  Universidad
Al Zaragoza

75

ORB-SLAM2: an Open-Source SLAM System
for Monocular, Stereo and RGB-D Cameras

Raul Mur-Artal and Juan D. Tardds

raulmur@unizar.es tardos@unizar.es
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Sparse Bundle Adjustment

man Z‘ Uud(P Qi qu)

P;-- MaTpuLia NPOEKLMM j-i Kamepbl

Q; € P3 -- i-a ToUKa B TpeXMepHOM
NPOCTPaHCTBE

qij € P* -- ee npoeKkLua Ha j-e n306paxeHue
V;j PaBHO 1, ecnam q;; npucyTcTBYET Ha
n3obparkeHunu j, nHadye O




Large-Scale SLAM: Colosseum

Agarwal, Noah Snavely, lan Simon, Steven M. Seitz and Richard Szeliski, Building
Rome in a Day. ICCV 2009 48



Large-Scale SLAM: Dubrovnik

Agarwal, Noah Snavely, lan Simon, Steven M. Seitz and Richard Szeliski, Building
Rome in a Day. ICCV 2009 49



point cloud reconstructed mesh

Image credit: http://doc.cqgal.org/latest/Poisson_surface_reconstruction_3/bimba.jpg
50




Poisson Surface Reconstruction

Seminal paper:

M. Kazhdan, M. Bolitho, and H. Hoppe.

Poisson Surface Reconstruction.
Symposium on Geometry Processing, 2006

2000 citations



The Indicator Function

Reconstruct the surface of the model by solving
for the indicator function of the shape:

X (P)=

1 if peM
0 if p&M 0

Indicator function

X

Slide credit: M. Kazhdan, M. Bolitho, and H. Hoppe. Poisson Surface Reconstruction - slides.



Challenge

How to construct the indicator function?

Oriented points Indicator function

X

Slide credit: M. Kazhdan, M. Bolitho, and H. Hoppe. Poisson Surface Reconstruction - slides.



Gradient Relationship

There is a relationship between the normal field
and gradient of indicator function

\\’ ., 0 .- T 0
\\ / \‘ ‘ B u“‘ ‘ ..“‘
é 1 / 0 L “‘:
— \ t ! f\\ O W, Q.‘-":
- ha » ;
- - “ 0 “
. i
Oriented points Indicator gradient
ViXum

Slide credit: M. Kazhdan, M. Bolitho, and H. Hoppe. Poisson Surface Reconstruction - slides.



Integration

Represent the points by a vector field 4

Find the function X whose gradient best
approximates V.

minXHV)( — 17“

Slide credit: M. Kazhdan, M. Bolitho, and H. Hoppe. Poisson Surface Reconstruction - slides.



Integration as a Poisson Problem

Represent the points by a vector field 4

Find the function X whose gradient best
approximates V.

minXHV)( — 17“

Applying the divergence operator, we can
transform this into a Poisson problem:

—

V- (Vy)=VV < Ax=V-V

Slide credit: M. Kazhdan, M. Bolitho, and H. Hoppe. Poisson Surface Reconstruction - slides.



Implementation details

* Octree to represent the field V
* Laplace equation solved for the octree

* Marching cubes to represent the resulting
surface as polygons

’ o o
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Example of results

58
Slide credit: M. Kazhdan, M. Bolitho, and H. Hoppe. Poisson Surface Reconstruction.



Texturing

.

Image credit: Y. Furukawa, C. Hernandez. Multi-View Stereo: A Tutorial



Image credit: Y. Furukawa, C. Hernandez. Multi-View Stereo: A Tutorial



Naive: for each vertex take average color
across all images

Better: take weighted average



Example:
Callieri, M., Cignoni, P., Corsini, M. and Scopigno, R.
Masked photo blending: Mapping dense photographic data

set on high-resolution sampled 3D models.
Computers & Graphics 2008

Fig. 2. An example of the core weighting masks. From left. to right: Angle Mask, Depth Mask, Border Mask. Rightmost, all
the masks combined in the final mask. Caveat: the contrast of the depth and border masks has been increased for enhanced
readability.



Example of results

63
Image credit: Callieri, M., et al. Masked photo blending: Mapping dense photographic data set on high-resolution sampled 3D models.



itSeez3D

Initial point cloud Computed mesh Final 3D model

Disclaimer: itSeez3d may or may not use the described algorithms. 64



TpexmepHoe CKaHUpoBaHue




BoccTaHoBneHUWe moaenn nnua
4yesloBEeKa No ogHou doTorpadpumn

* J1aHHbIX HEAOCTAaTOYHO

° l/l3o6pa>KeHme CUZ1bHO 3aBUCUT OT OCBelWweHNA,
Kamepbl U BHEWHEINO BnAa 4e/10BEKAd

66



[TapameTpunyeckaa moaenb nnua

* MHOXecTBO TpexXxmepHbIX Moaenen Anu, NPpMBoOAUTCS
K 04HOM TONONAOIMMN U OAHOMY pPasmepy

e ObyyaeTcsa NapameTpuyeckas moaesb C
OTHOCUTE/IbHO HEBOIbLLMM KONMYEeCTBOM
napameTpos

* TpeHupyeTca moaenb, NpeacKasbliBatoLLLAN 3TU
napameTpbl N0 N306paXKeHUIO

V. Blanz, T. Vetter. A Morphable Model For The Synthesis Of 3D Faces.
SIGGRAPH 1999.

A. Jackson et al, Large Pose 3D Face Reconstruction from a Single Image via Direct
Volumetric CNN Regression, ICCV 2017



[lapameTpunyecKkaa moaesib 1nua

V. Blanz, T. Vetter. A Morphable Model For The Synthesis Of 3D Faces.
SIGGRAPH 1999.



Avatar SDK

Deep neural network

30 million parameters,

50K high qua“ty trained for a month on
3D models of 2x Titan X (Maxwell)
faces

Unique shape and texture for each image!
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Head avatars
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Examples of Avatar SDK

Head avatars




HeKoTopble HepelweHHble 3a4a4u

Robust SLAM, paboTtatoLlimm Ha MaOMOLLLHOM
apXUTEKTYpE

PeKOHCTPYKLUMA HETBEPAbIX 0OBHEKTOB

doTopeanncTU4yHaa PEKOHCTPYKLUMA NOo
HEMNO/IHbIM AAHHbIM

PeKOHCTpPYKLUMA NO HEMNOMHbIM AaHHbIM 6e3
6a3bl TPEXMEPHbIX Moaeneu



JUAK. TOAYE, Y. BAH JIOVH

MATPUYHLIE
BBIYUCIEHVIA

HITIATE TLCTBO s MHP»

'SECOND EDITION

Multiple View
Geometry

in computer vision

Richard Hartley and Andrew Zisserman
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&) AVATAR SDK

Cnacubo!

Bukmop Epyxumos

Itseez3D
support@itseez3d.com




