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3D vidéni - zakladni typy uloh:

» 3D Rekonstrukce
P Nalezeni geometrickych a fyzikalnich parametri objektl ve 3D scén&
» MozZno rekonstruovat jejich 3D tvar (3D skenery, 3D tva¥ -
identifikace apod.)
» Rozpoznavani/odhad ve 3D
» Nalezeni a klasifikace objektii ve scén& (navigace auta, robota aj.)
P Algoritmy slouZi pro ureni polohy, orientace, mé¥Fitka apod.
Pozn. V praktickych tlohdch se &asto snaZime vyhnout 3D vidéni, prevést
dlohu na 2D. Divodem jsou poZadavky na robustnost, nizkou cenu a
velkou efektivitu vyuZiti systémi pocitatového vidén.
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Teorie 3D vid&ni (Marrova teorie, r. 1982)

4 Urovné reprezentace 3D scény:
P intenzitni obraz
» prvotni nacrtek
» 2 1/2 dimenziondlni ndtrtek

» plnd 3D reprezentace

input image edge image 21/2-D sketch 3-D model
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Prvotni naértek:

» Obsahuje informace o velikostech a smé&rech vyznamnych jasovych
zmén v obraze

s s

» Jejich vzajemné geometrickém uspotadani
» Predpokladdme, Ze takto ziskané &ary a skvrny zachovdvaji informaci

N1

potfebnou pro pozd&jsi 3D reprezentaci
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2 1/2 rozm&rny na&rtek:

T

» Pro jeho ziskani se pouZiva informace obsaZend v prvotnim nacrtku
» PouZivaji se rGizné techniky, souhrnné nazyvané ,tvar z X"

» Tvar ze stereovidéni

» Tvar z pohybu (opticky tok)

» Tvar z jasu

» Tvar z textury
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PInd 3D reprezentace objektu:

1=

» QOpird se o geometrické vlastnosti, které Ize v obraze nalézt

» Geometrické vlastnosti jsou vyjadfené vzhledem k soufadnému
systému vychazejicimu z tvaru objektu

» Zakladni geometrické vlastnosti:

Yy

P stfed (nejcastdji t&Ziste)
» celkova velikost
» zobecn&nd osa symetrie (pokud je)
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Vstupni data, moZnosti snimani

» intenzitni obraz(y) - (RGB) (¥asto je pot¥eba vice pohledii na scénu
z rliznych Ghla)
» stereovidéni — pravé dva intenzitni obrazy, kalibrované kamery

» hloubkové senzory - jsou v dnesni dob& b&Zny postup
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Hloubkova mapa

1. Casto pouZivdme specializovany senzor & kameru nap¥. dobfe zndmé
MS Kinect, Intel RealSense aj.

2. Nebo technikou zaostfovani objektivu

3. Nebo vypoltem pouze z intenzitnich obrazi, nap¥. zminéné
stereovidéni - tzv. husté stereo

4. A dalsi techniky zaloZené nap¥. na odrazu svétla, zndmé texture aj.

Obrazek: Blickfeld, KITTI dataset
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Hloubkové senzory:
» Strukturované osvétleni — scéna osvétlena pomocny zdrojem svétla

» Laserové - podobny princip jako radary a sonary

Obrazek: Spole¢ny princip zafizenich p¥i ziskavani hloubkové mapy.
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Princip strukturovaného osvétleni:

» Scéna/povrch osvétlen napt. lizkym prouzkem svétla nebo
jedineZnym vzorem (MS Kinect | - infrared) a scéna snimana z
jiného dhlu, (problém stind)

» Nutng kalibrace projektoru a kamery (€asto zabudovéno pevné v

pristroji)

Nutny algoritmus pro dekédovani promitnutého vzoru

Déle uZ jen princip stereovidéni, viz nize

Dobra presnost je ziskana pro jednobarevné nelesklé povrchy, u
Kinectu rusf jiné IR zdFeni (nap¥. slunce)

vYyy
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» Strukturovaného osvétleni: Moiré prouzky:

» Obvykle promitnuty tfi nebo &ty¥i fazov& posunuté sinusové vzory na
povrch

» Snimky deformovanych obrazcii zachycené kamerou se pouZivaji k
vypottu fazové mapy, kterd obsahuje informace o vysce povrchu

» Vysoka presnost je ziskdna pro jednobarevné nelesklé povrchy

@
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Princip laserového mé¥eni:

» ME&F fazovy posun mezi vyslanym a p¥ijatym signdlem (nap¥. bodové
- lidar, nebo jako obraz - ToF kamera - MS Kinect II)

E /i = :
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Light emission :
\s : Reflection :
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Exposure 1 Exposure 2

Obrézek: P¥evzato z [KOT117]
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Princip promé&nného zaostfeni objektivu:

>
v
Focal stack All-in-focus
Obrazek: Pro mobilni telefon, pfevzato z [SHS15]
mwf"ﬂmw X DEPARTMENT OF
A CYBERNETICS

Computer Vision 13 /66



Princip stereovidéni:
» Vyuziva obecny model perspektivni kamery - popis projekce 3D
prostoru do 2D prostoru (obrazovd rovina)
» Vzdy se jednd o stfedovou projekci

Pozn. specidlni pFipad ... stfed projekce leZi v nekone¢nu — afinni
m N, cnéni tzv. paralelni projekce

i vivoj a vzdiévent
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» Perspektivni kamera md 11 stupfid volnosti: 1x ohniskova vzdalenost
v pixelech + 1x pomé&r stran pixelu + 1x zkoseni os + 2x po&atek
obrézku + 3x posun + 3x rotace kamery = 11 DOFs (degree of
freedom)

» Pro urleni pouZijeme algoritmus kalibrace kamery (problém je
linedrni v homogennich sou¥adnicich)

» Teoreticky sta&i 5,5 prostorovych bodi

i, vivol 3 vagbavni

Computer Vision 15 /66



» Nékdy je nutné provést korekci zkresleni soufadnic obrazku - tzv.
radialni zkresleni

» Efekt je zplsoben nedokonalosti stfedového promitani, které je
fyzicky provedeno ptes &ocku(y) objektivu
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» U stereovidéni madme dva pohledy na stejnou scénu z rliznych smérd

» Pohledy mohou byt ziskdny soub&zn& v jeden okamZzik (nap¥. dvé&
kamery) (Stereovision, Binocular disparity)

» Pohyb p¥istroje p¥ed objektem (nap¥. pohyb robota) (Egomotion
Estimation)

» Pohyb objektu p¥ed pFistrojem (nap¥. otd&m jablkem p¥ed kamerou)
(Structure from Motion - SFM)

» Tyto ulohy jsou dudlni a vedou na stejné ¥edeni

Computer Vision
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Stereovidéni - 3D rekonstrukce

» Pokud zndme obé kamery zkalibrované
» A soufasné mame korespondujici par

» Pak muzeme ur&it 3D soufadnici nezndmého bodu
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3D tvar z textury:
» P¥edpoklad pravidelného vzoru
» 3D tvar z ptedpokladané projekce
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3D tvar ze stind (Shape from Shading - SFS):
» P¥edpoklad zndmé polohy zdroje svétla
» Lambertovsky povrch (odrdzi svétlo do viech sm&ri stejng)

[ =]
//' k ™ N\
/
/
Problem
e e
Surface Photo Retrieve the surface(s)

which gives the same photo

Obrézek: p¥evzato z [PFO05]
m SRS soror N DEPARTMENT OF
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Modely 3D objekti

Lze rozdélit na:

» deskriptivni — pIné popisuji tvar objektu, definovdna odrazivost a
osvétleni, z takového modelu Ize vytvofit synteticky intenzitni obraz i
syntetickou hloubkovou mapu pro libovolné misto pozorovani

» diskrimina&ni — slouZi k odlideni objektd n&kolika t¥id

PouZivané typy reprezentace:
» dratovy model - graf, jehoZ vrcholy odpovidaji 3D bodiim (¥asto

vrcholdm objektu), hrany odpovidaji hranicim (nespojitostem normal
k povrchu). Nehodi se pro popis objektil s k¥ivoZarymi povrchy

Computer Vision
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» CSG (constructive solid geometry) model - pouZiva jako zdklad
mnoZzinu jednoduchych 3D objektd, jako hranoly, kuZely, valce,
koule, krychle, kvadry ap. a kombinuje je v urdité pozici, zvétseni a
orientaci pomoci jednoduchych mnoZinovych operaci, jako prinik,
sjednoceni, rozdil, ap.

» Model je reprezentovan stromem; listy odpovidaji jednotlivym
elementarnim t&lesiim, vyssi uzly p¥edstavuji mnoZinové operace.
Toto vyjad¥eni je vypoletné velmi narotné.

.
XS
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GEON (z angl. geometrical ions)
» Zdirazfiuje kvalitativni charakter reprezentace objektd
» 3D objekty jsou sloZeny z n&kolika sousedicich GEON(
» Navrzeno 36 zakladnich GEON
» Kazdy GEON je charakterizovan &tvefici kvalitativnich vlastnosti:
» hranice — rovna / k¥iva
symetrie — stfedovd / osovd / Zadna
zména velikosti — stald / zv&t3ujici se / zvé&tujici i zmen3ujici se
osa — p¥md / k¥iva

vYyy

Geons Objects
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VOXEL (z angl. volumetrix element)

Obrézek: http://www.bilderzucht.de/blog/3d-pixel-voxel/
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Non-uniform rational B-spline [Pie91]

control points

\

image of knots &;

control points

(a) (b)
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Geometry and Topology

Geometry

Geometry is a branch of mathematics
concerned with questions of shape, size,
relative position of figures, and the
properties of space [DR15]. A
mathematician who works in the field of
geometry is called a geometer.

Topology

In mathematics, topology is concerned with
the properties of a geometric object that are

Obrézek: Seven Bridges of
- - Koénigsberg
preserved under continuous deformations, [Eul53, Eul41, Giu20]

such as stretching, twisting, crumpling and
bending, but not tearing or gluing.

i, vivol 3 vagbavni
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OBJ file format

Content of example.obj can be displayed
with ParaView application.

v 0.0 0.0 0.1
v 0.0 0.1 1.0
v 0.0 1.0 0.1
v 0.0 1.0 1.0
v 0.2 2.0 0.5
g cellobject
f 1243
f 345
B"“,,J‘ ,,,,,,,,,,,, N DEPARTMENT OF }'
S e CYBERNETICS
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Alberto Paoluzzi, Antonio DiCarlo [DPS14]
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A complex C is a sequence --- — Cyqy N C,,L—Cu_:—'---

Chain and cochain complex

A chain complex C is a complex of chain spaces and boundary maps:

92 i

CYBERNETICS
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Point cloud

retla nAaint Aland  ~rantad with DhatAacunth

Computer Vision


https://commons.wikimedia.org/wiki/File:Monmouth_castle_point_cloud,_created_with_Photosynth_01.jpg
https://commons.wikimedia.org/wiki/File:Monmouth_castle_point_cloud,_created_with_Photosynth_01.jpg

Triangulation (terrain map)

AN
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Triangulation

We first determine a triangulation of P: a
planar subdivision whose bounded faces are
triangles and whose vertices are the points
of P. We then lift each sample point to its
height, mapping every triangle in the
triangulation to a triangle in 3-space.

We get is a polyhedral terrain, the graph of
a piecewise linear continuous function The
polyhedral terrain as an approximation of
the original terrain.

Computer Vision 33 /66



Triangulations of Planar Point Sets [dBVKO™08|

Let P :={p1, p2, ..., pn} be a set of points in the plane. To be able to
formally define a triangulation of P, we first define a maximal planar
subdivision as a subdivision S such that no edge connecting two vertices
can be added to S without destroying its planarity. In other words, any
edge that is not in S intersects one of the existing edges. A triangulation
of P is now defined as a maximal planar subdivision whose vertex set is P.
Let P be a set of n points in the plane, not

all collinear, and let k denote the number of

points in P that lie on the boundary of the

convex hull of P. Then any triangulation of

P has 2n — 2 — k triangles and 3n — 3 — k

edges.

convex hull boundary

Computer Vision 34 /66



The Delaunay Triangulation

Delaunay triangulation for a set P of
discrete points in a plane is a triangulation
DT(P) such that no point in P is inside the
circumcircle of any triangle in DT(P).
Delaunay triangulations maximize the
minimum angle of all the angles of the
triangles in the triangulation.

Computer Vision 35 /66



Delaunay Triangulation Properties

Computer Vision

The Delaunay triangulation is a triangulation which is equivalent to
the nerve of the cells in a Voronoi diagram,

it is the triangulation of the convex hull of the points in the diagram
in which every circumcircle of a triangle is an empty circle an edge is
illegal if we can locally increase the smallest angle by flipping that
edge.

A Delaunay triangulation is unique iff the circumcircle of every
triangle contains exactly three points on its circumference: the
vertices of the triangle.

For instance, the Delaunay diagram of the four vertices of a square
is a square, and can be converted into a triangulation in two
different ways

36 /66



Computing of The Delaunay Triangulation

[t turns out that it is not necessary to compute the
angles to check whether a given edge is legal.
Instead, we can use the simple criterion stated in
the next lemma. The correctness of this criterion
follows from Thales's Theorem

Let edge p;p; be incident to triangles p;p;px and
pip;pi . and let C be the circle through p;, pj;, and
Pk The edge pip; is illegal if and only if the point
py lies in the interior of C. Furthermore, if the
points p;, pj, Pk, p; form a convex quadrilateral
and do not lie on a common circle, then exactly
one of p;p; and pipy is an illegal edge.

Computer Vision 37/66



Computing the Delaunay Triangulation

We define a legal triangulation to be a triangulation that does not
contain any illegal edge. From the observation above it follows that any
angle-optimal triangulation is legal. Computing a legal triangulation is
quite simple, once we are given an initial triangulation. We simply flip
illegal edges until all edges are legal.

Input: Some triangulation T of a point set P.
Output: A legal triangulation of P.
while T contains an illegal edge p;p; do
begin Flip pip;
Let pipjpk and p;p;p; be the two triangles adjacent to p;p;;
Remove p;p; from T, and add pip; instead.
end
end
return T

Computer Vision 38 /66
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Voronoi complexes

» Voronoi diagram is a partitioning of a plane
into regions based on distance to points in a
specific subset of the plane.

» That set of points (called seeds, sites, or
generators) is specified beforehand, and for
each seed there is a corresponding region
consisting of all points closer to that seed than
to any other. These regions are called Voronoi
cells.

» The Voronoi diagram of a set of points is dual
to its Delaunay triangulation
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Obréazek: The post office problem [dBVKO™08]
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Given a discrete set S of points:

» intersection of all convex sets
containing S;

» minimum convex set containing S

» set spanned by all convex combinations
of S points
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Jarvis algoritgm[Jar73]

Gift Wrap Algorithm (Jarvis March Algorithm) to find Convex Hull.
O(nh) complexity, where n = #35, and h is the number of points on the
convex hull. Possition is checked by cross product. Demo on Wikipedia

Computer Vision 44 / 66


https://en.wikipedia.org/wiki/Gift_wrapping_algorithm

Chan's algorithm[Cha96]

Chan's algorithm in the planar case: the algorithm combines an
O(n -log(n)) algorithm (Graham scan-line, for example) with Jarvis
march O(nh), in order to obtain an optimal O(n - log(h)) time.
Demo on Wikipedia

Computer Vision 45 / 66


https://en.wikipedia.org/wiki/Chan%27s_algorithm

Obrazek: Study the shape of a set of points[Edel4]
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Voronoi decomposition

According to Delaunay triangulation,
there is an edge between two points
if their regions intersect in a
common edge, and a triangle
between three points if their regions
intersect in a common point.

Computer Vision 48 / 66



a-Complex

a=0.04

Obrazek: a-Complexes for varying «
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a-shapes in 3D
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a-shapes in 3D
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Spatial Hierarchical Domain Trees

%

Copysigh ,;",-m..u
Foundations of =

Multidimensional~-
|

Metric Data St‘ruc”t‘ures‘

Foundations of Multidimensional
and Metric Data Structures provides
a thorough treatment of
multidimensional point data, object
and image-based representations,
intervals and small rectangles, and
high-dimensional datasets

Hanan Samet is the inventor of such
trees (quadtrees and octrees), which
are the foundation of Geographical
databases [Sam06] = ST

geographic information systems (GIS) and spatial databases, game
s | Programming, image processing and compute pattern recognition, |~
#™%| * solid modelling and computational geometry, similarity retrieval and
multimecia databases, VLS design, and search aspects of bioinformatics.

-—
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2"-trees

2"-trees are ordered trees characterized by the property that each
non-leaf node has exactly 2" son nodes, respectively denoted as first,
second, etc., and as 2"-th son

When n = 2 and n = 3 such trees are called quadtrees and octrees, and
are used to represent hierarchical decompositions of the 2D or 3D space,
respectively

Computer Vision 53 /66



Quadtrees

» a quadtree is a quaternary tree (i.e. each non-leaf node has exactly 4
sons);

» the leafs are either white or black nodes (i.e. either empty or full);

» the non-leafs are gray nodes (i.e. neither empty nor full);

» the maximal depth of the quadtree is related to its resolution.

» The number of arcs on the path from the root to a node is called
distance of the node from the root.

» Depth of a tree is the maximal distance of its nodes from the root.

» The resolution of the quadtree with squared bounding box of size L

and depth m is clearly equal to

r=>L/2m

Computer Vision 54 /66



Quadtree encoding

hierarchical decompositive representation using a quadtree, and its actual
encoding as a labeled tree, where black, white and gray nodes represent

full and empty cells, and cells which are neither full nor empty. The sons
of a gray node are clockwise ordered.

1
e 0

/ o0 O
Saol X k/g\. O

Obrazek: Quadtree encoding scheme: (a) 2D object (b) full cells (black), empty
cells (white) and decomposed cells (gray)

Computer Vision

55 /66



Octrees

An octree is a tree data structure in - >
which each internal node has exactly < S

eight children. Octrees are most | | >
often used to partition a L ]
three-dimensional space by -

recursively subdividing it into eight < ;

octants. <

Obrazek: Octree: partition of a 3D cell
into 8 sub-cells generated by three
orthogonal planes

Cr

m &=
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Obrazek: Find the O-surface (or any iso-surface) of a discrete 3D field [LC87]
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setup job 3-chain  multiplication 2-chain surface
enqueuing coding decoding assembling
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Obrazek: LAR surface extraction scheme
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Surface extraction with LAR
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Surface extraction with LAR
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