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COMPUTER/ROBOT VISION - Applications

Quality control
Production and robotics
Surveillance
Medicine and biology
Military applications
Further applications
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Quality control
Detection of cracks on bottles (URL).

COMPUTER/ROBOT VISION - Applications 2

https://nanonets.com/blog/ai-visual-inspection/


Quality control
E.g. Inspection of big objects using robot for scanning.

URL1

URL2
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Production and robotics
Image-based control of an industrial robot arm.

URL
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Production and robotics
Image-based manual guidance of working tool.
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Surveillance
Tracking a suspicious vehicle.
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Surveillance

Image stabilization when the camera is moving/fluctuating.
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Medicine and biology

Full body scan for holistic diagnosis (MRI).
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Medicine and biology
Perfusion measurement after liver transplantation.
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Military applications
Reconnaissance of urban areas with aerial drones.

COMPUTER/ROBOT VISION - Applications 10



Further applications

Ground mapping/analysis in remote sensing.
Cloud tracking for weather forecast.
Evaluation of astronomical events.
Text and character recognition.
Identification of persons (fingerprints, faces).
Content-based image retrieval in image databases.
...
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1. Introduction

Overview:
1.1 Architecture of CRV systems
1.2 Basics of Image Processing
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1.1 Architecture of CRV systems

Overview:
Low-Level Processing
Medium-Level Processing
High-Level Processing
Remarks to the layered organisation
Adaptive modeling and active imaging
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Low-Level Processing

Arrays/Patterns of gray-levels
Arrays/Patterns of operator results
Pixel-related representation
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Medium-Level Processing

Distinctive/Salient points
Sections of contours (polylines)
Regions/Segments of homogeneous appearance
Abstraction from pixel-related representation
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High-Level Processing

3D reconstructed description (millimeter-unit)
Graph-like description
Logic-oriented description
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Remarks to the layered organisation

CV system provides structures of various types
No clear separation of the three layers
Trends:

Automatic model adaptation
Active imaging
Purposive vision
Automatic representation learning
Automatic parameter optimisation
Deep Learning
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Adaptive modeling and active imaging

Query

Result

Validation

Active 
Imaging

Model
Adaptation

Analysis

ImageModel
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1.2 Basics of Image Processing
Overview:

Digital gray-level image
Spatial resolution / rasterisation
Intensity resolution / quantisation
Global and local contrast
Quantisation noise
Basic image processing method: correlation
Coordinate systems for image and operator pattern
2D-Gaussian function usable for operator pattern
Discretisation of Gaussian function
...
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1.2 Basics of Image Processing
Overview, cont.:

Image smoothing with Gaussian
Gray-level profile and smoothing
Impulse noise
Prewitt operator for horizontal derivation
Prewitt operator for vertical derivation
Horizontal / Vertical derivations
Combination of orthogonal derivations
Sobel operator for horizontal derivation
Detection of gray-level edges with threshold
Influence of threshold on edge detection
Contour extraction for an object
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Digital gray-level image
Synonyms: gray-scale image, gray-value image, intensity image
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Spatial resolution / rasterisation
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Intensity resolution / quantisation
Synonym: Contrast resolution (!)
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Global and local contrast

Higher contrast in left image (global and local).
Lower local contrast in right image.
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Quantisation noise
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Basic image processing method: correlation
Image f im is transformed to another image f im′ according to
operator pattern fop.

f im′(xi, yj) = (fop ⊗ f im)(xi, yj) :=∑h1
x=−h1

∑h2
y=−h2

fop(x, y) · f im(xi + x, yj + y)

h1 is half side length of fop in e1 direction, h2 is half side length
of fop in e2 direction.

Application: noise reduction, contrast enhancement, detection of
gray-level edges, etc.
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Coordinate systems for image and operator pattern
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2D-Gaussian function usable for operator pattern
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Discretisation of Gaussian function

1

1 1

1 12

1 33 1

1 64 4 1
...

Pascal’s triangle to determine the coefficients of 1D-Gaussian
function: Take the relevant row of values as a Gaussian row or
column vector.
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Discretisation of Gaussian function

Coefficients of 2D-Gaussian function are determined by multiplying
Gaussian column vector and Gaussian row vector, which results in
Gaussian matrix.

fop
Ga =



1 4 6 4 1
4 16 24 16 4
6 24 36 24 6
4 16 24 16 4
1 4 6 4 1


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Image smoothing with Gaussian

Gray-level image Lena, smoothing with Gaussian (7 × 7)
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Gray-level profile and smoothing
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Impulse noise

Salt-and-pepper noise: black and white gray-levels, randomly
scattered in image.
Robust approaches of image analysis are needed, which are not
influenced by outlier pixel.
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Prewitt operator for horizontal derivation

fop
Grx

=


−1 0 1
−1 0 1
−1 0 1


Derivation at three neighboring lines increases reliability of edge
detection
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Prewitt operator for vertical derivation

fop
Gry

=


−1 −1 −1
0 0 0
1 1 1


Derivation at three neighboring columns increases reliability of edge
detection
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Horizontal / Vertical derivations
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Combination of orthogonal derivations
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Gradient and magnitude

Example for combining orthogonal derivations: magnitude of gradient

Gradient:  Gim
rx

Gim
ry

 (x, y) :=


∂f im(x,y)

∂x

∂f im(x,y)
∂y



Magnitude: √(
Gim

rx (x, y)
)2 +

(
Gim

ry (x, y)
)2
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Sobel operator for horizontal derivation

fop
Sobelx

=


−1 0 1
−2 0 2
−1 0 1


Alternative derivation operator (compared to Prewitt) with higher
sensitivity for gray-level edges
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Detection of gray-level edges with threshold

Gray-level profile

X

X

T

Interval of detected gray-level edges    

Optimal gray-level edge

First derivation of

gray-level profile

0
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Influence of threshold on edge detection
Binarisation of thresholded combined derivations
lower threshold higher threshold
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Contour extraction for an object

original image combined derivations polygonal line
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Literature
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K. Tönnies: Grundlagen der Bildverarbeitung, Pearson Studium,
München, 2005.
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2. Medium-Level Structure Extraction

Overview:
2.1 Purpose of the chapter
2.2 Active contours
2.3 Hough transform
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2.1 Purpose of the chapter

Typical task: Localising objects and extracting their contours
(boundaries) under usage of high-level information.
Approach: The shape of the object boundary is already roughly given as
a 2D model curve. It represents the high-level information, which will be
verified, modified and adjusted in the preprocessed image.
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2.2 Active contours

See also Kass et al. 1987
Synonym: Snake algorithm
Task: For an arbitrary shaped object, extract its complex contour.
Approach: Find the minimum of a function over hypothetical object
boundaries.
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2.2 Active contours

Overview:
Parametric representation
“Energy“ of curves
Three criteria affecting curve energy
Determining minimum of energy function
Energy components Eima, Eintr, Ehigh
Snake algorithm
Remarks to snake algorithm (step 1, 2, 3)
Examples of applying the snake algorithm
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Parametric representation
Assume a parametric representation of a curve c in the euclidean plane.

c : I →R2

I = [0, 1] ⊂ R

c(s) :=
 cx(s)
cy(s)



e.g. circle: c(s) :=
 x0 + r · cos(s · 2π)
y0 + r · sin(s · 2π)


Variable/Parameter s.
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Parametric representation
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“Energy“ of curves
A function E can be defined, where the curve c is the input and a
so-called energy (inverse of rating) is the result.

E(c) :=
∫ 1

0
Ep(c(s))ds

E : (I →R2)→ J
J = R+

0

Function Ep defines the “energy“ of the curve c at a certain point given
by the parameter s.

For the representation as a digital image curve, a discretisation is needed.
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Three criteria affecting curve energy

To what extent is the curve c supported by the gray-level structure
(esp. gray-level edges) of the image?

To what extent has the curve c an intrinsically good shape?

To what extent does the curve c match with high-level information?
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Determining minimum of energy function

The energy function E combines 3 components.

E(c) := fusion(Eima(c), Eintr(c), Ehigh(c))

The slides 11 ff. present example definitions of the 3 energy components.

Task: Find the curve c∗ which minimizes the function E.

c∗ := arg{min{E(c)}}; ∀c ∈ (I →R2)

See example in slide 10.
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Determining minimum of energy function
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Energy component Eima

Energy component Eima is based on gray-level structure of image f im.
Inverse of the magnitude of gradient (MoG):

Ep
ima(c(s)) := 1√

Gim
rx (c(s))2+Gim

ry (c(s))2

Gradient magnitude is maximal at gray-level edges.
If c(s) is a gray-level edge point, then Ep

ima(c(s)) is minimal relative
to the surrounding points.
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Energy component Eima
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Energy component Eintr
Energy component Eintr is based on the curve shape.

Eintr(c) := Length of curve c
Enclosed area of curve c

intrE         large E         smallintr
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Energy component Eintr

Alternative definition of Eintr, based on curvatures along the curve.
Curve curvatures are obtained through magnitudes of second derivations
of parametric curve representation.

Ep
intr(c(s)) :=

√(
∂2cx

∂s∂s
(s)

)2 +
(
∂2cy

∂s∂s
(s)

)2
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Energy component Eintr

1
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Energy component Eintr
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Energy component Eintr

s

1. derivation
Magnitude of

of

c  (s)x

2. derivation
of

2. derivation
of

s s

s

c  (s)x

c  (s)x

c  (s)x

A straight line or smooth curve c has a lower energy component Eintr
than a non-smooth, jagged curve.
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Energy component Ehigh

Energy component Ehigh is based on high-level information.
It is defined as “difference“ between actual curve c and a curve chl. The
latter represents the 2D projection of the boundary of a 3D object model
(high-level information).

2. Medium-Level Structure Extraction 18



Snake algorithm

Determine the boundary of an image region, iteratively.

1. Set initial (closed) curve c in the image, so that the relevant object
is contained in it.

2. Change curve c to c′ (shrink), so that E(c′) ≤ E(c).
Set c := c′.

3. Repeat step 2, until no more reduction of the energy E(c) is
possible.
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Remarks to snake algorithm (step 2)

For example, see the shrinking method of Lempelius et al. 1997
(adapted/simplified from Williams et al. 1992).

Curve c is approximated as a finite sequence of points (pixel
positions in the image) and connecting lines (straight line
segments), and the curve is closed.

Curve c is modified to c′ through shift of a point to a neighboring
point (see in next image the shift of a point • to point ◦).

2. Medium-Level Structure Extraction 20



Remarks to snake algorithm (step 2)
Example for shift of points.

Image

Region in image
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Remarks to snake algorithm (step 2)
Example for shift of points.

Region in image

Image

New corner

Old corner
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Remarks to snake algorithm (step 2)

The new enclosed area, defined by ◦ points, is smaller than the
former area, defined by • points, i.e. shrinking of curve.

The points are shifted if no gray-level edge is on the path of
shifting, i.e. only the energy component Eima is considered here.

Improved methods consider all three energy components with
individual weights:
E(c) := α · Eima(c) + β · Eintr(c) + γ · Ehigh(c)
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Remarks to snake algorithm (step 3)

This simple method can only extract convex object boundaries, i.e.
minimizing the curve length.

Advanced methods can deal with more complex object boundaries
(including concave sections), i.e. minimizing the enclosed area.
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Remarks to snake algorithm (step 3)
Original Williams algorithm implicitly realises criterion ”Minimizing the
curve length”.
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Remarks to snake algorithm (step 3)

Alternative algorithm includes criterion ”Minimizing the enclosed area”.

2. Medium-Level Structure Extraction 26



Remarks to snake algorithm (step 3)

When the curve is changing, the energy function can fall in a local
minimum, e.g. possibly caused by an inhomogeneous environment.

Local minima in the energy function can possibly be skipped by
stochastic (random) steps to reach the global minimum.
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Remarks to snake algorithm (step 1)

Initialisation affects the applicability of the method (disadvantage):

Problems with non-homogeneous background.
Possible remedy is setting the initial contour within the object
region and then expanding.
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Remarks to snake algorithm (step 1)

Standard procedure requires user interaction (disadvantage):

Possible remedy is to automatically deploy a geometric model
(for example, planning an orthopedic surgery by adapting a
femoral model for bone segmentation).
Another possible remedy is model prediction in case of dynamic
scenes (for example, extrapolation of an object position which
is based on the series of positions in a series of previous
images).
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Remarks to snake algorithm (step 1)
Example: Adapting a femoral model for bone segmentation.
Desired result is an automatic reconstruction of body bones, e.g. (left)
bones of foot, leg, pelvis, (right) including especially the femur.
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Remarks to snake algorithm (step 1)
Example: Adapting a femoral model for bone segmentation.
MRT images (slices) from pelvis and femur.
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Remarks to snake algorithm (step 1)
Example: Adapting a femoral model for bone segmentation.
Segmentation, recognition, reconstruction of the femur.
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Remarks to snake algorithm (step 1)
Example: Adapting a femoral model for bone segmentation.

Using a VRML femoral model
to enable segmentation.
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Remarks to snake algorithm (step 1)
Example: Adapting a femoral model for bone segmentation.

Overlay of VRML femoral model
(cyan) and bone structure of a real
patient (bright gray).
Segmentation via Active Contour
approach by adapting the VRML
femoral model.
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Remarks to snake algorithm (step 1)
Example: Extrapolation of an object position.
Extrapolation of the car position for automatically initialising the
contour curve of the car in the next image. E.g., take a rectangle as
initial curve, which is enlarged to consider uncertainty.
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2.3 Hough transform

See also Ballard et al. 1992.
Task: In a preprocessed image, gray-level edges of an object boundary
are given. From these, geometric structures such as straight lines are to
be extracted.
Approach: Voting method for robust extraction of analytically
describable geometric structures.
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2.3 Hough transform

Overview:
Approach at a glance
Extraction/Approximation of a straight line
Intercept form of a straight line
Value combinations in the feature domain
Gray-value edge voting for straight lines
Gray-value edges and approximated straight line
...
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2.3 Hough transform

Overview:
...
Majority voting for extracting straight line
Remarks to intercept form of a straight line
Polar representation of a straight line
Hough transform algorithm
Examples of applying Hough transform
Remarks to Hough transform
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Approach at a glance

Estimation of a combination of feature values, through which a
specific geometric structure is described.

Each gray-level edge votes for different combinations of feature
values, i.e. votes for different variants of a certain geometric
structure.

The value combination with the highest number of votes describes
the most relevant, specific geometric structure.
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Extraction/Approximation of a straight line
Realistic example: Set of gray-level edge points in the image domain,
and robustly approximated straight line.

y

x1 2 3 4 5 6 7

1

2

3

4

5

Image domain
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Intercept form of a straight line

Simple example of an analytically describable, geometric structure:
straight line.
Straight line defined by the so-called intercept form:

y = m · x+ b

Coordinate combination (x, y) in image domain;
Value combination (m, b) in feature domain.
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Intercept form of a straight line
Visualisation of intercept form of a straight line.
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Value combinations in the feature domain

For a certain gray-level edge point (x, y) in the image domain, there is
a set of possible two-dimensional value combinations (mi, bi) in the
feature domain, such that the equation holds.
In case of intercept form of straight lines in the image domain, all these
value combinations in the feature domain lie along a straight line too
and represent the votes.
Considering all gray-level edge points in the image leads to a set of
straight lines in the feature domain, i.e. a set of linearly organised sets of
votes.
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Gray-value edge voting for straight lines
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Gray-value edges and approximated straight line
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Majority voting for extracting straight line
In the example from slide 40, the maximal number of votes is obtained
for: (m∗, b∗) = (0.5, 1)

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

1

2

3

4

m

b Feature domain
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Remarks to intercept form of a straight line

For the special case of a horizontal line: (m, b) = (0, b∗);
⇒ method applicable.

For the special case of a vertical line: m =∞;
⇒ method not applicable.

Remedy 1: Apply a second Hough transform for a rotated image (by
90◦), and combine the results.

Remedy 2: Use the polar representation of a straight line.
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Polar representation of a straight line

Visualisation of polar form of a straight line.

y

x

α

g
h

p

90 °

Synonym: Hesse normal form of a straight line.
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Polar representation of a straight line

Straight line g;
Normal vector ~h of g from origin of coordinate system;
Length h :=

∥∥∥∥~h∥∥∥∥ of the normal vector;

Unit vector ~hu :=
 cosα

sinα

 of the normal vector with angle α

between ~h and the horizontal axis;

Any point p :=
 x
y

 on the line g.
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Polar representation of a straight line

Theorem (without proof): For any point p on the line g, it holds the
equation:

h = x · cosα+ y · sinα
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Hough transform algorithm

Algorithm for localisation and extraction of an analytically describable
structure.

1. Subdivide the feature domain into cells, i.e. rasterisation. Each cell
contains a set of value combinations of the feature domain.

2. For each cell, a bin and an accumulator are defined, with the bin
initialised as empty set and the accumulator initialised with 0,
respectively.
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Hough transform algorithm
3. For a gray-level edge point of the image, there is a set of value

combinations in the feature domain, which satisfy the equation of
the analytic form. This set is organised/grouped into bins associated
with certain cells. Each accumulator, for which the associated bin
contains at least one value combination, will be increased by 1.
There is a loop over all gray-level edge points, where from iteration
to iteration certain accumulators are increased and the bins are
cleared.

4. Find the maximum value in the array of accumulators (synonym:
find maximum value in this so-called Hough image), and output the
associated coordinates within the rastered feature domain.
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Example 1 of applying Hough transform
Gray-level image with sample objects.
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Example 1 of applying Hough transform
Associated gradient magnitude image.
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Example 1 of applying Hough transform
Binarised gradient magnitude image, gray-level edges.
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Example 1 of applying Hough transform
Selected image area including one object, and result of Hough transform.
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Example 2 of applying Hough transform
Calibration cube for camera calibration. High-accurate localisation of
prominent points on imprinted pattern.
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Example 2 of applying Hough transform
Detection of gray-level edges, extraction of straight lines (Hough
transform), computation of intersection points.
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Remarks to Hough transform

Robust approach for line extraction, i.e. overcomes problems with
outlier gray-level edges (as opposed to linear regression).
Possible grouping of gray-level edges, which may not belong to the
same physical object.
Alternatives concerning ranges for parameter values.
Increasing efficiency of Hough transform by including orientation of
gray-level edges.
Improving peak detection by including knowledge about objects.
Extraction of other analytically describable geometric structures.
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Robust approach for line extraction

Line extracted by
linear regression

Line extracted by
Hough transform

Outliers

2. Medium-Level Structure Extraction 60



Wrong grouping of gray-level edges
Edge points of different objects may vote for the same line.
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Alternative ranges for parameter values

There are alternative sets of corresponding parameter ranges.

Examples as to polar representation of lines:
if α ∈ [0, 2π], then h ∈

[
0, D2

]
;

if α ∈ [0, π], then h ∈
[
−D

2 ,
D
2

]
;

where D is the length of the image diagonal, and the origin of the image
coordinate system is assumed here in the image center (!).
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Increasing efficiency of Hough transform
x

y

The gradient of the gray-level edge is orthogonal to its corresponding
boundary line.
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Increasing efficiency of Hough transform

x

y
��

here:������

only vote for a
relevant subset 
of (h,��
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Improving peak detection
Gray-level image of big black object, and binarised gradient magnitude
image.
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Improving peak detection
Result of Hough transform (shown in a three-dimensional coordinate
system).
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Improving peak detection
Extraction of the boundary lines.

Top: Standard search for
the highest peaks in Hough
image.

Bottom: Intelligent search for
the highest peaks in Hough
image by taking parallelisms
in the object boundary into
consideration.
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Extraction of ellipses
Extraction of other geometric structures is possible:
E.g. an ellipse in standard orientation is described by a 4-tuple of
parameters (xc, yc, a, b).

x

y
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3. Camera Modeling

Overview:
3.1 Purpose of the chapter
3.2 Lenses and types of projection
3.3 Features for camera modeling
3.4 Geometric image formation
3.5 Reconstruction from stereo images
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3.1 Purpose of the chapter

Overview:

Questions at a glance

Geometric image formation

Photometric image formation
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Questions at a glance

Measurement, reconstruction, recognition (in mm) ?

Geometric scene-image transformation ?

Types and features of camera models ?
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Geometric image formation
Location of an object in the image ?

Geometric features:

Type of projection (small/large focal length,
full-perspective/parallel/weak-perspective projection)

Geometric distortion, types of lenses

Position and orientation of the camera

Field of view (depth, width) of camera

Millimeter-Pixel relation
3. Camera Modeling 4



Photometric image formation

Appearance of an object in the image ?

Photometric features:

Intensity, direction, type of illumination

Reflectance characteristic of objects

Spectral sensitivity of photo receptors

Size of the lens

Hint: Appearance not treated in this course.
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3.2 Lenses and types of projection

Overview:

Lens systems

Convex lens

Full-perspective projection

Parallel projection

Weak-perspective projection
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Lens systems
The light rays pass through a configuration of lenses and will be
deflected (refracted) several times, i.e. at every entry and exit of a
lens.

For a simplified mathematical modeling of the optical path, only
one lens is assumed.

Furthermore, the entry and exit refractive planes are approximated
as one so-called principal lens plane (PLP), i.e. assuming light will
be deflected once.

The lens is convex to collect light (as opposed to scatter light by a
concave lens).
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Convex lens
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Lens is well-positioned, mapping all incoming light rays of an object
point to ONE image point (sharp image).
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Convex lens
Visualisation of focal length

Optical 
axis  

Pobject

Pimage

Parallel ray
Image 
plane

PLP

Center ray

d d

F
P

Focal 
length

im ob

dfl
Focal 
point

3. Camera Modeling 9



Convex lens

Remarks:

The deflection of the parallel light ray at the lens defines its focal
length dfl, i.e. via intersection with optical axis.

Small focal length⇒ wide angle viewing, substantial distortions.

Large focal length⇒ tele imaging, far reaching, low distortions.
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Full-perspective projection
Basics and symbols:

Perspective (central) projection of points.
Center PC of projection (synonyms: lens center, camera center,
camera position).
Orthogonal distance dim between principal lens plane (PLP) and
image plane (is sometimes called effective focal length).
Straight line through lens center, orthogonal to PLP, is called
optical axis.
Intersection point of optical axis and image plane is called image
center point pc.
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Full-perspective projection
2D illustration of inversion of an image point at image center point (i.e.
inverted image plane is a virtual image plane)
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Full-perspective projection
3D illustration of inverted image plane relative to lens center
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Full-perspective projection
Simplified 2D illustration
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Full-perspective projection

Non-linear transformation between Euklidean spaces E3 and E2.

Euklidean coordinates
 x′

y′

 of a point p′ (in mm) of E2 (image) are

obtained from Euklidean coordinates


X
Y
Z

 of a point P (in mm) of

E3 (real world).
It is based on the intercept theorem: x′ := dim·X

Z
, y′ := dim·Y

Z
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Full-perspective projection
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Full-perspective projection

Linear transformation between projective spaces P3 and P2.

Homogeneous coordinates


x′

y′

z′

 of a virtual image point are obtained

from homogeneous coordinates


X
Y
Z
1

 of a world point.
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Full-perspective projection


x′

y′

z′

 :=


dim 0 0 0
0 dim 0 0
0 0 1 0

 ·


X
Y
Z
1

 =


dim ·X
dim · Y

Z

 ≡


dim·X
Z

dim·Y
Z

1


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Parallel projection

Synonym: Orthographic projection

All rays of light are assumed to be parallel to the optical axis.
These parallel rays pass through the lens, without any deflection.
x′ and y′ coordinates in 2D are equal to X and Y coordinates in 3D,
respectively.

x′ := X , y′ := Y
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Parallel projection

Virtual image plane Lens
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Weak-perspective projection
Assumption:
Coordinates Zi, Zj of real world points Pi, Pj (i.e. distances to the lens
center) are large, compared to the coordinate deviations ∆Zij among
each other.
Approximation of Zi, Zj by a constant value Z.
⇒ Linear transformation between E3 und E2.

x′ :=
dim

Z
·X , y′ :=

dim

Z
· Y

This formula equates to a concatenation of parallel projection and
scaling. The scaling is isotropic, i.e. with common scaling factor dim

Z
.
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Weak-perspective projection

Lens

Virtual image planeApproximate by
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Weak-perspective projection
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