


A self-driving car, also known as an autonomous vehicle (AV), connected and autonomous 

vehicle (CAV), driverless car, robo-car, or robotic car, is a vehicle that is capable of sensing its 

environment and moving safely with little or no human input. (Wikipedia)

What Is AV (Autonomous Vehicle)?

A Waymo self-driving car. Wikipedia [online]. [cit. 2020-01-25]. Dostupné z: https://upload.wikimedia.org/wikipedia/commons/c/cf/Waymo_self-driving_car_front_view.gk.jpg



What Is AV (Autonomous Vehicle)?

https://www.youtube.com/watch?v=FDuvPOYYTY4



What Tesla See

https://www.youtube.com/watch?v=zRnSmw1i_DQ

https://www.youtube.com/watch?v=zRnSmw1i_DQ


• Ground vehicles
• Autonomous aerial vehicles (drone)
• Autonomous surface vehicles 

An MQ-9 Reaper unmanned aerial vehicle

What Is AV (Autonomous Vehicle)?

An MQ-9 Reaper. Wikipedia [online]. [cit. 2020-01-25]. Dostupné z: https://en.wikipedia.org/wiki/File:MQ-9_Reaper_UAV_(cropped).jpg



https://www.youtube.com/watch?v=x7_GRigShUMIntel Explainer: Sensors. Businesswire [online]. [cit. 2020-01-25]. Dostupné z: https://www.businesswire.com/news/home/20180816005108/en/Intel-Explainer-Sensors-%E2%80%93-Eyes-Ears-Autonomous

https://www.youtube.com/watch?v=x7_GRigShUM


• Cameras

• Lidars

• Radars

• Maps

https://velodynelidar.com/products/puck/Intel® RealSense™ Technology. Intel [online]. [cit. 2021-01-25]. Dostupné z: https://www.intel.com/content/www/us/en/architecture-and-technology/realsense-overview.html

Puck Lidar Sensor. Velodynelidar [online]. [cit. 2020-01-25]. Dostupné z: https://eak2mvmpt4a.exactdn.com/wp-content/uploads/2019/08/Velodyne_Puck600.png?strip=all&lossy=1&ssl=1

https://velodynelidar.com/products/puck/


https://velodynelidar.com/products/puck/

Lidars

https://velodynelidar.com/what-is-lidar/

What is Lidar?
Lidar (“light detection and ranging”) uses eye-safe laser beams to “see” the world in 3D, providing machines and computers an 

accurate representation of the surveyed environment.

https://velodynelidar.com/products/puck/
https://velodynelidar.com/what-is-lidar/


https://velodynelidar.com/products/puck/

Lidars

https://velodynelidar.com/what-is-lidar/

What is Lidar?
Lidar (“light detection and ranging”) uses eye-safe laser beams to “see” the world in 3D, providing machines and computers an 

accurate representation of the surveyed environment.

https://upload.wikimedia.org/wikipedia/commons/c/c0/LIDAR-scanned-SICK-LMS-animation.gif

https://velodynelidar.com/products/puck/
https://velodynelidar.com/what-is-lidar/
https://upload.wikimedia.org/wikipedia/commons/c/c0/LIDAR-scanned-SICK-LMS-animation.gif


https://velodynelidar.com/products/puck/

Lidars

https://velodynelidar.com/what-is-lidar/

https://velodynelidar.com/products/puck/
https://velodynelidar.com/what-is-lidar/


https://velodynelidar.com/products/puck/

Lidars

https://www.youtube.com/channel/UCKyHFNyJ3QV-1rjogCYHkRA

https://velodynelidar.com/products/puck/
https://www.youtube.com/channel/UCKyHFNyJ3QV-1rjogCYHkRA


Lidars

https://velodynelidar.com/products/puck/https://www.youtube.com/c/ANYbotics/videos

https://velodynelidar.com/products/puck/
https://www.youtube.com/c/ANYbotics/videos


Lidars vs. Cameras

Tesla CEO Elon Musk: “Anyone relying on LiDAR is doomed”

https://www.youtube.com/watch?v=HM23sjhtk4Q

https://www.youtube.com/watch?v=HM23sjhtk4Q


Lidars vs. Cameras

https://youtu.be/HLczErXDujI

https://youtu.be/HLczErXDujI


Lidar vs Camera

LiDAR 

• cannot detect colors

• cannot interpret the text

• Impossible to identify traffic lights or road signs

• can achieve good results day and night

• high level of accuracy

• is more expensive

• requires more space

• gives self-driving cars a three-dimensional image

https://leddartech.com/lidar-radar-camera-demystifying-adas-ad-technology-mix/

Camera 

• can recognize colors and read road signs

• many modern AI methods to identify objects or 

distances

• require significantly more computing power

• camera systems are almost invisible

• challenging low-light conditions

https://medium.com/0xmachina/lidar-vs-camera-which-is-the-best-for-self-driving-cars-9335b684f8d
https://www.autopilotreview.com/lidar-vs-cameras-self-driving-cars/

https://leddartech.com/lidar-radar-camera-demystifying-adas-ad-technology-mix/
https://medium.com/0xmachina/lidar-vs-camera-which-is-the-best-for-self-driving-cars-9335b684f8d
https://www.autopilotreview.com/lidar-vs-cameras-self-driving-cars/


Levels of autonomous cars [online]. [cit. 2020-01-25]. Dostupné z: https://geospatialmedia.s3.amazonaws.com/wp-content/uploads/2018/02/bi-graphics_autonomous-cars.png

Levels of Autonomous Cars



https://www.businessinsider.com/what-are-the-different-levels-of-driverless-cars-2016-10

Levels of Autonomous Cars

Zero autonomy; the driver performs all the driving, but the
vehicle can aid with blind spot detection, forward collision
warnings and lane departure warnings.
https://newsroom.intel.com/news/autonomous-driving-hands-wheel-no-wheel-all

https://www.businessinsider.com/what-are-the-different-levels-of-driverless-cars-2016-10
https://newsroom.intel.com/news/autonomous-driving-hands-wheel-no-wheel-all


https://www.businessinsider.com/what-are-the-different-levels-of-driverless-cars-2016-10

Levels of Autonomous Cars

The vehicle may have some active driving assist features, but
the driver is still in charge. Such assist features available in
today’s vehicles include adaptive cruise control, automatic
emergency braking and lane keeping.
https://newsroom.intel.com/news/autonomous-driving-hands-wheel-no-wheel-all

https://www.businessinsider.com/what-are-the-different-levels-of-driverless-cars-2016-10
https://newsroom.intel.com/news/autonomous-driving-hands-wheel-no-wheel-all


https://www.businessinsider.com/what-are-the-different-levels-of-driverless-cars-2016-10

Levels of Autonomous Cars

The driver still must be alert and monitor the environment at
all times, but driving assist features that control acceleration,
braking and steering may work together in unison so the
driver does not need to provide any input in certain situations.
Such automated functions available today include self-parking
and traffic jam assist (stop-and-go traffic driving).
https://newsroom.intel.com/news/autonomous-driving-hands-wheel-no-wheel-all

https://www.businessinsider.com/what-are-the-different-levels-of-driverless-cars-2016-10
https://newsroom.intel.com/news/autonomous-driving-hands-wheel-no-wheel-all


https://www.businessinsider.com/what-are-the-different-levels-of-driverless-cars-2016-10

Levels of Autonomous Cars

The vehicle can itself perform all aspects of the driving task
under some circumstances, but the human driver must always
be ready to take control at all times within a specified notice
period. In all other circumstances, the human performs the
driving.
https://newsroom.intel.com/news/autonomous-driving-hands-wheel-no-wheel-all

https://www.businessinsider.com/what-are-the-different-levels-of-driverless-cars-2016-10
https://newsroom.intel.com/news/autonomous-driving-hands-wheel-no-wheel-all


https://www.businessinsider.com/what-are-the-different-levels-of-driverless-cars-2016-10

Levels of Autonomous Cars

This is a self-driving vehicle. But it still has a driver’s seat and
all the regular controls. Though the vehicle can drive and
“see” all on its own, circumstances such as geographic area,
road conditions or local laws might require the person in the
driver’s seat to take over.
https://newsroom.intel.com/news/autonomous-driving-hands-wheel-no-wheel-all

https://www.businessinsider.com/what-are-the-different-levels-of-driverless-cars-2016-10
https://newsroom.intel.com/news/autonomous-driving-hands-wheel-no-wheel-all


https://www.businessinsider.com/what-are-the-different-levels-of-driverless-cars-2016-10

Levels of Autonomous Cars

The vehicle is capable of performing all driving functions
under all environmental conditions and can operate without
humans inside. The human occupants are passengers and
need never be involved in driving. A steering wheel is optional
in this vehicle.
https://newsroom.intel.com/news/autonomous-driving-hands-wheel-no-wheel-all

https://www.businessinsider.com/what-are-the-different-levels-of-driverless-cars-2016-10
https://newsroom.intel.com/news/autonomous-driving-hands-wheel-no-wheel-all


Levels of Autonomous Cars in 2022

???

https://www.cnet.com/roadshow/news/the-most-important-self-driving-cars-of-2022/

“Mercedes-Benz is expected to launch the first mass-
production Level 3 car in 2022 using its Drive Pilot technology."

“BMW is widely expected to roll out Level 3 technology 
in the new 7 Series”

“Alphabet's Waymo recently unveiled a Level 4 self-driving taxi 
service in Arizona, where they had been testing driverless 
cars―without a safety driver in the seat―for more than a year and 
over 10 million miles..”

“Tesla is likely to achieve Level 4 autonomy in 2022, says Elon 
Musk, when certain milestones in the development of full self-
driving (FSD) are achieved. The data show that Tesla's system 
performs better than a human driver for preventing accidents.”

https://www.tesmanian.com/blogs/tesmanian-blog/tesla-likely-to-achieve-level-4-autonomy-in-2022-says-elon-musk https://www.synopsys.com/automotive/autonomous-driving-levels.html

https://www.cnet.com/roadshow/news/the-most-important-self-driving-cars-of-2022/
https://www.reuters.com/article/us-waymo-selfdriving-focus/waymo-unveils-self-driving-taxi-service-in-arizona-for-paying-customers-idUSKBN1O41M2
https://www.tesmanian.com/blogs/tesmanian-blog/tesla-likely-to-achieve-level-4-autonomy-in-2022-says-elon-musk
https://www.synopsys.com/automotive/autonomous-driving-levels.html


Levels of autonomous cars [online]. [cit. 2020-01-25]. Dostupné z: https://geospatialmedia.s3.amazonaws.com/wp-content/uploads/2018/02/bi-graphics_autonomous-cars.png



• Waymo (Google)
• GM
• Ford

Company Scores (2019)

Automated Driving Leaderboard. Sae [online]. [cit. 2020-01-25]. Dostupné z: https://www.sae.org/news/2019/03/2019-navigant-autonomous-leaderboard



Company Scores (2019)

Automated Driving Leaderboard. Sae [online]. [cit. 2020-01-25]. Dostupné z: https://www.sae.org/news/2019/03/2019-navigant-autonomous-leaderboard



Company Scores (2020)

Guidehouse Insights Leaderboard report. Guidehouseinsights [online]. [cit. 2022-02-25]. Dostupné z: https://guidehouseinsights.com/reports/guidehouse-insights-leaderboard-automated-driving-systems



Company Scores (2019 vs 2020)

Guidehouse Insights Leaderboard report. Guidehouseinsights [online]. [cit. 2022-02-25]. Dostupné z: https://guidehouseinsights.com/reports/guidehouse-insights-leaderboard-automated-driving-systems

Automated Driving Leaderboard. Sae [online]. [cit. 2020-01-25]. Dostupné z: https://www.sae.org/news/2019/03/2019-navigant-autonomous-leaderboard



https://waymo.com/Waymo Fully Self-Driving. Thedrive [online]. [cit. 2020-01-25]. Dostupné z: https://guidehouseinsights.com/reports/guidehouse-insights-leaderboard-automated-driving-systems

Waymo Fully Self-Driving. Thedrive [online]. [cit. 2022-02-25]. Dostupné z: https://s3.amazonaws.com/the-drive-staging/message-editor%2F1540065806515-waymo1.jpg

https://waymo.com/


https://www.youtube.com/watch?v=DJlcdH6iuAk

https://www.youtube.com/watch?v=DJlcdH6iuAk


https://www.youtube.com/watch?v=O8TSA-X9UlU

https://www.youtube.com/watch?v=O8TSA-X9UlU


The Autonomous Vehicles Readiness Index

Autonomous Vehicles Readiness Index: AVRI [online]. [cit. 2020-01-25]. Dostupné z: https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html



Autonomous Vehicles Readiness Index: AVRI [online]. [cit. 2020-01-25]. Dostupné z: https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html



Autonomous Vehicles Readiness Index: AVRI [online]. [cit. 2020-01-25]. Dostupné z: https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html

https://www.daimlertruck.com/innovation/safe-automated/autonomous-driving-daimler-trucks.html



Autonomous Vehicles Readiness Index: AVRI [online]. [cit. 2020-01-25]. Dostupné z: https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html

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



https://www.youtube.com/c/Einride



https://www.youtube.com/watch?v=Vf44Pw3BqUI



Autonomous Vehicles Readiness Index: AVRI [online]. [cit. 2020-01-25]. Dostupné z: https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html



Autonomous Vehicles Readiness Index: AVRI [online]. [cit. 2020-01-25]. Dostupné z: https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html



Autonomous Vehicles Readiness Index: AVRI [online]. [cit. 2020-01-25]. Dostupné z: https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html



Autonomous Vehicles Readiness Index: AVRI [online]. [cit. 2020-01-25]. Dostupné z: https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html



The Autonomous Vehicles Readiness Index

• Policy and legislation

• Technology and innovation

• Infrastructure

• Consumer acceptance

Autonomous Vehicles Readiness Index: AVRI [online]. [cit. 2020-01-25]. Dostupné z: https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html



Autonomous Vehicles Readiness Index: AVRI [online]. [cit. 2020-01-25]. Dostupné z: https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html



Autonomous Vehicles Readiness Index: AVRI [online]. [cit. 2020-01-25]. Dostupné z: https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html



Autonomous Vehicles Readiness Index: AVRI [online]. [cit. 2020-01-25]. Dostupné z: https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html



Autonomous Vehicles Readiness Index: AVRI [online]. [cit. 2020-01-25]. Dostupné z: https://home.kpmg/xx/en/home/insights/2020/06/autonomous-vehicles-readiness-index.html



What is Object Detection?

• It is clear that the images contain many objects of interest. The goal of the 
object detection
systems is to find the location of these objects in the images (e.g. cars, 
faces, pedestrians).

• For example, the vehicle detection systems are crucial for traffic analysis or 
intelligent scheduling, the people detection systems can be useful for 
automotive safety, and the face detection systems are a key part of face 
recognition systems.

Radovan Fusek: Descriptors for Object Detection in Image Recognition, Philosophiæ Doctor Thesis, 2016 



What is Object Detection?





 Output? 
 position of the objects
 scale of the objects

What is Object Detection?



Problems (Challenges)

 different views
 Illumination challenges
 occlusion
 different backgrounds
 shadows
 …
 …



Problems (Challenges)

 low quality images

Face Detection Data Set and Benchmark Home [online]. [cit. 2020-01-25]. Dostupné z: http://vis-www.cs.umass.edu/fddb/



 illumination + low quality

Problems (Challenges)

Face Detection Data Set and Benchmark Home [online]. [cit. 2020-01-25]. Dostupné z: http://vis-www.cs.umass.edu/fddb/



• The objects of interest can be described using various image 
information (e.g. shape, texture, colour). In the area of feature based 
detectors the image features are the carries of this information. 

• Many methods for extracting the image features that are able to 
describe the appearance of objects were presented, especially, the 
detectors that are based on the histograms of oriented gradients 
(HOG), Haar features, or local binary patterns (LBP) are dominant and 
they are considered as the state-of-the-art methods. 

Radovan Fusek: Descriptors for Object Detection in Image Recognition, Philosophiæ Doctor Thesis, 2016 

Image Features



Object Detection/Recognition
 Haar

 HOG 

 LBP

 SIFT, SURF                             KeyPoints

 CNNs

 Practical examples using OpenCV + Dlib (https://opencv.org/, http://dlib.net/)

Traditional Approaches

Deep Learning Approach

https://opencv.org/
http://dlib.net/


Sliding Window - Main Idea

Constantine Papageorgiou and Tomaso Poggio: A Trainable System for Object Detection. Int. J. Comput. Vision 38, pp. 15-33. (2000) 



Sliding Window - Main Idea

Constantine Papageorgiou and Tomaso Poggio: A Trainable System for Object Detection. Int. J. Comput. Vision 38, pp. 15-33. (2000) 



• In general, the sliding window technique represents the popular and 
successful approach for object detection. The main idea of this 
approach is that the input image is scanned by a rectangular window 
at multiple scales. The result of the scanning process is a large 
number of various sub-windows. A vector of features is extracted 
from each sub-window. The vector is then used as an input for the 
classifier (e.g. SVM classifer). 

• During the classification process, some sub-windows are marked as 
the objects. Using the sliding window approach, the multiple positive 
detections may appear, especially around the objects of interest 

Sliding Window - Main Idea

Radovan Fusek: Descriptors for Object Detection in Image Recognition, Philosophiæ Doctor Thesis, 2016 



• These detections are merged to the final bounding box that 
represents the resulting detection. 

• The classifer that determines each sub-window is trained over the 
training set that consists of positive and negative images.

• The key point is to find what values (features) should be used to 
effectively encode the image inside the sliding window. 

Sliding Window - Main Idea



Feature Vector 

(gradient, HOG, LBP, …)

Detection Process



Feature Vector 

(gradient, HOG, LBP, …)

Trainable Classifier

(SVM, ANNs, …)

Detection Process



• Typically, in the area of feature-based detectors, the detection 
algorithms consist of two main parts. The extraction of image features 
is the first part. The second part is created by the trainable
classifiers that handle a final classification (object/non-object).

• The extraction of relevant features has a significant influence on the 
successfulness of detectors. The large number of features slows down 
the training and detection phases; on the other hand a very small 
number of features may not be able to describe the properties of 
object of interest. The quality of training set is also equally important. 

Detection Process

Radovan Fusek: Descriptors for Object Detection in Image Recognition, Philosophiæ Doctor Thesis, 2016 



Training Sets 

 negative set - without the object of interest

 positive set

 rotation

 noise

 Illumination

 scale  



Training Set – Traffic Sign 

The German Traffic Sign Recognition/Detection Benchmark 

● Single-image, multi-class classification problem

● More than 40 classes

● More than 50,000 images in total

● Large, lifelike database

● Reliable ground-truth data due to semi-automatic 

annotation

● Physical traffic sign instances are unique within the 

dataset 

(i.e., each real-world traffic sign only occurs once)

The German Traffic Sign Recognition Benchmark [online]. [cit. 2020-01-25]. Dostupné z: https://benchmark.ini.rub.de/gtsrb_news.html



Training Set – Traffic Lights 

Bosch Small Traffic Lights Dataset (Germany)

• Training set:

• 5093 images

• Annotated about every 2 seconds

• 10756 annotated traffic lights

• Median traffic lights width: ~8.6 pixels

• 15 different labels

• 170 lights are partially occluded

• Test set:

• 8334 consecutive images

• Annotated at about 15 fps

• 13486 annotated traffic lights

• Median traffic light width: 8.5 pixels

• 4 labels (red, yellow, green, off)

• 2088 lights are partially occluded
Bosch Small Traffic Lights Dataset [online]. [cit. 2020-01-25]. Dostupné z: https://hci.iwr.uni-heidelberg.de/content/bosch-small-traffic-lights-dataset



Training Set – Road Objects 
Berkeley Deep Drive 

Berkeley DeepDrive [online]. [cit. 2020-01-25]. Dostupné z: https://bdd-data.berkeley.edu/



Training Set – Road Objects http://apolloscape.auto/

ApolloScape Dataset [online]. [cit. 2020-01-25]. Dostupné z: http://apolloscape.auto/

http://apolloscape.auto/


Training Set – Road Objects 
nuScenes

NuScenes dataset [online]. [cit. 2020-01-25]. Dostupné z: https://www.nuscenes.org/nuscenes



Training Set – Road Objects https://boxy-dataset.com/boxy/

THE BOXY VEHICLES DATASET [online]. [cit. 2020-01-25]. Dostupné z: https://boxy-dataset.com/boxy/
The Boxy Vehicle Dataset and Baselines [online]. [cit. 2020-01-25]. Dostupné z: 
https://www.youtube.com/watch?v=8kwvPJczhd4&t=27s

https://boxy-dataset.com/boxy/


 Haar

 HOG 

 LBP

 SIFT, SURF                             KeyPoints

 CNNs

Traditional Approaches

Deep Learning Approach



Related Works

Papageorgiou
(2000)

Viola, Jones
(2001,2004)
cit. > 6500

Dalal, Triggs
(2005)

cit. > 10000

2000

2005



Haar Wavelet-based Descriptors

• The main idea behind the Haar-like features is that the features can 
encode the differences of mean intensities between the rectangular 
areas. For instance, in the problem of face detection, the regions around 
the eyes are lighter than the areas of the eyes; the regions bellow or on 
top of eyes have different intensities that the eyes themselves. 

• These specific characteristics can be simply encoded by one two-
rectangular feature, and the value of this feature can be calculated as the 
difference between the sum of the intensities inside the rectangles.

Radovan Fusek: Descriptors for Object Detection in Image Recognition, Philosophiæ Doctor Thesis, 2016 



Haar Wavelet-based Descriptors

• The paper of Viola and Jones contributed to the popularity of Haar-like 
features. The authors proposed the object detection framework based 
on the image representation called the integral image combined with the 
rectangular features, and the AdaBoost algorithm. 

• With the use of integral image, the rectangular features are computed
very quickly. The AdaBoost algorithm helps to select the most important 
features. 

• The features are used to train classifers and the cascade of classifers is 
used for reducing the computational time. 

Radovan Fusek: Descriptors for Object Detection in Image Recognition, Philosophiæ Doctor Thesis, 2016 



Haar Wavelet-based Descriptors
 faces have similar properties

 eye regions are darker than the upper-cheeks
 the nose bridge region is brighter than the eyes

Face Detection using Haar Cascades [online]. [cit. 2020-01-25]. Dostupné z: https://docs.opencv.org/3.4.1/d7/d8b/tutorial_py_face_detection.html



Haar Wavelet-based Descriptors

Face Detection using Haar Cascades [online]. [cit. 2020-01-25]. Dostupné z: https://docs.opencv.org/3.4.1/d7/d8b/tutorial_py_face_detection.html

P. Viola and M. Jones, "Rapid object detection using a boosted cascade of simple features," Proceedings of the 2001 IEEE Computer Society Conference on Computer Vision and Pattern Recognition. CVPR 2001, Kauai, HI, USA, 2001, pp. I-I, doi: 10.1109/CVPR.2001.990517.



Features

 Rectangular features

David Gerónimo: Haar-like Features and Integral Image Representation, Master in Computer Vision and Artificial Intelligence, 18th December 2009

Haar-Feature = white region - black region



Features

David Gerónimo: Haar-like Features and Integral Image Representation, Master in Computer Vision and Artificial Intelligence, 18th December 2009



Face Detection

 24x24 sub-window aprox. 160,000 rectangular 
features

 How speed the computational speed?
 decrease memory accesses

David Gerónimo: Haar-like Features and Integral Image Representation, Master in Computer Vision and Artificial Intelligence, 18th December 2009



Integral Image

Original image (i) Integral image (ii)



Integral Image

David Gerónimo: Haar-like Features and Integral Image Representation, Master in Computer Vision and Artificial Intelligence, 18th December 2009



Integral Image

David Gerónimo: Haar-like Features and Integral Image Representation, Master in Computer Vision and Artificial Intelligence, 18th December 2009



Integral Image

David Gerónimo: Haar-like Features and Integral Image Representation, Master in Computer Vision and Artificial Intelligence, 18th December 2009



Integral Image

David Gerónimo: Haar-like Features and Integral Image Representation, Master in Computer Vision and Artificial Intelligence, 18th December 2009



Feature Selection



• weak classifier  - each single rectangle feature 
(features as weak classifiers)

• during each iteration, each example/image receives a 
weight determining its importance

• AdaBoost (Adaptive Boost) is an iterative learning 
algorithm to construct a “strong” classifier as a linear 
combination of  weighted simple “weak” classifiers

Feature Selection



 AdaBoost starts with a uniform 
distribution of “weights” over training 
examples. 

Slide taken from a presentation by Qing Chen, Discover Lab, University of Ottawa

Feature Selection



 AdaBoost starts with a uniform 
distribution of “weights” over training 
examples. 

 Select the classifier with the lowest 
weighted error (i.e. a “weak” classifier)

Slide taken from a presentation by Qing Chen, Discover Lab, University of Ottawa

Feature Selection



 AdaBoost starts with a uniform 
distribution of “weights” over training 
examples. 

 Select the classifier with the lowest 
weighted error (i.e. a “weak” classifier)

 Increase the weights on the training 
examples that were misclassified.

Slide taken from a presentation by Qing Chen, Discover Lab, University of Ottawa

Feature Selection



 AdaBoost starts with a uniform 
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 At the end, carefully make a linear 
combination of the weak classifiers
obtained at all iterations.

Slide taken from a presentation by Qing Chen, Discover Lab, University of Ottawa

Feature Selection



 At the end, carefully make a linear 
combination of the weak classifiers
obtained at all iterations.

Slide taken from a presentation by Qing Chen, Discover Lab, University of Ottawa

Feature Selection



Cascade of Classifier

Stage 1 Stage 2 Stage 3 Stage 4

Rejected Windows

The idea of cascade classifier is reject the non-face region as soon as possible



Stage 1 Stage 2 Stage 3 Stage 4

Rejected Windows

Cascade of Classifier

The idea of cascade 
classifier is reject the 
non-face region as soon 
as possible



Stage 1 Stage 2 Stage 3 Stage 4

Rejected Windows

Cascade of Classifier

The idea of cascade 
classifier is reject the 
non-face region as soon 
as possible



Stage 1 Stage 2 Stage 3 Stage 4

Rejected Windows

Cascade of Classifier

The idea of cascade 
classifier is reject the 
non-face region as soon 
as possible



Stage 1 Stage 2 Stage 3 Stage 4

Rejected Windows

Cascade of Classifier

The idea of cascade 
classifier is reject the 
non-face region as soon 
as possible



Stage 1 Stage 2 Stage 3 Stage 4

Rejected Windows

Cascade of Classifier

The idea of cascade 
classifier is reject the 
non-face region as soon 
as possible



Stage 1 Stage 2 Stage 3 Stage 4

Rejected Windows

Cascade of Classifier

The idea of cascade 
classifier is reject the 
non-face region as soon 
as possible



Stage 1 Stage 2 Stage 3 Stage 4

Rejected Windows

Cascade of Classifier

The idea of cascade 
classifier is reject the 
non-face region as soon 
as possible



Haar Features

OpenCV Face Detection: Visualized [online]. [cit. 2020-01-25]. Dostupné z: https://vimeo.com/12774628



Face Detection - Evaluation

Face Detection Data Set and Benchmark Home [online]. [cit. 2020-01-25]. Dostupné z: http://vis-www.cs.umass.edu/fddb/



Face Detection - Evaluation

TP = number of true positives
FP = number of false positives
FN = number of false negatives
TN = number of true negatives

precision = TP/(TP+FP)
sensitivity = TP/(TP+FN) 
F1 score (harmonic mean of precision and sensitivity) = 2 ×
precision × sensitivity/(precision + sensitivity)



Face Detection - Evaluation

Face Detection Data Set and Benchmark Home [online]. [cit. 2020-01-25]. Dostupné z: http://vis-www.cs.umass.edu/fddb/



• Since Viola and Jones popularized the Haar-like features for face detection, the 
Haarlike features and their modifcations were used in many detection tasks 
(e.g. pedestrian, eye, vehicle). 

• In the area of pedestrian detection, in [1], the authors presented the 
component-based person detector that is able to detect the occluded people 
in clustered scenes in static images. The detector uses the Haar-like features to 
describe the components of people (heads, legs, arms) combined with the SVM 
classifer. The Viola and Jones detection framework was successfully extended 
for moving-human detection in [2]. In [3], the authors proposed the method 
for estimating the walking direction of pedestrian. 

Haar Features

Radovan Fusek: Descriptors for Object Detection in Image Recognition, Philosophiæ Doctor Thesis, 2016 



• The 3D Haar-like features for pedestrian detection were presented
in [4]. The authors extend the classical Haar-like features using the volume 
flters in 3D space (instead of using rectangle flters in 2D space) to capture 
motion information. The 3D features are then combined with the SVM classifer. 
To compute the 3D Haar-like features using the integral image like the classical 
2D features, the authors introduced Integral Volume that extends 2D integral 
image to the three dimensions. 

Haar Features

Radovan Fusek: Descriptors for Object Detection in Image Recognition, Philosophiæ Doctor Thesis, 2016 
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The modified version of Haar-like features that more 
properly reflect the shape of the pedestrians than the 
classical Haar-like features.

Hoang, V.D., Vavilin, A., Jo, K.H.: Pedestrian detection approach based on modified haar-like features and adaboost. In: 
Control, Automation and Systems (ICCAS), 2012 12th International Conference on. pp. 614-618 (Oct 2012)
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classical Haar-like features.
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A. Suleiman, Y. Chen, J. Emer and V. Sze, "Towards closing the energy gap 
between HOG and CNN features for embedded vision," 2017 IEEE 
International Symposium on Circuits and Systems (ISCAS), Baltimore, MD, 
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https://ieeexplore.ieee.org/abstract/document/8050341

Haar Features

Five most significant Haar features selected for the first stage of each of the 3 trained detectors

https://ieeexplore.ieee.org/abstract/document/8050341
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• Fusek, R., Mozdřeň, K., Šurkala, M., Sojka, E.: AdaBoost for Parking Lot Occupation 
Detection. Advances in Intelligent Systems and Computing, vol. 226, pp. 681-690 
(2013)

Parking Lot Occupation

http://mrl.cs.vsb.cz/

Haar Features



 Haar

 HOG

 LBP

 SIFT, SURF                             KeyPoints

 CNNs

Traditional Approaches

Deep Learning Approach
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Object Detection (Analysis)

HOG



What is Object Detection?

• It is clear that the images contain many objects of interest. The goal of the 
object detection
systems is to find the location of these objects in the images (e.g. cars, 
faces, pedestrians).

• For example, the vehicle detection systems are crucial for traffic analysis or 
intelligent scheduling, the people detection systems can be useful for 
automotive safety, and the face detection systems are a key part of face 
recognition systems.

Radovan Fusek: Descriptors for Object Detection in Image Recognition, Philosophiæ Doctor Thesis, 2016 



 Output? 
 position of the objects
 scale of the objects

What is Object Detection?



Pedestrian Detection - Challenges?
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Histograms of Oriented Gradients (HOG)

• In recent years, the object detectors that are based on edge analysis that 
provides valuable information about the objects of interest were used in 
many detection tasks. In this area, the histograms of oriented gradients 
(HOG) [1] are considered as the state-of-theart method. 

• In HOG, a sliding window is used for detection. The window is divided into 
small connected cells in the process of obtaining HOG descriptors. The 
histograms of gradient orientations are calculated in each cell. It is 
desirable to normalize the histograms across a large block of image. As a 
result, a vector of values is computed for each position of window. This 
vector is then used for recognition, e.g. by the Support Vector Machine 
classifier. 

Radovan Fusek: Descriptors for Object Detection in Image Recognition, Philosophiæ Doctor Thesis, 2016 



Histograms of Oriented Gradients (HOG)

• Dalal and Trigs experimented with the size of detection window and they 
suggested the rectangular window with the size 64 × 128 pixels. They also 
tried to reduce the size of the window to 48 × 112 pixels. Nevertheless, 
they obtained the best detection result with the size 64 × 128 pixels.

Radovan Fusek: Descriptors for Object Detection in Image Recognition, Philosophiæ Doctor Thesis, 2016 



Histograms of Oriented Gradients (HOG)

Basic Steps:

• In HOG, a sliding window is used for 

detection.

• The window is divided into small connected 
cells.

• The histograms of gradient orientations are 
calculated in each cell.

• Support Vector Machine (SVM) classifier.

Navneet Dalal, Bill Triggs : Object Detection using 
Histograms of Oriented Gradients [online]. [cit. 2020-01-25]. Dostupné z: http://host.robots.ox.ac.uk/pascal/VOC/voc2006/slides/dalal.ppt



• For gradient computation, the image without Gaussian smoothing is 
filtered with the [1, 0, -1] kernel to compute the horizontal and vertical 
derivatives. 

• Then the derivatives are used to compute the magnitude of the gradient 
and orientation . 



• In the next step, the image is divided into the cells and the cell histograms 
are constructed. The histogram bins are spread over 0 to 180 degrees or 0 
to 360 degrees. The corresponding histogram bin is found for each pixel 
inside the cell. Each pixel contributes a weighted vote for its corresponding 
bin. The pixel contribution can be the gradient magnitude.

• Next step represents contrast normalization. For this purpose, the cells are 
grouped into the large blocks (i.e. 2×2 cells are considered as blocks). The 
histograms are normalized within the blocks (e.g. using L2-norm). In the 
paper, the two main block geometries are presented; rectangular and 
circular.

• The final HOG descriptor is represented by histogram vectors of all blocks 
within the detection window

Radovan Fusek: Descriptors for Object Detection in Image Recognition, Philosophiæ Doctor Thesis, 2016 



Dalal and Trigs experimented with the size of 
detection window and they suggested the 
rectangular window with the size 64 × 128 pixels. 

They also tried to reduce the size of the window to 
48 × 112 pixels. Nevertheless, they obtained the 
best detection result with the size 64 × 128 pixels. 

Bauer,S., Brunsmann, U., FPGA Implementation of a HOG-based Pedestrian Recognition System, Stefan Schlotterbeck-Macht Faculty of Engineering Aschaffenburg University of Applied Sciences, Aschaffenburg, Germany

Blocks, Cells:
• 8 x 8 cell
• 16 x 16 block – overlap
• normalization within the blocks

• Final Vector: Collect HOG blocks into vector



• The classical HOG descriptors suffer from the large number of features, 
which causes that the training and detection phases can be time 
consuming. The sufficient amount of training data is also needed to find 
a separating hyperplane by the SVM classifier.

• Sometimes, it is desirable to use the methods for the dimensionality 
reduction of feature vector. In addition the that, the classical HOG 
descriptors are not rotation invariant.

• These shortcomings became the motivation for creating many variations 
of HOG-based detectors. Many methods and applications based on HOG 
were presented in recent years. 

Radovan Fusek: Descriptors for Object Detection in Image Recognition, Philosophiæ Doctor Thesis, 2016 



In [1], the authors applied the principal component analysis (PCA) to the HOG 
feature vector to obtain the PCA-HOG vector. This vector contains the subset 
of HOG features and the vector is used as an input for the SVM classifier. Their 
method was used for pedestrian detection with the satisfactory results.

Felzenszwalb et al. proposed the part-based detector that is based on HOG. In 
this method, the objects are represented using the mixtures of deformable 
HOG part models and these models are trained using a discriminative method 
(see following image). This method obtained excellent performance for object 
detection tasks [2, 3]. 

[1] Kobayashi, T., Hidaka, A., Kurita, T.: Neural information processing. chap. Selection of Histograms of Oriented Gradients 
Features for Pedestrian Detection, pp. 598–607. Springer-Verlag, Berlin, Heidelberg (2008)
[2] Felzenszwalb, P.F., McAllester, D.A., Ramanan, D.: A discriminatively trained, multiscale, deformable part model. In: CVPR 
(2008) 
[3] Felzenszwalb, P., Girshick, R., McAllester, D., Ramanan, D.: Object detection with discriminatively trained part-based models. 
Pattern Analysis and Machine Intelligence, IEEE Transactions on 32(9), 1627–1645 (2010) 



[1] Kobayashi, T., Hidaka, A., Kurita, T.: Neural information processing. chap. Selection of Histograms of Oriented Gradients 
Features for Pedestrian Detection, pp. 598–607. Springer-Verlag, Berlin, Heidelberg (2008)
[2] Felzenszwalb, P.F., McAllester, D.A., Ramanan, D.: A discriminatively trained, multiscale, deformable part model. In: CVPR 
(2008) 
[3] Felzenszwalb, P., Girshick, R., McAllester, D., Ramanan, D.: Object detection with discriminatively trained part-based models. 
Pattern Analysis and Machine Intelligence, IEEE Transactions on 32(9), 1627–1645 (2010) 

An example of person detection using a part model. The model is defined by the coarse global template that covers the entire 
object and higher resolution part templates. The templates represent the histogram of oriented gradient [2].



Histograms of Oriented Gradients (HOG

Vehicle Logo, License Plate 
Localization/Recognition

D. F. Llorca, R. Arroyo and M. A. Sotelo, "Vehicle logo recognition in traffic 
images using HOG features and SVM," 16th International IEEE Conference on 
Intelligent Transportation Systems (ITSC 2013), The Hague, 2013, pp. 2229-
2234.
doi: 10.1109/ITSC.2013.6728559

https://ieeexplore.ieee.org/abstract/document/6728559

https://ieeexplore.ieee.org/abstract/document/6728559


Histograms of Oriented Gradients (HOG) and Automotive

Vehicle Localization

L. Mao, M. Xie, Y. Huang and Y. Zhang, "Preceding vehicle detection using 
Histograms of Oriented Gradients," 2010 International Conference on 
Communications, Circuits and Systems (ICCCAS), Chengdu, 2010, pp. 354-358.
doi: 10.1109/ICCCAS.2010.5581983

https://ieeexplore.ieee.org/abstract/document/5581983

https://ieeexplore.ieee.org/abstract/document/5581983

