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Abstract
Modern vehicles are very dependent on sensors and especially cameras to analyze different objects and conditions. Single camera systems are frequently used
for lane detection and identifying objects in the distance. These systems depend
on good conditions to work properly and are easily disrupted by environmental
interferences. This project is targeted in developing an image processing algorithm that can detect disturbances applied upon the camera lens. Several focus
measure operators are evaluated and compared by expected outcome while still
maintaining a satisfying computational time, low resource usage and accuracy
with an ERR between 0% - 1%.
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Chapter 1

Introduction
Modern cars are highly dependent on sensors and cameras analyzing different
objects and conditions. Single camera systems are used for lane markers, lane
detection and identifying objects in the distance like road signs etc.[1]. The
advantages of these systems, compared to other sensors like LIDAR (Light detection and ranging) or other type of radars, are their low-cost, availability of
components and that the implementation almost solely derives from the software. However, there are some disadvantages with using passive sensors since
the camera is dependent on good conditions to work properly and is easily disrupted by environmental aspects like adverse lighting, shadow, dust, rain etc.
The focus measure operators mentioned in this thesis are designed for use
with ideal lens conditions. The research question will focus upon the operators
when used with non ideal lens conditions i.e. a disrupted lens, e.g. by debris
on lens. What method(s) can help detect environmental interference’s near the
lens using a passive sensor with limited resource.

1.1

Purpose and goal

The purpose of this thesis is to develop an algorithm that can determine if the
vision of a single camera system is interfered by environmental disturbances.
If the lens is distorted by water or dirt the algorithm should be able to recognize these behaviours and alert. The algorithm need to be fast, efficient and
developed with limited resources.

1.2

Questions

The research question which the study analyzes is:
To ensure proper functionality in a single camera systems how can we detect
common environmental interferences in front of the lens?
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There are several questions for the different phases of the thesis which are presented below.
Background
• How does the lens work when capturing an image?
• How is the image perceived when objects are out of focus?
• How can we detect unfocus in an image?
• Are there computable measures representing focus directly?
• What are the current laws regarding camera usage?
Research phase
• What programming language is appropriate for this project?
• What software tools will be used to solve the task?
• How will we construct valid tests for the algorithm?
• Which image analysis operators are most suitable to achieve success and
what is the justification of the studied choices?
– Tenengrad Mean
– Tenengrad Variance
– Energy of Laplacian
– Modified Laplacian
– Diagonal Laplacian
– Variance of Laplacian

1.3

Limitations

The limitations for the project are:
• Testing will be restricted to a controlled environment, i.e. not on a real
vehicle.
• Computational and imaging resources will be less restricted than in a real
scenario where an average car and its resources will be available.
• Usage of only one type of camera.
• No consideration to reflections that may appear from the thin glass window.
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Chapter 2

Background
This thesis is in collaboration with Diadrom Systems AB which was founded in
1999, with the headquarter located in Gothenburg, Sweden. Diadrom Systems
AB is a consulting company specialized in diagnostics of products with embedded software. Their main clients are within the vehicle industry. This section
will focus on the related work that the algorithm is built upon. It covers a
reasonably depth of hardware and theoretical explanation of the methods that
can be imagined in a real deployment.

2.1

Image processing

An image can be considered as a matrix where every element represents an
individual photo cell, or pixel. For a gray-tone image each element gives the intensity at a certain position and we can study the image as a function I(x, y)[2].
This function will be referred later in the operators section.
Image processing is such a wide subject that only the parts related to this
thesis will be mentioned. To understand the concept of focus a brief explanation
of the lens is necessary as well as some basic knowledge of a few image processing
methods.

Lens and focus measure
The objective of the lens is to focus the incoming light rays so they align perfectly onto the main sensor. Figure 2.1 illustrates how the effect of a lens works
within a camera. If the light rays passing through the lens fall too short or too
far from the main sensor the image itself will appear blurry. Setting up focus
for a camera is determining the length to the point of interest so the projection
from the lens is aligned with the main sensor. Object appearing at different distances from the camera than the optimal will then appear blurred. This process
also occurs if the light rays emitted converge before hitting the lens[3]. Reasons
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for converging can be due to distortion in front of the lens.

Figure 2.1: Lens model
One approach to measure the focus in an image is to compute a single value
representing the focus. This can be achieved using different focus measure
operators that respond to the high spatial frequencies in the image. Since sharp
edges results in higher frequencies, if the image is blurred i.e. absence of sharp
edges, the value from the operators will be significantly lower[3].
By filtering the images before computing a focus measure we can enhance
the edges in the image. This will facilitate the operators calculations and the
interpretation of the outcome.

Filtering
Filtering in image processing is useful for different applications such as image
enhancement and noise reduction. A method to apply filters on images is by
convolving with a set kernel. Taking each pixel individually, computing the
scalar product between a kernel and the support around the pixel yields a (new)
set of scalar values. This process is called convolution and the obtained set
is the result of convolution. Basically, one takes out appropriate pixels in the
neighborhood of a specified pixel, multiply with the corresponding kernel weights
and sum them to obtain the new value corresponding to the specific pixel, as
seen in Figure 2.2. Depending on how to weight the values in the kernel it
can achieve different filters and highlight different attributes. This is similar to
mathematical convolution even though there are immaterial differences between
the two in how the kernel is represented/denoted. This process can be used for
edge detection, applying blur and a tremendous amount of other applications[2].
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Figure 2.2: Convolving model

Region of interest
Region of interest (ROI) is a specific area of an image. It is used in many areas
of image analysis, for example, to use a filter in a specific area of an image and
leave the rest of the image intact. Dividing the original frame into four quarters
and treating each sub-frame as an individual frame makes it possible to analyze
different regions. The ROI of this thesis are obtained in this manner, i.e as
upper left (UL), upper right (UR), lower left (LL) and upper left (UL).

Figure 2.3: Region of interest model
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A single value of focus is then calculated for each quarter frame and enables
the algorithm to recognize the origin of the interference. By using the ROI, the
algorithm can determine where the interference is located on the frame and how
many quarters are affected.

2.2

Operators

In the following section two approaches to measure focus will be covered, the first
utilizes the gradient (first derivative), to compute a value of focus in the image,
and the second uses the Laplacian (second derivative)[4]. All of the operators
in this thesis work on the assumption that a focused image will produce more
sharp edges than blurred[5].

Gradient based operators
Given the assumptions above, these methods first compute the edges in the
image by filtering with the Sobel operator[6]. By convolving the original image with the Sobel operator to calculate approximations of the derivatives, for
horizontal- and vertical change. Consider equation (1), where I is the original
source image and Gx , Gy is the approximation derivative after convolving with
the Sobel mask seen in the matrix.


1
Gx = I ∗ 2
1

0
0
0


−1
−2 ,
−1



1
Gy = I ∗  0
−1


2
1
0
0
−2 −1

(2.1)

The gradient magnitude can then be computed by taking the resulting gradient approximation at each point of the image.

S(m, n) =

q

G2x + G2y

(2.2)

This generates a new image where the edges are marked as seen in Figure
2.4b and Figure 2.4c.

8

(a)

(b)

(c)

Figure 2.4: (a) Original image, (b) Sobel horizontal, (c) Sobel vertical
Using the Sobel operator Tenenbaum and Schalag created a method called
Tenengrad[7] in 1970 that is considered a benchmark[4][8][9][10][5] in this field.
The formula for Tenengrad focus measure is given by.
φx,y =

N
M X
X
[S(m, n)]2

(2.3)

n

m

It can be shown that the Tenenbaum measure is the trace of the second
order moment matrix of the local Fourier spectrum, also known as the Structure
Tensor[11]. The matrix or its components have been used in other image analysis
applications as well, including image content based search engines[12]. Its trace
is the upper limit of edginess/orientation certainty, if an edge exists in the
corresponding image neighborhood. A commonly used variant of this method
is to calculate the mean value of the magnitude which is given by.
S=

M N
1 XX
S(m, n)
NM m n

(2.4)

Another approach, that was originally developed for auto-focus is Tenengrad
variance[5] which uses the variance of the image gradient as a focus measure.
φx,y

N
M X
X
=
[S(m, n) − S]2
m

(2.5)

n

Laplacian-based operators
Another technique to find the high frequencies in the image is laplacian-based
methods using the second derivative. The Laplacian operator used can be approximated using the mask L[9].


0 −1
0
1
−1 −4 −1
L=
(2.6)
6
0 −1
0
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Similar to the method from the previous section we begin by convolving the
original image with the mask L at every point of the image. We can then compute a value of focus using different mathematical tools. Below we present a
few approaches to providing a focus measure value. The first one calculates a
mean value of the magnitude and is called Energy of Laplacian.

Energy of Laplacian
M N
1 XX
[L(m, n)2 ]
NM m n

φx,y =

(2.7)

In the modified Laplacian we instead replace the L(m, n) with ∆L(m, n)
where I is the original image[3].
Modified Laplacian
φx,y =


Lx = −1

2

M N
1 XX
|I ∗ Lx | + |I ∗ Ly |
NM m n


−1
Ly =  2
−1



−1 ,

(2.8)



(2.9)

Another approach is the Diagonal Laplacian where we add a vertical variation to the modified Laplacian[13].
Diagonal Laplacian
φx,y =

M N
1 XX
[∆L(m, n)]
NM m n

(2.10)

∆L(m, n) = |I ∗ Lx | + |I ∗ Ly | + |I ∗ Lx1 | + |I ∗ Ly1 |

Lx1


0
1 
=√ 0
2 1


0 1
−2 0 ,
0 0

Ly1


1
1 
=√ 0
2 0


0 0
−2 0
0 1

(2.11)

(2.12)

The last variation utilizes the variance of Laplacian to calculate a value of focus
and operates in the same way as in variance of the gradient based operators[13][9].
Variance of Laplacian
φx,y =

M X
N
X
[L(m, n) − L]2
m

n
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(2.13)

2.3

Graphical user interface

Graphical user interface (GUI) is a method for visualizing data that allows users
to interact with the program in different forms. Since it is difficult to test the
algorithms ability to detect interference without comparing with the human
eye, a GUI can make this problem significantly easier. By developing a simple
GUI, the algorithm can run as the video is presented, and in the same frame
displaying the focus measure value.

2.4

Integrity

When capturing footage in areas where the public has access the Swedish Camera Surveillance law must be followed. If there is a chance that a person can
be identified using a vehicles camera a permit is needed. The permit is issued
by the Swedish County Administrative Board and covers the purpose of the
capturing as well as anything that is meaningful for the integrity protection.1
This law is valid until the 25th of May 2018, where the General Data Protection
Regulation (GDPR) replaces the previous law. This is a regulation issued by
the European Union (EU). Besides the GDPR a Swedish law will be introduced
to complement the GDPR. The proposal of the Swedish law states that only
government and authorities of Sweden need to apply for a permit, however all
type of camera surveillance must follow the GDPR.2
In this thesis, no capturing of people will be done. Nevertheless, it is still
important to mention since the general purpose is to use the work upon vehicles,
both public and private.

2.5

Environmental and economics

In a modern vehicle automatic windscreen wipers commonly uses an IR-sensor
to detect raindrops.3 As mentioned earlier vehicles uses camera systems for
different types of detection. One way to solve environmental interferences in
front of the camera is to add a extra IR-sensor. This will result in a higher cost
and a bigger impact on the environment when compared to a software based
solution.

1 https://www.datainspektionen.se/lagar-och-regler/kameraovervakningslagen/mer-omkameraovervakningslagen/
2 https://www.datainspektionen.se/lagar-och-regler/kameraovervakningslagen/franovervakning-till-bevakning-nya-regler-2018/
3 http://www.silego.com/uploads/Products/product 693/details/AN1219%20IR%20Windshield%20Rain%20Sensor.pdf
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Chapter 3

Method
3.1

Project phases

The structure of this thesis is divided into three major phases. In this section
we will cover these phases and describe the aim of each phase.

Background phase
The first phase is about acquiring knowledge and gather information about
related research that is useful for this study. Not only collecting related result
but also to evaluate how useful it will be towards the goals of the entire study.
The main aim of this phase is to gather and categorize related work after its
usefulness.

Data collecting phase
After gathering enough knowledge about earlier studies and methods, the next
phase is about gathering enough data to support the testing and development of
the algorithm. This is done by setting up a controlled laboratory environment
with a fixed background. By using a thin piece of glass in front of the camera
the different interference’s can be applied onto the glass and recorded. The main
goal is to collect enough data of high quality that maintain a realistic view of
real environmental interference. If the data collecting phase is made properly it
can also be reused in future research.
In the laboratory environment the camera is mounted upon a tripod which
stands 1,5 meters away from the fixed background. The background consists of
a painting, containing different shapes and colors to simplify detecting edges in
the images and also to create versatility in the images. In front of the camera
lens a thin glass window is set up, which is approximately 2 cm from the lens. As
mentioned earlier, reflection from the glass window is not in consideration. From
Figure 3.1 the reflection of light do not have a high impact on the output. On
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the glass window water and dirt can be applied on the camera lens to simulate
interference without touching it.

Figure 3.1: Laboratory environment

Own development and implementation phase
The last phase will focus upon the development of the algorithm to answer the
research question with help of the mathematical methods from the background
section. What distinguishes this study from earlier research is the evaluation
of focus when distortion is presented upon the lens. The algorithm should also
be able to determine the value of which the image is out of focus by using a
threshold value.
By dividing the image into four different sections the algorithm can determine which corner of the frame is interfered. The computational cost may
quadruple since the algorithm needs to calculate and measure each corner individually. This feature can be referred to as region of interest.
An important part of this phase is the testing and evaluation of the different
focus measure operators. By using the different focus measures upon the entire
data set and plotting the results, it is possible to determine what separates
them, and how well they detect distortion when comparing with the capacity
of the human eye and brain. To simplify the human interaction test a simple
graphical user interface will be developed in order for a user to try different
settings and video clips without modifying the code. This will also simplify the
testing and evaluation since the operators can be weighted with different values.
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3.2

Development Tools

This section will cover the tools and libraries used in this thesis. It contains
both the software based tools as well as the hardware used when gathering data
and developing the algorithms.

Agile development
During all of the previous mentioned phases, agile development will be used. The
course of actions is as follows, every week a sprint meeting is held to discuss
the primary goal of the upcoming sprint-session. Each sprint is 7 days of work.
Every day a short meeting is held to discuss what was done last time and what
the daily goal is. This scheme is then reproduced throughout the entire project.
This type of development structure makes it easy to induce new inputs or ideas
during the development and even rewriting the goals as we go. Compared to
the older waterfall-technique where the goals are set early in the project and
then make little room for changes during the process.

Python
Python1 is a multi-paradigm programming language which also supports objectoriented and structured programming. The language was developed by Guido
van Rossum in 1991. The design philosophy of Python is code readability and
allowing a syntax with fewer lines of code, which lead to efficient and productive
developments.
Python is a very popular language. According to a study[14] created from
100 000 open source projects, they investigated popularity on programming
languages in terms of development teams, line of codes etc. Python is top
ranked in almost all of the categories made in the study. Because Python is
such a well-used and popular programming language, the user-base develops
packages for easier usage. Currently there are over 100,000 packages uploaded
on Python’s website.

Python packages
Python system and process utilities (psutil) is a library in Python used for
gathering information on running processes and system utilization for example
CPU, memory and network. The library is used for system monitoring, limiting
resources and management of running processes.
Memory Profiler is a python module which depends on the earlier mentioned
psutil library. Memory Profiler monitor memory consumption of a process and
record the memory usage along time. The data can be saved into a separate file
with time stamp and memory usage which can be used for further analysis.
1 https://www.python.org
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Tkinter is a GUI package. It is considered as the standard Python GUI library.

OpenCV
OpenCV2 is an open source computer vision and machine learning library. It
is written in C/C++ and have interfaces in languages such as Java, C, C++,
Python and MATLAB. OpenCV has over 2500 computer vision and machine
learning algorithms implemented in their library. The algorithms can be used
for image and video analysis, computer vision and machine learning.

SpinView
SpinView3 is a GUI software for digital cameras. It is used for streaming,
recording videos and image acquisition. It allows adjustment of attributes,
frame rate and other settings of the camera.

Hardware
The camera used in the thesis is a Chameleon3 1.3 MP Color USB3 Vision from
FLIR Systems, it has a resolution of 1288 x 964 and operates with 30 FPS.
According to FLIR Systems the Chameleon3 line is ideal camera for machine
vision and scientific applications.4 The objective used is a Fujinon CCTV lens
which has a focal length of 2.8-8 mm. Both the zoom and focus are set up
manually.5 The computer used to develop and test the algorithm is a MacBook
Pro with 3 GHz Intel Core i7 and 16 GB DDR3 memory.

3.3

Graphical user interface

With the GUI a user can choose a video-clip from a selected dataset. The video
will be played inside the mainframe as well as a live plot from the focus measure
value from each image. There is also a settings frame where the user can change
comparison value for the focus measure and the graphs axes. An auto-calibrated
value will be set when the user starts a video.

2 https://www.opencv.org
3 http://softwareservices.ptgrey.com/Spinnaker/latest/page4.html
4 https://www.ptgrey.com/chameleon3-13-mp-color-usb3-vision
5 http://www.fujifilm.com/products/optical devices/pdf/cctv/security/hdvarifocal/yv28x28sasa2 e.pdf
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3.4

Validation

The focus operators will be evaluated in two criteria; how successful the operator
is in detecting environmental interference’s and how the operator is performing
according to memory usage and time spent during calculations.

Detecting environmental interference
Validation of success rate in detecting the interference is determined by using
the data collected from the different focus measure operators and compare them
with the expected outcome. The expected outcome is decided by the human
eye and the brains capability to find the interference’s.
A GUI simplifies method of testing when trying different scenarios of interference while monitor the measure of focus. With a real-time plotting displayed
next to the video clip, the user can see the current, previous and the calibrated
comparison focus measure value. Some minor settings can be adjusted to try
different comparison values to achieve results. A pause and play function enables the user to stop both the plotting and the video to analyze the current
frame and value of focus presented.

Accuracy
When determining the accuracy in a bio-metric system a technique commonly
used is False Acceptance Rate (FAR) and False Rejection Rate (FRR)[15]. In
this thesis the same method is used to evaluate the systems accuracy. Consider
each image as one of two types, either a genuine image (e.g not blurred image)
or an impostor (e.g a blurred image). Then FAR is the likelihood that the
system categorizes a impostor as a genuine image. FRR is the likelihood that
the system categorize a genuine image as an impostor.
When the system determines if an image is genuine or a blurred image the
value of focus is compared with a threshold value. If the value of focus fall below
the threshold, the image is considered out of focus. The threshold values are
between 1 and 100, with an increment of 1.

F AR =

N umber of impostor(blurred) images above the threshold
T otal number of impostor(blurred) images

F RR =

N umber of genuine images below the threshold
T otal number of genuine images

(3.1)

(3.2)

When generating FAR and FRR values and add them into a plot, a descriptive
threshold and its value (in both curves) used to assess the optimally of a system
is where the two curves intersect and is called Equal Error Rate (EER). The
lower the EER value is, the better is the system accuracy. Each focus measure
17

operator will have its own ERR value which can later be compared with each
other to determine what system is more accurate. Figure 3.2 is an example of
FAR, FRR and EER curve.

Figure 3.2: Example of FAR, FRR and EER curve.

Performance
To measure the performance of the algorithms, a test script will be developed for
automatic testing. The test will consist of monitoring the CPU usage, memory
usage and time elapsed when computing the algorithms. Based on these factors,
determine which of the operators would best fit into a car system with limited
resources.
The performance test script determines which process ID (PID) that are
given to the Python application from the operating system. Each process in
an operating system receives a unique PID. It is necessary to get the PID in
order to calculate how much resources the particular process consumes of CPU
and memory. To measure computational time, a counter starts before the focus
measure calculation and stops right after. The start time minus the stop time
results in the computation time of the focus measure operator.
Together with Diadrom Systems AB performance requirement is set to
• Computation time should be <10 ms
• Maximum memory usage <100 Mb
In Figure 3.3 the performance test script is displayed. The test will save
the collected data so it can be further analyzed and determined if the operator
18

passed the criteria as stated for the performance requirement. The test itself
will not determine if the operator passed or not.

Figure 3.3: Performance test script

3.5

Critical decisions

From the background section we established that Tenengrad and Laplacian are
mentioned in most research papers regarding focus measures. Generally operators often produce good results regarding high performance and low computing
cost when they are used with ideal lens conditions. Justification of the list
of operators used is based on the limited time schedule and resources. The
study decided to focus on these two major operators and a few variants of the
operators.
OpenCV has support for Python, C/C++, Java and MatLAB. We decided
that we either develop our algorithm in Python or C/C++ because there is a lot
of good examples on how to implement OpenCV. While Python is a interpreted
language and C++ is compiled into machine code, it should theoretically obtain
higher performance using C++. When looking at the OpenCV libraries they
are already complied as machine code since they written in C/C++. With that
in mind, when the Python code is running it will execute compiled code. For
this reason we believe that we will not see any major performance difference
between Python and C/C++. The decision to develop in Python is in line with
the languages design philosophy.
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Chapter 4

Results
This section will cover all of the results from this research. First the analysis of
the data collection phase followed by the results from the implementation and
testing part of this thesis.

4.1

Data collection

In the laboratory environment described in the method a collection of video
clips was gathered simulating different environmental interferences. By using a
pipette or an atomizer it was possible to resemble drops of rain upon the glass
window. In each video, the lens has ideal conditions for the first ~30 frames to
determine the focus measure value when the lens was not disturbed. This was
made to get a focus measure of ideal conditions of the operator, which could
later be used to compare to a focus measure when, for example, rain and fog
was applied. The data set can be divided into five categories: rain, heavy rain,
light rain and fog. In the table presented below the number of clips from each
category is presented.
The original format from SpinView application is AVI with a H.268
Table 4.1: Data set collection
codex. SpinView was only available
on Windows OS and when transferInterference Number of clips
ring the files from Windows to iOS,
Rain
6
where the development was done, we
Heavy rain
6
noticed a automatic conversion to
Light rain
3
MOV format. Though the size was
Fog
3
decreased the conversion also changed
the behaviour of the images when considering the frequencies. This led to a misleading value of focus as a spike value
would appear around every 25th frame. A comparison between AVI and MOV
can be seen in Figure 4.1.
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Figure 4.1: Focus measure with and without converting

4.2

Implementation

All algorithms and tests are developed in Python with the mentioned packages
and libraries from method section. In the upcoming sections the results from
each implementation is presented.

Focus measure operators
Six different types of focus measure methods has been implemented into functional Python code. For the Tenengrad approach two variants have been created
utilizing the mean and variance of the calculated value of focus (see equation 2.3
and 2.5 in sub-chapter 2.2). The laplacian-based operators have four different
variants as covered in the Background section. The mean and variance as well
as a diagonal and energy of Laplacian (see equation 2.7, 2.8, 2.10 and 2.13) in
sub chapter 2.2. Since the different methods produce values in different intervals the values need to be recalculated for comparison purpose. By scaling the
calculated values from 0-100, all of the methods can be presented onto one plot.
As presented on the Figure 4.2 below where all of the different focus measure
operator methods were applied on the same video.
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Figure 4.2: Focus measure methods
In the data used in Figure 4.2 (simulated) heavy rain was applied upon the
glass window around frame 90. All of the methods react to the changes in
sharp edges and follow a fairly similar pattern throughout the entire clip. Most
notable is the difference between Laplacian and Tenengrad as the first is more
sensitive to changes in frequency then the former. To get a perception of the
difference in the images from a high and a low value of focus, Figure 4.3 is
presented. The first image, Figure 4.3a, displays the image frame from frame
number 50 in the clip used in Figure 4.2. Next to is is a comparison, Figure
4.3b, which present frame number 150. There is a significant difference in the
sharpness of the images and a obvious interference is detected.
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(a)

(b)

Figure 4.3: (a) Frame 50 without interference, (b) Frame 150 with interference.
A feature to divide the frame into four sub-frames is implemented. It allows
the algorithm to calculate the focus measure on each sub-frame. With this
feature the algorithm can determine where in the frame the interference is. Later
in this section the computation time and resource usage is presented when using
the ROI on each frame. In Figure 4.4 the result of region of interest is presented
together with a overlay which indicates if the region is affected by interference.
In Figure 4.4a, the regions UR and LR is interfered by rain and the regions
UL and LL is not interfered. In Figure 4.4b the overlay is applied on the area
affected by the interference.

(a)

(b)

Figure 4.4: (a) Original image, (b) Image that uses ROI with an overlay applied.
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4.3

Performance

To evaluate each operator a few quantitative metrics were collected. The purpose is to see what operator would be most suitable to achieve success for the
research question. Performance is investigated by studying the accuracy of the
operator, run a test that measures execution time, amount of memory used and
CPU usage of each operator. The result is presented in the this section.

Accuracy
This test is to determine how accurate the system is by looking at the EER
of the operators. Each operator has been tested on the data collection with a
different threshold value from 0 to 100 with a increment of 1, primarily to evaluate the system accuracy performance and robustness to the choice of threshold.
The EER for each operator is presented in table 4.2.

Figure 4.5: False Accept/Reject Rate
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Table 4.2: Table thresholds value and EER.
Operator

Threshold

Equal Error Rate (%)

Tenengrad
Tenengrad variance
Energy of Laplacian
Modified Laplacian
Diagonal Laplacian
Variance of Laplacian

43-58
47-62
51
56
46
48

0
0
1.2
1.19
0.88
1.18

When looking at the result of Tenengrad operators, a threshold value between the span of 43 to 58 and 47 to 62, give a result of 0% EER, which means
that only good frames will be accepted and bad frames will be rejected with 0%
error rate. Based on the result, the optimal threshold value of Tenengrad is 50,
which gives a 0% EER with wide margin ([43 through 58] or [47 through 62]),
even if the threshold is chosen imprecisely.
All of the Laplacian operators have a EER above 0%, which means that a
impostor or a genuine image may be falsely accepted or rejected with a small
percentage. The optimal threshold value for the Laplacian operators, is the
same as presented in table 4.2 since it gives the lowest EER.
If any operator chooses a threshold value over the presented threshold in
table 4.2 it will result in increasing FAR and decreasing FRR. Same goes for a
lower threshold value, it will increase the FRR and decrease FAR.

CPU and memory
Measurements of memory usage was gathered using memory profiler library in
Python. Each operator were executed alone with the memory profiler on different environmental interference’s from the data collection. The result is presented
in table 4.3 as an average memory usage in megabytes (mb). The laplacianbased operators show 5% less memory consumption than the gradient-based
operators. As the requirement of memory usage is below 100 Mb, the laplacianbased operators performed under the requirements and the gradient-based just
1 Mb above which is a neglectable result in relation to the requirement.
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Figure 4.6: Memory usage from the modified Laplacian algorithm
Measurements of CPU usage were gathered using psutils library in Python.
To achieve as accurate CPU usage as possible, each operator execute alone with
psutils. The operators were executed to find the mean and the highest CPU
usage. From table 4.3 in CPU usage, there is slightly less percent of CPU usage
with the laplacian-based operators against gradient-based operators.
Table 4.3: Table with memory and CPU usage in the operators.
Operator

Avg. memory (mb)

Avg. CPU (%)

Max CPU (%)

Tenengrad
Tenengrad variance
Energy of Laplacian
Modified Laplacian
Diagonal Laplacian
Variance of Laplacian

101
101
95.6
91.0
96.8
95.4

33.35
31.43
25.00
23.6
30.5
26.3

41.9
41.9
33.4
31.8
39.4
34.3
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Computation time
The computation time was gathered from time library in Python. To achieve a
fairly good computation time, a start time is saved from just before the operator
start to calculate the focus value and a end time is saved right after the operator
is done. The computation time will then be the result of start time minus the
end time. This action is performed on every frame in the video. In Table 4.4
the average computing time for each operator is presented over 3500 frames.
Table 4.4: Table with average time for each operators.
Operator

Avg. computing time (s)

Tenengrad
Tenengrad variance
Energy of Laplacian
Modified Laplacian
Diagonal Laplacian
Variance of Laplacian

0.0046
0.0054
0.0022
0.0015
0.0041
0.0025

The size of resolution affects computing time, all data from the collection
uses the same resolution of 728x482 with 30 FPS. Smaller resolution results in
fewer pixels and therefore will have faster computing time compared to higher
resolution frames, which is also shown in Figure 4.7. However, by using too low
resolution it can be hard to notice sharp edges and can cause misleading focus
measure.

Figure 4.7: Resolution affects time
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Region of interest
The previous results are from when the operators are applied upon the entire
frame, here is the result in performance of the ROI module. Since the frame
is divided into 4 quarters the focus value needs to be calculated separately on
each ROI-frame. Each ROI-frame use a resolution of 182x120 with 30 FPS.
In Table 4.5 the computation time on each operator, when using the ROIframe, is presented, each ROI-frames mean time and the total mean time is
shown. The calculation time is almost four times as long as the previous results
where only one calculation is used. If comparing one ROI-frames computation
time with the result presented in 4.5, it is about 0.5 ms difference with the
ROI-frame computation time and the larger frame. All operators still give
a satisfactory result as the slowest mean computing time is 12.8 ms and the
fastest mean is 8.1 ms.
Table 4.5: Table with average computing time for each operators with ROI.
Operator

UL

UR

LL

LR

Time (s)

Tenengrad
Tenengrad variance
Energy of Laplacian
Modified Laplacian
Diagonal Laplacian
Variance of Laplacian

0.0038
0.0043
0.0017
0.0012
0.0034
0.0021

0.0034
0.0042
0.0017
0.0011
0.0031
0.0018

0.0035
0.0040
0.0017
0.0011
0.0029
0.0018

0.0034
0.0042
0.0015
0.0010
0.0030
0.0018

0.0144
0.0172
0.0069
0.0048
0.0128
0.0081

In Table 4.6 the resource usage in CPU and memory is presented. The result
of CPU usage has no notable difference from result in 4.3. From the memory
usage the comparison is significant. The memory usage with ROI-frame is about
25 mb less in consumption than the previous result. In resource usage ROIframe is significantly cheaper and more efficient however in computing time it
is relatively slow in comparison.
Table 4.6: Table with average CPU and memory usage for each operators with
ROI.
Operator

CPU max

CPU mean

Memory mean (mb)

Tenengrad
Tenengrad variance
Energy of Laplacian
Modified Laplacian
Diagonal Laplacian
Variance of Laplacian

42.3
46.7
31.8
27.6
41.7
33.3

36.2
38.9
25.6
21.3
34.0
27.4

74.03
74.12
69.64
66.18
69.56
69.77

By analyzing the result from the usage of ROI, all operators fulfill the requirement of memory usage below 100 mb even thou the algorithm calculate
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four focus measure on each frame. The computation time as already mentioned
is almost four times as long, however three out of six operators is under the
requirement. As the result shows all operators can be used to determine if the
lens is disturbed by environmental interferences with different computation time
and resource usage.
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4.4

Graphical user interface

The GUI has been developed and work as described in section 3.3. Initially
the user can choose a video from a data set that will be displayed in a image
frame. When the video starts a calibration will be conducted to decide an appropriate comparison value of focus. The change in focus can then be followed
on the real-time plot together with settings for changing comparison value of
the graph. A third option is also available where the user can choose to enable
overlay which will put a colored overlay if the algorithm detect a focus measure
value lower then the comparison value. As seen in Figure 4.8, the red line on
the graph symbolizes the focus measure value for comparison.

Figure 4.8: Graphical user interface

Calibration
A very simple calibration has been developed for the GUI. The calibration value
is the threshold for the operators lowest focus value. When the focus measure
is below the threshold, the frame is interfered. Since all videos have ideal lens
condition in the first 30 frames, first compute the focus measure mean of these
first 30 frames together with a multiplier α. The multiplier is set to α = 0.50,
as it works for all implemented operators and presented as best threshold value.
value =

M
1 X
[φ( x, y)] ∗ α
M m

31

(4.1)

Chapter 5

Discussion
All algorithms used in this thesis have been tested and analyzed to answer the
research question, how can a single camera system detect common environmental interference’s in front of the lens. The thesis propose six algorithms with
low computation time and low memory usage to solve this. Theoretically, all
operators should be able to work on a micro-computer.
Diadrom Systems AB are happy with the outcome and results of this thesis.
We have mostly consulted with them about the testing phase to get some kind
of comparison for which time and performance measurement are valid in this
type of research.
We believe that we have reached the goal of this thesis in that we have
addressed the research question adequately, and objectively. The time resources
estimated for the first stages of this thesis has turned out to be sufficient. We
did however, add a GUI to the project, which was developed outside of the
estimated time resources.

5.1

Testing

Tenengrad is a popular algorithm and considered as one of the benchmark in
the auto-focus field. In our result section we show that Tenengrad gives a good
outcome for the research question. From the accuracy test Tenegrad performed
really good, with a 0% EER from 15 different threshold values. The computation time on Tenengrad is relative fast as the maximum average value is 5.4 ms
on the single frame with standard frame resolution. When we use the ROI the
computation time is 17.2 ms which is 7 ms above our requirement. We think
that the high computation time is due because the Tenengrad compute both
horizontal and vertical change of the image. The computation time for a region
of interest must first calculate the change in vertical and horizontal, add them
together and then calculate the focus measure on the combined changes. This is
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probably one of the reason for high memory usage in Tenengrad. Even though
the computation time is about double of the average Laplacian, the accuracy
needs to be included as a main factor and we would consider use Tenengrad as
the main algorithm for that reason.
Laplacian is the other popular family in the auto-focus field we use in our
research. The laplacian-operators produce the most desired result in time and
resource usage and from the accuracy test they gave a fairly good result as the
EER average of 1.11%. The modified Laplacian developed by Nayar[3] is the
algorithm that performed best in the test of computation time and resource
usage. In computation time it gives a 38% better result and 5%
better memory consumption than the second best laplacian-operator. The
laplacian-based operators algorithms result offer, from our opinion, one of the
best suitable algorithm to solve the research question. Even if the algorithm
may falsely accept or reject one frame out of 100, we believe this small error
rate can be fixed by software.

5.2

Related work

A recent study[10] of the state-of-the-art focus measure operators is reviewed,
where they do a more extensive analyze of 36 different focus measures. They
evaluate performance by experiment in different conditions, such as image noise,
contrast, window size and saturation with ideal lens condition. In their study
two different monocular cameras captured the real images and synthetic images
where generated by shift-variant model of defocus.
By comparing the results in average computational time their[10] fastest
algorithm is also Energy of Laplacian and the slowest is Tenengrad variance,
which is similar to our result. When studying their overall results the Modified
Laplacian[3] is top 3 in all their tests with the two different cameras and generated defocus. Their[10] results show that the Laplacian-based operators have
the best overall performance with normal image conditions. Based on resource
usage (see table 4.3) and computational time (see table 4.4), our best overall
is also the laplacian-based best even with a slight EER. When looking at the
robustness to noise from the study[10], Tenengrad variance give the most satisfying result which also can be shown in our results as the EER (see table 4.2)
is 0% for 16 threshold values.
After reviewing their study and comparing them with our result. The
Laplacian-based are performing best with ideal conditions. Our result also shows
that the Modified Laplacian[3] is the best performing operator and will be most
suited for further development also as mentioned in 5.1.
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5.3

Challenges

One of the first problems we encountered was the conversion from AVI to MOV
files that produced high frequency spikes in the video clips. It was first fixed
by implementing a low-pass filter to remove the spike values. Even though the
computation time was not affected by the low-pass filter we wanted to cut the
computation time as much as possible. After some investigation the problem
was found to be in the conversion, and was solved as mentioned above, without
needing low-pass filtering.
When constructing the elaboration environment and collecting our data, we
noticed a reflection from the thin glass window. Ideally we believe it would be
more suitable to use a waterproof camera or some sort of case so the reflection does not need to be considered. Since we did not have these resources, we
added the reflection as a limitation for this thesis and managed to collect the
data without any noticeable reflections.
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Chapter 6

Conclusion
Our algorithm can determine if any quarter of the frame is disturbed by simulated environmental interferences which ranges from light rain, heavy rain, fog
and single raindrops. Where the calculations of focus is done by Tenengrad and
Laplacian-based operators, that works on the assumption that a sharp picture
produce more sharp edges and higher frequencies. The operators are developed
to be used with ideal lens condition but from our thesis, we can see that they
can be applied to determining environmental interferences.
In this thesis we aimed to achieve a computational fast and low resource
needed algorithm. In case of using the algorithms for determining interferences
on a single frame all algorithms are acceptable from our requirements. If we
want to use some more user-friendly application as for example, our region of
interest feature its only three of the laplacian-based operators that are within
the requirements.
The algorithm is not a finished product to be implemented in a car system,
but it has a lot of potential with improvements. As suggestions for improvement,
the first step would be to implement the current algorithm on a microprocessor.
From our result the algorithms is low on computation time and on resource
usage.
As we don’t take in consideration the reflection from the safety screen in
front of the camera. This can be solved by either use a non-reflective glass or
have a waterproof camera lens. If the product is suppose to be mounted on a
car, a non-reflective glass is preferable.
A auto calibration or a neural network should be implemented for use in
real-time system. This is because of different background and light conditions
may give misleading focus measure values.
Further improvements towards the algorithm could be segmenting the rain or
blurry areas upon each frame. This would enable a variation of new functionality. Some of these features could be calculating a percentage of disturbance and
a more precise evaluation of focus. However, this approach might be difficult
when considering a moving background.
37

Bibliography
[1] Keith Redmill Umit Ozguner, Tankut Acarman. Autonomous Ground Vehicles. Artech House Publishers, 2012.
[2] E Davies. Computer and Machine Vision: Theory, Algorithms, Practicalities, pages 22–23, 32–34. 01 2012.
[3] S.K. Nayar and Yasuo Nakagawa. Shape from focus: An effective approach
for rough surfaces. pages 218 – 225 vol.2, 06 1990.
[4] Jose Luis Pech Pacheco, Gabriel Cristobal, J Chamorro-Martinez, and
J Fernandez-Valdivia. Diatom autofocusing in brightfield microscopy: A
comparative study. 3:314–317 vol.3, 02 2000.
[5] Bastien Billiot, Frédéric Cointault, Ludovic Journaux, Jean-Claude Simon,
and Pierre Gouton. 3d image acquisition system based on shape from focus
technique. 13:5040–5053, 04 2013.
[6] Olufunke R. Vincent and Olusegun Folorunso. A descriptive algorithm for
sobel image edge detection. 2009.
[7] Jay Martin Tenenbaum. Accommodation in Computer Vision. PhD thesis,
Stanford, CA, USA, 1971. AAI7119769.
[8] Xin Xu, Yinglin Wang, Xiaolong Zhang, Shunxin Li, Xiaoming Liu, Xiaofeng Wang, and Jinshan Tang. A comparison of contrast measurements
in passive autofocus systems for low contrast images. 69, 03 2014.
[9] Yu Sun, S Duthaler, and Brad Nelson. Autofocusing algorithm selection in
computer microscopy. pages 70 – 76, 09 2005.
[10] Said Pertuz, Domenec Puig, and Miguel Garcı́a. Analysis of focus measure
operators in shape-from-focus. 46, 11 2012.
[11] J. Bigun. Optimal orientation detection of linear symmetry. Technical
Report LiTH-ISY-I-0828, Linköping University, 1986.
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