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Introduction

This M.Sc. project aims at creating a real-time hardware imgementation of a sky-
detection algorithm and at comparing it to its software impl ementation. This algorithm
recognizes sky areas in video images by calculating a pixakcurate probability map, in-
dicating to which extent each pixel belongs to the sky eld. The real-time speci cation is
important, because one of the algorithm applications is to ecognize the sky in Standard
De nition video streams. This project is carried out at Logi caCMG in cooperation with
Philips Consumer Electronics.

1.1 LogicaCMG

LogicaCMG is a major international force in IT services. It employs 30,000 people across
36 countries. LogicaCMG's focus is on enabling its customerto build and maintain
leadership positions using LogicaCMG's deep industry knokedge and its track record
for successful delivery. The company provides business csulting, systems integration
and IT and business process outsourcing across diverse matk including telecommuni-
cations, nancial services, energy and utilities, industry, distribution and transport and
the public sector. Headquartered in Europe, LogicaCMG is Isted on both the London
Stock Exchange and Euronext (Amsterdam).

This project is part of the Working Tomorrow program of LogicaCMG. As is depicted
in Figure 1.1, the program is a cooperation between two divi®ns, i.e., energy & utilities
and industry, distribution & transport. Within this progra m, students can review new
technological developments on feasibility and possibilies. They do this for their grad-
uation task or their thesis. Prototypes and demonstrators ae developed to present how
the new technology can be implemented e ectively. The studets have the possibility
to carry out an innovative project in a commercial surrounding and LogicaCMG can
emphasize its innovative character.

1.2 Philips

Royal Philips Electronics of the Netherlands is one of the wdd's biggest electronics
companies, as well as the largest in Europe, with 161,500 erfgyees in over 60 countries.

Active in over 60 businesses, and with more than 115,000 regjered patents, Philips
is currently number 1 in the world market for electric shavers and DVD recorders. They
are also a global leader in lighting, in TV, video and audio pioducts, and in medical
diagnostic imaging systems. Within the cyclical goods markt, Dow Jones recently
ranked them the global leader in sustainability.

In a world in which technology increasingly touches every agect of daily life, Philips
wants to bring 'Sense & Simplicity' to consumers with advanad, easy to use products
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Figure 1.1: Organization chart of LogicaCMG Netherlands

that are designed speci cally to meet their needs, wherevein the world they may be.
They will do this by focusing on the areas of Healthcare, Lifstyle and Technology.

1.3 Context and motivation

The main aim of business at Philips Bruges is television-setechnology. In the past
all the television sets were CRT-based, nowadays Plasma ssens and LCD TVs appear
more and more. Most advanced screens can show video imagesaitigher resolution and
color quality compared to CRT-based TVs (WXGA vs. PAL/INTSC) 1. To fully utilize
the improved resolution and color quality, there is a strongneed to improve the received
image in the standard PAL/NTSC quality (Standard De nition ) in the television set.

Many signal processing algorithms are utilized for the adagation of the picture qual-
ity of the received video signal. Also some high-end CRT bask TVs contain such al-
gorithms. Since most of these algorithms are based on globabnstant parameters, the
picture quality of the resulting image is not optimal. The noise that is introduced during
the transport of the video signal to the television set, and pssible artifacts introduced
during the adaptation process are occasionally visible in niformly colored (further de-
noted as smooth) surfaces.

A better picture quality is acquired by using spatially adaptive parameters that
are based on the content of the image. A possible dierence heeen picture quality
improvement (by denoising) based on globally constant anddcally adaptive parameters
is depicted in Figure 1.2. Figure 1.2(a) shows that noise andrtifacts are clearly visible
in smooth surfaces, while surfaces with texture are more ralst to noise and artifacts.
Figure 1.2(b) shows that indiscriminate denoising the compete image improves the areas
with low texture, whereas the quality of areas with texture is degraded. The desired
picture quality is depicted in Figure 1.2(c), where only the smooth area is denoised and
the other parts are left intact. Smooth areas like sky regiors are often present in video

1The resolutions of WXGA, PAL and NTSC are 1366 768, 720 576 and 640 480, respectively; PAL
and NTSC are standards for video broadcasting in a large part of the world.
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(a) The noisy input image (b) Globally denoised inputimage (c) Locally denoised input image
(only the sky area)

Figure 1.2: Ways to denoise a noisy input image

images. The noise and artifacts that are present in video imges, are more visible in these
sky regions. The isolation of sky regions would allow spatikalgorithms to improve the
quality of those. As a result, the noise and artifacts in the snooth sky can be avoided.
Ideally, the mentioned sky-detection system should proces each frame and pixel
for a frame and pixel accurate result. This to avoid ickering in the picture-quality
improvement due to undetected sky areas. The relative high fame rate of 25 or 30
frames per second (fps) and the real-time nature of TV video ignals, lead to excessive
demands on the implementation of the algorithm. For example 9,216,000 pixels per
second need to be examined for standard NTSC video signals. sfsuch, implementations
that cannot compute the results for this amount of pixels per second, are are not
suitable for TV applications. All this makes that real-time processing is obligatory.

The aim of the project is to investigate and develop a real-tme implementation
of an available sky detection algorithm, and possibly for is applications, e.g. noise
reduction or color enhancement. This could provide us with hsight regarding suitable
architectures that meet the performance requirements. In adition, the computational
complexity and resource usage of the algorithm can be elucated.

Furthermore, a demonstrator that incorporates the designel architecture will be
created. A suitable hardware/software platform for the implementation will be selected.
The platform for the implementation will contain an FPGA chi p for a exible design and
a fast implementation. The correct functionality of the design, as well as its real-time
behaviour will be investigated.

1.4 Research questions and scope

Starting with an available algorithm for sky detection, the main research question of this
thesis is:

Can an FPGA? implementation of the blue-sky detection algorithm proces

2FPGA is an acronym for Field Programmable Gate Array, it is an hardware platform that is ne
grain programmable.
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Standard De nition images in real-time, and what is its performance im-
provement compared to its software implementation?

This research question can be divided into the following subuestions:
1. How does the blue-sky detection algorithm work?

2. What is real-time in the context of blue-sky detection and how can it be incorpo-
rated in the requirements?

3. What are the requirements for the system and the FPGA platiorm when Standard
De nition quality images need be processed?

4. What kind of hardware is required to implement the system br demonstration?
5. What is an e cient FPGA implementation for the algorithm?

6. How can the performance of the HW implementation be measwad and what is the
improvement compared to the software implementation?

During the project the answers to these questions will be food so the main question
can be answered. The following actions need be done:

Investigate and get understanding of the sky-detection algrithm;
Investigate the real-time aspect and acquire the requiremets;

Investigate the possibilities and select a suitable hardwee platform and camera
module;

Create an e cient architecture of the system that incorporates distinct modules;
Implement and test the seperate modules;

Integrate the modules in a working demonstrator;

Measure the performance of the hardware and the software impmentations;
Compare the hardware and software solution;

Answer the main research question.

Although algorithmic improvements can be expected as a side ect of this project, this
is not the main goal or a requirement.
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Criginal image

Videa image Sky-detection

platform

Sky-probability
map

Figure 1.3: Schematic representation of the demonstrator

1.5 Main deliverable: demonstrator

The main deliverable is a working demonstrator that shows the correct operation of the
algorithm. The demonstrator will consist of a camera, a HW platform containing the
sky-detection algorithm, and two displays, one to show the ciginal image and the other
to visualize the probability map for the calculated sky eld ; its schematic representation
is illustrated in Figure 1.3.

The demonstration will be performed as follows. The user wil Im a random
image with the camera. The system will detect the sky in the image and the system
will produce two images, one showing the Imed image and andier that represents a
pixel-accurate sky-probability map.

The real-time aspect will be evaluated by means of a performace analysis, e.g. by
measuring the time for processing a single frame.

1.6 Thesis framework

This thesis is build up as follows. Chapter 2 answers the rstsubquestion,How does the
blue-sky detection algorithm work? by introducing the algorithm and by explaining its
operation. In Chapter 3, subquestions two and three are ansered:

What is real-time in the context of blue-sky detection and ha can it be incorporated
in the requirements?

What are the requirements for the system and the FPGA platfan when Standard
De nition quality images need be processed?

The requirements for the system are de ned and the boundarie are set for the imple-
mentation. All functional and non-functional requirements are presented. Chapter 4
deals with the fourth subquestion, What kind of hardware is required to implement the
system for demonstration? by discussing the possible hardware components using the
mentioned requirements. The discussion leads to the seldon of the hardware suitable
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for the implementation of the system. Also the speci cations of the selected platform
and the selected camera module are listed. Chapter 5 answethe fth subquestion,
What is an e cient FPGA implementation for the algorithm? It describes the design
considerations and implications that will lead to an e cien t architecture for the imple-
mentation. Additionally, the test strategy for the veri ca tion of the design is described.
Theoretical inputs, benchmark images and real life images W be used for this. Further-
more, the implementation results are listed. Chapter 6 exphins the performance analysis
and the comparison between the software and the hardware imlpmentations to answer
the sixth subquestion, How can the performance of the HW implementation be measured
and what is the improvement compared to the software impleméation? The results of
the performance analysis and the comparison study are desbed. Finally, Chapter 7
contains the conclusion of the project and answers the mainasearch questionCan an
FPGA implementation of the blue-sky detection algorithm pocess Standard De nition
images in real-time, and what is its performance improvemetcompared to its software
implementation?



Sky-detection algorithm

This chapter will answer the rst subquestion: How does the blue-sky detection algorithm
work?, by describing the sky-detection algorithm, on which our design is based. We
will rst mention the existing sky-detection algorithms, a nd further elaborate on the
algorithm which is used in our study.

The output of a sky detection system (the segmentation resu) ideally contains all
actual sky areas (correct detection of sky regions), whiletidoes not include non-sky areas
(correct rejection of non-sky regions). When sky detectionis used for picture quality
improvement of video sequences, it is important that the segentation results are in the
form of continuous values (sky probability), as opposed to dsp or binary values. This,
to allow adaptive parameter tuning of the picture quality im provement stage (after the
sky-detection algorithm). The latter is very important for example on the sky- eld
edges. Furthermore, it is essential that the results are bdt spatially and temporally
consistent. Spatial consistency means that adjacent sky aas are assigned similar sky
probabilities, while temporal consistency implies that the segmentation results should
not change abruptly over time, when the actual image sequere does not cause this.

Sky regions can take a large variety of colors (such as bluefay, orange or even red)
and texture (such as smooth in clear sky, or highly textured wen cloudy). When using
multi-color or texture-aware algorithms, very often pixels that are not part of the sky
area are falsely accepted as sky. Therefore, our system ignlited to detecting the clear
blue sky areas only.

Sky-blue color and smooth texture are the two obvious featues for detecting blue sky
areas. The challenge is though, to distinguish between the @ual sky areas and other
blue objects with low texture.

Previous work on sky detection includes an algorithm propoed in [8]. This algo-
rithm is based on calculating an initial sky belief map usingcolor values and a neural
network, after which a classi cation of sky per connected-aea follows. The connected-
areas are de ned as adjacent pixels that have low variation m texture and that meet
a size requirement. These connected-areas are accepted @jacted using texture and
dedicated color analysis, and the level of tting to a two-dimensional spatial model. This
method generates useful results in annotating sky areas, keever, the algorithm takes
crisp classi cation decisions per connected-area, leadmto abrupt changes of the sky be-
lief map, and therefore, it is found not suitable for the requirements of video applications
concerning spatial consistency and temporal stability.

Alternatively, the method proposed in [11][10] is based on lie impression that sky
areas are smooth and are commonly found on the upper side of ¢himage. This method
detects the sky using two sky probability calculation stages. The initial sky probability

YIn this thesis, "color" denotes all color components. We use the terms "luminance" and "chromi-
nance", when a distinction between color and gray values is required.
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is calculated based on color, texture and vertical position using prede ned settings.
After this stage, the settings are adapted to sky areas with ligher initial sky probability

and used for the nal sky probability calculation stage. This pixel-oriented approach
makes this system suitable for video applications (as opp&sl to the aforementioned
connected-area approach). However, as a simple color modesl used, this method can
lead to false detections, e.g. accepting non-sky blue objecas sky, and false rejections,
such as patrtial rejection of sky areas when they cover a largeange in the color space.

Our system is based on an algorithm [15][16] that extends themethod explained
in previous paragraph and improves its shortcomings. As befre, the algorithm is based
on the observation that blue sky regions are more likely to befound around the top
of the image, they cover a certain part of the color space, andvave a smooth texture.
Additionally, the limited horizontal and vertical gradien ts of sky regions are taken into
account. The algorithm contains the following three stages as depicted in Figure 2.1.

Stage 1: initial sky probability calculation,
Stage 2. model-adaptation,
Stage 3: nal sky probability calculation.

In the initial sky probability calculation stage, a sky-pro bability map is calculated based
on the color, vertical position, texture and gradient of the image pixels, using xed,
prede ned settings. The settings are experimentally obtaned such that most sky ap-
pearences can be captured [11]. The exact number will be inbduced in Section 2.1.
The model-adaptation stage tunes the xed settings in the rst stage to the image under
process. As such, the settings for the nal vertical-positon probability calculation are
adapted to the vertical position of pixels with high initial sky probability. Similarly, the
settings for the nal color probability computation are ada pted to the the color values of
pixels with high initial sky probability only. The nal sky p robability calculation stage
uses the altered settings to create a pixel-accurate nal si-probability map based on a
combination of the color and vertical position of the image pxels.

This extended algorithm has been developed with implementn on an embedded
system in high-end televisions in mind. In order to reduce tle amount of computations,
the image is rst down-scaled to QCIF? resolution for usage in Stage 1 and 2. However,
Stage 3 uses the image in its original resolution in order to ppduce pixel-accurate results.

In order to meet the memory, resource, and development time equirements, we will
modify the selected algorithm [15] [16], and implement a simpli ed version as described
hereafter. As such, instead of the multi-resolution texture analysis used in the original
algorithm, we apply the texture analysis on a single resoluion, and instead of the orig-
inally proposed spatially-adaptive color model, we use a sqtially-constant color model
and compensate this with an adaptive variance in the nal sky-probability calculation.
Furthermore, the resolution of the input image is limited to Standard De nition.

Section 2.1 describes Stage 1 of the sky probability calculen in more detail. The
multiple steps that are taken to nd the adaptive settings in the model-adaptation stage

2QCIF is a video resolution name, which is 160 120 or 176 144 for NTSC or PAL based systems,
respectively.
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Figure 2.1: Blockdiagram of the sky-detection algorithm

(Stage 2) are described in Section 2.2. The utilization of tle adapted parameters in the
nal sky probability calculation (Stage 3) is described in Section 2.3.

2.1 Initial sky probability calculation stage

The rst stage of the algorithm calculates a probability for all pixels in the current eld,
which represents an estimation of where the sky area is. This done by combining three
probabilities, i.e., the probability based on the sky color, Pgor, the probability based
on the position of the sky, Pposition » and the probability based on the low texture of the
sky in the image, Pexwre - The three probabilities are calculated for each pixel and hey
are multiplied to produce the initial sky probability ( Initial Psky in Figure 2.1), Psky:p1;
this product is shown as

Psky:p1 = Pcolor  Pposition  Ptexture : (2.2)

The combination is performed via multiplication, because the initial sky probability
needs to stay positive and within bounds (less than or equald 1). The weights of these
probabilities are equal, because the seperate probabilitfunctions are already normalized
in their calculation. Figure 2.2-right depicts the initial sky probability map (higher
luminance indicates higher sky probability) of an example mage (left).

2.1.1 P color CalCUlation

Pcolor IS calculated by using the pixel values in YUV color space. Tls color space
represents each pixel by the luminance Y and two chrominancealues (U and V).

For the color probability, three Gaussian function are creded for the di erent color
components. These functions are centered on empirically dermined mean values
(Yo1; Uo1; Vo1) and have constant variances (y1; u1; v1). The three Gaussian functions
are combined by multiplication to determine P¢qor, as shown in Equation 2.2.
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Figure 2.2: Initial sky-probability map (right) of an examp le sky area (left)

0 O I 11

© 2 2 2
I:)color:exp@ @ y Yo + 4 Hos + v VYo AA; (2.2)

yl ul vl

wherey, u and v are the YUV components, yo1, Up1 and vp; are the mean values and

y1, u1 and 1 are the variances of the components. When the YUV componentsre
represented in 8 bits, the parameters that are empirically étermined are as follows,
Yo1 = 210, up; = 150, vo1 = 100, 1 =130, y1 =40and .1 =40 [11]. The Gaussian
functions generated by these default values are depicted ifigure 2.3.

The vertical position probability, P position , IS de ned using a Gaussian function, which
equals 1 at the top of the image, and decreases to 0.36 at the iom. This is analogous
to the assumption that sky areas are more likely to be found apund the top of the image.
Pposition IS calculated based on the pixel's line number, as
L 2
height

Pposition = €Xp (2.3)
where the line number counts up from the top to the bottom of the image. In Equa-
tion 2.3, L is the line number of the pixel evaluated andheight is the total number of
lines in the image, e.g. in the case of NTSC quality imagesheight is equal to 479. In
Figure 2.4 the probability P pesition VS. the line number is depicted.

As the vertical-position probability is less important tha n the color probability, the
function in Figure 2.4 decreases more gentle when compared the functions in Figure 2.3
(the  of the Gaussian function is bigger). So the vertical-positon of the pixels has a
smaller contribution in the initial sky probabability.

2.1.3 P texture CalCUlation

Pexture IS based on an analysis of the texture and the gradient of thedminance channel
of the image. As the clear blue sky areas are smooth, they arexpected to have a
low texture in the luminance channel. Furthermore, since the luminance value of clear
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sky regions tend to increase when moving in vertical directhn towards the horizon, the
vertical gradient is expected to be positive when the line ninber increases. Additionally,

the horizontal gradient is not expected to vary too much in clear blue sky regions.

The need for the gradient calculation is illustrated in Figure 2.5; it depicts two initial
sky-probabilty maps of an image with re ections. Please not that the sea is detected
as a part of the sky in Figure 2.5(b) using an algorithm without the gradient analysis
proposed in [11]. The re ections are mostly rejected in Figue 2.5(c) that is a result of
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(a) Original image (b) without gradient analysis (c) with gradient analysis

Figure 2.5: Initial sky-probability maps of sky area with re ections

an algorithm that includes the gradient analysis. The following paragraphs explain the
texture and gradient analysis in more detail.

Texture

The texture is based on the Sum of Absolute Dierences (SAD) h a window of 5 5
pixels. The normalized SAD is calculated as

XX
Sxy = 7o Yxriy+j  Yxriviy+j +
i= 2j= 2
xX X
Yriy+]  Yx+iy+j+1 (2.4)
i= 2j= 2

where S is the normalized SAD, Y is the pixel luminance value, andx and y are the
coordinates of the pixels of concern. Subsequently, the surB is thresholded to allow
some texture in the sky. We de ne thresholding as follows:

S tp S>to

0 S to (2.5)

where SCis the thresholded sum andtg is a noise-dependent threshold. The threshold
value is empirically determined in [11].

Gradient

The horizontal and vertical gradient measures are calculatd by using the di erence
between the two corresponding opposite halves of the analiswindow (of 5 5 pixels).

The horizontal gradient is calculated by using the sum of the pixels in the left two

columns and the right two columns, while the vertical gradient is calculated by using
the sum of the pixels in the upper two rows and the lower two rows. Equation 2.6 shows
the calculation of the sums and Equation 2.7 shows the calcation of the horizontal and

vertical di erences, dy and dy.
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P P
TOP = p i: 2 p '5:1 o Yxtiy+]
BOTTOM = p i=1 2 p '&:1 Yx+i;y+j (26)
LEFT = Pi 2 plL= 2 Yt ity +
RIGHT = i=1 i= 2 Yxriy+]
dy = RIGHT LEFT @2.7)
dy= BOTTOM TOP '
To allow some gradient variations, the gradient is threshotled on two sides, as follows:
8
2 dy tx:min dy <t X;min
Gh = S 0 tx;min dx  txmax (2.8)
©od temax dx >t x:max
8
2 dy ty;min dy <ty;min

In the gradient calculations, txmin and txmax represent the horizontal bounds and
ty:min @nd ty:max represent the vertical bounds.

Finally, P iexwre IS calculated in Equation 2.10 by combining the results from
Equations 2.5, 2.8 and 2.9. . ,
Ptexture = € (S Gn+Gy) (2.10)

2.2 Model-adaptation stage

This section describes the second stage of the sky-detectioalgorithm, the model-
adaptation stage, where parameters used in the nal sky-prbability calculation stage
are adapted to the image. The idea is to adapt the models to theareas with high initial
sky probability. This includes a model for the vertical position of sky areas, a model for
the sky color, and a sky-con dence factor. The sky-con dene factor is a metric that
depends on the size of the sky areas with high sky probability This stage consists of the
following steps:

1. Calculate adaptive threshold and sky con dence: as a rststep, the initial sky
probability map needs to be thresholded in order to create tle map of pixels with
high sky probability. In this step, two adaptive threshold | evels (one for color model
and one for vertical-position model) are calculated for ths purpose. Additionally,
a sky-con dence factor is calculated to prevent small blue bjects to be detected
as sky. Section 2.2.1 will provide more details;

2. Adapt color model: in this step, rstthe initial sky proba bility map is thresholded,
using the (color) threshold calculated in step-1, to createa map of pixels with high
sky probability. Next, the adaptive mean and variance of the color values of these
pixels are calculated and used for computing the nal sky prdbability. Section 2.2.2
will provide more details;
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3. Adapt vertical-position model: in this step, rst the ini tial sky probability map is
thresholded, using the (position) threshold calculated instep-1, to create a map of
pixels with high sky probability. Next, the adaptive mean vertical-position of these
pixels is calculated and used for computing the nal sky prokability. Section 2.2.3
will provide more details.

2.2.1 Calculate adaptive threshold and sky con dence

This functional block (further denoted as block in this thesis) calculates two thresholds
for computing the mean YUV colors and the mean vertical-posiion of image areas with
high sky probability. Additionally, a sky-con dence facto r (scf) is calculated, which
prevents small blue objects to be detected as sky in images wehe no actual sky regions
are present.

When the threshold is set incorrect, the resulting mask thatcontains pixels with high
sky probability, does not (only) contain sky pixels. As a corsequence, the remaining
adaptive-model creation is ine ective. The resulting mask could contain none of the
actual sky pixels, when the threshold is set too high. Alterratively, it could contain sky
pixels with non-sky pixels, when the threshold is set too low

Two methods are considered that calculate the two threshold. A simple approach
is proposed in [11]: a factor of the maximum sky probability (smaller than one) is
used as the thresholds in the model-adaptation stage. As owlthe sky probability is
considered, problems can occur when small and blue non-skybgects are present in
an image containing larger non-perfect sky areas. The thrdwld is set near the sky
probability of the small, blue object resulting in a mask that does not contain sky- eld
pixels.

Another approach considers the size of the sky eld as well athe sky probability for
determining the threshold [15]. When the same situation ocars as above, the mask does
include sky pixels, so a better model is created for the nal &y-detection pass. When
the image does not contain sky areas, and only the small and bk non-sky object is
depicted, the proposed sky-con dence factor ensures thathe object does not get a high
nal sky probability assigned.

Figure 2.6 illustrates the aforementioned problem: Figure2.6(a) depicts a non-
perfect sky area, which includes a small blue object. The n#& sky-probability map
resulting from the simple model and the advanced model are dscted in Figure 2.6(b)
and 2.6(c), respectively. Please note that the blue objects denoted with a high sky
probability and the sky eld is unsu ciently detected in Fig ure 2.6(b), whereas the
sky eld is properly detected in Figure 2.6(c) using the advanced threshold calculation.
As the advanced threshold calculations is more robust, thisapproach is chosen for the
implementation.

The advanced method works as follows. First, a histogram of e initial sky-
probability map is created. Then, at the end of each frame/ eld, the histogram is
integrated from the maximum probability to the minimum prob ability ( integrated
histogram, Figure 2.7(a)). Each value of the resulting function (of the integration) is
multiplied by a corresponding value of a weighting function, illustrated in Figure 2.7(b)
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Figure 2.7: Functions used and created in the thresholding lock

(resulting to a weighted and integrated histogramFigure 2.7(c)). The weighting function
ensures that higher sky probabilities have a larger impact a the thresholds and the scf
than lower sky probabilities. Figure 2.7 shows the results wen Figure 2.2-left is the
input image.

The maximum of the weighted and integrated histogram(represented by the upper
horizontal (pink) line in Figure 2.7(c)) indicates the sky-con dence factor, as this maxi-
mum is dependent on the size of the sky areas with high sky praibility.

The threshold values for the color model Tcoor) and the vertical-position model
(Tposition ) are calculated as the position of theweighted and integrated histogranfunction,
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(a) Mask for the adaptation of the (b) Mask for the adaptation of the
color model vertical-position model

Figure 2.8: Masks for the model-adaptation blocks

(a) Original image (b) Sky-probability map based on (c) Sky-probability map based on
standard color model creation improved color model creation

Figure 2.9: Final sky-probability maps of sky area with large color variation

where the value is half of its maximum. The larger threshold s used for the color model
and the smaller threshold is utilized for the vertical-postion model. This is illustrated
in Figure 2.7(c), where the lower horizontal (green) line rgresents half of the maximum
of the function and the two vertical (red) lines represent the thresholds.

2.2.2 Adapt color model

This block calculates the mean and variance values for the YU and V components for
the nal sky probability calculation. First, the initial sk y probability map is thresholded,
using the previously calculated adaptive threshold, to crate a map of pixels with high
sky probability (represented in white in Figure 2.8(a)). Next, the intermediate mean
and variance of the color values of these pixels is calculate(my, my, my and , ,

v). These intemediate mean and variance values are used to dee the nal center and
spread of the Gaussian color model used for calculating theotor probability of the nal
sky probability.

The intermediate mean is calculated on a straightforward wg, and the intermediate

variance is based on the mean of the absolute dierence (instad of mean of squared
di erences) between the YUV values of the thresholded pixet and their mean, to avoid
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using complex computations.

These means and variances are now used to de ne the nal meanaluesyg,, ug2 and
Vo2 and the nal variances >, 42 and , of the Gaussian functions used in the nal
sky-color probability, as

Yoz = My
Uoz = mu + u 0 u 10
Vo2 = My v 0 v 10
2.11
y2 = y1=2+ y o y 40 (@11)
u2 = ul=2 + 0 u 20
v2 = vi=2+ 0 v 20

This can be interpreted as follows. The mean colorsypz, Ugz, Vo2) are in the rst place
de ned by the intermediate means (my, my, my, respectively). This makes sure that the
Gaussian functions of the nal sky probability are centered on the color of image areas
with high initial sky probability. Furthermore, the varian ces of the Gaussian functions
of the nal sky probability are initially half of those used i n the initial sky probability
( y1=2, w1=2, 1=2,). This reduces the chance of false detection of non-sky tish
objects. The other terms used in in Equation 2.11 are explaiad below.

In the original sky-detection algorithm ([15][16]), the color model is spatially adap-
tive, meaning that the color varies in horizontal and vertical direction, in accordance
with the color of the input image at the corresponding positions. In our implementa-
tion, however, we have chosen to use a spatially constant cof model (yo2, Ugz, Vo2 are
constant for the whole frame), in order to reduce the computéion complexity. As a
consequence of this simpli ed model, when the sky areas of #hinput image cover a
large region in the color space (have a large variance), ouriraple color model will not
be able to correctly capture all sky areas. This leads to a pdral rejection of the actual
sky areas (see the partial ring of light (halo) in Figure 2.90)). In order to alleviate this
problem, when the input image shows a large variance in the aas with high initial sky
probability, we increase the variance of the nal sky probability (the terms + , + ,
+ vin y2, w2, v2, respectively). This e ectively widens the color detection range
(see the wider halo in Figure 2.9(c)). In addition, in such caditions, the color center is
also moved towards more saturated blue (the terms + , and ). In typical clear sky
images, this will shift the detected area towards the upper @rt of the image (the halo in
Figure 2.9(c) is positioned higher than Figure 2.9(b)), which makes the misclassi cations
less sever for applications such as color enhancement.

2.2.3 Adapt vertical-position model

This block creates a vertical-position model for the nal sky probability calculation.

For this purpose, the mean vertical position (row number) of the image areas with a
high initial sky probability is calculated. This is done as follows. First, the initial sky

probability map is thresholded, using a previously calculaed adaptive threshold Tyosition »
to create a map of pixels with high sky probability map (valid pixels), represented in
white in Figure 2.8(b). Using this thresholded sky-probabiity map, the line number of
each pixel is multiplied by a weighting factor. This product is summed up for all lines
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of the image, resulting to the sum of weighted line numbers Additionally, the weighting
factors of all lines are summed up resulting to thesum of weight factors The mean
vertical-position is then calculated at the end of each frane/ eld, by dividing the sum
of weighted line numbersby the sum of weight factors

The mentioned weighting factor is used to allow the lines wih a large number of
valid pixels to contribute fully in the calculate mean verti cal-position, while lines with
a small number of valid pixels contribute less to the calculéde mean vertical-position.
The weighting factor for each line therefore is equal to the mmber of valid pixels of that
line n, clipped to some valueN (equals N when the number of valid pixels of the line
exceedN, and otherwise is equal to the number of valid pixels). HereN equals %th of
the image width.

The calculation of the mean vertical position is clari ed in the following equations:

X
WLN = row W (row)
For/iI&Rows
WF = W (row)
ForAllRows
o = WLN
~ WF '

whereWLN is the sum of weighted line numbersW F is the sum of weight factors row
is the mean vertical position and

(

n>N

W (row) = T

(2.12)

2.3 Final sky probability calculation stage

In this stage, the nal sky probability is calculated. This stage consists of two blocks
that calculate the probability based on the sky color, Pgor, @and the probability based on
the position of the sky, Pposition - These two probabilities and the sky-con dence factor
scf are normalized to their importance and they are combined to érm the nal sky
probability, P sky:p2, as

Psky:p2 = Pcolor  Pposition ~ Scf: (2.13)

The required pixel accuracy of the nal sky probability is pr ovided by using the image in
its original resolution, and by excluding the texture probability. Figure 2.10 illustrates
the nal sky probability of an example image. Section 2.3.1 aad 2.3.2 describe the details
for the calculation of Pcojor and Pposition , respectively.

2.3.1 P color CalCUlation

The sky-color probability for the nal sky probability, is ¢ alculated in a similar way

to that of the initial sky probability (see Section 2.1.1), i.e., each color component is
multiplied with a Gaussian function and the results are combned to create the color
probability. However, where in the initial sky probability prede ned values are used for
the center and the variance {/o1, Uo1, Vo1 and y1, 41, v1) of the Gaussian functions,
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Figure 2.10: Final sky-probability map (right) of an exampl e sky area (left)

the nal sky probability uses the adaptive parameters (yoz, U2, Vo2 and y2, 42, v2)
calculated in the adaptation stage (Section 2.2), so as to prduce a color probability that
is adapted to the image under process. The color probabilityis de ned as

0 O | 11

2 2 2
= exp @ @ Y Yo [ U U2 =~V Voo AA

y2 u2 v2

(2.14)

I:)color

wherey, u and v are the YUV components of the image.

In contrast to the xed position probability P position Calculation for the initial sky prob-
ability, the position probability of the nal sky probabili ty is adaptive to the vertical
position of the image areas with high initial sky probability. Here the mean vertical po-
sition calculated in the model-adaptation stage is used to @ ne a linear function which
equals 1 at the top of the image and decreases to O at the vertit position 3 s, where
s is the calculated mean position. The position probability is, therefore, de ned as
(
1 &5 L<3 s
0 L 3 s

Pposition = (2.15)

Summary

This chapter has explained the operation of the sky-detectin algorithm that was selected
for implementation. We have examined three approaches forhie sky-detection algorithm.
A modi ed version of the algorithm proposed in [16], has beendescribed. This to meet
the expected memory, resource, and development time requements. We have elucidated
the functional blocks of the algorithm with equations and gures. In the following
chapter, the real-time requirements of the system will be seup, while Chapter 5 will
describe how the model of the sky-detection algorithm is us# for the design of the
architecture.
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System requirements

This chapter answers the second and third research subqueshs:

What is real-time in the context of blue-sky detection and he can it be
incorporated in the requirements?

What are the requirements for the system and the FPGA platfan when
Standard De nition quality images need be processed?

The requirements are de ned iteratively in cooperation with advisors. More information
about the speci cation can be found in the 2-weekly reports. The real-time aspects are
explained in Section 3.1. Subsequently, the requirementshiat are used to implement
the system are listed. The functional and non-functional reuirements are listed in
Section 3.2 and 3.3, respectively.

3.1 Real-time aspects

A system is called real-time when the operations of tasks intie system are performed
within a certain time bound, which is calculated in advance. In this context, real-time
implies that the sky probability of each pixel is calculated within the maximum rate at
which new pixels are available at the input. For example, foran input image resolution of
640 480 and a frame rate of 25 fps, the mean time between the pixelsan be calculated
using Equation 3.1. In our example it is equal to 130 ns, meamg that the calculation
of the sky probability of each pixel should be performed within 130 ns to let the system

be called real-time. 1

dimy, dimy ftame
When NTSC quality images are processed, the sky probabilityof each pixel should be
calculated within 108 ns, because the frame rate is 30 fps antthe image dimensions are
640 480. Assuming a system clock frequency of 100 MHz and that thpixels are deliv-
ered in a regular manner, 10 clock cycles are available for #hsky probability calculation
of each pixel.

Thetweenpixels = (3.1)

3.2 Functional requirements

The functional requirements are enumerated in this section These requirements can
be split into a number of sub-categories, which can be seen lmev. As there is a time
constraint for the project, we have prioritized the requirements. The prioritization is

performed, because it is important that essential work is dme and less critical work can
be omitted (when in time limitation). The MoSCoW method is used to prioritize the

requirements [6]. The method utilizes four priorities:

21
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1. Must have for requirements that are fundamental to the system. Without them
the system will be unworkable and useless. The Must Haves da@e the minimum
usable subset;

2. Should have for important requirements for which there is a workaround in
the short term and which would normally be classed as mandatry in less time-
constrained development, but the system will be useful and sable without them;

3. Could have for requirements that can more easily be left out of the increnent
under development;

4. Want to have but won't have this time for those valuable requirements that
can wait till later development takes place.

The priority is shown at the end of each requirement by an (M), (S), (C) or (W),
respectively.

1. The requirements for the input of the system:

(&) The system shall accept inputimages using existing FPGAinterface standards
(M);

(b) The system shall have an input resolution that is 19 bits wide (M);

(c) The system shall use 8 bits for the Y component of the coloispace (M);

(d) The system shall use 8 bits for the U/V components of the cdor space (M);
(e) The system shall use the synchronization bits deliveredby the camera (M);
(f) The system shall accept images formatted in the YUV colorspace (4:2:2) (M);
(g) The system shall accept images that are interlaced scared (M);

(h) The system shall accept images with a resolution of 640480 pixels (NTSC-
image dimension) (M);

(i) The system shall accept images with a frame-rate of 25 or @ frames per
second (M);

() The system shall accept images with a resolution of 720576 pixels (PAL-
image dimension) (S);

(k) The system shall accept images with a High De nition resdution (1280 720
or 1920 1080) (W).
2. The requirements for the output of the system:
(@) The system shall produce the sky probability of the actud image in a dis-
playable form for TV (M);

(b) The system shall produce the original image in a displayale form for TV

(M);

(c) The system shall give the output of the images with a resaltion of 640 480
pixels (M);
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(d) The system shall give the output of the images with a framerate of 25 or 30
frames per second (M);

(e) The system shall make use of standard TV output conversio drivers and
interfaces, like S-VHS out or HDMI or similar (M).

3. The requirements for the system:

(@) The system shall calculate the sky probability based on he input image as
stated below:
i. The system shall scale down the input image (M);

ii. The system shall consist of a programmable processor andne or more
FPGAs (M);

iii. The system shall incorporate a hardware/software soldion that imple-
ments the sky-detection algorithm (M);

iv. The system shall calculate the sky probability as follows:

A. The system shall calculate the initial sky probability, as described in
Section 2.1 (M);

B. The system shall compute the expected color and position fathe sky,
as described in Section 2.2 (M);

C. The system shall calculate the nal sky probability using the com-
puted expected color and position of the sky, as described irsec-
tion 2.3 (M).

v. The system shall calculate the sky probablility in a resoution of 8 bits,
where 0 represents the lowest sky probability and 255 represts the high-
est (M);

vi. The system shall convert the sky probability to a displayable form using
standard TV formats (M);

vii. The system shall visualize the sky probability in a displayable form (M);

viii. The system shall introduce an input-output delay in th e order of pixels
(to limit memory usage) (M);

ix. The system shall provide the output image representing he sky proba-
bility in real-time (in 130 ns for NTSC image quality) (M);

X. The system shall use the sky probability to denoise the skyarea (C);
xi. The system shall use the sky probability to saturate the Ky area (S).

(b) The system shall give the input image as output as listed kelow:

i. The system shall convert the input image to a displayable érm using
existing TV interfaces (if needed) (M);
ii. The system shall visualize the input image in a displayalte form (M);

iii. The system shall provide the input image in real-time (M).
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3.3 Non-functional requirements

The non-functional requirements, according to the ISO 9126standard [1], are listed in
this section. Also these requirements can be split into a nurber of subcategories as
stated below.

1. Functionality:

(@) The security aspects of the demonstration model will be dscussed with Philips
before ending of project, e.g. source code availability andeverse engineering
possibilities (M).

2. Reliability:
(a) The system shall be able to operate at a temperature of baeteen 15 C and
25 C (M),
(b) The system demonstrator shall have an MTBF! of at least 1 hour (M).

3. Usability:

(&) The system shall be operable after reading the system usenanual (M);
(b) The system shall start working as soon as the system has lea initialized (M).

4. Maintainability:

(a) The system shall have source les that are documented, tese documents are:

i. up to date (M);
ii. overviewing the system implementation (M);
iii. give hints or discussion about testing/testability an d validation of oper-
ation (M).
(b) The system shall have source les that are written in one gyle, having:
i. a source code written in C and VHDL? (M);
ii. a source code that represents the main key functions (M);
iii. hints or discussion about testing/testability and val idation of operation
(M);
iv. hooks for testing of functions and/or modules (M);
v. an explanation of the main functions on corresponding spts in the code
(M);

vi. version and date numbers in the header (M).

5. Portability:

(@) The system shall be written in C and in VHDL so the system can be imple-
mented in many di erent programmable hardware/software platforms (M).

MTBF is short for Mean Time Between Failure.
2C and VHDL are commonly used programming languages for computers and programmable hard-

ware, respectively.
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Summary

This chapter has answered subquestions two and three by exgining the real-time aspects
and by de ning the requirements that are needed. The requirenents are prioritized using
the MoSCoW method. The following chapter will use the specied requirements for the
selection of the hardware of the system.
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Hardware selection

The system requirements listed in the previous chapter are sed for the choice of the
needed hardware for the demonstrator. The selection of the &rdware is described in
this chapter to answer the fourth subquestion: What kind of hardware is required to
implement the system for demonstration?

First, the platform selection is described in Section 4.1. 8cond, the camera se-
lection is described in Section 4.2.

4.1 HW Platform

In this section dierent platforms are compared to select the platform of choice. In
Section 4.1.1 the comparison is made and in Section 4.1.2 owé the platforms is chosen.

4.1.1 Comparison of di erent platforms

In this section di erent platforms that contain an FPGA are | isted and compared. When
looking at the FPGA industry, there are two large producers, i.e., Altera and Xilinx.
Both producers have many di erent platforms that could t th e requirements. To save
money and to narrow down the comparison, only the availableAlready purchased plat-
forms are listed and compared. These platforms are listed Hew:

Altera Nios 2 Stratix edition, this platform is available at the Rotterdam o ce of
LogicaCMG;

DAMP (Altera Excalibur based), this platform is available a t the Computer Engi-
neering lab at Delft University of Technology;

Xilinx Virtex Il Pro, this platform is available at the Compu ter Engineering lab at
Delft University of Technology.

Philips also has a platform (named Jaguar), but this platform is unavailable and the
speci cations are unknown. For these reasons, the Philips latform is not taken into
consideration.

The listed platforms are compared according to the requirerents that are stated in
Table 4.1; these requirements are extracted from the funcbnal requirements listed in
Section 3.2. The available platforms are described in more @tail below.

Altera Nios 2 Stratix edition

The Altera Nios 2 platform is available at the Rotterdam o ce of LogicaCMG. It is
a development board that incorporates the Altera EP1S10F78 FPGA. This FPGA

27
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Table 4.1: Requirements for the needed platform

The requirements

The presence of the FPGA

The size of the FPGA

The fabrication technology of the FPGA (for speed)
The speed of the microcontroller

The performance of the microcontroller

The video output

The size of the memory

The costs of the FPGA platform
The development environment

has a size of 10,570 logic elements (LE)and the FPGA is fabricated in a 0.13 m
technology [3].

On the FPGA, a soft-core Nios 2 processor can be programmed. rAadvantage of
this kind of processors is that the processor can be adjustetiefore it is programmed
onto the FPGA. But there are two disadvantages when the procssor is modi ed. First,
the created solution is less portable, since most platformslo not allow the architecture
of the processor to be modi ed. Furthermore, the FPGA has les room for user de ned
logic, since the processor uses some LEs of the FPGA. For exate, the smallest Nios 2
processor available needs about 700 LEs leaving 9300 LEs foustom logic.

The fastest Nios 2 processor can operate at a clock frequenoy about 200 MHz and
at this speed the processor can reach a performance of moreah 200 MIPS? [4].

There are enough /O ports included on this platform for debugging options and
extension boards. This board does not include a video outpytso an extension board
needs to be acquired. The costs for the acquisition are $ 175urthermore, the board
has the following amount of memory. The board incorporates hree types of memory,
i.e., 920,448 bits of SRAM, 8 MB of ash memory and 16 MB of SDRAM* [3].

The development environment is the Quartus Il environment from Altera. This
version of the Stratix FPGA is also supported by the free web dition of Quartus I, so the
FPGA can be programmed with a free license assuming the limétions are acceptable.

DAMP

The DAMP (Delft Altera-based Multimedia Platform) is avail able at the Computer En-
gineering lab at Delft University of Technology. It is a home-brewed board that can in-
corporate an Altera Excalibur chip, either the EPXA1F672 or the EPXA4F672, since the

LEach LE consists of a register and a 4-input look-up-table (L UT).

2MIPS is a unit for performance and it is an acronym for Million Instructions Per Second.

3SRAM is a fast kind of on-chip memory and it is short for Static Random Access Memory.

4SDRAM is a kind of o -chip memory and it is short for Synchrono us Dynamic Random Access
Memory.
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pin con guration allows both chips to be connected. The biggest chip, the EPXA4F672,
consists of an FPGA with 16,640 LEs and the chip is created in @.18 m technology.
Besides the FPGA, the chip also consists of an ARM922T ARM praessor. The proces-
sor operates at a maximum frequency of 200 MHz and it achievea performance of 220
MIPS [2][17].

The 1/O ports included on the DAMP are enough to connect extensions, and buttons
and displays are available for debugging on the platform. Hwever, the platform does
not include hardware for video output. The standard memory an the DAMP with the
EPXA4F672 chip is 128 KB of SRAM and 64 KB of DPRAM?®. The memory can be
extended with up to 32 MB of ash memory and the board incorporates a socket to
extend the memory, a DIMM socket, which supports up to 512 MB d SDRAM [17].

Furthermore, as before with the Nios 2 board, the developmenenvironment is the
Quartus Il environment from Altera. The smaller variant of t he FPGA, the EPXA1F672
chip, is supported by the free edition of Quartus Il, whereasthe EPXA4F672 chip is only
supported by the full version of Quartus II.

Xilinx Virtex Il Pro

The Xilinx Virtex Il Pro platform is also available at the Com puter Engineering lab at
Delft University of Technology. The development board FF8% consists of an FPGA of
Xilinx with a size of 31,816 logical components (LCsj, i.e., the XC2VP30 chip. The
FPGA is fabricated in a 0.13 m technology [14].

The XC2VP30 chip incorporates two of IBM's PowerPCs. These pocessors are hard-
wired on the chip, so these processors cannot be modi ed, inontrast to the Nios 2. The
PowerPCs can operate at a maximum frequency of 400 MHz and it & a maximum
performance of over 600 MIPS.

On the PCB, there are enough 1/O ports for HW debugging and extra extension card
slots are available for extra outputting possibilities. Besides the PCB, the Computer En-
gineering lab possess an expansion board that converts thadeo output to a displayable
form. Furthermore, the XC2VP30 chip contains 136 blocks of B Kb of memory, in total
that is 2448 Kb. Additionally, external memory can be included when needed.

At Delft University of Technology, the development environment is the ISE and the
EDK environment from Xilinx. With this environment the desi gn for the FPGA can
be compiled, the FPGA can be programmed, and the software fothe PowerPC can be
compiled and downloaded onto the board.

If this development board needs to be acquired at LogicaCMG,the costs are as
follows:

Developmentboard XUPV2P $ 299
ISE Foundation $ 2495
EDK $ 495

SDPRAM is a fast on-chip memory and it is an acronym for Dual Por t Random Access Memory.
5An LC consists of about one 4-input LUT and one ip- op.
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4.1.2 Selection of the platform

In this section one of the platforms described above is chogseaccording to the require-
ments. There are many requirements for FPGA development pl&#orm, but for this
project the considered requirements are listed in Table 4.2 These requirement are ex-
tracted from the total set of requirements listed in Section 3.2; requirements2-a, 2-b,
2-e, 3-a-viii & 3-a-ix have been considered.

Some speci cations have a higher importance for the projecthan others, so these
speci cations have a higher weighting factor. The weighting factors can vary between
0 and 10. All the speci cations are linearly compensated whee possible; the weighting
factors are set at 10 for the optimal speci cations and it linearly decreases to O for
sub-optimal speci cations. The optimal speci cations are:

location = LogicaCMG;

size = 30,000 LEs/LCs;

technology = 90 nm;

processor speed = 1 GHz and performance is 1,000 (D)MIPS;
video output = yes;

amount of internal memory = 500 Kbits;

costs = $ 10;

development environment = present.

The comparison of the platforms based on the speci cations ad the weighting factors is
listed in Table 4.2. As can be seen, the Altera Nios 2 has the bhest total score, so the
Nios 2 is the platform of choice. The Altera Nios 2 platform has a moderate amount of
logical elements, it has a possibility for a video output, ard it is available at LogicaCMG

for building the demonstrator.

4.2 Camera module

The camera module selection is described in this section. T requirements for the
camera module and the selection are described in Section 412 The speci cations of the
camera module are listed in Section 4.2.2

4.2.1 Selection of the camera

In this section a camera module is chosen. The selection is bad on requirements that
are extracted from the total set listed in Section 3.2, i.e.,1-b { 1-i. The requirements
that are related to the selection of the camera are the followng:

The resolution of the camera should be at least 640480 pixels;

The camera should produce at least 25 frames per second;
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Table 4.2: Comparison between three platforms using the regjrements

Altera Nios 2 DAMP Xilinx Virtex-Il Pro
Location LogicaCMG 10| TU Delft 2 | TU Delft 2
Size 10,570 LEs 3| 4,160 LEs 1| 30,816 LCs 10
Technology 0.13 m 31018 m 11013 m 3
Processor Nios 2 ARMO22T PowerPC
Speed 200 MHz 2| 200 MHz 2| 400 MHz 4
Performance 200 DMIPS 2| 220 MIPS 2| 600+ DMIPS 6
Video output yes 10| no 0| yes 10
Memory amount | 900 Kbits 10 | 1,536 Kbits 4 | 2,446 Kbits 10
Costs $ 175 10| no info 0| $3,289 0
Development
environment Quartus Il 10 | Quartus Il 10 | ISE EDK 10
Total 60 22 55

The camera should support interlaced scan;
The camera should produce a digital output;
The camera should represent each pixel by 16 bits;

The camera should produce an image in color and the output shdd be given in
the YUV color space;

The camera module should be connected to an FPGA{board withat any addi-
tional HW.

Since LogicaCMG already has bought a camera in the past, i.e.the Omnivision
0OV7620, and because this camera satis es the requirementgaged above, this camera is
used. This camera module was carefully selected during anleér project. More details
about the camera selection can be found in [13].

4.2.2 Omnivision OV7620

The Omnivision OV7620 is a digital video camera based on a CM@ color chip. The
features of this camera are listed in Appendix D and they can ko be found in [12].
The default resolution of the camera is 640 480. This resolution is just enough to
simulate NTSC television and it is enough to let the sky-detetion algorithm detect the
sky area. A higher resolution would simulate the situation in the Netherlands better,
since the standard television system here is the PAL system ith a resolution of 768 576.
When looking at HDTV standards’, the resolution needs to be another step higher, but
for the purpose of this project the resolution of the Omnivison OV7620 is good enough.

"HDTV is an acronym for High-De nition television.
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The resolution and the adjustable frame rate of up to 30 frame per second are the main
reasons why this camera is chosen.

The camera can output the video image in the desired format,.e., YUV, so no color-
space conversion need be done before the image is presentedthe system. With the
data output of up to 16 bit, the camera module can give an outpu of 2 bytes for each
pixel. So instead of representing each pixel by all three coponents, the camera module
outputs the Y-component for each pixel using one byte and thdJ- and V-component are
time multiplexed and given using the other byte. Additionally, the ability to monitor
the camera output is an important feature, since the origind image also needs to be
displayed. When the original image does not need to be editedhis reference image can
be given directly from the camera module.

The default parameters of the camera can be adjusted by usinghe 12C interface.
The parameters that need be adjusted are the frame-rate, theesolution and the output
format.

Summary

In this chapter a suitable platform and a suitable camera forthe implementation phase
are selected based on the requirements listed in Section 3.Z'’he chosen platform was
the Altera Nios 2 Stratix platform and for the camera the Omnivision OV7620 has been
selected. Both are available at LogicaCMG. As the algorithmand the requirements are
described and the hardware has been chosen, the realizatiaof the system is described
in the following chapter.



System implementation

In this chapter the fth subquestion will be answered: What is an e cient FPGA imple-
mentation for the algorithm? This chapter describes the design considerations that lead
to the design of a correct architecture that meets the requiements, and the veri cation
of the correct working of the implemented architecture. The complete architecture is
hierarchically described in Appendix A. Due to its large siz, the Nios 2 processor is
not involved in our design and all the calculations will be paformed in hardware. Fur-
thermore, the Gaussian weighting functions are all implemated using a look-up table.
These functions are used in the initial and nal color probability calculation, the initial
vertical-position probability calculation and the initia | texture probability calculation.

The design considerations and implications are presentedhiSection 5.1. The testing
of the system is described in Section 5.2.

5.1 Design considerations

This section describes the system design considerations.h€ considerations are described
as follows, rst, the encountered problem is stated. Next, the possible solutions are
presented, and nally, the design of the relevant architecture is described for the selected
solution. The design considerations related to the memory ad timing constraints are
described in Section 5.1.1, followed by the various considations in the three stages of
the sky-detection algorithm. We will consider interlaced sanned video input only. In
this scanning mode, a single frame consists of two elds, cdaining the even or odd lines,
respectively.

5.1.1 Memory and timing constraints

In this section, the design considerations related to the mmory and timing constraints
are explained. The considerations based on the limited FPGAmemory are described
rst, followed by the considerations based on the limited time for pixel processing.

5.1.1.1 Memory constraints

In the ideal implementation of the algorithm described in Chapter 2, the nal sky-
detection pass uses the color model, vertical-position maal and the sky-con dence factor
(scf) of the current eld. The algorithm requires the data of the entire image for
calculating the model parameters and thescf. The nal sky probability can be computed
only after the color model and the vertical-position modelsare updated. This inter-
dependency prescribes a sequential computation approaclhnd will therefore require the
image data to be saved in relatively large amount of memory. Br an NTSC quality
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Figure 5.1: Architectural overview of system

image, 640 240 pixels need be stored for each eld. As each pixel is repsented by
16 bits, in total 2,457,600 bits of memory are needed. The tayeted Stratix FPGA has
only 920,448 bits of on-chip FPGA memory, so a complete eld eannot be stored on the
FPGA chip. Besides, the sequential method also leads to a lge input-output latency.

Possible solutions to this problem could be as follows. A buering system that
saves/reads the eld information to/from the larger o-chi p memory is to be imple-
mented. Additionally, the requirements need be adjusted toaccept a delay in the order
of one or several elds (instead of pixels as stated in Sectio 3.2). Another option is
to slightly alter the implementation of the algorithm to use the color model, vertical-
position model and scf of the previous eld to avoid the memory-use for elds and the
eld delay.

The second option is selected to evade the eld memory and al delay. For the very
rst eld, we set the registers containing the model information to hold the prede ned
settings from the initial sky probability calculation stag e. Scene changes (shot changes)
from scenes without sky to scenes with sky, or vice versa, orrdm/to scenes with
di erent sky colors can cause problems in this approach. Thee changes can create large
inter- eld model and scf dierences that causes the calculated nal sky-probability
map to greatly di er from the actual sky area. However, as our human eyes need time
to adjust to the scene content after a shot change, the faultysegmentation of the sky
region is expected to be barely noticeable (the error may ol apply for the rst eld
after the rapid change).

Besides the utilization of the model parameters in the nal sy probability calcu-
lation stage (described in the previous paragraphs), the idal implementation of
the algorithm also uses the current eld's thresholds in the model-adaptation stage.
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These thresholds can only be calculated after the eld has cmpletely been analyzed,
because the initial sky probability of the complete eld needs to be known for the
model-adaptation stage. For NTSC quality images, 640 240 sky-probability values
need to be saved for each eld. Each probability is represerd by 8 bits, so in total
1,228,800 bits are needed. Furthermore, the color informabn of each pixel should be
stored, i.e., 2,457,600 bits of memory are needed for the @l components. In total,
3,686,400 bits of memory are needed, which cannot be storechdhe available FPGA
device.

As before, a possible solution would be to save the color infmation and the initial
sky probabilities to o -chip memory. Another solution woul d be to utilize the thresholds
calculated in the previous eld for the creation of the current elds sky-probability
mask. Here, we select the second solution again (using the @vious eld's thresholds).

Both considerations (about the models and about the threshtus) lead to a nal
sky probability calculation that is based on the model of the previous eld, which is
created based on the thresholds of two elds earlier (meanig that 2 eld old information
is used, so an error can have a maximal duration of 34 ms). Expenents are performed
with synthetic sequences that utilize the benchmark imagedrom [16][15] slightly shifted
between subsequent elds to mimic small movements. A small mvement is de ned as
a movement that shifts at a maximum of one quarter of the imageper second. The
experiment utilizes 60 images with a resolution of 240320. The subsequent images
are shifted by 3 pixels in vertical direction. The experimenal results show that the
thresholds di er very little (the thresholds only dier by 0 .4%). By using the previous
eld's thresholds, the experiments show that the color and \ertical-position model
creation di ers little between the elds (by only 0.4% on all components). Furthermore,
the di erence between the original nal sky probability and the sky probability based
on delayed information is almost unnoticeable. A histogram of the dierence in
sky-probability values shows that more than half of the pixd values has a di erence of
zero, and that 99.8% of all the pixel values di ers by only 2%.

The resulting architecture design is illustrated in Figure 5.1. The three right-most
yellow registers (denoted byscf register, vertical-position model register and color-model
register) that store the model information are used to avoid the eld memory, i.e., the
models and the sky-con dence factor. The green register bick (denoted by threshold
& scf register) stores the threshold values for the model-adaptation stag. The other
blocks in this gure represent the camera, the display (nmonitor ), the three stages of the
sky-detection algorithm (initial sky probability calculation, model adaptation and nal
sky probability calculation), the controller that interprets the synchronization signals of
the camera, and the scale block$cale YUV ) that scales the input image down to QCIF.
These blocks are described in more detail in Appendix A.

5.1.1.2 Timing constraints

For Standard De nition quality video streams, pixel freque ncies of 10{12 MHz are used.
For a system that runs on 100 MHz, this means that each pixel neds to be processed
within 8{10 clock cycles. To create a real-time implementaion of the sky-detection
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Figure 5.2: Architecture of the nal sky-detection calculation stage

algorithm, there are three possibilities: a) the implemengtion needs to be pipelined, b)
parallelism needs to be exploited or ¢) a combination of thewo previous options.

The third option is chosen. We split the calculation of the three stages of the algo-
rithm into smaller blocks to utilize pipelining. Due to usin g threshold levels, vertical-
position models and color models of the previous elds, we & able to remove calculation
dependencies, and execute the initial and nal sky probabiity calculation stages in par-
allel. The overview in Figure 5.1 depicts that both stages h&e access to the data pixels
from the camera. Complex blocks are avoided this way. The rast of this selection is
illustrated in Appendix A. Figure 5.2 shows the parallelization and the pipelining of the
nal stage of the algorithm. The two sub-blocks calculate Ppositon and calculate Pegjor
work in parallel, while in the horizontal direction, the thr ee pipeline stages are depicted.

5.1.2 Initial sky probability calculation stage

In this section, the design considerations in the initial sk probability calculation stage
are described. These considerations are related to thBwexure calculation only. The
remaining functional blocks of this stage were implementedwithout any special opti-
mizations and will not be mentioned here.

5.1.2.1 Complexity of texture probability

The texture analysis is necessary to detect the sky area by usg the smoothness as-
sumption in the luminance channel. In the algorithm in [11][10] a 1-d texture analysis
is used by only examining the horizonal texture using a 5 pixewindow. The algorithm
in [16] improves the simple texture analysis by using a2-d analysis that looks at the
horizontal and vertical texture of the image using a 5 5 pixel window. Additionally, a
multi-resolution texture analysis has been created. It considers the original resdion
and three di erent downscaled versions of the input images dér the detection of all tex-
ture deviations, varying from very small to large changes (he three downscale factors
are set at 2, 4 and 8).

The 2-d texture analysis is preferred, because besides theohzontal changes in tex-
ture, the vertical changes should also be considered. As thexture analysis calculation
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Figure 5.3: Pixels needed for the 55 lter

needs the luminance values of a 55 pixel window, a bu er is needed to save the lumi-
nance values of the previous 4 lines. Figure 5.3 depicts a paof the pixel map where the

numbered blocks represent the needed pixels for the texturgrobability Piexwure calcula-

tion for pixel f3,3g. As the current pixel is situated in the middle of the 5 5 window, an

input/output delay of 2 lines and 2 pixels results (the textu re analysis for pixelf 3,3g has

to wait until pixel f5,59 is received). In total, the luminance values of 4 complete hes
and 5 extra pixels need to be stored (pixeld 1,1g to 5,59 need be saved). Additionally,

the chrominance values of 2 complete lines and 3 pixels needa the saved for correct
synchronization of data (the color analysis for pixelf 3,3g is performed when pixelf 5,59

is received). The blue and yellow pixels are the lines that ned to be saved for the texture
probability calculation (luminance values). The pixels that need to be saved for the color
probability calculation are colored blue (chrominance vales).

We considered three options for the implementation of the buer: 1) by using shift
registers, 2) by using line-memories (memory blocks that rad and write data using
addresses), or 3) by using both line-memories and shift regiers. For the luminance
calculation, when using shift registers only, 645 8-bit wicgk shift registers are needed.
When using line memories only, 4 memory blocks of 1608 bits and 5 memory blocks of
5 8 bits are needed; the rst 4 memory blocks are used for the copiete lines and the
5 smaller blocks are used for the 55 matrix for the output (for the texture analsysis).
When using both line memories and shift registers, 4 memory locks of 160 8 bits and
25 8-bit wide shift registers are needed. The memory blocksra used to save complete
lines and the shift registers are used for enabling simultaeous access to all 25 pixels of
the window. For the rst and third option, the memory blocks n eed extra logic for the
selection of the correct line and index to read/write.

The selection among the three options is based on the amountfdogic needed to
implement the bu er. The rst option, using only shift regis ters, would need 5,160 LEs
for the luminance values, and 5,168 LEs for the chrominancealues, assuming that 1
LE is used to remember 1 bit. As the FPGA contains only 10,570 [Es, this exceeds the
available logic resources, so this option is not feasable. @ions 2 and 3 both use line
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Figure 5.4: Architecture of sub-block: bu er the luminance values

memories for the 4 complete lines; the dierence is at the buer for the 5 5 matrix.
Since the extra logic needed for option 2 (using only line-mmories) is comparable to
the logic needed for the shift registers for option 3 (using loth line-memories and shift
registers), option 3 is selected for its simplicity. The lumnance bu er that is designed
for this purpose is depicted in Figure 5.4, where the yellow ocks (denoted by SRAM )
represent the line-memory blocks and the green block represits the 5 5 matrix (denoted
by registers). As is depicted, the demux block selects the address of the line memory
that is written to and read from. Furthermore, the line memory is selected by this
block (only one line memory array is selected at a time). Theselect block arranges the
luminance values from the line memories for the 55 matrix based on the line number of
the current pixel (so the correct texture analysis is perfomed). The chrominance bu er
that is based on a similar concept, is described in Section 2.

For the pixels on the eld boundaries, i.e., the rst two and t he last two lines of
each eld, there are not enough distinct luminance values fo the texture analysis. In
this case, the pixel values of the rst line and the last line ae reused. In addition, the
calculated texture values for the rst two and the last two columns are discarded to
save on the complexity.

Furthermore, the multi-resolution texture analysis is not considered in our de-
sign, because of the expected higher resource demands ancetlimited project duration.
Therefore, we choose to perform the texture analysis on onlpne resolution, being a
downscaled version of the original resolution, by factor 4.

The texture analysis also includes a gradient analysis as @kained in Section 2.1.3.
We implement this analysis in combination with the texture analysis, as both use the
luminance values of the same 55 pixel window.
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Figure 5.5: Scheduling diagram for adders and ABS-blocks

5.1.2.2 Hardware utilization of texture probability

As stated before, thePwxwre block calculates the gradient and the texture of each pixel
in the image. The texture is calculated using 1) the sum of abslute di erences (SAD)

between neighboring pixels in a 55 matrix and 2) a look-up table that represents the
Gaussian weighting function. Many additions/subtractions are involved in this block.

The nasve approach, in which the operations are assigned a#cated adder blocks and
registers, uses more than 3,500 logic elements of the FPGA.

Due to the large hardware usage of the texture probability cdculation block, we
choose to optimize this by scheduling and binding of the compnents. The scheduling
and resource hinding is performed according to the DeMichelmethod [7]. We choose
to do the scheduling under resource constraints to nd arealatency Pareto points. The
maximum latency is set to 26 clock cycles, because this is theumber of cycles between
the downscaled pixels.

In the Pexwre block, we use two di erent building blocks: an adder and a blak that
calculates the absolute di erence (ABS-block). First, we determine the minimum number
of blocks that calculate the absolute di erences for the texure calculation. Second, the
minimum number of adders to keep the maximum latency within its constraints is found.
The minimum number of both these blocks is determined to be 4,and the minimum
register utilization is found to be 12 (using the minimum number of blocks and register
sharing). The scheduling of the blocks using the ASAP algothm described in [7], is
depicted in Figure 5.5. The colors represent the resource hding (each color represents
a di erent building block). The ABS-blocks are represented by the colors red, purple,
blue and orange, and the adders are represented by yellow, ta green and turquoise.
The di erent time slots are represented in the vertical direction.
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Table 5.1: Meaning of the acronyms used on the right side of Ejure 5.5

acronym | meaning acronym meaning
A Y11 +Y 12 N D+E
B Yor+Y o O H+ 1
C Y31 +Y 3 P K+L
D Ya1 +Y 42 left_int M+ N
E Y51+ Y5 right _int O+P
F Yiz+Y o3 top_int M+ O
G Y43 + Y 53 | bottom _int N+ P
H Yis +Y 15 left left_int + C
| You+Y 25 right right _nt+J
J Y34+ Y 35 top top_int + F
K Yaa + Y 45 bottom bottom_int + G
L Ys4 + Y 55 | horizontal right - left
M A+B vertical bottom - top

On the left side of Figure 5.5, the index for the SAD look-up table is calculated.
The absolute di erences between the adjacent pixels are callated at the top of each
column using the ABS-blocks. These are summed up using the aers numbered from
1 to 39, the result of the blocks on the upper side of the addersare used as the two
terms in the summation. The resulting sum (of adder 39) is thresholded to form the
SAD _thresholded. The SAD _thresholded is scaled for the correct index for the look-up
table.

On the right side of this diagram, the index for the gradient look-up table is calculated
reusing the same 4 adders. Table 5.1 shows the meaning of theheduled additions done
that eventually lead to the two gradients, denoted ashorizontal and vertical. These
two results are then thresholded and summed for the totalgradient. Subsequently, the
gradient is scaled to obtain the correct LUT index.

Manually scheduling, binding the resources and sharing theregisters lead to the
optimization of the hardware costs for this block from more than 3,500 LEs to merely
1,056 LEs. Of these resources 444 LEs are used for registet®5 LEs for the multipliers,
96 LEs for the ABS-blocks, 76 LEs for the adders, and 68 LEs fothe LUTS.

5.1.3 Model-adaptation stage

In this section, the model-adaptation design consideratins are explained. These consid-
erations are related to the adaptive threshold calculationand the adaptive color model
creation, the adaptive vertical-position model is implemented in an uncomplicated way.
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Figure 5.6: Architecture of sub-block: advanced thresholdcalculation

5.1.3.1 Adaptive threshold and sky con dence calculation

As stated in Section 2.2.1, an adaptive method is used for demining the two required
threshold levels. This results in a more robust detection ofthe sky eld, when more
challenging images are considered. The design of thadaptive threshold and sky con-
dence calculation includes the creation of a histogram and a cumulative distrbution
function (CDF). The resulting architecture is illustrated in Figure 5.6. The histogram
of the initial sky probability is calculated, using a 2 Kbit d ual-ported SRAM block
(denoted as SRAM histogram). The calculation is done by incrementing the memory
location corresponding to the value of the sky probability d each pixel, as soon as the
sky probability is computed. There is a period of time betwea the last pixel of a eld
and the rst pixel of the following eld named blanking. Duri ng the blanking of the
video signal, the histogram is integrated (to a CDF) to evaluate the size of the sky area,
and weighted to emphasize the high sky probabilities. Subgpiently, the thresholds and
the sky-con dence factor are extracted from the weighted CLF.

5.1.3.2 Color model adaption

For the implementation of the intermediate variance calculation in the adaptive color
model (explained in Section 2.2.2), we choose to use the primus eld's mean color-
values instead of current eld's values (to avoid a eld delay and a large memory usage).
This is represented in Figure 5.1 by the feedback path from tle down-most register
block back to the input of the model-adaptation stage. The vaiance is estimated by
considering the absolute di erence between the pixel's car components with its "old"
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mean color. The resulting absolute di erences between the man value and the values
of all pixels are summed and normalized by the number of condered pixels for each
color component. These normalized values are used to adaphé new mean values and
variances for the color model as described in Section 2.2.2.

5.1.4 Final sky probability calculation

The nal sky-probability calculation stage is pipelined and parallelized as is described
in Section 5.1.1.2. In this stage, the design consideratia are related to the timing
constraints. Besides the pipelining and parallelization,discussed in Section 5.1.1.2, the
color probability calculation needs additional considerdions related to the timing. As
stated before, the pixels need to be processed within 8 systeclock cycles (for a system
clock frequency of 100 MHz). Based on Equation 2.14 and the esof look-up tables for
the Gaussian function, the color probability is computed by a subtraction (by the mean of
each color component, extracted from the color model), a diision (by the variance of each
color component) and an access to a look-up table. As the vaaince (in Equation 2.14) is
not xed, an implementation pointed out that the division ca nnot be performed within
8 clock cycles. This timing problem is solved by using multigication and bit-shifting
instead of a division. We shift by a xed number of bits and the multiplication factor
is determined by examining the variance (extracted from thecolor model). As a result,
the color probability is computed by a subtraction, a multip lication, a bit-shift and an
access to a look-up table, which can be performed within 8 cltk cycles.

5.1.5 Excluded functional blocks

The more advanced blocks for the model creation described ifil5] that are not imple-
mented are:

2-d, spacially-adaptive color function;
multi-resolution texture analysis.

These blocks are not implemented in hardware, even though tis would increase the
correct acceptation/rejection rate. Due to the lack of time and hardware resources on
the FPGA, this is left open for a future implementation of the algorithm. As the proposed
implementation is modular, more advanced blocks can easilpe included in the system.
When future implementation include the more advanced blocls, the sky model creation
is expected to improve. As a result, the nal sky probability calculation is envisioned to
perform better in correctly detecting sky areas and correcly rejecting non-sky areas.
The improved color model will allow acceptance of a larger pa of the sky area
in Figure 2.9(a) instead of only the part illustrated in Figure 2.9(c). And the multi-
resolution texture analysis is expected to result in an impoved initial sky probability.

5.2 System testing

The testing of the design is performed in a bottom up manner. Efore the design is
implemented, a test strategy is set up and the testing of the tocks is considered during
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the implementation phase. This strategy describes how the @amponents are connected,
what the inputs of the components are, what the system clock fequency is, and what
the expected results are. The test strategy for each compome is described in Appendix
B.

The testing of the sub-blocks is performed as follows. Firstall sub-blocks are simu-
lated in ModelSim (Version XE Ill/Starter 6.0d) to ensure th at the design is functionally
correct. Next, the subblocks are tested in hardware to veriy the correct working. The
hardware tests are performed using counters as inputs for emple, the complete hard-
ware tests are described in Appendix B. After the design comctness of all subblocks
is ensured and veri ed in hardware, the subblocks are integated in a complete sys-
tem. Subsequently, the integrated (sub)blocks are simulagéd and tested in hardware.
Eventually, the complete design is simulated and veri ed.

The compilation of the system creates an HW implementation hat can operate at a
maximum system clock frequency of 104 MHz. For the sake of eg<alculations and to
have some safety margins for the PLL, we set the system clockdquency at 100 MHz.
The resulting hardware resource utilization is listed in Table 5.2. In total, 70.2% of the
available logic elements, 3.7% of the available memory bitand 27% of the available DSP
blocks are used for the complete system. From these 54.5%,626 and 27% are utilized
for the algorithm only, respectively. The DSP blocks are 9-lit arithmetic units that
can perform multiplication, additions, subtractions and/ or accumulations. The resource
utilization for the algorithm only excludes the VGA control ler that is used to output the
nal sky-probability map, and the camera initialization bl ock.

In addition, we test the implemented system for the requirenents listed in Section 3.2
and 3.3, and we conclude that the realization of the sky-detetor meets all system re-
quirements, denoted with an (M) in Section 3.

Summary

This chapter has described how the system was realized, inafling the considerations that
are made during the design, and the architecture resultingfom these considerations. We
implemented all of the blocks that are described in Chapter 2 avoiding a eld memory

implementation. In addition, we have improved the resourceutilization of the system

considerably by avoiding the utilization of the Nios 2 processor and the optimization of
the Pexwre block. The algorithm utilizes only 54.5% of the available Iaic elements, 2.6%
of the memory bits and 27% of the DSP blocks of the FPGA. We havdested the system
thoroughly from bottom up, and we have veri ed that the must haverequirements have
been met. Furthermore, we have found that the maximum systenclock frequency is 104
MHz, therefore we have set the system clock frequency at 100 Nz. As the design of
the sky-detection algorithm has been implemented and veried, the performance of the
design can be evaluated. The evaluation of the performanceidescribed in the following
chapter.
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Table 5.2: HW resource utilization of the sky-detection implementation per entity

Logic Elements | Memory | DSP
Functional blocks LUT Registers bits blocks
Scaling 4 30 0 0
Controller 22 41 0 0
Initial sky-probability calculation 1286 975 11520 5
Chrominance bu er 47 117 5760 0
Luminance bu er 219 309 5760 0
Pcolor 134 64 0 2
F>position 83 34 0 0
Ptexture 803 444 0 0
Psky 0 5 0 3
Model adaptation 761 1286 12167 3
ATC 222 183 12032 2
Vertical-position model 179 352 135 1
Color model 344 747 0 0
Final sky-probability calculation 480 388 0 5
Pposition 155 218 0 0
Pcolor 325 157 0 3
Psky 0 13 0 2
Registers 0 114 0 0
VGA controller 458 1099 10240 0
Initialization camera 68 37 0 0
Total resources for algorithm 2710 3046 23687 13
Relative resources for algorithm 54.4% 2.6% 27%
Total resources for complete system 3,236 4182 33927 13
Relative resources for complete systen 70.2% 3.7% 27%
Total FPGA resources 10,570 920,448 48




Performance analysis & results

In this chapter subquestion 6 is answeredHow can the performance of the HW imple-
mentation be measured and what is the improvement comparea tthe software imple-
mentation? There are various performance indicators that measure the erformance
of a design. The main indicator for the sky-detection implenmentation performance is
the performance frame time. The framework and methodology bthe time performance
analysis is elucidated in Section 6.1 and the results of theitne performance analysis are
discussed in Section 6.2.

6.1 Experimental framework

As a comparison between the hardware and the software impleentations is to be made,
the performance of the hardware and the software versions dhe sky-detection algorithm
has to be measured rst. The hardware implementation is desdbed in the previous
chapters and the software version created by Bahman Zafardr is used on this study.

The time performance is acquired by measuring a single framerocessing time. As
frame start, the moment when the rst pixel of the frame is inserted into the HW
algorithm implementation/read from memory by the SW implem entation is used. The
end of the frame is the moment when the sky probability of the hst pixel of the current
frame is given at the output/written to memory.

In the following paragraphs, the experimental framework ard the methodology is
described for the hardware and software platforms.

Hardware

The hardware framework is represented by a platform that in@rporates the Altera
Stratix EP1S10F780 FPGA and two 7-segments displays, the Omivision OV7620 cam-
era and two displays. The FPGA operates at a system frequencyf 100 MHz. The
camera provides images in a resolution of 640480 at frame rates between 0{30 fps. The
two displays show the original image and the probability map

Using this framework, the performance analysis on the hardare platform is done
as follows. Since the FPGA is the slave and the camera is the nséer in the video-
input link, we have a pixel granularity. We measure the time to calculate the nal sky
probability of a single frame only (frame time), as the model creation (the initial sky
probability and the model adaptation) are not in the time cri tical path (they do not
in uence the processing rate). The frame times are measuret various frame rates,
and we estimate the active duty cycle of the hardware (the pecentage of time that the
hardware is actually processing). The lowest frame time is masured at the highest
frame rate and the duty cycle is the highest in this case. The fame rate is iteratively

45
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incremented and at every new frame rate the correct workings veri ed before the time
is measured. When the hardware cannot handle the frame ratepixels are dropped in the
process and this is visualized by an unstable sky-probabily map (the sky-probability
map moves). The correct working of the hardware implementaion is veri ed as follows.
When the computed probability map is stable, no pixels are dopped, and therefore we
know that the hardware can handle this frame rate. The neededime to process a frame
in hardware T¢ame:hw IS Calculated using Equation 6.1;Ctrame:nw IS the number of clock
cycles andf system is the system clock frequency, which is equal to 100 MHz.

Cframe'hw Cframe'hw
Trame:hw = AL : 6.1
frame;hw f system 100 MHz ( )

Ctrame:hw IS measured on the hardware platform by counting the number bclock cycles,
starting when the rst pixel is inserted, and stopping when the sky probability of the
last pixel is computed. Ctrame:nw IS displayed on the 7-segment displays present on the
used platform.

Software

The software framework is as follows. We use a DELL Optiplex &X270 workstation on
which the time performance is measured. This is a machine wit a Pentium 4, 2.8 GHz
processor with 512K L2 cache and 512 MB of main memory. The opating system (OS)
is Windows XP Professional.

For the software implementation, the time measurement on tre mentioned machine
is done using PAPI, a performance interface developed by Brene et al. [5]. The PAPI
contains high-level functions as well as low-level functins. The high-level functions
represent a simple interface to count hardware events on therocessor. The low-level
functions represent an advanced interface to measure specievents on the processor,
e.g. integer addition or oating point events. Also the time or number of cycles can
be measured using the low-level functions by accessing thealdware counters of the
processor. This is done with a precision in the order of s and the number of clock cycles
needed. Ideally, the performance is measured by counting # number of clock cycles
that the processors actually needs for the process that dogbe sky detection. This, to
minimize the in uence of the scheduling of the processor ontie measurement. However,
using the Windows OS, the frame time is measured at the systentevel, so interupts
(by hardware or software) do in uence the clock cycle measwements. As the software
implementation utilizes a video bu er, we have a frame grandarity, so the speed of the
system depends on the memory bandwidth as well as the procassspeed. The software
performance is measured using YUV-images with multiple reslutions, i.e., 160 120,
320 240, 640 480 and 720 576. The YUV-images are created with the PTS, this is
a tool set made by Philips to create YUV-les. By using Equation 6.2 and the clock
frequency of the processof sysiem the frame processing timeTsame;sw Can be calculated
using the measured number of cycle€ame:sw -

Ctrame:
Ttrame;sw = 7framte,sw (6.2)
system
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Table 6.1: HW time measurements results with images of 640480

measured time in active
frame rate clock cycles duty cycle
10 fps 9,968,127 0.25
15 fps 6,634,833 0.37
20 fps 4,934,630 0.50
25 fps 3,975,868 0.62
30 fps 3,294,082 0.75

The software implementation is created as a modular design rad it is used to
test the correct working of the algorithm. For the preparation of the performance
analysis, the software needs to be normalized to the HW algdthm organization. The

normalization holds that the initializations of parameters are performed outside the
loop that calculates the sky probability, so these cannot case any interference with
the measured time/number of cycles. Furthermore, the variaus exponent calculations
for the Gaussian functions are implemented using a look-up able. In addition, all

calculations are performed with integers instead of with oating-point numbers to

make them comparable to the HW implementation. Additionally, calculations that

coincide with calculations used for previous pixels (in thetexture analysis), are reused,
to compensate for the fact that the hardware can compute the &xture probability in

parallel.

6.2 Experimental results

Hardware

The hardware performance on the Altera Nios 2 Stratix edition is measured with images
with a resolution of 640 480, because this is the aimed resolution for our implementan.
The frame rate of the camera is initially set at 10 fps and it isincremented by 5 frames
after succesfully verifying the correct working and measuing the number of clock cycles
needed. The probability map is veri ed for all frame rates up to 30 fps and the measured
number of clock cycles are listed in Table 6.1.

Table 6.1 shows that the hardware implementation can proces images of 640 480
with a frame rate of up to 30 fps. This means a pixel and frame acurate probability-map
for the sky area can be created in real-time for NTSC-qualityvideo images.

In theory, the hardware implementation can calculate the sky probability of each
pixel within 8 clock cycles (of 100 MHz). The adaptive threstold calculation needs 2304
clock cycles of the blanking time between the elds. As explaed before, the blanking
time is de ned as the time after the last pixel of a eld and before the rst pixel of the



48 CHAPTER 6. PERFORMANCE ANALYSIS & RESULTS

following eld. The active number of cycles needed for a sintg frame C e to be
calculated is presented in Equation 6.3, wheredimy dimy is the image resolution,
Cypixel is the number of cycles needed for each pixel an@a is the number of cycles
needed for the adaptive threshold calculation.

Clametw = (dimy dimy  Cpixel)+(2  Catc) (6.3)

When using Cpixel = 8, Cac = 2304 and a resolution of 640 480, this results in a
Clamenw Of 2,462,208 clock cycles. Using Equation 6.1, this is equéb 24.6 ms. Thus,
a frame rate of up to 40 fps can be processed by the proposed [tavare system. In our
experiment, the camera controls the pixel and frame rate, sahe system is limited to
a frame rate of 30 fps. The theoretical frame rate of 40 fps carfbe reached when a) a
camera with a higher frame rate is utilized (up to 40 fps) and b a camera that o ers the
video stream at the systems request is used. The active numib@f cycles for one frame
Clame:w Can be used to calculate the duty cycle, as this is the numberfocycles that
the system is actually operational. The duty cycle can be calculated by
_ Cfciame;hw .
_— (6.4)

Cframe;hw

the resulting duty cycles are listed in Table 6.1.

The most critical parts of our hardware implementation are the scaling block and
the nal sky-detection stage (ScaleYUV and sky-detection pass 2in Figure 5.1), be-
cause these blocks operate on the full image resolution. Albther blocks operate on a
scaled version of the image for the creation of the adaptive mdel (QCIF resolution),
so these blocks can process images of various resolutionsttwa constant speed. For
higher resolution input images, the down-scale factor is dehigher to retain a constant
resolution. The scaling block is implemented using subsanimg, so this block is not
compute intensive compared to the nal sky probability calculation stage. In the nal
sky probability calculation, the most critical parts are th e Peoior @and Psyy, calculations
only. The Ppesition is only calculated once per line and this calculation can be dne in
advance (before each line starts), therefore this block isdss critical. The P¢gor COMpu-
tations consists of subtractions, multiplications, bit-shifts and look-up table accesses, as
stated in Section 5.1.4, and thePs, calculations consists of multiplications only. These
computations are based on 8-bit integers. When the nal skyeetection stage is further
pipelined, one single 8-bit multiplier determines the sped of the system, as the subtrac-
tions, bit-shifts and look-up table accesses are performethster. The pipelining of this
stage is performed by adding registers to remember all the iermediate results in the
Pcolor and the Pgyy, blocks. The further pipelined implementation of the algorithm shows
that the time needed for the multiplication is at most 7.025 ns, which means that the
rate at which new pixels can be processed is 142 MHz. This theetical rate exceeds the
pixel rate of the highest HDTV quality images, which is 74.25MHz for a resolution of
1920 1080, considerably, so our design can be used for HDTV video aterial.

Software

In software, the performance is measured by counting the nuiimer of clock cycles that the
processors needs for processing a frame. The performancerisasured using images with
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Table 6.2: SW time measurements results on the DELL OptiplexGX270

resolution mean cycles minimum cycles minimum time
160 120 | 82,179,324 cycles 81,341,972 cycles 29,04
320 240 133,135,247 cycles 130,433,976 cycles 46,584
640 480 | 325,627,643 cycles 313,973,880 cycles 112,134
720 576 | 443,747,308 cycles 429,308,428 cycles 153,34
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Figure 6.1: SW time performance analyses

multiple resolutions (160 120, 320 240, 640 480 and 720 576). By using Equation 6.2
and the clock frequency of the processor the absolute time cabe calculated.

Due to the scheduler of the operating system and the (hardwae and software)
interupts, the measured number of clock cycles uctuates. Terefore, the analysis is
performed 100 times for each resolution using the real-timeoriority in Windows, and
the uctuation of about 3.6 % is measured. The mean and minimun number of cycles
and the minimum time for each resolution are listed in Table 62. The best time,
the minimum time, is used as the software time, because thisiine is the best esti-
mation for the real execution time. The results are graphicdly represented in Figure 6.1.

As can be seen in Table 6.2, the software can process images@f0 480 in 112 ms,
which means the maximum frame rate is about 9 fps. Such frameate is considered
not su cient for a frame-accurate result for Standard De ni tion video broadcasts.
When the machine is actually working in real-time (when the real-time priority is used
in Windows XP Professional), the performance would still nd be sucient as the

performance needs to be improved with a factor of about 3.5.

For a real-time software implementation, a faster workstaton is required. For NTSC
quality images, a frame of 640 480 pixels needs to be processed 30 times per second,
that results in a frame execution time of 33.3 ms. Thus, the rguired system should be
about 3.4 (112 / 33.3) times faster than the reference DELL Opiplex GX270 in order
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to process NTSC video images in real-time.

On the other hand, the DELL systems could also be used in par&l to lower the
processing time for a real-time implementation. The followng equation represents the
parallel execution time Tp
_ W+ To(W;p).

0 ;
whereW is the amount of work or problem size, To(W; p) is the overhead function, which
comprises the communication costs, andp is the number of processing elements [9].
Equation 6.5 shows that the amount of work cannot simply be dvided by the amount of
processing elements, but that an overhead function needs tbe included. The speedup
S, which is based on the parallel execution timeTp as well as the serial execution time
Ts, is represented by

Tp (6.5)

_Ts.
=7
The speedup of the system using parallel systems utilizes thparallel execution time that
is based on an overhead function. More research need be done the overhead function
to calculate the speedup in case of a parallel software impieentation, as this function
depends on the selected network topology and routing algottiims [9].

S (6.6)

Comparison hardware vs. software

The speedup of the hardware implementation compared to the aftware implementation
S can be calculated with Equation 6.7.

S= (6.7)

With a software time Tg, and a hardware time Ty, of 112,134 s and 32,941 s, respec-
tively, the speedup is equal to 3.40. The software version ofhe algorithm can process
images of 640 480 with a frame rate of upto 9 fps and the hardware version camprocess
these images with a frame rate of upto 30 fps. As expected, thbardware implementa-
tion outperforms the software implementation, therefore the hardware implementation
is recommended for the use in television sets.

Summary

This chapter has explained the methodology and the framewd« of the performance anal-
ysis and it has presented the results that are acquired for tie time performance analysis.
We have normalized the software implementation for a fair peformance comparison.
Furthermore, the hardware implementation has been compard to its normalized soft-
ware counterpart; the speedup of the hardware implementaton compared to the software
implementation is 3.40 for the two reference systems as used our evaluation study. And
as the hardware version meets the time requirements and theodtware implementation
does not (for images with a resolution of 640 480), the hardware implementation was
recommended. Additionally, we believe that the performane of our architecture can
process HDTV quality images (720p or 1080i) in real-time, wien the nal sky-detection
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stage is further pipelined, since pixel rates of upto 142 MHzcan be processed. The
pipelining of the nal sky probability calculation stage can be performed by adding
registers for the intermediate results and by duplicating the P¢oor and Psky components.
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Conclusions

A new sky-detection algorithm has been developed for the usén television sets by
Zafarifar [15][16]. As the correct functionality has been poven but the performance has
not, a hardware solution was believed to meet the performane requirements. In this
chapter this thesis is concluded and the main research quéash is answered:

Can an FPGA implementation of the blue-sky detection algothm process
Standard De nition images in real-time, and what is its performance im-
provement compared to its software implementation?

The main conclusions of this thesis are summarised in Sectin7.1. The main research
qguestion is answered in Section 7.2. The main contributionsare listed in Section 7.3.
Future research recommendations are stated in Section 7.4.

7.1 Summary

Chapter 2 has explained the operation of the sky-detection korithm that was selected
for implementation. We have examined three approaches forhe sky-detection algorithm.

A modi ed version of the algorithm proposed in [16], has beenrselected in order to meet
the memory, resource, and development time requirements. W have elucidated the
functional blocks of the algorithm with equations and gures. Chapter 3 has explained
the real-time aspect and de ned the requirements that were reded. The requirements
were prioritized using the MoSCoW method. In Chapter 4, a suiable platform and a

suitable camera for the implementation phase were selectedased on the requirements
listed in Section 3.2. The chosen platform was the Altera Nig 2 Stratix platform and for

the camera the Omnivision OV7620 has been selected. Chaptérhas described how the
system was realized, including the considerations that wex made during the design, and
the architecture resulting from these considerations. We rnplemented all of the blocks
that were described in Chapter 2, avoiding a memory module tostore a complete eld.

In addition, we improved the resource utilization of the sydgem considerably by avoiding
the Nios 2 processor and the optimization of thePiexwure block. Our algorithm HW-

implementation utilized only 54.5% of the available logic dements, 2.6% of the memory
bits and 27% of the DSP blocks of the FPGA. We tested the systenthoroughly from

bottom up, and we have veri ed that all must haverequirements were met. Furthermore,
we found that the maximum system clock frequency is 104 MHz, lherefore we have set the
system clock frequency at 100 MHz. In Chapter 6 the methodolgy and the framework of
the performance analysis has been explained. In addition,hte results that are acquired
for the time performance analysis have been discussed. Theftware implementation

has been normalized for a fair performance comparison. Fuhtermore, the hardware
implementation has been compared to its normalized softwae counterpart; the speedup
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of the hardware implementation compared to the software impementation was found to
be 3.40 for the two reference systems as used in our evaluation studyThe hardware
version has met the time requirements whereas the softwaremplementation has not
(for images with a resolution of 640 480). Therefore, the hardware implementation
was recommended for the use in TV sets. Furthermore, we envisn that the proposed
architecture can process HDTV format video material (720p @ 1080i) in real-time, when
the nal sky probability calculation stage is further pipel ined, since pixel rates of upto
142 MHz can be processed. The pipelining of the mentioned sf@ can be performed by
duplicating the P¢oor and Psxy components and by adding registers for the intermediate
results.

7.2 Main research question

As all the subquestions were answered in the previous chapte the answers can be
combined to answer the main research question. This thesisds shown how the sky-
detection implementation was realized and that the system las met the required perfor-
mance for NTSC quality images. As the pixel rate of NTSC qualty images is comparable
to other Standard De nition images (and theoretically, Hig h De nition images can be
processed), we assumed that the system can process all Stamrd De nition images in
real-time. The performance improvement of the hardware impementation compared
to its software counterpart was found as 3.40 . The software implementation has not
met the required performance on a state-of-the-art workstéion, whereas the hardware
implementation that utilizes 54.5% of the Altera EP1S10 FPGA, has met the required
performance.

7.3 Main contributions
The main contributions of this thesis are:

The real-time requirements for the component were formulagd;

The available platforms was compared and an appropriate pldorm was selected
for the demonstrator;

The algorithm was adjusted conform the limited memory footprint;

The algorithm was analysed to determine the optimal architecture that fully utilizes
the available hardware capabilities;

An architecture for the sky-detection algorithm that meets the real-time require-
ments was designed, implemented and functionally veri ed;

The software solution was compared to the implemented hardare solution in terms
of performance.
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7.4 Recommendations for future research

Chapter 6 has shown that the hardware meets the requirementfor NTSC quality video
images. In theory, calculation have shown that HDTV quality images that are used
in the United States for television broadcasts, and that arebeing introduced in the
Netherlands, can also be analyzed in real-time. When the HDV standard is widely
accepted and camera's using this quality are available, ousuggestion can be veri ed
and more research on possible architectural improvementsam be done, e.g. pipelining
the nal sky probability calculation.

Besides the improvements on the architecture for higher redution video, the follow-
ing recommendations are given for future research:

a real-time implementation of Bahman Zafarifar's complete algorithm could be
designed and implemented [16], including:

1. the improved 2-d color model to create a better sky probabity calculation
for skies that have wide variation in blue gradients;

2. the improvement of the rejection of re ections of the sky aea below the surface
and

3. the multi-resolution texture analysis.
the implemented architecture could be implemented on a di eent platform to test

and compare the performance, e.g. on a Xilinx platform or on he Philips platform
(Jaguar platform);

the optimal performance of the implemented architecture calld be measured, using
a camera that provides video with higher frame rates.
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Architecture

This appendix describes the architecture of the implementdon of the sky detection
algorithm. The system consists of three main stages represting the sky-detection
algorithm, these are as follows [16].

The initial sky probability calculation stage;
The model-adaptation stage;

The nal sky probability calculation stage.

First the overview of the system architecture is presentedm Section A.1. Next, the three
mentioned stages are described in Section A.2 to A.4.

A.1 Overview of sky-detection algorithm

The architecture of the system is depicted in Figure A.1 and i consists of the following
blocks.

Camera;

Scale YUV,

Controller;

Initial sky probability calculation stage;
Model-adaptation stage;

Final sky probability calculation stage;
Reqisters;

Monitor.

These blocks are described in more detail below.

Camera

This is the camera module; it generates the image in the YUV clor space in a resolution
of 640 480 pixels. Each pixel is represented by 2 bytes for the lumiance Y and
chrominance UV component. The signalsHREF, VSYNC and PCLK are generated to
give the controller the synchronization signals. HREF is high before a horizontal line is
generated by the camera and is low after the last pixels of e#cline are given. VSYNC
is pulse that is asserted before each frame startsPCLK is asserted for each pixel that
is send.
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Figure A.1: Architectural overview of designed system

Scale YUV

This block downscales the image by factor 4 in the horizontaland vertical direction. The
downscaling is performed by subsampling. This block scalethe new.line and new._pixel
inputs from the controller and the 16-bit YUV input from the camera. The nl_scaledand
np_scaled are asserted for one clock cycle and at the same time, the sea 24-bit YUV
signal is delivered on the output for being used in the initid sky probability calculation
block. The nl_scaled and np_scaled continue to be asserted two lines and two pixels after
the last eld pixel from the camera has been received so that he bu ers can provide
their output for the last two lines and pixels as well.

Controller

This block keeps track of the pixels, lines and frames givenythe camera. It takes care
of the synchronization information from the camera. It tells the other blocks when a
new pixel/line/frame can be read from the camera. WhenPCLK s asserted, it pulses
new_pixel; when HREF is asserted, it pulsesnew.line and when VSYNC is asserted,
it pulses beginframe. Furthermore, it keeps track of the line number for the nal sky
probability calculation block. The end.frame is asserted when the frame ends, i.e., the
total line number for each frame has been counted. This bloclcontinues to assert the
new_pixel and new.ine after the last pixel has been received from the camera, so the
scale YUV block can create the scaled versions without problems (thecale YUV block
can continue to assert thenl_scaled and np_scaled signals).
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Initial sky probability calculation stage

This block calculates the initial sky probability for each pixel of the scaled image, and the
two thresholds levels per eld (for calculating the color model and the vertical-position
model). The YUV and row_number is also delayed in this block so the adaptation stage
can perform the calculations on the correct input data.

Model-adaptation stage

This block uses the two thresholds from the last eld to mask the sky probability of
the current eld. It calculates the mean values of the YUV components of the pixels
above the color threshold and the mean row number of areas whit initial sky probability
above the vertical-position threshold. Besides the mean Jaes, the variance of the
YUV components of the pixels with initial sky probability ab ove the color threshold is
calculated. These adapted values are used in the Gaussianrfation for the nal sky
probability calculation of the next frame.

Final sky probability calculation stage

This block uses the sky con dence factor, the mean values andhe variance of the
YUV components and the mean row number to create a new functio for the nal sky
probability. It uses the original image resolution to calculate the nal sky probability.
The nal probability is converted to an analogue value for the output.

Registers

There are 4 register blocks in the overview in Figure A.1. Thethreshold & scf register
save the calculated threshold and sky con dence values. Theacf register saves the sky
con dence factor for the nal sky probability calculation b lock. The vertical-position
model register saves the calculated mean vertical-position. Thecolor-model register saves
the calculated mean and variance for the color model. All thase registers save their values
for one single eld.

Monitor

The monitor uses the analogue output (VGA) to display the sky probability.

A.2 Initial sky probability calculation stage

The architecture of the initial sky probability calculatio n block is depicted in Figure A.2
and it consists of the following blocks.

Bu er the luminance values;
Bu er the color values;

Calculate Prexture ;
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Figure A.2: Architecture of the initial sky probability cal culation stage

Calculate Pegior;

Calculate Pposition ;

Calculate Pgyy;

Calculate adaptive threshold and sky con dence.

These blocks are described in more detail below.

A.2.1 Buer the luminance values

This block remembers the scaled luminance values of 4 rows en4 extra pixels, so
all the needed luminance values are present when th@xwre IS calculated. It also
provides the current row number and it indicates to the probability calculation block
when it can start. The Y values are saved when thep_scaled signal is asserted saving
the downscaled values. In total 724 pixels need to be remembed, which is equal to
5,792 bits.

This block includes the following subblocks:
Demux;
SRAM1;
Select;
Registers.

The interconnection of these blocks is depicted in Figure A3 and they are described in
more detail below.

!Static Random Access Memory, this is the fastest memory on the platform
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Figure A.3: Architecture of subblock: bu er the luminance values

A.2.1.1 Demux

This block signals to each SRAM block when to save the incomig luminance value, via
the write signals. It also indicates to the SRAM blocks where to read/wite the data
using the addressline. It also signals to the select block what the correct orer of lines
should be (for the texture calculation).

A.2.1.2 SRAM

This block represents the on-chip memory of the FPGA. It reads the data at location

addr and provides this on its output, and then writes the input dat a at the same memory
location. The SRAM is the memory of our choice, since it is thefastest memory compared
to the o -chip memory and since the amount of on-chip memory s enough.

A.2.1.3 Select

This block arranges the order of the luminance lines from thememory at every new_line

pulse, before they are saved in the register matrix. This blok also provides the line num-
ber of the current pixel for the vertical position probabili ty calculation, and it provides

the synchronization signals for the rest of the blocks.

A.2.1.4 Regqisters

This block represents the 5 5 matrix of shift registers. It shifts the 20 old luminance
values to make place for the new 5 values, and delivers simaheous access to all 25
values to the calculate Rexwre block. In addition, it signals to the next block(s) when
the data can be read.
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Figure A.4: Architecture of subblock: bu er the color values

A.2.2 Bu er the color values

This block remembers theU and V values of 2 rows and 2 pixels, so the correct Bior
and the correct mean YUV values can be calculated by the next locks with the right
delay with respect to the delayed luminance values. This blok needs 5,792 bits of
memory. The U and V values are saved whenever thenp_scaled signal is asserted
thereby saving the scaled values.

This block consists of the following subblocks:
Demukx;
SRAM;
Select.

The interconnection of these blocks is depicted in Figure A4 and they are described in
more detail below.

A.2.2.1 Demux

This block is the same as the one described above in the bu erite luminance values.

A.2.2.2 SRAM

Also this block is the same as the one described above in the kar the luminance values.

A.2.2.3 Select

This block selects the delayed UV values from the two SRAM blaks for the chrominance
output, which are delayed 2 pixels by the registers, e.g., foodd lines take line memory
1, else take line memory 2.
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A.2.3 Calculate P iexture

This block calculates Piexture Using the 25 luminance values from the bu er. The rst
two pixels and the last two pixels of each line are omitted forsimplicity. The new_pixel
input signals to this block when to begin calculations for ea&h pixel.

The sum of absolute di erences (SAD) and the gradient of the uminance values of
the image are calculated for each pixel, after whichPxure Can be calculated. The
sum of absolute di erences is calculated for each adjacentigel in a5 5 matrix in
the horizontal and vertical direction. The horizontal gradient is calculated by taking
the di erence of the left and right halves of the analysis window, and vertical gradient
is calculated similarly using the top and bottom halves. The texture probability is
extracted from a look-up table (LUT) by using the resulting SAD and gradient as the
index.

This block also tells the sky probability block to start calculating, since this block
takes longer as compared to the calculate B and calculate Pyositon blocks. Once the
Pwextwure IS available, the new_pixel signal can be asserted safely on the output so the sky
probability calculation can be performed by the next block.

This block calculates Pcoor for every pixel from the YUV values using a LUT that
represents a Gaussian function for each color component. Eh component results in
a probability and P¢qor is calculated by multiplying these probabilities. The new._pixel
line tells this block when to read the YUV input.

A.2.5 Calculate P position

This block calculatesPpsition for every row from the row_number using a LUT containing
the Gaussian vertical probability function. The new_pixel line tells this block when to
read the row_number from the input.

A.2.6 Calculate P g

This block calculates Pgyy for each pixel by multiplying the Pcojor, Ptexture @nd Pposition -
The new_pixel line tells this block when to read the probabilities from the input.

A.2.7 Calculate adaptive threshold and sky con dence

This block looks at every Py value and creates a histogram of thes®s., values. When
the frame is completely read (on assertecnd.frame signal), it integrates the histogram
starting from Pgy, = 255 back to Psy = 0. The resulting integration function is multi-
plied with a weighting function that assignes more weight to higher Pg, values, so the
higher values ofPs,, have a higher in uence on the eventualthresholds of the frame.
The maximum of the weighted integration function is the sky.con dence_factor.
And the two thresholds are calculated by searching for the values of a half of the
sky_con dence_factor, on the left and right side of the position of the maximum value.
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Figure A.5: Architecture of subblock: calculate adaptive threshold and sky con dence

This block consists of the following subblocks:
Mux;
Histogram;
Integrate and multiply;
SRAM histogram;
SRAM integrated and weighted.

The overview of this block is depicted in Figure A.5 and the snaller subblocks are
explained in more detail below.

A.2.7.1 Mux

The upper two mux blocks in Figure A.5 are busmuxes and the bottom one is a multi
plexer for 1 bit. These blocks select one of the two input sigals.

A.2.7.2 Histogram

For every new pixel, this block reads the current saved histgram value from the memory
corresponding to the P, value. Increments it by 1 and saves the new value back in the
memory.
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A.2.7.3 Integrate and multiply

In the blanking period of the video (on assertedendframe), this block reads all the
histogram values from the maximum of Py to the minimum. Starting from the highest
histogram index (255), this block does the following steps:

integrates the Pgyy values;

multiplies the integrated value with the corresponding weighting factor, resulting
in the accumulated-weighted sky probability;

compares the accumulated weighted sky probability, with its current maximum
(the sky_con dence_factor);

if it is higher, it saves the new value as the new maximum (the
sky_con dence_factor);

if it is lower: do nothing;
the accumulated-weighted Ry, values are saved in theSRAM_int_weight block.
After this step, the two thresholds (threshold1 and threshold2) are found as follows:

for the color threshold, starting from the position of the maximum of the
accumulated-weighted Ryy, we move upwards to position 255 and stop when the
current value of the accumulated-weighted Ry, becomes lower than% of its max-
imum. The index of this position is the required threshold;

for the vertical-position threshold, starting from the position of the maximum of
the accumulated-weighted Ryy, we movedownwardsto position O and stop when
the current value of the accumulated-weighted Ry, becomes lower than% of its
maximum. The index of this position is the required threshold.

At the end, the new_threshold output is asserted and subsequently this block is resetted
by saving zeros in the histogram memory. This should be nisled before the blanking
ends.

A.2.7.4 SRAM histogram

This is the on-chip memory that saves the histogram, it is writen by the Histogram
block and resetted by the Integrate and multiply block.

A.2.7.5 SRAM int weight

This is the on-chip memory that contains the accumulated-weghted Py, values, it is
only written by the Integrate and multiply block.
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Figure A.6: Architecture of the model-adaptation stage

A.3 Model-adaptation stage

The architecture of the model-adaptation stage is depictedn Figure A.6 and it consists
of the following blocks.

Compare Py with the thresholds;

Calculate total row number and total rows;
Calculate total YUV parameters and total pixels;
Calculate mean row number,

Calculate mean and sigma for YUV values.

These blocks are described in more detail below.

Compare P ¢y, with the thresholds

This block compares thePg,, values of each pixel with the two thresholds,threshold1
and threshold2 of the last eld to generate the output for the mean calculations. The
new_pixel input tells this block when to read the Pgy values from the input. The
new_pixel_out, do_out and do_pixel_out output tells the other blocks when a new compar-
ison has been made and whether the pixel should be consideréar the mean calculation
or not.

Calculate total row number and total rows

This block counts the number of pixels that have a Ry, above the vertical-position
threshold for each image line and compares the calculated tal of pixels with a minimum

number of pixels that should be above the threshold ﬁth of the image width).

The row numbers that have more than %th of the image width, contribute fully to

the total row number, whereas row numbers that havelessthan %th of the image width
contribute with a ratio proportional to the number of pixels above the threshold.
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At the end of each eld, this block gives the total weighted row number (total_out)
and the total summed pixels (sum.out) as the output of this block and tells the next
block to start the calculation for the mean row number with th e calculate_.out output.

Calculate total YUV parameters and total pixels

This block sums the YUV values of the pixels that have an initial sky probability that is
above the color threshold and it also counts the number of theotal pixels that are above
the threshold. At the end of each eld, it gives the summed YUV values (otal_YUV _out)
and the total counted pixels (total_pixels.out) as output and it tells the next block to
start the calculation for the mean YUV values.

Also the sum of absolute di erences between therUV values and the corresponding
mean value of the previous eld is calculated for each color amponent.

Calculate mean row number

When calculate is asserted, this block calculates the mean row number fromtte total
weighted row numbers (otal) and the sum of the considered pixels gum) input. This
mean row number is computed by dividing thetotal by the sum. The mean row number
is saved in the vertical-position model register and is usedn the nal sky probability
calculation block in the next eld.

Calculate mean and sigma for YUV values

When calculate is asserted, this block calculates the mean value for each Y¥J compo-
nent using the inputs for the total YUV values (total_YUV ) and total considered pixels
(total_pixels). Also the sigma for each YUV component is calculated using he sum of
absolute di erences (SAD) and total considered pixels. These are computed by dividig
the total_YUV by the total_pixels, and by dividing the SAD by the total_pixels, respec-
tively. The mean and sigma values of each component are saveid the color-model
register and are used in the nal sky probability calculation block in the next eld.

A.4 Final sky probability calculation stage

The architecture of the nal calculation of the sky probabil ity is depicted in Figure A.7
and it consists of the following blocks.

Calculate Pposition ;
Calculate Peior;

Calculate Pgyy;

Generate analogue B, HW.

These blocks are described in more detail below.
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Figure A.7: Architecture of the nal sky probability calcul ation stage

Calculate P position

This block calculates Pygsition from the row_number of the pixel from the original image

resolution using the following linear function adapted by the mean row number value
saved in the register:

( L

1 @9 L<3 s

0 L 3 (A.1)

Ppositon =

In this equation, s is the calculated mean position andL represents the current line
number. This calculation is performed once per row, at the sart of each row.

Calculate P color

This block bu ers the Y and U/V values from the input and it calculates Pqor from the

YUV values using the Gaussian function adapted by themeanYUV and the sigmaYUV

values saved in the registers from the previous eld. This isdone for every pixel. Since
U or V needs to be bu ered, this block generates a delay of 1 pixel. \Wen the color
probability is calculated, this block signals to the sky praobability calculation to start.

Calculate Py

This block calculates the nal sky probability by multiplyi ng the adapted Ppgsition
with the Pcoor for each pixel. The nal sky probability is also multiplied by the
sky_con dence_factor.

Generate analogue P g, HW

This block generates an analogue luminance value from the Bi digital P g, value to
create a gray-scale image for the monitor (brighter means tht the sky probability is
higher).



Test strategy

This appendix describes the test strategy for the complete ystem. The chosen strategy
is to test the system from the bottom up. So rst all the smaller subblocks are
implemented, simulated (with Modelsim Version XE Ill/Star ter 6.0d) and veried on

hardware before an integral test on these subblocks are pemfmed. Eventually the

toplevel of the system is tested and two or three levels of tds have been performed.

The sections below describe the tests for the dierent block. First, the tests for

the blocks in the bu ers are described in Section B.1 and B.2. Second, the tests for
the threshold calculation is described in Section B.3. Thid, the tests for all the blocks
in the three di erent stages are stated in Section B.4 to B.6. Finally, the tests for the

blocks in the overview of the system are described in SectioB.7.

B.1 Bu er the luminance values

In this section the tests for the subblocks of the bu er the luminance values block are
listed.

1. The demux block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;
generate a pulse of at least 1 clock cycle for theeginframe input;

Table B.1: Behavior of the line_state as a result of thenew.line signal

line_state | meaning in the demux block | meaning in the select block
000 | reset {
001 | write line 1 {
010 | write line 2 {
011 | write line 3 read input for line 1
100 | write line 4 read input for line 2
101 | write line 5 { end read input for line 3 { (end-2)
110 | no write read input for line (end-1)
111 | no write read input for line (end)
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set the new._line to pulse every 1000 ns and thenew_pixel to pulse every
100 ns, the pulses should not overlap.

Expected results:

{ the write outputs will pulse at every new_pixel pulse and these outputs
loop from 1 { 4 at every new.linge;

{ the line_state will increment from zero to seven as listed in Table B.1;
{ the addr will be resetted at every new.ine and it will accumulate the
new_pixel pulses.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;
connect the reset button, this signal should be inverted;

connect three buttons that should provide the beginframe, new.line and
new_pixel inputs, when the buttons are pushed, the signals should be gh
only one clock cycle;

connect the output of the write outputs to a counter, the counter output
can be displayed;

connect theline_state to a display;

connect the addr to a display.

Expected results:

{ the value of the display for the write outputs will increment at every
new_pixel pulse, only one counter will increase its output in each line

{ the line_state will increment from zero to seven as listed in Table B.1;

{ the addr will be resetted at every new.ine and it will accumulate the
new_pixel pulses.

2. The SRAM blocks:

(a) Modelsim: this block cannot be simulated in Modelsim, beause it uses mem-
ory modules on the speci ¢ FPGA.

(b) Hardware:

use a DPRAM, as the memory block;

connect a PLL that creates a clock signal of 100 MHz;

create/connect a pulser that pulses every second to an 8-bitounter;
connect the output of the counter to the data input of the memory block;

connect the least signi cant 6 bits of the output of the counter to the
address input of the memory block, the upper two bits of the adiress
input should be grounded;

connect the output from the pulser through two ip- ops to th e write
enable input of the memory block;

connect the output of the memory block to a display;
connect the output of the counter to a display;
Expected results:
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{ the value of the counter will increment up to 255;

{ the display of the memory block will display the counter output with a
delay of 64 increments, because the old memory value of the mrery
block will be displayed.

3. The select block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;

set the new.line to pulse every 400 ns and thenew_pixel to pulse every
100 ns, the pulses should not overlap;

set the line_state to the correct value according to Table B.1;
set the Y inputs to random unique values for every new pixel.
Expected results:
{ the row output will start at zero and increment at every new line,
with a delay of two lines;
{ the en_ppos will pulse at every increment of the row output;
{ the new_pixel will pulse at every new pixel input with a delay of two
lines;
{ the Y outputs will show no output for the rst two lines;
{ for the third line this block will map the rst Y input to the r st

three Y outputs, the second Y input to the fourth Y output and t he
fth Y input to the fth Y output;

{ for the fourth line this block will map the rst Y input to the rst
two Y outputs, the second Y input to the third Y output, the thi rd
Y input to the fourth Y output and the fth Y input to the fth Y
output;

{ for the fth line this block will map the Y inputs to the Y outpu ts;

{ for the next lines until the last line, this block will rotate the rst
4 inputs backwards and give the rotated inputs as outputs, the fth
output will give the fth input;

{ after the last line, rst, this block will give the fth input to the last
two outputs and the rest will rotate further; next, this bloc k will give
the fth input to the last three outputs and the rest will stil | rotate
further; then, it stops giving outputs until the line_state is resetted.

(b) Hardware:
connect a PLL that creates a clock signal of 100 MHz;
connect the reset button, this signal should be inverted;
connect 5 unique constant values to the Y inputs;

connect two buttons that should provide the new.line and new._pixel in-
puts, when the buttons are pushed, the signals should be higlonly one
clock cycle;
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connect a button to a counter to provide the line_state input, the line
state should change according to Table B.1;

connect therow output to a display;

connect the en_ppos output to a counter and connect the counter output
to a display;

connect theY outputs to a display.
Expected results:

{ the values of the counter and the row output will increment at every
new line, except for the rsttwo lines and they will be similar;

{ the value of the Y outputs will be similar to the results for the sim-
ulation for this block, described above.

4. The registers block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;
set the new_pixel to pulse every 100 ns;
set the 5Y inputs to random unique values for every new pixel.
Expected results:
{ the new_pixel will pulse at every new pixel input;

{ the Y outputs will show that the current Y inputis given at the Y1
output and that the Y1 to Yy4 are shifted to Yyo to Y5 at every
new pixel (where 1 x 5).

(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;
connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to a 5-bitaunter;

connect the output of the counter to the 5 lowest signi cant bits of the Y
inputs of this block, the upper three bits should be constantand di erent
for every Y input, so they are distinctive;

connect the output from the pulser through two ip- ops to th e new_pixel
input of the register block;

connect thenew_pixel output to a counter and connect the counter output
to a display;

connect theY outputs to a display, one at a time, as there are not enough
displays on the platform.

Expected results:
{ the values of the counter output will increment at every new pxel;

{ the value of the Y outputs will be similar to the results for the sim-
ulation for this block, described above.
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B.2 Bu er the color values

This section lists the tests for the subblocks of the bu er the color values block.

1. The demux block:
the tests for this block are the same as for the demux block ofe bu er the
luminance values block.

2. The SRAM blocks:
the tests for this block are the same as for the SRAM block of tle bu er the
luminance values block.

3. The select block:
the tests for this block are the same as for the select block a¢he bu er the lumi-
nance values block.

B.3 Calculate adaptive threshold and sky con dence

This section describes the tests for the subblocks of the calllate adaptive threshold and
sky con dence block. The Mux block is a standard library function, so this block does
not need to be tested. The tests for the other blocks are listeé below.

1. The histogram block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;
set the new_pixel to pulse every 100 ns;
set the old_number input at random values for every new pixel.
Expected results:
{ the new.number output will be equal to the old_number incremented
with 1;
{ the write output will pulse at every new pixel.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;

connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to an 16-bcounter;
connect the output of the counter to the old_number input of this block;

connect the output from the pulser through two ip- ops to th e new_pixel
input of the register block;

connect the output of the counter to a display;

connect thewrite output to a counter and connect the counter output to
a display;

connect the new_.number output to a display.
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Expected results:
{ the value of the counter output will increment at every new pixel,

{ the value of the new.number output will be equal to the counter
output incremented by 1.

2. The integrate and multiply block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;

pulse the end.frame for at least 10 ns;
generate 256total inputs every 60 ns;

then, generate some descendingeighted inputs every 30 ns, until the
weighted input gets lower than the threshold;

next, generate some more descendingeighted inputs every 30 ns, until
the weighted input gets lower than the threshold;
Expected results:
{ the weighted output will be equal to the total input multiplied by the
weighting function;
{ the addrl output will be decremented by 1 every 60 ns from 255 to
0;
{ the internal signal threshold.ydim, current_qf and the addr_gf will be
updated whenever theweighted output is higher than the current_gf;

{ after all the 256 weighted values are calculated (to be saved) and the
addrl output reaches 0, theaddr2 output is lowered from the addr_gf
and the (resulting) weightedinput is compared to the threshold.ydim;
when the weighted gets lower than the threshold.ydim, the address of
the weighted input is saved asthresholdl;

{ the addr2 output is raised from the addr_qf and the (resulting)
weightedinput is compared to the threshold.ydim; when the weighted
gets lower than the threshold.ydim, the address of theweighted input
is saved asthreshold2;

{ the new.threshold output is pulsed.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;

connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to an 15-btounter;
connect the output of the counter to the total input of this block;
connect the end.frame button;

use a syncram block for the memory for theweighted output;
connect the addr2 output to the address of the syncram block;
connect the weighted output to the data of the syncram block;
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connect the write2function output to the write _enable of the syncram
block;

connect the g output of the syncram block to the weighted input;
connect the output of the counter to a display;
connect the threshold1 and threshold2 output to a display;
connect the sky_con dence_factor output to a display;
connect the g output of the syncram block to a display.
Expected results:
{ the value of the counter output will increment every 6 clk cydes;

{ the g output of the syncram block will show a curve that has an
optimum at address 145;

{ the value of the sky.con dence_factor output will be equal to the
maximum of the weighting function, i.e., 689,865;

{ the value of thresholdl will be equal to 86;
{ the value of threshold2 will be equal to 201.

3. The SRAM blocks:
the tests for this block are the same as for the SRAM block of tle bu er the
luminance values block.

B.4 Initial sky probability calculation stage

Once the subblocks in the bu ers are tested, all the blocks inthe rst pass of the sky
detection block can be tested. The tests for these blocks ardescribed in this section.

1. The bu er the luminance values block:

(a) Modelsim: this block cannot be tested in Modelsim, becasge it uses memory
modules on the speci ¢ FPGA.

(b) Hardware:
connect a PLL that creates a clock signal of 100 MHz;
connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to an 8-bitounter;
connect the output of the counter to the Y input of this block;
connect the beginframe button, it should pulse for one clock cycle when

pushed;
connect the new.line button, it should pulse for one clock cycle when
pushed;
connect the new_pixel button, it should pulse for one clock cycle when
pushed;

connect therow output to a display;

connect the en_ppos output to a counter, which output is connected to a
display;
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connect the new_pixel output to a counter, which output is connected to
a display;

connect all the Y,y outputs to a display (1 xy 5).

Expected results:

{ the value of the en_ppos counter will increment at every new line and
is equal to the value of the row output, except at the rst two;

{ the value of the new_pixel counter will increment at every new pixel,
except at the rst two lines and the rst two pixels of the thir d line;

{ the value of the Y,y outputs will show the same bahavior as in the
register block test described in Section B.1.

2. The bu er the color values blocks:

(&) Modelsim: this block cannot be tested in Modelsim, becase it uses memory
modules on the speci c FPGA.

(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;

connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to an 8-bitounter;
connect the output of the counter to the U and V inputs of this block;

connect the beginframe button, it should pulse for one clock cycle when
pushed;

connect the new.line button, it should pulse for one clock cycle when
pushed;

connect the output of the pulser to the new_pixel input;
connect the output of the counter to a display;
connect theU and V outputs to a display.

Expected results:

{ the value of the output of the counter will increment to 255 with one
every second;

{ the value of theU andV outputs will show the output of the counter
with a delay of two lines and two pixels.

3. The calculate P exture block :

(a) Modelsim:

generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;
set the new_pixel to pulse every 100 ns;
generate randomY inputs every 100 ns;
Expected results:

{ the new_pixel output will pulse every 100 ns;
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{ the internal signal address will be equal to the sum of the gradi-
ent (horizontally and vertically) and the sum of absolute di erences
between all the adjacent pixels, horizontally and verticaly, with a
maximum of 255;

{ the Piexture Will be equal to the Gaussian function with the address
as input.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;
connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to th@ew_pixel input;

create/connect a block that generates 25 randonY values between 0 and
255 for this block;

connect the new_pixel output to a counter, which output is connected to
a display;

connect the Piexwre Output to a display.

Expected results:

{ the value of the output of the counter will increment to 255 with one
every second;

{ the value of the Pwxwre Will be equal to the Gaussian function of
the sum of the sum of absolute di erences and the gradient of he
luminance values.

4. The calculate P qor block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;

set the rst to be high for 20 ns;

set the new_pixel to pulse every 100 ns;

generate randomY, U and V inputs every 100 ns;
Expected results:

{ the internal address signal will show the scaled and normatied value
of the YUV input;

{ the P¢gor Will be equal to the calculated probability using the same
YUV values.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;

connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to an 8-bitounter;
connect the output of the counter to the Y, U and V inputs of this block;

connect the output of the pulser through two ip- ops to the new_pixel
input of this block;

connect the Pgor Output to a display.
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Expected results:

{ the value of the Py Will be equal to the calculated probability using
the same YUV values.

5. The calculate P position block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;

set the rst to be high for 20 ns;

set the en_ppos to pulse every 500 ns;

generate randomrow inputs every 500 ns;

Expected results:
{ the internal address signal will show the scaled value of theow input;
{ the Ppositon Will be equal to the calculated probability using the same

row value.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;

connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to an 8-bitounter;
connect the output of the counter to the row input of this block;

connect the output of the pulser through two ip-ops to the en_ppos
input of this block;

connect the Pygsition OUtput to a display.
Expected results:

{ the value of the Pposiion Will be equal to the calculated probability
using the same row values.

6. The calculate P g, block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;

set the rst to be high for 20 ns;

set the new_pixel to pulse every 100 ns;

generate randomPiexiure , Pcolor @and Pposition inputs every 100 ns;

Expected results:

{ the Pgy will be equal to the calculated probability using the same
probabilities.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;
connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to an 8-bitounter;
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connect the output of the counter to the three probabilities inputs of this
block;

connect the output of the pulser through two ip- ops to the new_pixel
input of this block;

connect the Pgy output to a display.
Expected results:

{ the value of the Pgy will be equal to the calculated probability using
the same probabilities.

7. The calculate adaptive threshold and sky con dence block:

(a) Modelsim: this block cannot be simulated in Modelsim, be&ause it uses mem-
ory blocks that do not have a model.

(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;

connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to an 8-bitounter;
connect the output of the counter to the Pgyy input of this block;

connect the output of the pulser through three ip- ops to th e new_pixel
input of this block;

connect a button to the end.frame input;

connect the threshold1 and threshold2 outputs to a display;

connect the sky_con dence_factor output to a display;

connect the new_threshold output to a counter, which output is connected
to a display.

Expected results:

{ every time the end.frame button is pushed, newthresholdsand a new
sky_con dence_factor appears at the output;

{ every time the end.frame button is pushed, the counter that is con-
nected to the new_threshold output is incremented with 1;

{ the value of the thresholds and the sky.con dence_factor will be de-
pendent of the moment the end.frame button is pushed, these value
will be equal to the calculated value.

B.5 Model-adaptation stage

This section lists the tests that should be done to verify theimplemented blocks in the
model-adaptation stage. These are listed below.

1. The compare P ¢y with the thresholds block:

(a) Modelsim:
generate aclk with a frequency of 100 MHz;
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set the rst to be high for 20 ns;
set the thresholdl and threshold2 at xed values;
set the new_pixel to pulse every 100 ns;
generate randomPyg, inputs every 100 ns;
Expected results:
{ the t_row or t_yuv output will be asserted when thePyg, is above the
thresholdl or threshold2 respectively;
{ the new_pixel output will be asserted every time the new_pixel input
is asserted.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;

connect the reset button, this signal should be inverted;

connect the output of a block that outputs a xed thresholdl and thresh-
old2 to this block;

create/connect a pulser that pulses every second to an 8-bitounter;

connect the output of the counter to the three probabilities inputs of this
block;

connect the output of the pulser through two ip- ops to the new_pixel
input of this block;

connect the output of the counter to a display;

connect the new_pixel output to a counter that is connected to a display;
connect thet_row and t_yuv outputs to a display.

Expected results:

{ the value of the output of the Pnew_pixer counter will be incremented
every time the new_pixel input is asserted, so it should be equal to
the counter at the input;

{ the display of t_row will light up when the output of the counter is
above thresholdl;

{ the display of t_yuv will light up when the output of the counter is
above threshold2

2. The calculate total row number and total rows block:

(&) Modelsim:
generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;
set the new.line to pulse every 1600 ns and thenew_pixel to pulse every
100 ns, these should not overlap;
generate a randomrow input every time the new.line pulses;
set the do input to one or to zero randomly;
after some time, pulse theend.frame input.
Expected results:
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{ the sum output will count the number of times the do input and the
new_pixel input are both one, with a maximum of 4 per line;

{ the total output will be the sum of the weighted row numbers, the
number of pixels per line above the threshold is the weight, wh a
maximum of 4 per ling;

{ the calculate output will assert, when the end.frame is asserted.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;
connect the reset button, this signal should be inverted;

create/connect a pulser that pulses every second to an 8-bitounter, that
is composed by two 4-bit counters;

connect the output of the counter to the row input of this block;

connect the output of the pulser through two ip- ops to the new_pixel
input of this block;

connect the over ow of the rst counter to the new.ine input;

connect a button to the do input;

connect a button to the end.frame input;

connect the sum output to a display;

connect thetotal output to a display;

connect the calculate output to a counter, which output is connected to
a display.

Expected results:

{ the value of the sum will be equal to the sum of pixels where thedo
button is pushed, with a maximum of 4 per line;

{ the value of the total will be equal to the weighted sum of the row
numbers, with a maximum weight of 4 per line;

{ the value of the counter at the output will increment when the
end.frame button is pushed.

3. The calculate total YUV parameters and total pixels block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;

set the rst to be high for 20 ns;

set some xed random values for themeanYUV inputs;

set the new_pixel to pulse every 100 ns;

generate a randomYUV input every time the new_pixel pulses;
set the do_pixel input to one or to zero randomly;

after some time, pulse theend.frame input.

Expected results:

{ the total_pixels output will count the number of times the do_pixel
input and the new_pixel input are both one;
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{ thetotalYUV outputs will be the sum of the YUV values of the pixels,
where the do_pixel is high;

{ the sigmaYUV outputs will be the sum of absolute di erences be-
tween the YUV input and the meanYUV input;

{ the calculate output will assert, when the end.frame is asserted.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;

connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to an 8-bitounter;
connect the output of the counter to the YUV inputs of this block;

connect the output of the pulser through two ip- ops to the new_pixel
input of this block;

connect a button to the do_pixel input;

connect a button to the end.frame input;

create/connect a block that sets themeanYUV inputs;

connect the total_pixels output to a display;

connect thetotalYUV outputs to a display;

connect the sigmaYUV outputs to a display;

connect the calculate output to a counter, which output is connected to
a display.

Expected results:

{ the value of the total_pixels will be equal to the sum of pixels where
the do_pixel button is pushed;

{ the values of the totalYUV will be equal to the sum of the YUV
values;

{ the values of the sigmaYUV will be equal to the sum of absolute
di erences between theYUV inputs and the meanYUV inputs;

{ the value of the counter at the output will increment when the
end.frame button is pushed.

4. The calculate mean row number block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;

pulse the calculate input a few times, while setting the input for the
numerator and denominator input;

to simulate the divider, the division input is set 120 ns after thecalculate
input has pulsed.

Expected results:

{ the numerator and the denominator outputs will be equal to the
numerator and the denominator inputs;
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{ the mean output will be equal to the division input;
{ the new.mean output will be asserted when thedivision input is re-
ceived.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;

connect the reset button, this signal should be inverted;

create/connect a pulser that pulses every second to an 14-bctounter;
connect the output of the counter to the numerator input;

connect the output of the pulser through two ip- ops to the calculate
input;

create/connect a block that sets thedenominator input;

connect a divider with a pipeline length of 11 to the numerator and the
denominator output and to the division input;

connect the output of the 14-bit counter to a display;

connect the mean output to a display;

connect the new.mean output to a counter, which output is connected to
a display.

Expected results:

{ the value of the mean output will be equal to the calculated mean
using the output of the 14-bit counter and the denominator value;

{ the value of the output of the counter at the output, will count the
number of divisions performed.

5. The calculate mean and sigma for YUV values block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;

pulse the calculate input a few times, while setting the input for the
totalYUV, sadYUV and denominator input;

to simulate the divider, the 6 division input are sequentially set 120 ns
after the calculate input has pulsed with an interval of 10 ns.
Expected results:
{ the numerator output will be sequentially equal to the totalY, totalU,
totalV, sadY, sadU and sadC inputs;
{ the denominator output will be equal to the denominator input;
{ the meanYUV and the sigmaYUV outputs will be equal to the divi-
sion inputs that were sequentially set;
{ the new.mean output will be asserted when the lastdivision input is
received.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;
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connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to an 28-bcounter;

connect the 23 least signi cant bits of the output of the counter to the
totalY input;

connect the bits 23 { 1 of the output of the counter to the totalU input;
connect the bits 24 { 2 of the output of the counter to the totalV input;
connect the bits 25 { 3 of the output of the counter to the sadY input;
connect the bits 26 { 4 of the output of the counter to the sadU input;
connect the bits 27 { 5 of the output of the counter to the sadV input;
connect the output of the pulser through two ip- ops to the calculate
input;

create/connect a block that sets thedenominator input;

connect a divider with a pipeline length of 11 to the numerator and the
denominator output and to the division input;

connect the output of the 28-bit counter to a display;

connect the meanYUV outputs to a display;

connect the sigmaYUV outputs to a display;

connect the new_.mean output to a counter, which output is connected to
a display.

Expected results:

{ the value of the meanYUV and the sigmaYUV outputs will be equal
to the calculated mean using the output of the 28-bit counterand the
denominator value;

{ the value of the output of the counter at the output, will count the
number of divisions performed.

B.6 Final sky probability calculation stage

The tests that should be performed to verify the blocks in the second pass of the sky
probability calculation are stated below.

1. The calculate P position block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;

set a xed random value for the meanrow input;
set the new.line to pulse every 100 ns;
generate randomrow inputs every 100 ns;

for the simulation of the divider, generate from_div 90 ns after the
new_line has pulsed.

Expected results:
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{ the numerator will be equal to three times the meanrow input minus
the row input;

{ the denominator will be equal to three time the meanrow;
{ the Ppositon Will be equal to the calculated probability using the same
row value and the same meanrow value.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;

connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to an 8-bitounter;
connect the output of the counter to the row input of this block;

connect the output of the pulser through two ip- ops to the new.line
input of this block;

create/connect a block that sets the meanrow input;

use a divider with a pipeline of 6 cycles to connect thenumerator and
denominator output and to connect to the from_div input;

connect the numerator and denominator output to a display;
connect the output of the counter to a display;

connect the Pyesition OUtput to a display.

Expected results:

{ the numerator will be equal to three times the meanrow input minus
the row input;

{ the denominator will be equal to three time the meanrow input;

{ the value of the Pposiion Will be equal to the calculated probability
using the same row value and the same meanrow value.

2. The calculate P qor block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;

set the sigmaYUV and meanYUV inputs at xed random values between
0 and 255;
set the new._line to pulse every 1400 ns and thenew_pixel to pulse every
100 ns, these should not overlap;
generate randomY, U and V inputs every 100 ns for the rst 10 pixels
of each line;
Expected results:
{ the internal address signal will show the scaled and normatied value
of the YUV input;
{ the P¢qor Will be equal to the calculated probability using the same
YUV values and the same Gaussian function parameters as thesed
sigma and mean.
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(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;
connect the reset button, this signal should be inverted;

create/connect a pulser that pulses every second to an 8-bitounter, that
is composed by two 4-bit counters;

connect the output of the counter to the Y and UV inputs of this block;

connect the output of the pulser through two ip- ops to the new_pixel
input of this block;

connect the over ow of the rst counter through two ip-ops to the
new_line input;

create/connect a block that sets themeanYUV and sigmaYUV inputs;
connect the output of the YUV counter to a display;

connect the new_pixel output via a counter to a display;

connect the Pgor Output to a display.

Expected results:

{ the value of the new_pixel counter will be equal to the value of the
YUV counter;

{ the value of the Py Will be equal to the calculated probability using
the same YUV values and the same Gaussian function parametsras
the used sigma and mean.

3. The calculate P ¢y block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;

set the rst to be high for 20 ns;

set the new_pixel to pulse every 100 ns;

generate randomP ooy and Pposition iNputs every 100 ns;

Expected results:

{ the Pgy will be equal to the calculated probability using the same
probabilities.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;
connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to an 8-bitounter;

connect the output of the counter to the two probabilities inputs of this
block;

connect the output of the pulser through two ip- ops to the new_pixel
input of this block;

connect the new_pixel output through a counter to a display;
connect the Pgy output to a display.
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Expected results:
{ the value of the new_pixel counter will be equal to the probabilities
counter;

{ the value of the Pgy will be equal to the calculated probability using
the same probabilities.

4. The generate analogue P ., block ; generate an image as input and check the
output on a monitor.

B.7 Complete system

After all the subblocks and all the blocks in the di erent stages of the sky probability
algorithm are tested, the blocks in the toplevel can be testd. The tests for these blocks
are listed below.

1. The camera:

(a) Modelsim: the camera cannot be simulated in Modelsim;

(b) Hardware:
connect a PLL that creates an external clock signal of 27 MHz & generate
a video stream in NTSC quality [12];
connect the PCLK signal to a 10-bit counter that is resetted by the
HREF signal (counter one);
connect the HREF signal to a 8-bit counter that is resetted by the
V SY NC signal (counter two);
connect theV SY NC signal to a 8-bit counter (counter three);

create/connect a pulser that pulses every second to the resenput of
counter three;

connect the output of the three counters to a display;
Expected results:
{ the value of counter one should be equal to 640;
{ the value of counter two should be equal to 240;
{ the value of counter three should be equal to 60;

2. The scale YUV block:

(a) Modelsim:
generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;

set the new._line to pulse every 1600 ns and thenew_pixel to pulse every
100 ns, these pulses should not overlap;

generate random aY and UV inputs for every new pixel,
Expected results:
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{ the new_pixel output will pulse at the second new_pixel input of every
4 input pulses;

{ the new.line output will pulse every 4 new.line pulses, starting with
the rst line;

{ the Y output will be equal to the rst of every 4 Y inputs;

{ the U output will be equal to the rst of every 4 UV inputs;

{ the V output will be equal to the second of every 4UV inputs;

(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;
connect the reset button, this signal should be inverted;

create/connect a pulser that pulses every second to an 8-bitounter, using
two 4-bit counters;

connect the output of the counter to the two color componentsof this
block;

connect the output of the pulser through two ip- ops to the new_pixel
input of this block;

connect the over ow of the rst counter through two ip-ops to the
new.line input of this block;

connect the output of the counter to a display;

connect the new._line output through a counter to a display;
connect the new_pixel output through a counter to a display;
connect the YUV outputs to a display.

Expected results:

{ the value of the new_pixel counter will be incremented every fourYUV
counter increments, starting with the second increment;

{ the value of the new.line counter will be incremented every sixteen
YUV counter increments, starting with the rst increment;

{ the Y and the U value will be updated with the YUV counter value
when the YUV counter mod 4 is equal to 1;

{ the V value will be updated with the YUV counter value when the
YUV counter mod 4 is equal to 2;

3. The controller block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;
set the href to pulse every 1000 ns for 900 ns;
set the pclk to pulse every 25 ns for 12 ns;
set the vsync to pulse every 50 s for 25 ns.
Expected results:
{ the beginframe output will pulse at every vsync pulse;
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the end.frame output will pulse when 248 href pulses are counted;
the new.line output will pulse at every rising edge of href;
the new_pixel output will pulse at every rising edge of pclk;
the row output will keep track of the number of href pulses, it incre-
ments at the falling edge ofhref 2.
(b) Hardware:
connect a PLL that creates an internal clock signal of 100 MHzand a
clock signal for the camera module of 27 MHz;
connect the reset button, this signal should be inverted;

connect the syncronization signals of the camera to this blok, i.e., href,
pclk and vsyng using two ip- ops to minimize unstable behavior;

connect a counter to the beginframe, end.frame, new.line and new_pixel
outputs;

connect the output of the counters to bu ers, to enable samping the
value of the counters by using the push buttons;

connect the output of the bu ers to displays;
connect therow output to a display.
Expected results:

{ the beginframe and end.frame outputs will pulse 60 times each sec-
ond;

{ the new.line output will pulse 248 times per eld, as the camera is in
interlaced mode by default;

{ the new_pixel output will pulse 640 times per line;
{ the value of the row will count up to 247 every eld.

Lot B e B et W e

4. The initial sky probability calculation block:

(@) Modelsim: this block cannot be simulated in Modelsim dueto the needed
memory modules;

(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;

connect the reset button, this signal should be inverted;

create/connect a pulser that pulses every second to an 8-bitounter, using
two 4-bit counters;

connect the output of the counter to the three color componets of this
block;

connect the output of the pulser through two ip- ops to the new_pixel
input of this block;

in interlaced mode there are 240 lines that actually contain data, the extra 8 lines are for the bu ers
in the rst pass of the sky detection
’the falling edge is taken so the rst row is called 0, the second row is called 1, etc.
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connect the over ow of the rst counter through two ip-ops to the
new_line input of this block;

connect two buttons to the beginframe and end.frame inputs;
connect the output of the counter to a display;

connect the new._line output through a counter to a display;
connect therow output to a display;

connect the YUV output to a display;

connect the new_pixel output through a counter to a display;
connect the Pgy output to a display;

connect the two thresholdsto a display;

connect the sky_con dence_factor to a display.

Expected results:

{ the value of the new_pixel counter and the YUV output will both be
equal to the di erence of the YUV counter with 343;

{ the value of the new.line counter and the row output will both be
equal to the quotient of the new._pixel counter with 16;

{ the value of the Py, the two thresholdsand the sky_con dence_factor
will be equal to the calculated probability using the same cdor inputs.

5. The model-adaptation block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;
set the thresholds and meanYUV inputs to xed values;

set the new.line to pulse every 1600 ns and thenew_pixel to pulse every
100 ns, these pulses should not overlap;

generate random arow input for every new line;

generate randomPg.y and YUV inputs for every new pixel,
after enough lines, pulse theend.frame input;

to simulate the dividers, set the two divider inputs;
Expected results:

{ the mean.row will be equal to the calculated mean value using the
samethresholdl, row numbers and sky probabilies inputs;

{ the meanYUV and sigmaYUV will be equal to the calculated mean
and sigma values using the samé¢hreshold2 meanYUV, YUV and
sky probabilities inputs;

{ the two new.mean outputs will pulse at the end of each frame.

(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;

334 represents the delay of two lines ans two pixels
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connect the reset button, this signal should be inverted;

create/connect a pulser that pulses every second to an 12-bicounter,
using three 4-bit counters;

connect the least signi cant byte of the counter to the YUV and the Pgy
inputs of this block;

connect the most signi cant byte of the counter to the row input of this
block;

connect the output of the pulser through two ip- ops to the new_pixel
input of this block;

connect the over ow of the rst counter through two ip-ops to the
new_line input;

connect a button to the end.frame input;

create/connect a block that sets the twothresholdsand the meanYUV to
the corresponding inputs;

connect the output of the 12-bit counter to a display;
connect the mean.row output to a display;
connect the new.mean.row output through a counter to a display;
connect the meanYUV outputs to a display;
connect the sigmaYUV outputs to a display;
connect the new.mean.YUV output through a counter to a display.
Expected results:
{ the meanorow will be equal to the calculated value using the same
input conditions;
{ the new.mean.row counter will be the same as the most signi cant
byte of the 12-bit counter;

{ the meanYUV and the sigmaYUV will be equal to the calculated
values using the same input conditions;

{ the new.mean.YUV counter will be equal to the least signi cant byte
of the 12-bit counter.

6. The nal sky probability calculation block:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;

create xed random values for the sky.con dence_factor, mean.row,
meanYUV and sigmaYUV inputs;

set the new.line to pulse every 1400 ns and thenew_pixel to pulse every
100 ns, these should not overlap;

create a newrow input for every new line;
create newY and UV inputs for every new pixel,
Expected results:
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{ the Psy will be equal to the calculated probability using the same
input values;

{ the new_pixel output will pulse at every new sky probability.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;
connect the reset button, this signal should be inverted;

create/connect a pulser that pulses every second to a 12-bitounter, using
three 4-bit counters;

connect the most signi cant byte of the counter to the row input of this
block;

connect the least signi cant byte of the counter to the YUV input;
connect the output of the pulser through two ip- ops to the new_pixel
input of this block;

connect the over ow output of the rst 4-bit counter through two ip-
ops to the new.ine input of this block;

create/connect a block that sets the mean.row, meanYUV, sigmaYUV
and the sky_con dence_factor inputs;

connect the new_pixel output through a counter to a display;
connect the Pgy output to a display.
Expected results:
{ the value of the new._pixel counter will be equal to the YUV counter;

{ the value of the Pgy will be equal to the calculated probability using
the same input conditions.

7. The registers:

(a) Modelsim:

generate aclk with a frequency of 100 MHz;
set the rst to be high for 20 ns;
set the new_pixel to pulse every 100 ns;
generate randomdata inputs every 100 ns;
Expected results:
{ the data output will be equal to the saved data value at the new_pixel
pulse.
(b) Hardware:

connect a PLL that creates a clock signal of 100 MHz;

connect the reset button, this signal should be inverted;
create/connect a pulser that pulses every second to an 8-bitounter;
connect the output of the counter to the two probabilities inputs of this
block;

connect the output of the pulser through two ip- ops to the new_pixel
input of this block;
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connect the new_pixel output through a counter to a display;
connect the Pgy output to a display.
Expected results:

{ the value of the new_pixel counter will be equal to the probabilities
counter;

{ the value of the Pgy will be equal to the calculated probability using
the same probabilities.

After all the blocks are simulated, tested and veri ed at the toplevel. The complete
system can be connected to the input/output component to tes the whole system for
the correct working.
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Test results

This appendix describes the test results for the complete sstem. The tests are
performed according to the test strategy, described in Appadix B. The test results
from the subblocks in the rst pass to the results of the compkte system are listed in
Table C.1 to Table C.7.

The two buers, the calculate adaptive threshold and sky condence block and
the generate analogue By block is not completely simulated, due to the SRAM blocks
that do not have a simulation model for Modelsim (Version XE lll/Starter 6.0d). The
SRAM block is a library function that uses the memory blocks in the speci c FPGA.
For this reason also the complete rst sky detection pass is ot simulated.

The camera is not simulated, because it is a physical camerehat also does not have
a simulation model for Modelsim.

Table C.1: Test results of bu er the luminance values block

block results in Modelsim | results in hardware
the demux block v "

the SRAM blocks § E

the select block

the registers block P P
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Table C.3: Test results of calculate adaptive threshold andsky con dence block

Table C.2: Test results of bu er the color values block

block

results innModeIsim
g

results innhardware

the demux block
the SRAM blocks
the select block

b

e

©T ©

block results in Modelsim | results in hardware
the histogram block " -
the integrate and multiply block P P
the SRAM blocks { P

Table C.4: Test results of initial sky probability calculat ion block

block results in Modelsim | results in hardware
the bu er the luminance values block { "
the bu er the color values block é E
the calculate Piextre block
the calculate Pqgor block P P
p p
the calculate Pyosition block 0 0
the calculate Psky block D
the calculate adaptive threshold and sky {

con dence block
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Table C.5: Test results of model-adaptation block

the calculate mean and sigma for YUV values block

results in | results in
block Modnelsim hargl\ware
the compare Py, with the thresholds block B B
the calculate total row number and total rows block
the calculate total YUV parameters and total pixels block P Pa
the calculate mean row number block Eb FE)
c d

2the outputs are tested sequentially, since the platform does not have enough display possibilities

Pthe block uses a divider that does not have a simulation model, the division is performed by hand

using the provided denominator and numerator

°the block uses a divider that does not have a simulation model, the division is performed by hand

using the provided denominator and numerator

dthe outputs are tested sequentially, since the platform does not have enough display possibilities

Table C.6: Test results of nal sky probability calculation block

block results in Modelsim | results in hardware
the calculate Pposition block Toa B

the calculate Pggor block

the calculate Py block P E

the generate analogue K, block {

2the block uses a divider that does not have a simulation model, the division is performed by hand

using the provided denominator and numerator
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Table C.7: Test results of complete system

block results in Modelsim | results in_hardware
the camera rﬁ B
the scale YUV block
the controller block P P
the initial sky probability calculation block { P
. p p
the model-adaptation block
the nal sky probability calculation block Pa P
the registers block P P

2the block uses a divider that does not have a simulation model, the division is performed by hand
using the provided denominator and numerator



Features of the Onmivision
OV7620

This appendix lists the features of Omnivision OV7620 camea [12]:
Maximum resolution of 664 492 pixels;
Default resolution of 640 480 pixels;
Pixel size of 7.6 7.6 m;
Two scan modes for read-out: progressive and interlaced;
8 or 16 bit video data out;
Multiple digital data formats: YUV (4:2:2), GRB (4:2:2), RG B raw data;
CCIR601 / CCIR656 standard?;
YC,Cp or YUV output format to support a monitor display;
I2C interface, support fast mode: 400 kb/s;
Programmable frame-rate: 0.5 { 30 fps;
S/N ratio > 48 dB,;
Optical Il factor of 40 %;

Power consumption< 120 mW.

1These standards are published by the CCIR for encoding interlaced analogue video signals in digital
form
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