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Base article

Chapter 1 Introduction

1.1 Overview

The concept of Intelligent Visual Perception (IVP) can be considered as a non-con-
tact sensor. It is based on the new scientific concept aimed to achieve scenery image cog-
nition and understanding . The inspect sense technology belongs to a more generalized

engineering application field call detection technology and hence is often called inspect
sense detection. ‘

1.1.1 Concept about the Visual Perception

From the 1960s onward till the beginning of the 21st century, the image sensor and
signal processing theory has attracted worldwide attention. The academic community h==
also taken a keen interest in this area not only because it is a new technology but it also
act as a way to provide the relation between observed natural phenomenon and the asso-
ciated scientific laws.

When the real-world objects which are often three-dimensional (3D) and even
sometime are multi-dimensional, are viewed through an image sensor, a 2D image of
the scenery is obtained. The basic problem is to restore the 3D information to get a per-
ception of a 3D world using the 2D image obtained from the sensor. The problem comes
directly in the domain of computer science. The solution to the problem is still in the do-
main of research and need further exploration. The basic idea involves extraction of im-
age information features and using signal analysis tools to regenerate the 3D perspective.

The perception of the image of scenery in brain using image of an object on retina of
eyes is very similar to a process involving the image sensor and signal processing. The
concept of “visual perception” is based on the following three aspects of consideration.

First, both “computer vision” and “machine vision” are just simple extensions of
the terminology “vision” originating from eyes, which obviously cannot embody the
essence of physics and biology. Although the “visual sense” and “vision” makes little
difference, but the former is already fully displayed to pick the brain organ that play the
important information and the role that cannot be replaced.

Secondly, the terminology “visual perception” divides the image processing into
two parts; image sensing and image perception. Image sensing is equivalent to the hu-

1



Chapter 1 Introduction

man eye, retina rod and vertebral shape cells. The rapid contact between image sensing
with surrounding environment of outside world is directed through the light. The image
perception is made on brain through some part of eye called retina that consists of retinal
cells that send signals to the brain as the sensing area. It is in the induction zone read-
ing. The analysis of light signal helps to identify object distance, size, color, shape and
other specific information.It can also be perform associative, flip and so on
imaging. Undoubtedly, neither the image sensing nor the image perception alone could
finish the whole job. In other words, to realize the non-contact detection based on ma-
chine vision, we should combine the two together, which originated the terminology
“visual perception” . Based on the idea of “visual perception” an intelligent machine for
image understanding and comprehension can be integrates two scientific areas of “ma-
chine vision” and “image analysis” . Although machine vision and image analysis are
two related topics but are quite different research fields. In some sense, image analysis
is a part of machine vision, but in a wider sense, it has a much broader domain.

(a) (b

Fig. 1-1 A mammalian brain Fig. 1-2 Two human brain thinking microscopic images

operation microscopic image

Fig.1 -1 gives a frame of mammal’s cerebral motion under microscope, which is
used in research on clinical pathology mechanism and representation of mammals
through analysis, transfer, display and other means. “Machine vision” obviously does
not have this kind of function, and in other words, “machine perception” has expanded
itself into the field of “image analysis” .

Fig. 1 - 2 gives 2 frames of computed tomography of human’s brains. The Fig. 1 -2
(a), shows a plane image of brain scan that represents imagination of a person. And in
Fig.1-2 (b) is another observation which indicates another plane image of brain scan
representing imagination of the person. Obviously, it is impossible to read and interpret
the underlying information with “machine vision” only. The image analysis algorithms
can be used to understand the difference between the two. This is the value of “percep-

tion” .
1.1.2 The Development of Visual Perception Technology
The creative work about Visual Perception technology was started in the mid
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1.1 Overview

1960s. But from the beginning until now, its theory and method has been used to ex-
plain the terms and concepts in a Vision. The paper “Machine Perception of Three-Di-
mensional Solids” proposed in 1965 by Lawrence G. Roberts (1937-, an American sci-
entist) is a typical representative in which Roberts proposed block theory. David Court-
nay Marr the, British neurologist a who is considered to be the founder of visual pro-
cessing and computational neuroscience, put forward a set of visual calculations to de-
scribe the visual process in his book “Vision: Computational Investigation into the Hu-
man Representation and Processing of Visual Information”. Its core content is the meth-
od to recover the 3D shape of objects from a computer imaging. The evolution of this
field can be broadly divided into 3 stages:

e Early visual technology.

e 2-dimensional half diagram (Intrinsic image).

¢  3-dimensional model.

The early visual technology emphasized on the physical characteristics, such as dis-
tance, surface direction color and texture, etc.

The idea in 2-dimensional half diagram (Intrinsic image) is to reconstruct the
boundary, surface and volume segmentation of an object present on the surface using
description of various characteristics defined by an observer sitting in the center of the
coordinate system. However, during this stage, the blocked surface could not be de-
scribed like the unblocked surface, which makes it “2-dimensional half diagram”.

The stage of 3-dimensional model is the highest level of image processing to date. In
this stage 3-dimensional model is reconstructed for image recognition using the informa-
tion extracted from 2-dimensional half diagram.

In fact, none of the above stages could meet the accuracy requirement of recogni-
tion and measurement for assorted disturbances and inverse imaging, although all of
them are mathematically feasible.

In the 1980s, the 3-dimensional inspect sense technology research contributed to
larger development, where geometric method and physical knowledge were used to
study problems of stereo vision. Active vision was introduced during this period and the
technology was combined with proximity sensing (laser ranging, microwave ranging,
ultrasonic ranging, etc. ) and view sensing.

In the field of detection technology, a great success and progress is achieved
through study of 30 to 40 years. Considering the current level of technological develop-
ment, the future trends of development of this field can be identified as:

(1) Image sensing would be merged together with other kind of sensing techniques
to dig inner information, which is known as Multi-sensor Information Fusion Technol-
ogy-

(2) More image information would be extracted using dynamic stereo perception
with decreased computational difficulty using multi-viewpoint instead of traditional two-
viewpoint.

(3) More Intelligent technology will be introduced, and new stereo perception re-
search method based on knowledge, model and rule will be proposed.

(4) Recognizing and detecting technology of object and user oriented visual percep-

3



Chapter 1 Introduction

tion are under way.

In comparison with the natural visual perception function, the present theory and"®
technology of machine vision are however quite imperfect and have a lots of difficulties
like:

(1) Stereo matching is required in both analysis and comprehension of images,
which indeed is not well developed. If the image is distorted by the introduction of grey
scaled distortion, geometrical distortion, perspective distortion, rotation distortion,
scaled distortion or any other noise, it would be quite difficult to recognize and match
image. There is still no perfect solution for recognizing and matching images, especially
when big distortion and noise are introduced. At the same time, sheltering between ob-
jects and from itself makes the object even more difficult to recognize and match.

(2) Human beings have amazing ability of analysis and comprehension of images,
but this procedure remains a myth in science. Visual sampling has a large redundancy of
information, but scientists still could not extract the right features to reproduce the im-
ages.

(3) The amount of computation to sense the 3-dimensional image information of
the face is very large. The computational speed of current technology is still limited and
cannot fulfill the real time requirements to develop a universal sense system.

1. 1.3 Classification of Visual Perception System

The Visual Perception System (VPS) could be classified into monocular system,
binocular system and multi-vision system. This classification is made on the basis of
cameras used to construct the image sampling and processing system.

In monocular system, one camera is used as image sensor to get image. The com-
plete perception detecting system consists of one camera, single input channel with one
image acquisition card and one computer. Mathematical model of a single camera image
sensor can also help in research of multi-purpose image sensor. Thus, the research of
mathematical model of monocular system provides the foundation for multi-vision sys-
tem.

On many occasions, monocular system alone is enough for recognizing and measur-
ing 1-dimensional moving objects. One such example is the detection of objects on assem-
bly line. The theoretical foundation of monocular system is formed on monocular vision
geometry that recognizes morphological characteristics, measures geometrical scale with
affine geometry, projective geometry and the information contained in just one im-
age. The method is more flexible and convenient for buildings, accident scene and the
detection of multiple rules for the shape, when the priori information known to the sys-
tem is rich.

Recognition and detection based on one image have attracted much attention in the
past years. However, this method needs systematical research. Since information con-
tained by just one image is quite limited, we must rely on a priori knowledge during de-
tecting procedure. Generally, monocular system applies to object recognition, object
tracking, displacement measure etc.

Binocular system is an imitation of human eyes. It uses two image sensors of same
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performance to acquire two images from different but fixed angles. Then the depth of
different points is computed and 3-dimensional scene is built.

In binocular system, usually two image sensors are used. The sampling devices
(camera) are connected to computer by 2-input-channel image acquisition card. In a typi-
cal binocular system, the optical center of two cameras should be placed along the base-
line, and two optical axes should be at an angle each other. Points in the 3-dimensional
space will image on both image sensors and distance between image points is called opti-
cal parallax. It is quite easy to compute the depth if parallax is available. The computa-
tion of parallax is however a big problem, as it requires model analysis, camera calibra-
tion, image processing, feature selection, feature match, etc. The greatest strength of
binocular system is that it could find the public feature points with the help of the con-
strain relationship of outside-epipolar line, to get the 3-dimensional coordinate of corre-
sponding feature point.

Binocular system is popular in robot navigation, parameter detection of microma-
nipulation system, 3-dimensional measurement and virtual construction etc. Binocular
visual sense test is also known as detection by double machine eyes.

Multi-vision system is an extension of binocular system. It uses several cameras or
one camera from different viewpoints to observe 3-dimensional scene. The technology of
perception, recognition and comprehension of images sampled in multi-vision system is
named multi-vision system technology.

The multi-vision system is much more complicated than binocular system due to
more visual sense. As the information pick up in multi-vision system much richer than
that in binocular visual system, so it can be used to make up the binocular visual sense
by identifying technical defects. Indeed, the vision system of human beings and insects
are both instances of multi-vision system.

The thecretical foundation of multi-vision system is laid on multiple view geome-
try. Multiple view geometry is a recent field developed in the past ten years. It is similar
to the traditional vision measurement but some significant differences exist. Tensor alge-
bra provides a convenient representation and operation function for multi-vision sys-
tem. A novel and significant work in this area can be created by studying how to intro-
duce multiple view geometry into traditional vision measurement and how to complement
the defect limitation with multiple view geometry.

To sum up the discussion we conclude by defining visual perception as a technology
that perceives 3-dimensional information in monocular system, binocular system or
multi-vision system by processing 2-dimensional image with computer.

In an image processing system, image sensor and signal processor are the hardware
basis and software with algorithm is the system core. The software consists of operating
system, image processing software, control software, etc. The image processing soft-
ware is the key area that reflects different mathematical models for detecting ob-
jects. Fig. 1 — 3 shows the generalized flow chart of a perception system.

The block representing Image Preprocessing consists of algorithms of image en-
hancement, filtering, background fading etc. The block representing Main Operations
depend on the desired objectives. For instance, if the main aim is to measure volume, it

5



Chapter 1 Introduction

rlmage Acquisition Image Preprocessﬁl—‘l Main Operations |*‘-I Data Qutput I

Fig.1-3 A signal flow diagram of the Visual Perception System

generally consists of perspective transformation, aberration correction, coordinate data
transformation, corresponding point allocation and matching, 3-dimensional coordinate
computation, volume computation etc. The block representing Data Output provides the
conclusive output of recognition and comprehension e. g. it provide display of results of
object’s parameters and output of controlling instructions.

In short, the field of development of image processing algorithm is a very wide re-
search area. It consists of camera calibration algorithm, image input processing, image
filter, edge detection, feature extraction, image matching, depth recognition, depth
map generating, and an understanding of different types of sensor signals and a priori
knowledge for integration.

1.2 A Visual Perception Hardware-base

Generally, image sensor (e. g. , camera) is responsible for the acquisition of ima-
ges. The image acquisition card should preprocess the images, which act as a bridge be-
tween image sensor and the host processor (an image processor like computer) . The
host processor is the core arithmetic device to realize algorithms.

1.2.1 Image Sensing

Solid-state sensory devices are generally classified into three types:

+ Charge Coupled Device (CCD).

e  Complementary Metal-Oxide Semiconductor (CMOS), also known as Self
Scanned Photodiode Array (SSPA).

« Charge Injection Device (CID).

All of them are semiconductor device, which uses photodiodes to realize the con-
version between light and electricity.

1.2.1.1 Common image sensors
Currently CCD and CMOS are most widely used in image sensor all over the world.

1. CCD image sensors

The elementary cells of CCD are metal-oxide semiconductor. It has two parts: the
photosensitive unit and shift register unit. The photosensitive unit receives the incident
light of the effective frequency and generates the signal charge by stimuli photoelectric
effect. A clock signal is used to transfer the charge to an analog shift register unit with
the junction capacitance of the gate voltage. The signal charge transfer from the former
to the latter (coupling), rely on the formation of potential wells.

In the CCD image sensor, the signal charge of the photosensitive unit is moved to
the neighboring position on the shift register unit, and then in turn transmitted to the
video output line through a shift.

6



1.2 A Visual Perception Hardware-base

To make sure that signal charge would be shifted along the true path, impulse
voltage (clock impulse) of all the cells should meet the requirements of phase. Then the
changing direction of potential well would be in a fixed direction.

Through the permutations and combinations of rules, the basic unit can be made
linear or area array CCD image sensors with various specifications.

Some major advantages of CCD sensors are;

e It has a low fixed pattern noise and readout noise.

¢ It’s video output capacitance is smaller.

¢ For the same pixel size and the same light-sensitive chip, CCD sensitivity and
resolution is higher than CMOS.

e It is conducive to maintaining the integrity of the image information, because
CCD sensor charge is concentrated in a single amplifier centrally.

Some disadvantages of CCD sensors are:

+  As the CCD photosensitive surface is covered with oxide or polysilicon elec-
trode in a multi-layer structure, it will cause greater reflection losses.

*  As clock of CCD has more types, while the production process is more deman-
ding, so its external circuit is too complicated. '

¢ Polysilicon thickness of CCD will result in the loss to the blue and in the lack
of response to ultraviolet absorption.

It must be pointed out that for CCD as the image sensor, the first output mode to
be pursued is fixed and to ensure that the clear quality of video output, low readout
noise is desired in the signal followed by its video output capacitor. The structural fea-
tures of CCD enable to fully maintain the signal distortion during transmission. The
transfer each pixel’s charge is carried out centrally by a single amplifier and hence it can
maintain the integrity of information. With the development of technology of semicon-
ductor, new generation of CCD is produced, which is named CCPD (Charge Coupled
Photodiode Devices) image sensor. It is structurally optimized as compare to the previous
generation. It uses photodiode as light-sensitive cell, and use CCD analog shift register
as readout device. These changes keep the advantages of CCD and in addition it exhibit

good spectral response characteristic, photoelectrical converting characteristic as SSPA.

2. CMOS image sensors

CMOS image sensors are the self-scanning optical array image sensors. CMOS and
CCD image sensors are different in structure. The CMOS image sensor has advantage of
production process of integrated MOS semiconductor industry where all external facili-
ties are integrated on a single chip at a time, which save the processing required in fab-
rication of chips hence reducing the cost of manufacturing the chip.

CMOS image sensor unit and storage unit are photosensitive photodiode. Digital
shift register is the read out charge structure, which can be controlled by a group of
multi-switch in order to put the charge on each photosensitive unit removed and sent to
the video output cable (also known as video output bus) .In CCD image sensor, light-
sensitive cells and storage cells transfer charges through surface depletion
layer. Moreover, charges in each light-sensitive cells are transferred to corresponding
bit of shift registers in storage cells, and then in turn transmitted to the output shift
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line.

The main advantages of CMOS image sensors are:

*  CMOS exhibits nearly ideal properties i. e. high quantum efficiency, wide spec-
tral response and a small dark current.

* A flexible CMOS design of shape and size can be made into the ring plane array
to facilitate detection.

¢ CMQOS anti-radiation is many times greater than the CCD.

*  As the photosensitive surface is covered by a layer of transparent Si0,, so the
CMOS reflection losses and absorption losses are small.

The main disadvantages of CMOS image sensors are:

. As the photodiode readout signal is passed through a separate MOSFET
switch, thus the switching noise of the gate-source capacitance is relatively large. The
slight differences in switching characteristics will be generated in the dark level fixed
pattern noise.

¢ As the video output capacitor is relatively large, its capacity is proportional to
the number of the photodiode. Due to large output capacitor, not only the photodiode
output signal will get weakened but the thermal noise would also become large.

¢ As the CMOS production process is relatively simple, it does not have an ex-
clusive channel design. Therefore it must first amplify the signal, and then integrate the
various pixels. It will therefore cause increased noise and defect information.

» Since each pixel of CMOS channel contains the amplifier and A/D converter
circuit, the available light-sensitive surface area for a single pixel will be reduced too
much. For the same pixel size sensitivity of CMQOS is lower than that of CCD and for
same size of the light-sensitive chip, resolution of CMOS is usually not as CCD.

However, if the constrain size limit is not present, CMOS technology can offer ad-
vantage on the pixel resolution and large sensor sizes. CMOS technology will overcome
the manufacturing difficulties to produce large-size light-sensitive device, especially for
the full-frame chip. CMOS sensor devices are already designed with 14 million pixels/
full-frame design. It can be anticipated that as CMOS manufacturing process will develop
further, performance of the CMOS image sensor will become better than CCD sensors
in future.

CMOS line array is used as a direct image sensor and is used in equipments such as
desktop scanners and bar code reading device etc. CMOS array can also be implemented
along the column to implement pinhole cameras.

Traditionally, the camera implemented using CCD sensor is called CCD cameras
and the camera containing CMOS sensor is commonly known as CMOS cameras. A num-
ber of operating parameters are involved in both of them. On the current technology sta-
tus, the sensitivity and resolution of CCD camera is higher than that of CMOS camer-
a. As in image processing applications it is necessary to ensure the accuracy of detection,
a CCD camera image sensor is a more appropriate choice.

1.2. 1.2 Physical characteristics of CCD image sensors
Physical characteristics of CCD image sensors include spectral response characteris-
tics, photoelectric conversion characteristics, sensitivity, and uniformity, dynamic re-
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sponse of dark signal resolution, frequency and transfer efficiency.

1. Spectral response characteristics

The typical spectral response characteristic of CCD is similar to that of photodi-
odes. CCD spectral response can be used to indicate the relative degree of response, its
theoretical formula is

qn(a)
he/A
Where g denotes electronic charge, % denotes the Planck’s constant, ¢ denotes speed of
light, A denotes wavelength, A,=hc¢/E, is the cut-off wavelength of intrinsic band gap
E, ( Such as silicon, A,=1.1pum), u(i,—21) denotes step function.

u(a,—A)=1 for A<<A,, u(A,—2)=0 for A=1,. This means that, when A>A,, in-
cident photon energy is not enough to cause a transitions of electron from valence band
to the conduction band and generate a charge carriers. The incident photon will not con-

R,=

u(A,—A) a-umn

tribute to the generation of photocurrent. In other words, to generate photoelectric
effect, frequency of incident light must be greater than the cut-off frequency and energy
of photon must be greater than characteristic energy band gap E,. The initial kinetic en-
ergy of photoelectrons increases with frequency of incident light and has nothing to do
with intensity.

When incident light reaches the characteristic energy band gap E,, the photoelec-
tron emission is almost instantaneous, usually no more than 107 %s. When light electron
acquires maximum initial kinetic energy, the number of emitted photoelectron from
characteristic energy band gap in unit time (e. g. 1 second) is proportional to the incident
light intensity.

7(A) represent effective quantum efficiency. It depends on the silicon surface reflec-
tivity, the thickness of consumption, light energy absorption coefficient of silicon ma-
terials to different wavelengths and other factors.

For example, 0.4pm<{A<{0.8pum, 5(1)=0.7.1f 1<<0. 4pm or 1>0. 8um, effec-
tive quantum efficiency decreases and spectral response also decreases. The reason is re-
flection. The absorption loss and interference effect caused by the structure of CCD
would lead to low efficiency and poor spectral response, especially for blue ray when ul-
traviolet response is poor.

Fig. 1 - 4 shows two curves of spectral response characteristics. Fig. 1 -4 (a) gives
the spectral relative responsiveness from 320nm to 1100nm of Si PIN photodiodes. Fig. 1
-4 (b) gives the spectral relative responsiveness from 900nm to 1800nm of InGaAs PIN
photodiodes. It can be seen that for Si PIN photodiodes, responsiveness reaches the
peak when R, = 0.58, and for InGaAs PIN photodiodes, the peak value is R,=1. 49.

Formula (1 - 1) shows that we must choose the effective quantum efficiency (1) of
products in order to ensure excellent performance CCD image sensor resistance.

2. Photoelectric conversion characteristic

The operation of the CCD charge storage device is based on the reverse action of
photodiodes. The PN junction of photodiodes is first reversed biased to a fixed bias volt-
age V (usually several voltages) and then the circuit is disconnected. Therefore, the de-
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Fig. 1 -4 Photodiode’s spectral response curve

cay rate of the charge stored on the capacitor in the diode is proportional to the incident
light intensity.

After some integral time T; and diode capacitor is resumed to original bias voltage V
by switching. The supplementary charge will be in proportion to the product of intensity
of light and integral time of light. At this moment, the output charge Q of CCD capaci-
tor-diode is proportional to unsaturated exposure value E equal to the product of the
light intensity and light integration time.

When exposure value E increases to a specified value Es, the output charge Q rea-
ches to the maximum Q.. Es is called the saturation exposure, Q, is called the satura-
tion charge. The irradiation Hs that result in the generation of saturated exposure Es is
called saturation irradiance that is described by the equation:

Es=HsT, (1-2)
Where T; denotes light integral time and is also known as initial impulse period.

The output charge Q is directly related to exposure value Es. Formula (1 - 2) tells
us that Q also depends on irradiance Hs and light integral time T;. When the product of
the light irradiance and the light integration time is greater, the output potential is
higher from CCD photoelectric sensor.

3. Sensitivity and inhomogeneity

The sensitivity of CCD image sensor is a parameter that describes the photoelectric
conversion characteristic between exposure value and output signal of light-sensitive de-
vice. It also indicates the photoélectric conversion in photosensitive area. According to
standards proposed by International Commission on Illumination (CIE), the sensitivity
of image sensor S is defined as follow:

S=Q./Es (1-3)

It means that under illumination of standard illuminant, the sensitivity of CCD is
the ratio of saturated charge Q, (maximum output charge) to saturated exposure value
Es in linear response region.

Ideally under uniform illumination, the image sensor produces constant output
magnitude on each unit. Due to uneven production of the device semiconductor material,
the image sensor output amplitude of each unit will however be uneven under uniform il-
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lumination. The uneven production of device semiconductor material is due to impurities
concentrations, uneven distribution of crystal defects, mask error, process conditions
and other factors. It is usually described by the non-uniformity parameter NU defined as

VOmax _

NU= VV"“““xmo% (1-4)

Where Vi s Voma and V denote maximum, minimum and average value of video output
voltage respectively.

The NU value changes with the light intensity. When the light intensity is close to
saturation, the value of NU is small. To reduce the affects of non-uniformity, the im-
age sensor is operated in a region near saturation of the light intensity to increase uni-
formity.

Heterogeneity has a relationship with the wavelength A of light. Small A leads to
good uniformity and vice versa. This is because the greater penetration depth of near-in-
frared light causes a crosstalk between pixels. For general visual perception detection
system, | NU| <{10% is enough. For low digit linear array, - we have | NU | <5%
and for high digit linear array, we have | NU | <<15%.

4. Dark signal and dynamic response characteristic of sensors

Some signal is present at the output of CCD image sensor even when it neither re-
ceived light nor any injected power. This signal is called the dark signal which is caused
by the dark current.

The root cause of dark current generation is thermal excitation of semiconductors
including ;

e Thermal excitation produced by recombination centers at depletion region.

¢ Thermal diffusion generated by small number charge carrier on the edge of de-
pletion region.

¢ Thermal excitation generated in interface center.

The most important cause of dark current is the thermal excitation produced by re-
combination centers at depletion region. The dark current is therefore significantly influ-
enced by the temperature, and is proportional to light integral time.

The dark current continuously joins signal charge packet and generates image of
dark current signal. A fixed image noise is therefore added to optical signal image due to
dark current. The presence of semiconductor defects and manufacture problems also
cause high-density recombination center thus generating dark current peaks at the defec-
tive region. These defects pollute images with some bright streaks and bright spots.

Also dark current occupies the capacity of CCD potential well and narrow down
device’s dynamic range. To diminish the influence of dark current, we should reduce the
integral and transfer time of signal charge. The operating frequency limit of CCD is
therefore limited by dark current.

The dynamic response range means the ratio of output saturated signal to the dark
signal, and it is decided by the quality of signal processing circuit.

5. Resolution
The image resolution represents capabilities to distinguish between light and dark
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