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Preface

The development of human society relies on natural resources in every area (both

material and spiritual). Nature has enormous power and intelligence behind its

common daily appearance, and it is generous. We learn in it and from it, virtually as

part of it. Nature-inspired systems and methods have a long history in human science

and technology. For example, in the area of computer science, the recent well-known

ones include the artificial neural network, genetic algorithm and swarm intelligence, 

which solve hard problems by imitating mechanisms in nature. Nature-inspired

methods are also being quickly developed and applied in other areas. In this book, the

authors just try to pick up a drop from the sea of nature’s intelligence, and apply it in

a specific area. The authors hope that it may inspire the readers’ interest of nature’s

intelligence when exploring in their own areas of science and technology. 

In image processing, nature-inspired methods have attracted more and more

attention and research efforts. Physics and biology are the two main sources from

which most of such methods have derived. Related work has achieved promising

results in practical tasks, which indicate that it is a direction potentially leading to

breakthroughs of new image analysis techniques. Methods inspired by physical fields

(such as the electro-static field) make up a branch of this field, which have been

successfully applied in the practical applications including: recognition of human ear, 

face and gait; extraction of corner, edge, and shape skeleton in images. The existing

methods inspired by physical field theories generally belong to two categories:

analysis of the virtual field generated by the image (such as the “force field

transform”), and deforming a shape or curve under the virtual force field generated

by the image (such as the “active counter model”).  

The authors have been exploring in the area of nature-inspired image analysis for

years, and have proposed their original methods and experimental results. These

methods are mainly inspired by the theory of electro-magnetic field, which reveal the

structure properties of the image by electro-magnetics inspired transforms. In these

transforms, the formulas in electro-magnetic theory are adjusted to more generalized

forms in order to suit practical image analysis tasks, and some novel viewpoints

which take the image as a virtual field are presented. In this book, the authors

concentrate on the magnetics-inspired methods, which are all based on or related to

the proposed “virtual current” in digital images. The virtual current is the simulation

of the current-carrying wires in the image space, which leads to a series of novel

methods of image transform, segmentation, motion analysis and matching by the
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imitation of the physical magnetic theories. The work described in this book indicates

that the physics inspired virtual field is a novel way of designing new effective image

transforms.  

Nature-inspired methodology itself means continuous exploration in the rich

resource of the intelligence shown by nature. Therefore, this book does not mean the

final conclusion of the authors’ on-going work. Further promising results in both

theory and practice are expected. And the authors hope their research attempts shown

in the book may inspire new ideas of others, which will surely be much more

valuable than the book itself. 

Xiaodong Zhuang, Nikos E. Mastorakis
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Chapter 1  Overview

In the development of image processing techniques, the analogy of natural systems

has become an important way of inspiring new effective algorithms. Nature-inspired

methodology for image processing has attracted lots of research interest and efforts. 

Currently, this multidisciplinary research topic covers several important science fields

including physics, biology, etc. Moreover, it has gradually been forming a new

branch in image processing with continuously increasing research work on it.  

Nature-inspired algorithms process the image by imitating the mechanism of

some nature system, in which the image is taken as part of the system and the

processing result is produced by computer simulation of the system. Therefore, the

advantages of many natural laws suitable for processing tasks can be exploited in

such simulation, which may bring more satisfactory processing results. Physics and

biology are the two main scientific fields related to nature-inspired algorithms in

image processing. For example, the physical laws that have been exploited in image

processing include: electro-statics, magneto-statics, gravity, water flow, heat flow, 

light ray propagation, fire propagation, water-filling and water shed, anisotropic

diffusion, deforming structure, etc[1-33]. On the other hand, the biological systems that

have been imitated in image processing include: ant colony, fish school, social spider, 

and even bacterial foraging, bacteriorhodopsin, etc[34-57].  

1.1 Background
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Physics-inspired methods make up a main branch of nature-inspired approaches. 

There are considerable researchers keeping continuous work on physics-inspired

methods in image processing. The group of Professor Mark S. Nixon has developed

new ways to extract features based on notional use of physical paradigms, including

the analogies of gravitational force, water flow and heat[1]. David J. Hurley, Mark S. 

Nixon and John N. Carter developed a novel force field transformation for image

feature extraction in which the image is treated as an array of Gaussian attractors that

act as the source of a force field[2-4]. The novel force field transformation and

potential well extraction technique lead to a compact characteristic vector offering

immunity to initialization, rotation, scale, and noise. Their method has been

successfully applied in biometrics for identification. Xin U. Liu and Mark S. Nixon

presented a new general framework for shape extraction based on the paradigm of

water flow, which embodied the fluidity of water and hence can detect complex

shapes[5-8]. The method has been applied medical image segmentation such as the

detection of vessel boundaries in retinal images. Alastair H. Cummings recreated the

water flow method and extending it to use two new forces - surface tension and

viscosity, which was successfully applied in feature extraction[9]. Cem Direkoglu and

Mark S. Nixon introduced a novel evolution-based segmentation algorithm by using

the heat flow analogy, to gain practical advantage in shape extraction and image

segmentation[10-13]. In Cem Direkoglu’ thesis, he investigated the physical heat flow

analogy both for low-level and high-level feature extraction, which was applied in

moving-edge detection, shape extraction and silhouette object feature extraction. 

Alastair H. Cummings, Mark S. Nixon and John N. Carter presented a novel ear
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enrolment technique using the image ray transform, based upon an analogy to light

rays[14]. Alastair H. Cummings, et al also proposed a transform using an analogy to

light rays for the detection of circular and tubular features[15]. 

Other researchers have also proposed physics-inspired methods for image

processing with various points of view. The electro-static field has attracted much

attention in this direction. Andrei C. Jalba, et al proposed a physically motivated

deformable model for shape recovery and segmentation[16]. The model, referred to as

the charged-particle model (CPM), is inspired by classical electrodynamics and is

based on a simulation of charged particles moving in an electrostatic field. Kenong

Wu and Martin D. Levine proposed an approach to 3D part segmentation by

simulating the electrical charge density over the object surface and locating surface

points which exhibit local charge density minima[17]. Andrei C. Jalba and Jos B. T. M. 

Roerdink also proposed a geometrically adaptive method for surface reconstruction

from noisy and sparse point clouds based on generalized Coulomb potentials[18]. N. 

Ahuja and J. Chuang used a potential field model for efficient derivation of the

medial axis transform of a 2D polygonal region[19]. Jen-Hi Chuang, et al also

generalized the potential-based skeletonization approach for 2D medial axis

transform (MAT) to three dimensions[20]. Liu Qing, et al proposed an algorithm for

image resolution enhancement based on the balance principle of static electric field, 

where the interpolation function is adjusted automatically by the electrical potential

differences of the adjoining pixels and its energy zone to self-adaptively magnify the

image[21]. Magneto-static field has also been imitated in image feature extraction. Bin

Luo, A. D. J. Cross and E. R. Hancock proposed a new feature representation based
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on a magneto-static analogy, in which a vector potential was computed by appealing

to an analogy in which the Canny edge-map is regarded as an elementary current

density[22]. 

Besides the electro-static and magneto-static fields, other physical laws have also

been exploited in image processing including: heat equation, anisotropic diffusion, 

fire propagation, fluid dynamics, physical particles, water-filling and watershed. 

Benjamin B. Kimia and Kaleem Siddiqi proposed a geometric smoothing method

based on local curvature for shapes and images, which imitated the heat equation and

anisotropic diffusion[23]. Xinhua Ji and Jufu Feng proposed a novel thinning

algorithm based on a time-reversed heat conduction model, in which the image is

viewed as a thermal conductor and the thinning task is then considered as an inverse

process of heat conduction[24]. Siddharth Manay and Anthony Yezzi utilized an

anisotropic diffusion model, which named the anti-geometric heat flow, for adaptive

thresholding of bimodal images and for segmentation of more general grayscale

images[25]. Blum H. proposed the grassfire transform, in which growth from a

boundary generates a description of an object that is centered on the space it

includes[26]. The method simulated the process of “setting fire” to the borders of an

image region to yield descriptors such as the region’s skeleton or medial axis. 

Chwen-Jye Sze, et al proposed a discrete image flux conduction equation based on

the concept of heat conduction theory, which was effectively applied to the selective

image smoothing problem[27]. M. Bertalmio, et al introduced a class of automated

methods for digital inpainting, which is inspired by classical fluid dynamics to

propagate isophote lines continuously from the exterior into the region to be
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inpainted[28]. Zhao Yi proposed a novel image registration technique based on the

physical behavior of particles[29]. Xiang Sean Zhou, et al presented a new approach

named “Water-Filling Algorithm” for image feature extraction, which was a

simulation of “flooding of connected canal systems (connected edges)”[30]. Another

important method is the watershed algorithm. H. Digabel and C. Lantuejoul

introduced the watershed transformation as a morphological tool[31]. Beucher S. and

Lantuejoul C. used the watershed method in contour detection[32]. Vincent L. and

Soille P. introduced an efficient and completely new implementation of

watersheds[33]. 

Biology is another important source where novel processing methods have been

derived from. Much of the research work has especially been carried out to exploit

the biological swarms to derive novel image processing algorithms, such as the ant

colony, fish school, social spider and bacteria. The artificial ant colony is a hot topic

in this area[34-46]. The study of bacteria has also been exploited in image

processing[47-50]. Other biological swarm systems have also been studied for possible

use in image processing[51-57]. 

1.2 Book overview

In physics, a stable current generates magneto-static field in the space. The magnetic

field and its source are two indivisible parts of a physical system. The field is derived

from the source, and it naturally reflects the characters of the source distribution. On

the other hand, the source may be mathematically inverted from the field. Therefore, 
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the field and its source can be regarded as two domains of a special transform, and

either of them can represent the characters of the other. Images can be regarded as a

kind of two-dimensional physical distribution (for the still images) or

three-dimensional distribution (for the video image sequences). Image transform is

the basic technique in image analysis, which finds a clearer and more convenient

representation in the transform domain for better analyses. The natural form of the

transform implied in physical magneto-static field satisfies the need of image

transform and feature extraction. Moreover, the mathematical forms of basic formulas

in magnetism have a unique advantage of the balance between local and global

analysis, which is needed in many practical tasks. 

The magnetic force on a current in the magnetic field is another basic phenomenon

in magnetism. One current generates its magnetic field, which applies force on the

other current in the field. Therefore, there is interaction between two currents via the

magnetic fields generated by each other. The interaction force between two currents

depends on the shapes of the two wires and the relative position of them. In another

word, the interaction force can indicate the shapes and relative position of the two

currents, which may be exploited in the analysis of the relevance between two related

images (such as the motion between two images or the motion within two adjacent

video frames). 

In recent years, there have been increasing research efforts in nature inspired

methods for image analysis. Promising results have been obtained in edge detection, 

corner detection, shape skeletonization, ear recognition, etc. Most methods in

previous research are mainly inspired by electro-static field, but the analysis and
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imitation of magnetic field is much less. The direct application of the formulas of

physical fields is common, but there is less work of adjusting and altering the forms

of physical formulas to suit practical applications better. On the other hand, most of

the existing work in this area takes the image as the source and produces its virtual

field, but the inverse transform from the image as a field to its virtual source is not

investigated in previous research work. Moreover, almost all previous research

concentrated on static fields of images inspired by electro-magnetism, but the

dynamic interaction between images was not investigated to the authors’ knowledge. 

In this book, the authors try to widen the research of physical field inspired methods

in image analysis by presenting several magnetism inspired methods including virtual

edge current, magnetic source inversion and virtual electro-magnetic interaction in

digital images. 

This book is based on the authors’ original work in the area of magnetism-inspired

methods for image analysis. In this book, the virtual current in images (the edge

vector field) is presented, and the virtual magnetic field generate by it is also studied

for image segmentation. Besides, a virtual source inversion (the curling source

reverse) is proposed imitating the physical field derived from the static current

distribution. In the above work, the basic properties of the virtual fields are analyzed

and experimentally investigated, and their applications in image analysis are also

studied by experiments. The experimental results indicate the impressive research

value of magnetism inspired methods in image analysis. The electro-magnetism

inspired interaction between the virtual currents in images is investigated, based on

which novel methods of image matching for shifting and rotating transformations are
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presented. The analysis of deforming and other motions between video frames is also

implemented based on the virtual interaction force field. 

The organization of the book is as following:

In Chapter 2, the virtual edge current in images (the edge vector field) is

presented, and a novel segmentation method is studied based on the virtual magnetic

field generated by the virtual edge current. 

In Chapter 3, the curling source inversion for grayscale images is studied, which

further reveals the nature of the virtual edge current proposed in Chapter 2 from a

virtual-field viewpoint. 

In Chapter 4, the significant edge current is proposed as a feature extracted from

the virtual current field, based on which the virtual electro-magnetic interaction

between images is investigated, and a matching method for shifting transformation is

discussed. 

In Chapter 5, the virtual electro-magnetic interaction between the edge currents is

further applied in image matching for rotating transformation. 

In Chapter 6, the virtual interaction force field between two frames in video

sequence is studied for the analysis of deforming and other motions in video frames. 

Chapter 7 is the summary of the book. 
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Chapter 2  
The Virtual Current in Digital Images

The distinctive feature of physics-inspired methods for image analysis is a kind of

natural description and representation of image structures, which may reveal novel

image features for further analysis. The magnetic field generated by the stable current

satisfies the Biot-Savart law[58-61], and in this section its spatial property on the 2D

plane is investigated. The possible application of the magneto-static field’s spatial

property to region border extraction is also studied. 

2.1 The spatial property of the magneto-static field

2.1.1 The magnetic field of the current in a straight wire

According to the electro-magnetic theory, the magnetic field generated by the stable

current in an infinitely long straight wire is[58-61]:

r

I
B

π
μ
2

0=                            (2-1)

where B is the magnitude of the magnetic induction at a space point, I is the intensity

of the current, r is the distance of the space point to the straight line, 0μ and π are

two constants. The diagram of the magnetic field generated by the straight line is

shown in Fig. 2-1. 
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Fig. 2-1 The magnetic field generated by the straight line

   In Fig. 2-1, the direction of the magnetic induction is determined by the

right-hand rule: if the thumb of the right hand is pointed in the direction of the current, 

and the other four fingers assume a curved position, the magnetic field circling

around the wire flows in the direction in which the other four fingers point[58-61]. The

right-hand rule is shown in Fig. 2-2. 

Fig. 2-2 The right-hand rule

   According to the right-hand rule, the direction distribution of
→
B can be

determined on the plane where the wire lies. Fig. 2-3 shows the direction distribution

of the magnetic field on the 2D plane where the straight wire lies. In Fig. 2-3 the

cross represents the direction of going into the paper, and the dot represents the

direction of coming out of the paper. From the viewpoint of geometry, the line

divides the plane into two halves. The direction of the magnetic induction vectors in

one half is just opposite to that in the other half. If the direction of I is given, based on
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the direction of
→
B , it can be decided on which side of the wire the point lies. 

Therefore, from the viewpoint of image analysis, the direction of the magnetic field

can serve as a feature indicating the relative position of a point with respect to the

straight wire on the plane. 

Fig. 2-3 The direction distribution of the magnetic field generated by a straight wire

2.1.2 The magnetic field of the current in a closed wire with

arbitrary shape

The straight line is just a special case of curves with arbitrary shapes, and the

magnetic field generated by the straight wire is a special case of those generated by

general wires. A more general description of the magnetic field is given by the

Biot-Savart law[58-61], where the source of the magnetic field is the current of arbitrary

shapes which is composed of current elements. A current element
→
dlI is a vector

representing a very small part of the whole current, whose magnitude is the

arithmetic product of I and dl (the length of a small section of the wire). The current

element has the same direction as the current flow at the same point. Thus the whole

magnetic field is the accumulation of those generated by all the current elements. 

   The magnetic field generated by a current element
→
dlI is as following[58-61]:
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3
0

4 r
rdlI

dB

→→
→ ×⋅=

π
μ

                       (2-2)  

where
→

dB is the magnetic induction vector at a space point, 
→
dlI is the current

element, r is the distance between the space point and the current element, 
→
r is the

vector from the current element to the space point, the operator × represents the

cross product of the two vectors. The direction of the magnetic field also follows the

right-hand rule. The magnetic field’s direction distribution on the 2D plane where the

current element lies is shown in Fig. 2-4. Similar to the case of straight wire, the

direction of the magnetic field reverses when crossing the line on which the current

element lies. 

Fig. 2-4 The magnetic field’s direction distribution of a current element on the 2D plane

   The magnetic field generated by the current in a wire of arbitrary shape is the

accumulation of the fields generated by all the current elements on the wire, which is

described by the Biot-Savart law[58-61]:

→→
→→ ×⋅==

DD r
rdlI

dBB 3
0

4π
μ

                    (2-3)

where
→
B is the magnetic induction vector at a space point generated by the whole

current of arbitrary shape. D is the area where the current element exists. 
→

dB is the

magnetic field generated by each current element in D. 
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   Fig. 2-5 shows the case of a current element on a closed wire with arbitrary shape, 

and also its magnetic field in the small local neighbouring area. The closed wire

divides the plane into two parts: the inner region and the outer region of the curve. In

the small local area of a current element, the magnetic field’s direction reverses when

crossing the local section of the curve. From the viewpoint of image analysis, the

reverse of the field’s direction in the local area indicates the existence of the region

border (such as the curve in Fig. 2-5) Therefore, the reverse of the field direction can

serve as a novel feature representing region borders in digital images, which may be

exploited for further analysis. 

Fig. 2-5 The magnetic field in the small local area of a current element on a closed wire

2.2 The tangent edge vector in images

The direction of the current in a wire is virtually the tangent direction of the curve at

that point. On a discrete 2D plane, the discrete form of a current in a curving wire can

be represented by a set of tangent vectors at each discrete point of the curve. In

geometric theory, for simple regions (such as those in Fig. 2-5 and Fig. 2-6) the

gradient vector on the region border is perpendicular to the border curve. Since the

direction of the curve at a point is represented by the tangent direction of the curve, 
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the tangent vector can thus be estimated by the gradient vector in digital images. 

2.2.1 The definition of the tangent edge vector

In this section, the tangent edge vector is proposed to represent the edge intensity and

edge direction. The magnitude of a tangent edge vector
→
T is defined as the same of

the gradient vector
→
G at that point, while its direction is perpendicular to the

gradient vector:

yx GT =                            (2-4)

xy GT −=                           (2-5)

where Tx and Ty are the x and y components of
→
T respectively. Gx and Gy are the x

and y components of
→
G respectively. Therefore, the magnitude of the tangent edge

vector represents the edge intensity, and its direction represents that of the border

curve. Fig. 2-6 shows the relationship between the gradient and tangent edge vector

on the border of a simple region. Therefore, the tangent vector can be estimated by

rotating the gradient vector clockwise with 90 degrees, which is shown in Fig. 2-6. 

Fig. 2-6 The relationship between the tangent edge vector and the gradient vector
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In this section, the Sobel operator is used to estimate the gradient vector in digital

images. The two templates of the Sobel operator for gradient estimation are shown in

Fig. 2-7. 

                          
   the template to estimate the gradient                the template to estimate the gradient

    component on x-coordinate                       component on y-coordinate

Fig. 2-7 The two templates of the Sobel operator to estimate the gradient vector

   According to the Sobel operator, for digital image f(x,y), the two components of

the gradient vector are estimated as following:

Gx(x,y)=[f(x+1,y-1)-f(x-1,y-1)]+2[f(x+1,y)-f(x-1,y)]+[f(x+1,y+1)-f(x-1,y+1)]    (2-6)

Gy(x,y)=-[f(x-1,y+1)-f(x-1,y-1)]-2[f(x,y+1)-f(x,y-1)]-[f(x+1,y+1)-f(x+1,y-1)]     (2-7)

where Gx(x,y) and Gy(x,y) are the two components of the gradient vector on the x and

y direction respectively. Then the tangent edge vector can be estimated based on the

gradient vector according to Equation (2-4) and (2-5). 

2.2.2 The virtual magnetic field generated by the set of tangent

edge vectors

To investigate the properties of the tangent edge vector, experiments are carried out

for a group of simple test images. The original images are shown in Fig. 2-8(a) to Fig. 

2-12(a). The test images are of the size 32× 32, which contain simple image regions. 
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To get a more clear view, the original images are shown in both original size and the

size of 4 times larger. The tangent edge vectors are shown in Fig. 2-8(b) to Fig. 

2-12(b), where the arrows indicate the directions of the tangent edge vectors and the

dot indicates zero vectors. 

   For the simple test images in the experiments, each region has homogeneous

pixels of the same gray-scale. Therefore, the gradient vectors are zero except on the

points near the region border. Thus the tangent edge vectors also gather near the

border curve and forms a circulating current around the region. Therefore, the tangent

edge vectors make up a virtual current of a discrete form in the image. Because the

physical current elements are also along the tangent direction of the wire curve, the

tangent edge vector is a natural analogy to the physical current element. The

experimental results shown in Fig. 2-8(b) to Fig. 2-12(b) also indicate that the tangent

edge vectors form a virtual current in a discrete form along the region border, which

is later defined as the virtual edge current in the following section. 

   To further investigate the tangent edge vector, the virtual magnetic field

generated by the tangent edge vectors is calculated. Imitating the physical current

element, the discrete virtual magnetic field generated by a tangent edge vector on

point (i,j) is proposed as following:

3
),(),(

),(),(
),(

),(
),(

yxji

yxji
ji

r

rjiT
yxB

→

→

→→
→ ×=                  (2-8)
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where ),(),( yxB ji

→

is the virtual magnetic induction on point (x,y) generated by

),( jiT
→

, and ),( jiT
→

is the tangent edge vector on point (i,j). ),(),( yxjir →

→

is the

vector from (i,j) to (x,y), and ),(),( yxjir → is the distance between (i,j) and (x,y). 

   Therefore, the virtual magnetic field generated by all the tangent edge vectors is

defined as the accumulation of ),(),( yxB ji

→

:

1 1 1 1
( , ) ( , )

( , ) 3
0 0 0 0 ( , ) ( , )

( or ) ( or )

( , )
( , ) ( , )

H W H W
i j x y

i j

j i j i i j x y
j y i x j y i x

T i j r
B x y B x y

r

→ →
− − − −→ → →

= = = = →
≠ ≠ ≠ ≠

×= =       (2-9)

where H and W represents the height and width of the digital image respectively. 

Because each tangent edge vector generates a magnetic field separating the image

points on different sides of the local border section, the accumulation of such virtual

magnetic fields generated by all the tangent edge vectors may separate the image

points into two classes: those within the region and those outside the region. The

experimental results of simulation are also shown in visible figures. The magnitude of

each virtual magnetic field is shown in Fig. 2-8(c) to Fig. 2-12(c), where larger

gray-scale values represent larger magnitude of ),( yxB
→

. The direction distribution

of each virtual magnetic field is shown in Fig. 2-8(d) to Fig. 2-12(d), where the white

points represent the direction of going into the paper, and the black points represent

the direction of coming out of the paper. The results indicate that different adjacent

regions have different directions of the virtual magnetic field, and the field direction

reverses when crossing the region orders. Therefore, the direction distribution in the

virtual magnetic field can serve as a promising feature for region border detection and

image segmentation. 
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Fig. 2-8(a) The test1 image             Fig. 2-8(b) The direction distribution of the

(4 times of original size on the right)               tangent edge vectors

Fig. 2-8(c) The magnitude distribution of the magnetic field generated by the set of tangent

edge vectors (larger gray-scale values represent larger magnitude)

Fig. 2-8(d) The direction distribution of the magnetic field generated by the set of tangent

edge vectors (the white points represent the direction of going into the paper, and the black

points represent the opposite)

                   

Fig. 2-9(a) The test2 image             Fig. 2-9(b) The direction distribution of

(4 times of original size on the right)               the tangent edge vectors
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Fig. 2-9(c) The magnitude distribution of the magnetic field generated by the set of tangent

edge vectors (larger gray-scale values represent larger magnitude)

Fig. 2-9(d) The direction distribution of the magnetic field generated by the set of tangent

edge vectors (the white points represent the direction of going into the paper, and the black

points represent the opposite)

                   

Fig. 2-10(a) The test3 image            Fig. 2-10(b) The direction distribution of

(4 times of original size on the right)               the tangent edge vectors

Fig. 2-10(c) The magnitude distribution of the magnetic field generated by the set of tangent

edge vectors (larger gray-scale values represent larger magnitude)
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Fig. 2-10(d) The direction distribution of the magnetic field generated by the set of tangent

edge vectors (the white points represent the direction of going into the paper, and the black

points represent the opposite)

                   

Fig. 2-11(a) The test4 image            Fig. 2-11(b) The direction distribution of

(4 times of original size on the right)               the tangent edge vectors

Fig. 2-11(c) The magnitude distribution of the magnetic field generated by the set of tangent

edge vectors (larger gray-scale values represent larger magnitude)

Fig. 2-11(d) The direction distribution of the magnetic field generated by the set of tangent

edge vectors (the white points represent the direction of going into the paper, and the black

points represent the opposite)
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Fig. 2-12(a) The test5 image            Fig. 2-12(b) The direction distribution of

(4 times of original size on the right)                the tangent edge vectors

Fig. 2-12(c) The magnitude distribution of the magnetic field generated by the set of tangent

edge vectors (larger gray-scale values represent larger magnitude)

Fig. 2-12(d) The direction distribution of the magnetic field generated by the set of tangent

edge vectors (the white points represent the direction of going into the paper, and the black

points represent the opposite)

2.3 The virtual edge current in grayscale images

The images captured in nature (such as photos, satellite images, etc.) have rich

gray-scale levels and details, and are much more complex than the simple test images. 

The digital image can be regarded as a function f(x,y), whose arguments are the

position (x,y) on the 2D plane, and the function value is the gray-scale of that image
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point. The isolines (contour lines) in the image f(x,y) indicate possible region borders, 

and in mathematics the gradient vector is perpendicular to the isoline of f(x,y). 

Consequently, for complex natural images, the tangent edge vector represents the

direction of the isoline, i.e. the direction of possible region border curve. On the other

hand, since the magnitude of the tangent vector is the same as the gradient vector on

that point, its magnitude also indicates the edge intensity at that point. Therefore, the

definition of Equation (2-4) and (2-5) can also apply to complex natural images. For

complex natural images, there may be rich gray-scale levels, and there is a tangent

edge vector with some magnitude at each image point. All the tangent edge vectors

make up a flow field, and the flow direction at each image point is just the same as

that of the tangent edge vector. Therefore, all the tangent edge vectors in a digital

image form a virtual current, where the tangent edge vector at each image point

serves as the discrete current element. Such virtual current is defined as the virtual

edge current, because all the tangent edge vectors are along the direction of the

isoline curve (possible region borders) in the image.

   To investigate the properties of the virtual edge current, the virtual magnetic field

generated by the virtual edge current is calculated. Experiments are carried out for a

group of natural images. The original images are shown in Fig. 2-13(a) to Fig. 

2-19(a). The results of the virtual magnetic field are visualized as gray-scale images. 

The magnitude of each virtual magnetic field is shown in Fig. 2-13(b) to Fig. 2-19(b), 

where larger gray-scale values represent larger magnitude of the virtual magnetic

induction ),( yxB
→

. The direction distribution of each virtual magnetic field is shown
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in Fig. 2-13(c) to Fig. 2-19(c), where the white points represent the direction of going

into the paper, and the black points represent the direction of coming out of the paper. 

The experimental results indicate that for natural images the direction of the virtual

magnetic field reverses when crossing region borders. Therefore, the distribution of

the virtual magnetic field can serve as the basis of border detection and region

segmentation. 

                    

       (a)                        (b)                        (c)  

Fig. 2-13 The virtual magnetic field generated by the edge current for the peppers image
(a) the peppers image

(b) the magnitude distribution of the virtual magnetic field generated by the edge current

(c) the directions distribution of the virtual magnetic field generated by the edge current

                    

       (a)                        (b)                        (c)  

Fig. 2-14 The virtual magnetic field generated by the edge current for the broadcaster image
(a) the broadcaster image  

(b) the magnitude distribution of the virtual magnetic field generated by the edge current

(c) the directions distribution of the virtual magnetic field generated by the edge current
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       (a)                        (b)                        (c)  

Fig. 2-15 The virtual magnetic field generated by the edge current for the boat image
(a) the boat image

(b) the magnitude distribution of the virtual magnetic field generated by the edge current

(c) the directions distribution of the virtual magnetic field generated by the edge current

                    

       (a)                        (b)                        (c)  

Fig. 2-16 The virtual magnetic field generated by the edge current for the cameraman image
(a) the cameraman image

(b) the magnitude distribution of the virtual magnetic field generated by the edge current

(c) the directions distribution of the virtual magnetic field generated by the edge current

                    

       (a)                        (b)                        (c)  

Fig. 2-17 The virtual magnetic field generated by the edge current for the house image
(a) the house image

(b) the magnitude distribution of the virtual magnetic field generated by the edge current

(c) the directions distribution of the virtual magnetic field generated by the edge current
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       (a)                        (b)                        (c)  

Fig. 2-18 The virtual magnetic field generated by the edge current for the brain image
(a) the medical brain image

(b) the magnitude distribution of the virtual magnetic field generated by the edge current

(c) the directions distribution of the virtual magnetic field generated by the edge current

      
             (a)                         (b)                         (c)  

Fig. 2-19 The virtual magnetic field generated by the edge current for the heart image

(a) the medical image of a heart  

(b) the magnitude distribution of the virtual magnetic field generated by the edge current

(c) the directions distribution of the virtual magnetic field generated by the edge current

   Because the magnitude of the tangent edge vector is the same as the gradient

vector, in Equation (2-9) the
→
T vectors with large magnitudes have major affect on

the formation of overall region borders, while those with small magnitudes can only

have effect within adjacent local areas and affect the details of the local region

borders. In Fig. 2-13(c) to Fig. 2-19(c), the experimental results indicate that the



30

region borders can be detected according to the direction distribution of the virtual

magnetic field generated by the virtual edge current. 

2.4 Image segmentation based on the virtual edge

current

In the experimental results for the test images, it is shown that the directions of the

virtual magnetic field are opposite in two different adjacent regions. This provides a

basis of region division in images. In this section, a method of image region division

in the virtual magnetic field generated by the edge current is proposed as following:

Step1: Calculate the tangent edge vectors to obtain the virtual edge current;

Step2: Calculate the virtual magnetic field generated by the virtual edge current;

Step3: Obtain the direction distribution of the virtual magnetic field;

Step4: Group the adjacent points with the same direction of virtual magnetic field into

connected regions. The obtained set of connected regions is the result of region

division for the gray-scale image. 

   Real world images consist of more complex region components than simple test

images. To investigate the effect of the above region division method on real world

images, experiments are carried out for a group of real world images. The

experimental results are shown from Fig. 2-20(b) to Fig. 2-26(b), which are the

region division results of Fig. 2-13(c) to Fig. 2-19(c) respectively. In Fig. 2-20(b) to

Fig. 2-26(b), different regions are represented by different gray-scale values. The
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results indicate that for real world images the region division method may obtain

large amount of regions in the image. The numbers of regions obtained for the real

world images in the experiments are shown in Table 3-1. 

Table 3-1 The numbers of regions obtained for the real world images

Image Number of regions

peppers 87

broadcaster 77

boat 149

cameraman 142

house 117

brain 131

heart 342

   The region division results of real world images consist of large amount of

regions due to the complexity of real world images. To obtain practically useful

segmentation result, a region merging method is proposed based on the gray-scale

similarity of adjacent regions. First, an expected number of remaining regions after

merging is given (usually by trail). Then the following steps are carried out to merge

regions until the expected region number is reached:

Step1: For each region in the image, calculate its average gray-scale value. 

Step2: Find the pair of neighboring regions with the least difference of the average

gray-scale, and merge them into one region. 

Step3: If current region number is larger than the expected region number, return to

Step1; otherwise, end the merging process. 
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   The region merging results for the real world images are shown in Fig. 2-20(c) to

Fig. 2-26(c), where different regions are represented by different gray-scale. The

merging results are shown from Fig. 2-20(c) to Fig. 2-26(c), which are for Fig. 2-20(b)

to Fig. 2-26(b) respectively. 

                   

(a)                        (b)                       (c)  

Fig. 2-20 The region division and merging results for the peppers image

(a) the peppers image    

(b) the region division result based on Fig. 2-13(c)  

(c) the region merging result for (b) (50 regions remained)

                    

(a)                        (b)                       (c)  

Fig. 2-21 The region division and merging results for the broadcaster image

(a) the broadcaster image

(b) the region division result based on Fig. 2-14(c)

(c) the region merging result for (b) (20 regions remained)
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(a)                        (b)                       (c)  

Fig. 2-22 The region division and merging results for the boat image

(a) the boat image

(b) the region division result based on Fig. 2-15(c)

(c) the region merging result for (b) (80 regions remained)

                    

(a)                        (b)                       (c)  

Fig. 2-23 The region division and merging results for the cameraman image

(a) the cameraman image

(b) the region division result based on Fig. 2-16(c)

(c) the region merging result for (b) (20 regions remained)

                  

(a)                        (b)                       (c)  

Fig. 2-24 The region division and merging results for the house image

(a) the house image

(b) the region division result based on Fig. 2-17(c)

(c) the region merging result for (b) (20 regions remained)
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(a)                        (b)                       (c)  

Fig. 2-25 The region division and merging results for the medical brain image

(a) the medical brain image  

(b) the region division result based on Fig. 2-18(c)

(c) the region merging result for (b) (40 regions remained)

      
(a)                         (b)                        (c)

Fig. 2-26 The region division and merging results for the medical heart image

(a) the medical image of a heart

(b) the region division result based on Fig. 2-19(c)

(c) the region merging result for (b) (20 regions remained)

   Based on the above study, a novel image segmentation method is proposed with

the virtual magnetic field generated by the virtual edge current:

Step1: Calculate the tangent edge vectors in the image to form the virtual edge

current;

Step2: Calculate the virtual magnetic field generated by the virtual edge current;
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Step3: Carry out the region division based on the direction distribution of the virtual

magnetic field;

Step4: Merge the region division result to a pre-defined number of regions. 

   The experimental results have proved the effectiveness of the proposed

segmentation method. 

2.5 The influence of different gradient thresholds on

border formation

The gradient magnitude is the intensity of gray-scale changing, which is a natural

measurement of the possibility of edge existence. It can be seen from Fig. 2-13(c) to

Fig. 2-19(c) that the region borders can be determined by the direction distribution of

the virtual magnetic field. In the experimental results, the whole field of ),( yxB
→

is

formed by the accumulation of all the tangent edge vectors with various magnitudes. 

Those tangent edge vectors with relatively large magnitudes have major affect on the

formation of main region borders. Experiments have been carried out to investigate

the effect of different vector magnitude on the formation of region borders. In the

experiments, before the calculation of the virtual magnetic field, the tangent edge

vectors with magnitudes less than a pre-defined threshold are set to zero; then the

virtual magnetic field is formed by the remained vectors with relatively larger

magnitudes. In the experiments, the threshold is defined as a certain percent of the

maximum magnitude of the tangent edge vectors. The experimental results for the
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broadcaster image are shown in Fig. 2-27(a) to Fig. 2-27(e).  Fig. 2-27(a) to Fig. 

2-27(e) show the magnitude of the obtained virtual magnetic field, where larger

gray-scale values represent larger magnitude of ),( yxB
→

.  Fig. 2-27(a) to Fig. 

2-27(e) also show the direction distribution of the virtual magnetic field, where the

white points represent the direction of going into the paper, and the black points

represent the direction of coming out of the paper. The threshold values are set as 0%, 

0.05%, 0.1%, 0.2% and 0.5% of the maximum gradient magnitude in the image

respectively. 

                        

the magnitude distribution                  the direction distribution

Fig. 2-27(a) The magnitude and direction distribution of the magnetic field generated by the

virtual edge current with 0% of the maximum vector length as the threshold

                        

the magnitude distribution                  the direction distribution

Fig. 2-27(b) The magnitude and direction distribution of the magnetic field generated by the

virtual edge current with 0.05% of the maximum vector length as the threshold
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the magnitude distribution                  the direction distribution

Fig. 2-27(c) The magnitude and direction distribution of the magnetic field generated by the

virtual edge current with 0.1% of the maximum vector length as the threshold

                        

the magnitude distribution                  the direction distribution

Fig. 2-27(d) The magnitude and direction distribution of the magnetic field generated by the

virtual edge current with 0.2% of the maximum vector length as the threshold

                        

the magnitude distribution                  the direction distribution

Fig. 2-27(e) The magnitude and direction distribution of the magnetic field generated by the

virtual edge current with 0.5% of the maximum vector length as the threshold

   Fig. 2-27(a) and Fig. 2-27(b) indicate that the tangent edge vectors of small

magnitudes have important effect on local region details, which generates many small

region borders in the direction distribution. With the threshold value increasing, small
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region borders become less. Fig. 2-27(c) shows a nice balance of border accuracy and

the degree of detail. When the threshold becomes too large, there is obvious lost of

the border accuracy, which is indicated by Fig. 2-27(d) and Fig. 2-27(e). The

magnitude threshold for the tangent edge vectors can be adjusted experimentally for

different requirement of detail level. 

   The direction distribution of the discrete magnetic field generated by the virtual

edge current is experimentally proved to be a novel feature for border detection and

region division, based on which image segmentation can be implemented in the

virtual magnetic field. Further work will investigate the application of the virtual

edge current in other image processing tasks. 
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Chapter 3
The Curl Source Inversion of Digital Images

The magneto-static field has some unique characteristics different from the

electro-static field. The field of magnetic induction has its curl as the field source, 

while the electro-static intensity has its divergence as the field source. It is interesting

and worthwhile to take the image as the magneto-static field and study its virtual

source (i.e. its curl). In this section, the curl source reversing for gray-scale images is

studied. According to the following analysis and experiments, it is quite interesting

that the virtual curl source has close relationship with the image gradient field. 

3.1 The magneto-static field and its field source

In physics, moving charges generate magnetic field in the space. Thus the moving

charges (i.e. the current) can be conceptually regarded as the source of the magnetic

field. On the other hand, if the magnetic field is known, the field source of current

density can be reversed according to the Ampere’s law in differential form[58-61]:

→→
⋅=×∇ JB 0μ                         (3-1)

where
→
B is the magnetic induction;

→
J is the current density (i.e. the field source

distribution); 0μ is the permeability constant; ∇ is the Hamiltonian operator:

→→→

∂
∂+

∂
∂+

∂
∂=∇ k

z
j

y
i

x
                    (3-2)

The operator × means the cross product of two vectors. The operation of ×∇
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obtains the curl of the vector field
→
B , i.e. the source distribution

→
J has direct

relationship to the curl of
→
B . Therefore, the reverse from the magnetic field to the

source is as following:

0μ

→
→ ×∇= B
J                           (3-3)

Because the source reflects underlying structural feature of the field, a transform from

the image to the virtual curl source is proposed for image structure representation in

the next section. 

3.2 The inversion of virtual curl source in images

In physics, the field is determined by the source distribution. Therefore, the field

source can be a compact representation of the field. It may reveal structural

characteristics of the field, which can be exploited in image transform and analysis. 

In this section, a novel image transform is presented imitating the source reverse of

the magnetic field. Because the source distribution of magnetic field is its curl, the

transform is named the “curl source reverse”. 

   The image f(x,y) itself is a scalar distribution in the 2-D domain. To get the virtual

curl source of the image, each image pixel is represented by a vector ),( yxI
→

, which

comes outward from the 2-D plane. Moreover, the vector representing a pixel is at a

right angle to the 2-D plane, and its magnitude is defined as the gray-scale value of

that pixel:  
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→→
⋅= kyxfyxI ),(),(                       (3-4)

With such definition, the image f(x,y) is represented by the vertical vector field
→
I . A

simple example of the vector field representing a small image area of the size 3×3 is

shown in Fig. 3-1. 

(a) the small image  

(b) the vertical vector field representing the small image of (a)

Fig. 3-1 A simple example of the vector field representing a small image

   The curl source reverse is proposed as the reverse from the vertical field
→
I (as

virtual magnetic induction) to the virtual current density distribution (named as the

virtual “curl source”) imitating Equation (3-3). To achieve the curl source reverse, 

replace
→
B with

→
I in Equation (3-3):  



42

=
∂
∂

∂
∂

∂
∂=×∇=

→→→

→→

zyx III
zyx

kji

IC
→→→

∂
∂

−
∂
∂

+
∂
∂

−
∂
∂

+
∂
∂

−
∂
∂

k
y

I

x

I
j

x

I

z

I
i

z

I

y

I xyzxyz

(3-5)

where
→
C is the virtual curl source;

→
i , 

→
j and

→
k are the three unit vectors on the

x, y and z coordinates respectively. 

   It is notable that the components of
→
I on the x-coordinate and y-coordinate are

both zero because it is defined as a vertical vector field. If Equation (3-4) and (3-5)

are combined, the curl source reverse is given as following:

→→

→→→

→

∂
∂−

∂
∂=

∂
∂

∂
∂

∂
∂= j

x

yxf
i

y

yxf

yxf
zyx

kji

C
),(),(

),(00

           (3-6)

According to Equation (3-6), the result of curl source reverse is a vector field

),( yxC
→

defined on the same 2D plane as the image itself. 

   Because f(x,y) is a digital image, the two partial derivatives in Equation (3-6)

should be estimated by discrete operators. In this section, the Sobel operator is used

for the estimation. The two templates for partial derivative estimation are shown in

Fig. 3-2. 

                         
the template to estimate the                 the template to estimate the

derivative on x-coordinate                  derivative on y-coordinate

Fig. 3-2 The two templates of Sobel operator to estimate the gradient vector
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   According to the Sobel operator, for the digital image f(x,y), the two components

of the virtual curl source are estimated as following:

Cx(x,y)=[f(x-1,y+1)-f(x-1,y-1)]+2[f(x,y+1)-f(x,y-1)]+[f(x+1,y+1)-f(x+1,y-1)]

  Cy(x,y)=-[f(x+1,y-1)-f(x-1,y-1)]-2[f(x+1,y)-f(x-1,y)]-[f(x+1,y+1)-f(x-1,y+1)]   (3-7)

   Equation (3-7) defines the operation of curl source reverse for digital images. The

virtual curl source for an image is defined as a discrete vector field on the image

plane, whose x and y components are defined in Equation (3-7). The properties of the

virtual curl source are investigated experimentally in the next section. 

3.3 The spatial property of the virtual curl source

Equation (3-6) indicates that for a vector in the virtual curl source, its component on

the x-coordinate is the partial derivative of f(x,y) with respect to y, and its component

on the y-coordinate is the negative partial derivative with respect to x. On the other

hand, it is well known that the gradient
→
G of a field f(x,y) also has the two partial

derivatives as its components:

→→→

∂
∂+

∂
∂= j

y

yxf
i

x

yxf
G

),(),(
                   (3-8)

   It is indicated by Equation (3-6) and (3-8) that the virtual source obtained by the

curl source reversing has direct relationship with the gradient field:

),(),(

),(),(

yxGyxC

yxGyxC

xy

yx

−=

=
                     (3-9)
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   Therefore, on any point in the image, the vector in the virtual source has the same

magnitude of the gradient vector on that point, but their directions are different. 

According to Equation (3-9), the vector of C is obtained by two steps: reflect the

vector of G across the line with the slope of 1.0, followed by another reflection across

the x-axis. In fact, it can be easily proved that the vector of C is perpendicular to the

vector of G because the two vectors of C and G are orthogonal. The relationship

between a vector in the curl source and its corresponding gradient vector is shown in

Fig. 3-3. Because the gradient is always taken as the feature of edges in the image, 

the virtual source obtained by the curl source reverse will also reflect structural

feature of the image. If compare Equation (3-9) with Equation (2-4) and (2-5), it is

interesting to find that the curl source vector is virtually the same as the virtual edge

current vector. This actually proves the importance of edge as the structure

representation of an image from a virtual field viewpoint. 

Fig. 3-3 The relationship between a curl source vector and its corresponding gradient vector
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   Experiments are carried out for a group of test images to study the basic

properties of the virtual curl source. The curl source reverse is implemented by

programming in C language. The test images are of the size 32×32. The experimental

results are shown in Fig. 3-4 to Fig. 3-8. The figures with the label (a) in Fig. 3-4 to

Fig. 3-8 are the original test images. The figures with the label (b) in Fig. 3-4 to Fig. 

3-8 are the magnitude distributions of the virtual curl source. The figures with the

label (c) in Fig. 3-4 to Fig. 3-8 are the direction distributions of the virtual curl

source. 

(a)                      (b)                        (c)

Fig. 3-4 The result of curl source inversion for test1

(a) the image test1 (4 times of the original size on the right for a clear view)

(b) the magnitude distribution of the virtual curl source of test1 (4 times of the original size on the

right for a clear view)

(c) the direction distribution of the virtual curl source of test1
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(a)                      (b)                        (c)

Fig. 3-5 The result of curl source inversion for test2

(a) the image test2 (4 times of the original size on the right for a clear view)

(b) the magnitude distribution of the virtual curl source of test2 (4 times of the original size on the

right for a clear view)

(c) the direction distribution of the virtual curl source of test2

(a)                      (b)                        (c)

Fig. 3-6 The result of curl source inversion for test3

(a) the image test3 (4 times of the original size on the right for a clear view)

(b) the magnitude distribution of the virtual curl source of test3 (4 times of the original size on the

right for a clear view)

(c) the direction distribution of the virtual curl source of test3
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(a)                      (b)                        (c)

Fig. 3-7 The result of curl source inversion for test4

(a) the image test4 (4 times of the original size on the right for a clear view)

(b) the magnitude distribution of the virtual curl source of test4 (4 times of the original size on the right for a clear

view)

(c) the direction distribution of the virtual curl source of test4

(a)                      (b)                        (c)

Fig. 3-8 The result of curl source inversion for test5

(a) the image test5 (4 times of the original size on the right for a clear view)

(b) the magnitude distribution of the virtual curl source of test5 (4 times of the original size on the

right for a clear view)

(c) the direction distribution of the virtual curl source of test5
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   The experimental results reveal the spatial properties of the virtual curl source. In

the figures with the label (b) in Fig. 3-4 to Fig. 3-8, larger gray-scale values

correspond to larger vector magnitudes. The figures with the label (b) in Fig. 3-4 to

Fig. 3-8 show that the energy (i.e. non-zero values) in the virtual curl source

concentrates near the region borders, where there is more complex structure than the

other parts of the image[62,63]. This is because each vector in the virtual curl source has

the same magnitude as the gradient vector at the same point, but their directions are

different. This property of energy concentration in the magnitude distribution of the

virtual curl source may be exploited in data compression, which is similar to the

energy concentration of the 2-D Fourier transform in the frequency domain [64-66].  

   The direction distribution of the virtual curl source is shown in the figures with

the label (c) in Fig. 3-4 to Fig. 3-8. The direction angles of the vectors are visualized

by discretizing the angles into 8 discrete directions. The black dots in the figures with

the label (c) in Fig. 3-4 to Fig. 3-8 indicate the positions of zero vectors. 

Experimental results indicate that the direction distribution of the virtual source has

direct relationship with the image structure. In the figures with the label (c) in Fig. 

3-4 to Fig. 3-8, the vectors in the virtual curl source have a rotating pattern as a whole, 

which rotate along the borders of the regions. For example, the curl vectors in Fig. 

3-4(c) rotate anti-clockwise as a whole. On the other hand, the curl vectors in the

source are zero within homogeneous regions.  

Moreover, the rotating direction of the curl vectors as a whole has direct

relationship with the gray-scale difference between adjacent regions. Experimental
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results indicate that when moving along the rotating direction indicated by the curl

vectors, the region on the left hand has lower gray-scale than that on the right hand. 

Therefore, the spatial properties of the magnitude and direction distributions of the

virtual curl source can be an effective representation of image structure, which may

be exploited in further analysis. 

3.4 The opposite transform from the virtual curl source

to image

It is an important characteristic of a transform whether it is reversible. For the curl

source reverse, the opposite transform from the virtual curl source to the restored

image is discussed in this section.  

In physics, the continuous magnetic field
→
B can be obtained from the

distribution of the current density
→
J , which is well known as the Biot-Savart

Law[58-61]:

→→
→ ×=

V

dv
r

rJ
pB

3
0

4
)(

π
μ

                    (3-10)

where )( pB
→

is the magnetic induction at the point p;
→
J is the current density;

→
r

is the vector from the current density to the point p. The integral in Equation (3-10) is

for the whole source space where the current density exists.  

Imitating Equation (3-10), the restoration from the virtual source ),( yxC
→

to the

field ),(' yxI
→

(i.e. the restored image) is proposed. Because the virtual source and
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the gradient field are related by Equation (3-10), the proposed restoration method can

also be a method for estimating the image from its gradient field. 

Because ),( yxC
→

is a vector field defined on a discrete 2-D plane, the restoration

of the field ),(' yxI
→

should also use discrete operations, i.e. the integral in Equation

(3-10) should be replaced by summation as following:
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1 1
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'( , ) i j x y

i j x y
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j i
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− −→
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≠ ≠

×= ⋅              (3-11)

where K is a constant; H and W are the height and width of the image respectively;

),( jiC
→

is the virtual curl source; ),(' yxI
→

is the restored field whose magnitude

distribution corresponds to the restored image; ),(),( yxjir →

→

is the vector from (i,j) to

(x,y). 

Because ),(),( yxjir →

→

and ),( yxC
→

are both 2D vector fields on the image plane, 

their components on z-coordinate are zero:

0

0

=
=

z

z

r

C
                          (3-12)

Therefore, the cross product of ),( yxC
→

and ),(),( yxjir →

→

is as following:
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where rx and ry are the two components of ),(),( yxjir →

→

respectively. Combine Equation

(3-11) and (3-13), the restoration of the field from the virtual curl source is given as

following:
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Because the virtual curl source is related to the gradient field of the image by

Equation (3-9), the above restoration is also a way to estimate the original image

from its gradient field with the virtual curl source as an intermediary. First, the

gradient field can be transformed to ),( yxC
→

according to Equation (3-9); then the

image can be estimated according to Equation (3-14). 

Experiments of image restoration from the virtual curl source are carried out for a

group of real world images. The experimental results are shown in Fig. 3-9 to Fig. 

3-14. The figures with the label (a) in Fig. 3-9 to Fig. 3-14 are the visualization of the

original magnitude distribution of the restored ),(' yxI
→

. The figures with the label (b)

in Fig. 3-9 to Fig. 3-14 are the results after contrast enhancement of the original

restored magnitudes. The figures with the label (c) in Fig. 3-9 to Fig. 3-14 are the

original images. 

                   

      (a)                        (b)                          (c)  

Fig. 3-9 The result of opposite transform from the virtual curl source to the boat image

(a) the visualization of  I’(x,y)

(b) the result of contrast enhancement      

(c) the original image of the boat
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      (a)                        (b)                          (c)  

Fig. 3-10 The result of opposite transform from the virtual curl source to the bridge image

(a) the visualization of I’(x,y)

(b) the result of contrast enhancement

(c) the original image of the bridge

                   

      (a)                        (b)                          (c)  

Fig. 3-11 The result of opposite transform from the virtual curl source to the house image

(a) the visualization of I’(x,y)

(b) the result of contrast enhancement

(c) the original image of the house

                   

      (a)                        (b)                          (c)  

Fig. 3-12 The result of opposite transform from the virtual curl source to the peppers image

(a) the visualization of I’(x,y)

(b) the result of contrast enhancement

(c) the original image of the peppers
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      (a)                        (b)                          (c)  

Fig. 3-13 The result of opposite transform from the virtual curl source to the cameraman

image

(a) the visualization of I’(x,y)

(b) the result of contrast enhancement

(c) the original image of the cameraman

                   

      (a)                        (b)                          (c)  

Fig. 3-14 The result of opposite transform from the virtual curl source to the broadcaster

image

(a) the visualization of I’(x,y)

(b) the result of contrast enhancement

(c) the original image of the broadcaster

The results indicate that the restored images can be the approximations of the

original images for visual understanding, but there are differences between the

restored and original images. Although the transform for continuous field defined by

Equation (3-3) and (3-10) are reversible, the curl source reverse for digital images

defined by Equation (3-7) and (3-14) includes operations of discretization, which

introduces data errors into the restored results. Therefore, the proposed transform of
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curl source reverse is not strictly reversible, but the opposite transform from the

virtual curl source to the image just provides relatively acceptable results for visual

perception. Therefore, the curl source transform provide a way of approximating the

image from its gradient field with a magneto-static analogy. 

Further research will investigate the application of the curl source reverse in other

image processing applications. It will also be investigated to remove the data errors

caused by discretization in the transform process so that the opposite transform from

the virtual curl source to the image can have the quality similar to those strictly

reversible transforms. 
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Chapter 4
Virtual Electromagnetic Interaction Between
Images

Image registration is one of the research focuses in image processing, which is

applied in many practical tasks such as remote sensing, medical image, robot vision, 

photography, etc[67-75]. The registration can achieve the integration of useful data in

two related but separated images, so that the complementary information in the

images can be fully exploited in practical tasks. The relative position of the two

images can also be estimated by image matching. Current image registration methods

can be divided into several categories from different viewpoints. Some methods are

based on grayscale matching, while others are based on feature extraction and

matching[67-75]. The nature of transformation from one image to another may be one

of the following cases: rigid, affine, projective or curved[67-75]. Different methods

have their own advantages and disadvantages respectively. Most methods are based

on the searching for similarities between the matched parts in the two images. 

Currently, it is relatively difficult to implement the registration both very rapidly and

very accurately (on commonly-used PCs). Moreover, largely mismatched images may

invalidate many registration methods. On the other hand, most methods are not

full-automatic because they need manual intervention such as setting and adjusting

program parameters.  

   Matching is the core issue in image registration. Traditional registration methods

are based on the similarity between the matched areas in two images. Quite different
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from previous matching methods, the authors introduce a novel idea for matching -

the virtual force which reflects the transformation between two images. In the

physical world, there exist various interaction forces. Some physical interaction

mechanisms can be exploited in image processing tasks if properly configured and

simulated. The electro-magnetic interaction is one of them. In this chapter, the

authors have studied a novel method for image matching inspired by the

electro-magnetic interaction. In physics, a current-carrying wire can produce its

magnetic field, which can further apply magnetic force on another current-carrying

wire. Inspired by the physical phenomena of the attraction between two

current-carrying wires, an automatic image matching method is proposed. In the

method, one image produces a virtual magnetic field and puts virtual magnetic force

on the other image. The force can represent the relative transformation between the

two images, and the matching can be implemented by following the guidance of the

virtual force. In this chapter, the transformation of shifting is investigated. The

rotating and deforming transformations are studied in next chapters.  

4.1 The interaction between current-carrying wires

4.1.1 The magnetic field of current-carrying wire

In physics, the description of the magneto-static field is given by the Biot-Savart

law[58-61], where the source of the magnetic field is the current of arbitrary shapes

which is composed of current elements. A current element
→
dlI is a vector



57

representing a very small part of the whole current, whose magnitude is the

arithmetic product of I and dl (the length of a small section of the wire). The current

element has the same direction as the current flow on the wire. The magnetic field

generated by a current element
→
dlI is as following[58-61]:

3
0

4 r
rdlI

dB

→→
→ ×⋅=

π
μ

                       (4-1)  

where
→

dB is the magnetic induction vector at a space point. 
→
dlI is the current

element. r is the distance between the space point and the current element. 
→
r is the

vector from the current element to the space point. The operator × represents the

cross product. The direction of the magnetic field follows the right-hand rule[58-61]. 

The direction distribution of the magnetic field on the 2D plane where the current

element lies is shown in Fig. 4-1.  

Fig. 4-1 The magnetic field’s direction distribution of a current element on the 2D plane

   The magnetic field generated by the current in a wire of arbitrary shape is the

accumulation of the fields generated by all the current elements on the wire, which is

described by the Biot-Savart law[58-61]:

→→
→→ ×⋅==

DD r
rdlI

dBB 3
0

4π
μ

                   (4-2)

where
→
B is the magnetic induction vector at a space point generated by the whole

current of the wire. D is the area where the current element exists. 
→

dB is the
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magnetic field generated by each current element in D. 

4.1.2 The force on current-carrying wire in stable

magnetic field

In electro-magnetic theory, the magnetic field applies force on moving charges, 

which is described by the Lorentz force. Derived from the Lorentz force, the

magnetic force on a current element is as following[58-61]:

d F Id l B= ×                         (4-3)

where Idl is the current element and dF is the magnetic force on it caused by the

magnetic induction B. The direction of dF satisfies the “left hand rule”, which is

shown in Fig. 4-2. In Fig. 4-2, the vector of dF is perpendicular to both B and Idl.  

Fig. 4-2 The directions of B, Idl and dF

   A current-carrying wire of arbitrary shape consists of many current elements. The

magnetic force on a wire is the summation of the force dF on all its current elements, 

which is as following[58-61]:

C
F Id l B= ×                         (4-4)

where C is the integration path along the wire, and F is the total magnetic force on

the wire.  



59

4.1.3 The electromagnetic interaction between two

current-carrying wires

The current-carrying wire can generate magnetic field, meanwhile the magnetic field

can put force on another wire. Thus there is interaction force between two

current-carrying wires. In electro-magnetic theory, the Ampere force between two

wires of arbitrary shapes is based on the line integration and combines the

Biot-Savart law and Lorentz force in one equation as following[58-61]:

1 2

211 20 1 2
12 3

21

( )
4 C C

I d l I d l r
F

r

μ
π

× ×=                 (4-5)

where F12 is the total force on wire1 due to wire2. �0 is the magnetic constant. I1dl1

and I2dl2 are the current elements on wire1 and wire 2 respectively. r21 is the vector

from I2dl2 to I1dl1. C1 and C2 are the integration path along the two wires respectively.  

   Equation (4-5) is virtually the accumulation of the magnetic force on the current

elements in wire1 put by the current elements in wire2. If such interaction is

simulated on computers, the continuous wires should be discretized, and the

integration in Equation (4-5) should be discretized to summation:
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where Fd is the force on wire1 from wire2. Here both wire1 and wire2 are in discrete

form, which consist of a set of discrete current element vectors respectively. C1 and

C2 are the two sets of discrete current elements for wire1 and wire2 respectively. In

another word, all the discrete vectors in C1 constitute the discrete form of wire1, and

all the discrete vectors in C2 constitute the discrete form of wire2. T1j and T2k are the
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current element vectors in C1 and C2 respectively. r21 is the vector from T2k to T1j.  

   Some examples of discretized current-carrying wires are shown in Fig. 4-3. In

computer simulations, the continuous current directions are discretized into 8

directions: {east, west, north, south, northeast, northwest, southeast, southwest}. Fig. 

4-3(a) shows the discrete form of a continuous current with the rectangle shape. Fig. 

4-3(b) shows the discrete form of a continuous current with the circle shape. Fig. 

4-3(c) shows the discrete form of a continuous current with the straight-line shape. 

Fig. 4-3(a) The discrete form of a continuous rectangle current

Fig. 4-3(b) The discrete form of a continuous circle current

Fig. 4-3(c) The discrete form of a continuous straight-line current
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   Further simulation experiments calculate the force between the original discrete

current and the one with a certain displacement by a shifting transformation. The

results are shown in Fig. 4-4, where C1 and C2 are two discrete currents and Fd is the

force on C1 applied by C2. The virtual force on C1 by C2 is calculated according to

Equation (4-6). In the simulation experiments, the discrete current C2 attracts its

shifted version C1, which has the effect of restoring the shifted one back to the

original position. This phenomenon inspires the matching approach by virtual

electromagnetic interaction between images, which is discussed in the following

sections. 

Fig. 4-4(a) The simulation of the interaction between two discrete rectangle current

Fig. 4-4(b) The simulation of the interaction between two discrete circle current
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Fig. 4-4(c) The simulation of the interaction between two discrete straight-line current

4.2 Magnetism-inspired image matching for shifting

transformation

Among the current methods of image registration, feature-based methods have the

notable advantage of much less computation load. There are several important image

features which can represent image structure, and edge is one of them. On the other

hand, many physical experiments and theoretical analysis indicate that the

electro-magnetic interaction can cause a shifted current-carrying wire attracted to

another wire of the same shape on the original location (Strictly speaking, the

attraction between the wire and the shifted one exists only in a certain range of

displacement). The simulation experiments in the above section also produce such

results. If a proper line feature representing the image structure can be found in the

image, it is possible to exploit the above location-restoring effect of electro-magnetic

interaction in image matching. The edge feature is just suitable for this requirement. 

4.2.1 Feature extraction of the “significant edge current”
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In this chapter, the “significant edge points” are extracted for image matching. The

significant edges are definite borders of regions, and there is sharp change of

grayscale across the significant edge lines. In the proposed matching method, the

significant edge points are first extracted in the two images to be matched. The virtual

currents in the image are defined as the set of discrete current elements on the

significant edge lines. Then the interaction force between the virtual currents in the

two images is calculated, which inspires a novel matching approach. 

Canny operator is widely used to extract edge lines[76,77]. To improve computation

efficiency, in this chapter a simplified Canny-like method is proposed to extract the

significant edges in image. First, Sobel operator is used to estimate the gradient fields

of the two images to be matched. Then the threshold processing of the gradient

magnitude is performed to reserve the definite edge points, in which the points with a

magnitude smaller than the threshold value are eliminated from the set of edge points. 

(The threshold value is set as a predefined percent of the maximum value of gradient

magnitude.) After that, “non-maximum suppression” is performed to get thin edge

lines. For an edge point, it is reserved in the set of significant edge points only if its

gradient magnitude is larger than the adjacent points on at least two of the following

pairs of directions: west and east, north and south, northwest and southeast, northeast

and southwest. 

   With the above process, the significant edge lines can be extracted. However, the

direction of current element should be along the tangent direction of the wire, while

the gradient vector is perpendicular to the tangent direction of the edge line. To get

the virtual edge current, all the gradient vectors on the significant edge lines rotate 90
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degrees. Then the vector direction after rotation is along the tangent direction of edge

lines. In another word, on the significant edge lines, the virtual current elements are

obtained by rotating the gradient vectors 90 degrees counterclockwise. A simple

example is shown in Fig. 4-5. All the virtual current element vectors on the

significant edges form the virtual currents in the image. In another word, the virtual

edge current in an image is a set of discrete current element vectors on the significant

edge lines. 

             

(a)       (b)                 (c)                          (d)

Fig. 4-5 An example of the significant edge lines and the corresponding virtual current of a 

square shape

(a) the image of the square shape

(b) the significant edge lines of (a)

(c) the gradient vectors on the significant edge lines  

(d) the discrete virtual current

   Fig. 4-5(a) shows a simple image of a square. Fig. 4-5(b) shows its significant

edge lines extracted. Fig. 4-5(c) shows the direction distribution of the discrete

gradient vectors, where the continuous gradient direction is discretized into eight

directions: {east, west, north, south, northeast, northwest, southeast, southwest}. Fig. 

4-5(d) shows the direction distribution of the discrete current elements, which is the
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rotated version of gradient vector. The dots in Fig. 4-5(c) and Fig. 4-5(d) show the

points with no current elements. 

   Some examples of extracting virtual edge current are shown from Fig. 4-6 to Fig. 

4-10. Fig. 4-6(a) to Fig. 4-9(a) show some simple images of the size 32× 32. Some

real world images of the size 128× 128 are shown in Fig. 4-10. The significant edge

lines extracted are also shown in these results, which will be used as virtual edge

currents in the following matching process. 

            

(a)        (b)                      (c)

Fig. 4-6 The significant edge lines and the corresponding virtual current of a rectangle shape

(a) the image of the rectangle shape

(b) the significant edge lines of (a)

(c) the discrete virtual current

   Fig. 4-6(a) shows an image of a rectangle. Fig. 4-6 (b) shows its significant edge

lines. Fig. 4-6 (c) shows the virtual current elements on the significant edge lines, 

where the arrows show the discrete directions of discrete current elements. The dots

in Fig. 4-6(c) show the points with no current elements.  
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(a)       (b)                     (c)

Fig. 4-7 The significant edge lines and the corresponding virtual current of an ellipse shape

(a) the image of the ellipse shape

(b) the significant edge lines of (a)

(c) the discrete virtual current

   Fig. 4-7(a) shows an image of an ellipse. Fig. 4-7(b) shows its significant edge

lines. Fig. 4-7(c) shows the virtual current elements on the significant edge lines, 

where the arrows show the discrete directions of discrete current elements.  

           

(a)       (b)                     (c)

Fig. 4-8 The significant edge lines and the corresponding virtual current of an irregular shape

(a) the image of the irregular shape

(b) the significant edge lines of (a)

(c) the discrete virtual current

   Fig. 4-8(a) shows an image of an irregular shape. Fig. 4-8(b) shows its significant

edge lines. Fig. 4-8(c) shows the virtual current elements on the significant edge lines, 



67

where the arrows show the discrete directions of discrete current elements.  

           

(a)       (b)                     (c)

Fig. 4-9 The significant edge lines and the corresponding virtual current of a shrunken image

of broadcaster

(a) the shrunken broadcaster image

(b) the significant edge lines of (a)

(c) the discrete virtual current

   Fig. 4-9(a) shows the shrunken version of a broadcaster image (the image of

original size is shown in Fig. 4-10(a)). Fig. 4-9(b) shows its significant edge lines. 

Fig. 4-9(c) shows the virtual current elements on the significant edge lines, where the

arrows show the discrete directions of discrete current elements. 

   In Fig. 4-10, the real world images and their significant edge lines are shown, 

including the images of the broadcaster, the cameraman, the peppers, the locomotive, 

the boat, the house and a medical image of brain. 

                  
(a) Broadcaster image  (b) Significant edge    (c) Cameraman image  (d) Significant edge  

lines of (a)                               lines of (c)
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(e)Peppers image     (f) Significant edge     (g) Brain image       (h) Significant edge

lines of (e)                                lines of (g)

                  
(i) Locomotive image  (j)Significant edge     (k) Boat image        (l) Significant edge  

lines of (i)                                lines of (k)

      
(m) House image      (n) Significant edge

lines of (m)

Fig. 4-10 A group of real world images and their significant edge lines

4.2.2 The interaction between the virtual edge currents in two

images

If the virtual currents in the two images are extracted respectively, the interaction

force between them can be calculated according to Equation (4-6). Suppose the sets

of discrete current elements in image1 and image2 are C1 and C2 respectively. Each

discrete current element T1j in C1 is applied the force by all the current elements in C2:

22

1 2 21
1 3

21
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j k
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T T r
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× ×= ⋅                        (4-7)
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where F1j is the force on T1j from C2. T2k is a current element vector in C2. r21 is the

vector from T2k to T1j. A is a constant value. Some simulation examples of the force

on the virtual current elements are shown in Fig. 4-11 to Fig. 4-13

                    
(a)         (b)         (c)                      (d)

Fig. 4-11 The virtual force on each current element in the shifted image for the rectangle

image

(a) the rectangle image

(b) the significant edge lines of (a)

(c) the significant edge lines of the shifted image

(d) the forces on the discrete current elements in the shifted image

   Fig. 4-11(a) shows the image of a rectangle. The significant edge lines of the

original image and the shifted one are shown in Fig. 4-11(b) and Fig. 4-11(c). The

translation from (b) to (c) on x and y coordinates are 5 and -4 respectively. Fig. 4-11(d)

shows the force direction on each current element in the shifted image, which is

applied by the virtual current in the original image. The gray lines in Fig. 4-11(d)

show the original position of the rectangle. The force on each current element in the

shifted image is calculated according to Equation (4-7).  
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(a)         (b)         (c)                      (d)

Fig. 4-12 The virtual force on each current element in the shifted image for the ellipse image

(a) the ellipse image

(b) the significant edge lines of (a)

(c) the significant edge lines of the shifted image

(d) the forces on the discrete current elements in the shifted image

   Fig. 4-12(a) shows the image of an ellipse. The significant edge lines of the

original image and the shifted one are shown in Fig. 4-12(b) and Fig. 4-12(c). The

translation from (b) to (c) on x and y coordinates are -6 and -6 respectively. Fig. 

4-12(d) shows the force direction on each current element in the shifted image, which

is applied by the virtual current in the original image.  

                   
(a)        (b)         (c)                     (d)

Fig. 4-13 The virtual force on each current element in the shifted image for the shrunken

image of broadcaster

(a) the shrunken image of the broadcaster

(b) the significant edge lines of (a)

(c) the significant edge lines of the shifted image

(d) the forces on the discrete current elements in the shifted image
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   Fig. 4-13(a) shows the shrunken image of the broadcaster. The significant edge

lines of the original image and the shifted one are shown in Fig. 4-13(b) and Fig. 

4-13(c). The translation from (b) to (c) on x and y coordinates are -1 and 5

respectively. Fig. 4-13(d) shows the force direction on each current element in the

shifted image, which is applied by the virtual current in the original image.  

   It is interesting and worthwhile to investigate the total force on the shifted image

by the original one. For the whole set C1 as the virtual current in image1, it is applied

the force from C2. The total force on C1 from C2 is the summation of the force on

each of its component T1j:

1 21 2

1 2 21
12 3

21
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j k

j k
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T T r
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r∈ ∈

× ×= ⋅                   (4-8)

where F12 is the force on C1 from C2. T1j and T2k are the current element vectors in C1

and C2 respectively. r21 is the vector from T2k to T1j. 

   Assume two images have large matched part but there is shifting transformation

between them. Their virtual edge currents are almost consistent due to the large

matched parts. Therefore, the interaction between their virtual edge currents C1 and

C2 will be similar to that between the two current-carrying wires with the same shape, 

with which one wire will attract the other to coincide in position. Such effect of

attraction will make the shifted wire restore its original position, which can serve as a

novel way for image matching with shifting transformation. 

   Here the direction of the total force is investigated. The total forces in Fig. 

4-11(d), Fig. 4-12(d) and Fig. 4-13(d) are calculated according to Equation (4-8). The

results are shown as following. 
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(a)     (b)                 (c)

Fig. 4-14 The significant edge lines of the original and shifted rectangle images, and the forces

on the shifted image

(a) the significant edge lines of the rectangle image

(b) the significant edge lines of the shifted image

(c) the forces on the discrete current elements in the shifted image

   Fig. 4-14(b) moves northeast relative to Fig. 4-14(a). It can be found in Fig. 

4-14(c) that most forces along the horizontal direction are westward, and most forces

along the vertical direction are southward. After calculating the total force, the total

force on Fig. 4-14(b) applied by Fig. 4-14(a) has such direction: its x component is

negative and its y component is positive. Under the screen coordinate shown in Fig. 

4-15, the effect of the total force is making the shifted image move southwest. In

another word, in this example the effect of the total force is restoring the shifted

image back to its original position. 

Fig. 4-15 The screen coordinate
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(a)      (b)                  (c)

Fig. 4-16 The significant edge lines of the original and shifted ellipse images, and the forces on

the shifted image

(a) the significant edge lines of the ellipse image

(b) the significant edge lines of the shifted image

(c) the forces on the discrete current elements in the shifted image

   Fig. 4-16(b) moves northwest relative to Fig. 4-16(a). The total force on Fig. 

4-16(b) has such direction: its x component is positive and its y component is positive. 

Under the screen coordinate shown in Fig. 4-15, the effect of the total force is making

the shifted image move southeast. In another word, in this example the effect of the

total force is also restoring the shifted image back to its original position. 

        
(a)     (b)                  (c)

Fig. 4-17 The significant edge lines of the original and shifted broadcaster images (the

shrunken version), and the forces on the shifted image

(a) the significant edge lines of the shrunken image of the broadcaster

(b) the significant edge lines of the shifted image

(c) the forces on the discrete current elements in the shifted image
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   Fig. 4-17(b) moves southwest relative to Fig. 4-17(a). The total force on Fig. 

4-17(b) has such direction: its x component is positive and its y component is

negative. Under the screen coordinate shown in Fig. 4-15, the effect of the total force

is making the shifted image move northeast. In another word, in this example the

effect of the total force is still restoring the shifted image back to its original position. 

4.2.3 Matching for shift transformation by virtual

electromagnetic interaction

In the above simulation experiments, one image is the shifted version of the other, 

and the total force between the two images has the effect of restoring the shifted

image back to the original position. This inspires a novel matching method for shift

transformation. 

4.2.3.1 The distribution map of total force

Suppose there are two images: image2 is the original one and image1 is the shifted

version of image2. It is interesting and meaningful to investigate whether the

“position restoring” effect exists for arbitrary shift of image position. In order to

investigate the total force on image1 with different shift of position, the experiment is

designed as following: image2 is fixed in position, and the center of image1 is moved

onto each discrete position on the image plane. Calculate the total force on image1 by

image2 for each shift. Then the distribution map of force direction can be drawn. The
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total force distribution map shows the total force on every position which the center

of image1 can be shifted to. Fig. 4-18 to Fig. 4-20 show some experiment results for

the test images of the size 32× 32. 

            

(a)      (b)                   (c)

Fig. 4-18 The direction distribution map of the total force for the rectangle image (the gray

point is the original position before shifting)

(a) the rectangle image

(b) the significant edge lines of (a)

(c) the direction distribution map of the total force

   Fig. 4-18(a) is the image of a rectangle. Fig. 4-18(b) shows its significant edge

lines. Fig. 4-18(c) shows the direction distribution map of the total force. There is an

arrow on each discrete position in Fig. 4-18(c).The direction of the arrow shows the

direction of the total force on image1 by image2 when the center of image1 moves

onto that position. The continuous force directions are discretized into 8 directions:

{east, west, north, south, northeast, northwest, southeast, southwest}. The gray dot at

the center represents the original position of the image center before shifting (the

center of image2). 
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(a)      (b)                  (c)

Fig. 4-19 The direction distribution map of the total force for the ellipse image (the gray point

is the original position before shifting)

(a) the ellipse image

(b) the significant edge lines of (a)

(c) the direction distribution map of the total force

   Fig. 4-19(a) is the image of an ellipse. Fig. 4-19(b) shows its significant edge

lines. Fig. 4-19(c) shows the direction distribution of the total force. The gray dot at

the center represents the original position of image center before shifting (the center

of image2). The arrow on each discrete position represents the discrete direction of

the total force on image1 by image2 when the center of image1 moves onto that

position. 

   Fig. 4-20(a) is the shrunken image of the broadcaster. Fig. 4-20(b) shows its

significant edge lines. Fig. 4-20(c) shows the direction distribution of the total force. 

The gray dot at the center represents the original position of image center before

shifting (the center of image2). The arrow on each discrete position represents the

discrete direction of the total force on image1 by image2 when the center of image1

moves onto that position. 
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(a)       (b)                   (c)

Fig. 4-20 The direction distribution map of the total force for the shrunken image of the

broadcaster (the gray point is the original position before shifting)

(a) the shrunken image of the broadcaster

(b) the significant edge lines of (a)

(c) the direction distribution map of the total force

4.2.3.2 The convergence and divergence points in the distribution map

of total force

Since the direction distribution map of the total force can be obtained such as Fig. 

4-18(c), Fig. 4-19(c) and Fig. 4-20(c), it is possible to move the shifted image1

towards the original position according to the force direction distribution map. It is an

interesting and meaningful topic. If image1 with a certain displacement in position

can be guided back to the original position step by step, a novel matching approach

for shift transformation can be implemented. 

   Therefore, experiments are designed and carried out by programming for the

above topic. For each discrete position (x,y), there is a total force. Move to the next

position according to the direction of the total force. Then repeat the moving step by

step in the direction distribution map. If the original position of image center (the
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center of image2) is finally arrived, a path will be formed along which the shifted

image1 can be guided back to the original position. In another word, the matching for

image1 and image2 can be implemented. In the experiment, each position is taken as

the starting point of the above moving process, and the final result of moving in the

direction distribution map is investigated. 

   In Fig. 4-18(c) and Fig. 4-19(c), two different cases can be found. In the first case, 

the path finally ends at the original center position, which can lead to a successful

matching. The starting positions in such case are defined as the convergence points in

the direction distribution map. For the convergence points, when the path arrives at

the original center point, the moving process can be ended naturally because the next

moving steps will oscillate back and forth between the original center point and its

adjacent point. Such points like the original center point are defined as the balance

points in the direction distribution map, from which the next moving steps will

oscillate. If such oscillation is found in the experiments, the moving process is ended. 

An example of convergence point found in Fig. 4-18(c) is shown in Fig. 4-21. 

Fig. 4-21 An example of convergence point found in Fig. 4-18(c)

   Another example of convergence point in Fig. 4-19(c) is shown in Fig. 4-22. 
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Fig. 4-22 Another example of convergence point found in Fig. 4-19(c)

   The second case found in the experiments is quite different from the first one. For

some starting points in the direction distribution map, when moving according to the

force direction step by step, the path will finally exceed the range of the image area

and never return back to the original center position. In such case, the matching for

shift transformation can not be accomplished. The starting points in such case are

defined as the divergence points. An example of the divergence points found in Fig. 

4-18(c) is shown in Fig. 4-23. 

Fig. 4-23 An example of the divergence points found in Fig. 4-18(c)

   Another example of the divergence point in Fig. 4-19(c) is shown in Fig. 4-24. 
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Fig. 4-24 Another example of the divergence points found in Fig. 4-19(c)

4.2.3.3 The classification of the positions in the total force distribution

map

For Fig. 4-18(c) and Fig. 4-19(c), investigate each position in the direction

distribution map as starting point, and each position can be determined as a

convergence or divergence point. Therefore, a classification of the positions in the

direction distribution can be obtained, which is named the classification map of the

total force distribution. Fig. 4-25 and Fig. 4-26 show the classification map of Fig. 

4-18(c) and Fig. 4-19(c). In Fig. 4-25(d) and Fig. 4-26(d), the black area represents

the convergence points, and the white area represents the divergence points. 

           
(a)    (b)                (c)                 (d)

Fig. 4-25 The classification map of the total force distribution for the rectangle image

(a) the rectangle image
(b) the significant edge lines of (a)
(c) the direction distribution map of the total force
(d) the classification map of the direction distribution (the black area is the convergence area)
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(a)    (b)                 (c)                (d)

Fig. 4-26 The classification map of the total force distribution for the ellipse image

(a) the ellipse image

(b) the significant edge lines of (a)

(c) the direction distribution map of the total force

(d) the classification map of the direction distribution (the black area is the convergence area for

matching)

   For real world images which are more complex than the simple test images, 

another case is found in the experiments besides the convergence and divergence

points. For some starting points, the moving process guided by the total force is

trapped into a local balance point rather than arrive at the original image center, and

the moving finally becomes oscillating back and forth around the local balance point. 

Such points are defined as the locally trapped points. In Fig. 4-20(c) such case can be

found. An example is shown in Fig. 4-27, in which the moving process reaches a

local balance point. For the locally trapped points, the matching can not be

accomplished.  
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Fig. 4-27 An example of the locally trapped points found in Fig. 4-20(c)

   Therefore, it is indicated by the experiments that there are 3 kinds of points in the

direction distribution map: convergence points, divergence points and locally trapped

points. If each discrete point is classified as one of the above 3 categories, a

classification result can be obtained, which is the “classification map”. For an image, 

the direction distribution can be calculated and the classification map can be obtained. 

The classification map of Fig. 4-20(c) is shown in Fig. 4-28. In Fig. 4-28(d), the

black points are the convergence points, the white points are the divergence points, 

and the grey points represent the locally trapped points. The effectiveness of the

matching method by virtual electromagnetic interaction can be clearly and directly

perceived in the classification map. Only if the center of the shifted image is in the

area of convergence points, the virtual force can guide it back to the original position

and accomplish the matching.  

Therefore, if the convergence point area gets larger, the matching by virtual

electromagnetic interaction will be more effective. 
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(a)   (b)                  (c)                (d)

Fig. 4-28 The classification map of the total force distribution for the shrunken image of the

broadcaster

(a) the shrunken image of the broadcaster

(b) the significant edge lines of (a)

(c) the direction distribution map of the total force

(d) the classification map of the direction distribution (the black area contains the convergence

points for matching, and the gray areas represent locally trapped points)

   In another experiment, the classification map with the broadcaster image of the

size 128× 128 is obtained, which is shown in Fig. 4-29. In Fig. 4-29(b), the black, 

white and gray points represent the convergence points, the divergence points, and

the locally trapped points respectively. In Fig. 4-29(b), the convergence point area is

not large enough for matching with large shift between images. Some possible

improvement is studied in the following section. 

                       
(a) the broadcaster image                 (b) the classification map of the  

total force distribution

Fig. 4-29 The classification map for the broadcaster image
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4.2.3.4 Improve the matching effectiveness in 3D space

In the above experiments, the shifted image (image1) and the original image (image2)

are on the same plane. From the view point of 3D space, image1 only has

displacements on x and y coordinates. Its height on z-coordinate is the same as

image2. In order to improve the effectiveness of the proposed approach, the authors

have attempted to place the two images on different heights (i.e. different z

coordinates in the 3D space), and studied the changes in the classification map. In

another word, image1 and image2 are placed on two different but parallel planes in

3D space, and image1 is the shifted one on x and y coordinates with respect to

image2. 

   In the following experiments, the two images are parallel and placed at different

heights in 3D space. Then the virtual force vectors on image1 applied by image2 will

have x, y and z components. Here only the x and y components of the forces are

considered to calculate the total force on the x-y plane. Some of the experiment

results for the test images with the size 32× 32 are shown in Fig. 4-30 to Fig. 4-33. In

the results, the black points represent the convergence points for matching. 

   Fig. 4-30(a) shows the shrunken image of the broadcaster. The distance between

the original image and the shifted one is 5 (on z coordinate). Fig. 4-30(b) shows the

direction distribution of total force. Fig. 4-30(c) shows the classification map for Fig. 

4-30(b). Compared to Fig. 4-28(d), the convergence point area in Fig. 4-30(c) is

larger and the area of locally trapped points disappears in Fig. 4-30(c). The total force

distribution and the corresponding classification map are changed with the increasing
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of the distance between the two images. 

         

(a)                 (b)                 (c)

Fig. 4-30 The classification map of total force direction for the shrunken image of the

broadcaster (the distance between the images is 5)

(a) the shrunken image of the broadcaster

(b) the direction distribution map of total force (the distance between the images is 5)

(c) the classification map (the distance between the images is 5)

         

(a)                 (b)                 (c)

Fig. 4-31 The classification map of total force direction for the shrunken image of the

broadcaster (the distance between the images is 8)

(a) the shrunken image of the broadcaster

(b) the direction distribution map of total force (the distance between the images is 8)

(c) the classification map (the distance between the images is 8)

   Fig. 4-31 shows another result by further increasing the distance between the

original image and the shifted one. The distance between the original image and the

shifted one is 8 (on z coordinate). Fig. 4-31(b) shows the direction distribution of
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total force. Fig. 4-31(c) shows the classification map for Fig. 4-31(b). Compared to

Fig. 4-30(c), the convergence point area in Fig. 4-31(c) becomes larger, which

indicates the effectiveness of matching by virtual electromagnetic interaction is

further improved. 

   Another two experiment results are shown in Fig. 4-32 and Fig. 4-33. These two

are for the test images in Fig. 4-25 and Fig. 4-26. The distance between the original

image and the shifted one is 8 (on z coordinate). The original images, the direction

distribution map of total force and the classification map are shown respectively. In

Fig. 4-32(c) and Fig. 4-33(c), the black and white points represent the convergence

and divergence points respectively. Compared to Fig. 4-25(d) and Fig. 4-26(d), Fig. 

4-32(c) and Fig. 4-33(c) indicate obvious improvement in the increasing of

convergence point area. Therefore, it is proved by experiments that setting proper

distance between the two images (on z coordinate) will improve the effectiveness of

the matching approach by virtual electromagnetic interaction. 

         

(a)                 (b)                 (c)

Fig. 4-32 The classification map of total force direction for the rectangle image (the distance

between the images is 8)

(a) the rectangle image

(b) the direction distribution map of total force (the distance between the images is 8)

(c) the classification map (the distance between the images is 8)
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(a)                 (b)                 (c)

Fig. 4-33 The classification map of total force direction for the ellipse image (the distance

between the images is 8)

(a) the ellipse image

(b) the direction distribution map of total force (the distance between the images is 8)

(c) the classification map (the distance between the images is 8)

   Experiments are carried out for real world images of the size 128× 128. The

results are shown in Fig. 4-34 to Fig. 4-39. The original images are shown together

with the classification maps under different height distances between the two images. 

In the classification maps, the black, white and gray points represent the convergence

points, the divergence points, and the locally trapped points respectively. The

experimental results again prove the advantage of setting proper height distance

between the two images to be matched. In the experiments, with the increasing of the

height distance, the convergence point area also increases. Especially, in Fig. 4-35(f)

and Fig. 4-36(f) the convergence point areas almost cover the whole image region. 

                    
(a)                     (b)                     (c)
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(d)                     (e)                     (f)

Fig. 4-34 The classification maps for the broadcaster image with various height distances

between the two images in 3D space

(a) the broadcaster image
(b) the classification map of total force direction (the distance between the images is 0)
(c) the classification map of total force direction (the distance between the images is 1)
(d) the classification map of total force direction (the distance between the images is 4)
(e) the classification map of total force direction (the distance between the images is 8)
(f) the classification map of total force direction (the distance between the images is 16)

                    
(a)                     (b)                     (c)

                    
(d)                     (e)                     (f)

Fig. 4-35 The classification maps for the locomotive image with various height distances

between the two images in 3D space

(a) the locomotive image
(b) the classification map of total force direction (the distance between the images is 0)
(c) the classification map of total force direction (the distance between the images is 1)
(d) the classification map of total force direction (the distance between the images is 2)
(e) the classification map of total force direction (the distance between the images is 4)
(f) the classification map of total force direction (the distance between the images is 8)



89

                    
(a)                     (b)                     (c)

                    
(d)                     (e)                     (f)

Fig. 4-36 The classification maps for the brain image with various height distances between

the two images in 3D space

(a) the medical image of the brain
(b) the classification map of total force direction (the distance between the images is 0)
(c) the classification map of total force direction (the distance between the images is 1)
(d) the classification map of total force direction (the distance between the images is 2)
(e) the classification map of total force direction (the distance between the images is 4)
(f) the classification map of total force direction (the distance between the images is 8)

            
(a)                  (b)                  (c)  

                  
(d)                  (e)                  (f)                  (g)

Fig. 4-37 The classification maps for the peppers image with various height distances between

the two images in 3D space

(a) the peppers image
(b) the classification map of total force direction (the distance between the images is 0)
(c) the classification map of total force direction (the distance between the images is 1)
(d) the classification map of total force direction (the distance between the images is 2)
(e) the classification map of total force direction (the distance between the images is 4)
(f) the classification map of total force direction (the distance between the images is 8)
(g) the classification map of total force direction (the distance between the images is 16)
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(a)                     (b)                     (c)

                    
(d)                     (e)                     (f)

Fig. 4-38 The classification maps for the cameraman image with various height distances

between the two images in 3D space

(a) the cameraman image
(b) the classification map of total force direction (the distance between the images is 0)
(c) the classification map of total force direction (the distance between the images is 1)
(d) the classification map of total force direction (the distance between the images is 2)
(e) the classification map of total force direction (the distance between the images is 4)
(f) the classification map of total force direction (the distance between the images is 8)

                    
(a)                     (b)                     (c)

                    
(d)                     (e)                     (f)

Fig. 4-39 The classification maps for the house image with various height distances between

the two images in 3D space

(a) the house image
(b) the classification map of total force direction (the distance between the images is 0)
(c) the classification map of total force direction (the distance between the images is 1)
(d) the classification map of total force direction (the distance between the images is 2)
(e) the classification map of total force direction (the distance between the images is 4)
(f) the classification map of total force direction (the distance between the images is 8)
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   Based on the above experiment results and analysis, a novel matching method for

shift transformation by virtual electromagnetic interaction is summarized as

following:

Step1 Extract the virtual current in the two images to be matched (i.e. extract the

significant edge lines in the images, and form the virtual edge current C1 and C2)

Step2 Calculate the total force on C1 applied by C2  

Step3 Move the center of image1 one step to the next discrete position according to

the discretized direction of the total force

Step4 If a balance point is reached, or the moving exceeds the coordinate range of the

image, the moving process ends; otherwise, return to Step1

If the shifted image center is within the convergence point area, the method can

successfully achieve image matching for shift transformation. 

Currently, the above approach does not consider the shift with non-integer

displacements. It may be solved by further post-processing on the result of the

proposed method. On the other hand, larger shift that makes the center of image1 out

of the coordinate range of the image is not discussed in this chapter. Further work

will study larger range of shift by forming a larger classification map. Moreover, in

practical tasks, the contents of the two images to be matched may not coincide

perfectly (i.e. some part in one image does not appear in the other). Such practical

issues need detailed study in further work. 
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Chapter 5
Matching for Rotated Image Inspired by
Electromagnetism

5.1 The virtual magnetic moment on the rotated image

In physics, a force on an object can cause change in its motion by both shift and

rotation. The effect of rotation by a force is described by the moment. The moment of

a force F on an object with respect to the point O is defined as following[78,79]:

O OFM r F= ×                         (5-1)

where rOF is the vector from point O to the position where the force F is applied, and

× represents the cross product. In the right-handed coordinate system, the direction

of the moment and the rotating direction caused by it obey the right hand rule shown

as Fig. 5-1. If the positive direction of the moment is defined as coming out of the

paper, the positive moment will cause the counter-clockwise rotation.  

Fig. 5-1 The right hand rule

   But in the left-handed coordinate system such as the screen coordinate used here, 
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it is different that the negative moment computed by Equation (5-1) under the

left-handed coordinate will cause the counter-clockwise rotation.  

   Just like the attracting interaction between two wires inspires a matching

approach in Chapter 4, it is worthwhile to study the effect of the moment between

two images with rotating transformation. In the interaction between two

current-carrying wires, each current element in one wire has force applied on it from

the other wire. The force on each current element also generates a moment, which can

cause the rotation of the wire. Consider the following experiment shown in Fig. 5-2. 

There are two line wires I1 and I2. The position of I2 is fixed and it can not move. I1

hangs above I2, and I1 can rotate around the point O’1. If there are currents in the two

straight wires, there will be force and also moment on I1 so that I1 will rotate to the

position at which the angle between the directions of the two currents becomes zero

(i.e. their directions become the same). Such experiments inspire the idea that it is

worthwhile to study the interaction between the wires to design novel image

matching approach for rotating transformation. 

Fig. 5-2 The electromagnetic interaction between two currents in straight wires
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   In Chapter 4, the force on the current elements in one image by the other has been

proposed in Equation (4-7). The force on each discrete current element also generate

the moment as following:

1 1

22

1 2 21
1 3

21

( )
j j

k

j k
Oj OF j OF

T C

T T r
M r F r

r∈

× ×= × = ×            (5-2)

where MOj is the moment on a current element T1j caused by the virtual current C2. C2

is the virtual current in image2 (the virtual edge current is proposed in Chapter 4). In

this section, only the rotation around the image center is investigated. Thus O is the

center point of image1. F1j is the force on T1j caused by the virtual current C2. rOF1j is

the vector from point O to the position where the force F1j is applied.  

   The total moment on image1 is the accumulation of all the moments on the

current elements in image1:
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× ×= × = ×           (5-3)

where MO1 is the total moment on the virtual current C1 caused by the virtual current

C2. C1 and C2 are the virtual currents in image1 and image2 respectively.  

   The experiments have been carried out for test images as well as real world

images. An example of the experiments is shown as following. An image of a

rectangle is rotated clockwise around the image center by 30 degrees and 45 degrees

respectively. The virtual force on each virtual current element in the rotated image is

calculated. Then the total moment is calculated according to Equation (5-3). The

experimental results are shown in Fig. 5-3 and Fig. 5-4 respectively. In these figures, 

the force distribution and the effect of the total moment are shown. 
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(a)       (b)                     (c)                      (d)

Fig. 5-3 The forces on the current elements in the rotated rectangle image (30 degrees), and

the effect of the total moment

(a) the original rectangle image

(b) the rotated image of (a) by 30 degrees

(c) the forces on the virtual current elements in the rotated image

(d) the rotating direction caused by the total moment on the rotated image

   Fig. 5-3(a) is the original image of the size 32× 32. Fig. 5-3(b) shows the rotated

image. Fig. 5-3(c) shows the force distribution in the rotated image. In Fig. 5-3(c), 

each arrow shows the discrete direction of the virtual force on the virtual current

element at that position, and the black dots indicate the positions without virtual

current element. If carefully observed, it can be estimated from Fig. 5-3(c) that the

overall effect of the forces is to rotate the rectangle counterclockwise back to its

original position as in Fig. 5-3(a). The calculating result of the total moment also

proves such effect, which is shown in Fig. 5-3(d). The total moment for Fig. 5-3(b) is

negative. In the screen coordinate, it has the effect of turning Fig. 5-3(b)

counterclockwise. 
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(a)       (b)                     (c)                      (d)

Fig. 5-4 The forces on the current elements in the rotated rectangle image (45 degrees), and

the effect of the total moment

(a) the original rectangle image

(b) the rotated image of (a) by 45 degrees

(c) the forces on the virtual current elements in the rotated image

(d) the rotating direction caused by the total moment on the rotated image

   Fig. 5-4 shows the result of rotating the test image by 45 degrees. Fig. 5-4(a) is

the original image. Fig. 5-4(b) shows the rotated image. Fig. 5-4(c) shows the force

distribution in the rotated image. The total moment calculated for Fig. 5-4(b) is

negative. In the screen coordinate, it has the effect of turning Fig. 5-4(b)

counterclockwise. 

   Similar experiments have also been carried out for real world images. One

example of the experiments is shown in Fig. 5-5. Fig. 5-5(a) shows the broadcaster

image of the size 128× 128. Fig. 5-5(b) shows the significant edge lines extracted, 

which represent the virtual current wires in the image. Fig. 5-5(c) and Fig. 5-5(e)

show the results of rotating Fig. 5-5(a) by 15 degrees clockwise and counterclockwise

respectively. The virtual force distribution on the rotated image is calculated, and the
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total moment is calculated. The total moment on Fig. 5-5(c) applied by the original

image is positive, and in the screen coordinate it has the effect of turning Fig. 5-5(c)

clockwise. The total moment on Fig. 5-5(e) is negative, and in the screen coordinate

it has the effect of turning Fig. 5-5(e) counterclockwise.  

               

(a)                (b)                 (c)                     (d)

     

       (e)                     (f)

Fig. 5-5 The total moments on the rotated image of the broadcaster (15 degrees clockwise and

counterclockwise)

(a) the broadcaster image

(b) the significant edge lines of (a)

(c) the rotated image of (a) by 15 degrees counterclockwise      

(d) the rotating direction caused by the total moment on (c)

(e) the rotated image of (a) by 15 degrees clockwise      

(f) the rotating direction caused by the total moment on (e)
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5.2 Image matching for rotating transformation by

virtual moment

The above preliminary experiments indicate that the original image applies moment

on the rotated image, and the total moment may have the effect of turning the rotated

image back to the original position. Therefore, it is interesting and meaningful to

investigate the moment on the rotated image at arbitrary rotating angles. In the

following, simulation experiments are carried out to study the total moment on the

virtual currents of the image with rotating transformation. In these experiments, the

original and the rotated images are on the same plane, and the center of rotation is the

image center. In order to completely investigate the effect of the total moment on the

rotated image at different rotating angles, the experiment is designed as follows. 

Assume the image is rotated clockwise. First, divide the range of 360 degrees into

120 equal intervals. Then the program calculates the total moment on the rotated

image at each discrete rotating angle. Therefore, the direction of the total moment has

two possibilities: if the moment is negative, in the screen coordinate it has the effect

of turning counterclockwise; if the moment is positive, in the screen coordinate it has

the effect of turning clockwise. In the experiments, the sign of the total moment at

each discrete rotating angle is recorded, which represents the direction of turning

effect. If the total moment has the effect of turning the rotated image back to the

original position, the matching for rotating transformation can be achieved. 

   An example of the experiment results is shown in Fig. 5-6. Fig. 5-6(a) is the

original image of a broadcaster, which has the size of 128× 128. Fig. 5-6(b) shows the
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significant edge line extracted, which represents the virtual currents in the image. Fig. 

5-6(c) shows the sign distribution of the moment with respect to the rotating angle. 

The x-coordinate in Fig. 5-6(c) represents the number of discrete angle intervals. The

y-coordinate represents the sign of the moment value at each rotating angle.  

   In Fig. 5-6(c), it is obvious that in this experiment the sign distribution of the total

moment is somewhat irregular. Consider the change of moment sign with the angle

increasing from zero. In Fig. 5-6(c), in a small angle range from the first interval to

the seventh interval on the x-coordinate, the sign of moment is negative. If the angle

range of 360 degrees is divided into 120 intervals, one interval corresponds to 3

degrees. Therefore, it means that in the angle range of (0°,21°] the total moment is

negative, which has the effect of turning the rotated image counterclockwise. In

another word, if the image Fig. 5-6(a) is rotated clockwise in the angle range of

(0°,21°], the total moment on the rotated image will turn it back to the original

position, which just achieves the purpose of matching.  The similar case can be

found in the angle range of [339°, 360°) on the x-coordinate. Rotating the image

clockwise in the angle range of [339°, 360°) virtually corresponds to a anticlockwise

rotation in the range of (0°,21°]. In this angle range, the sign of total moment is

positive, which has the effect of turning clockwise back to the original position. 

                          
(a) the broadcaster image                (b) the significant edge lines of (a)
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(c) the sign of total moment at various deviation angles from the original position

Fig. 5-6 The sign distribution of the total moment on the rotated broadcaster image with

respect to the deviation angle

   

   According to Fig. 5-6(c), if the image Fig. 5-6(a) is rotated in a limited range of

angle (i.e. zero to 21 degrees clockwise or anticlockwise), the total moment has the

effect of restore the rotated image back to the original position. For a rotated image in

the above angle range, if it is turned continuously following the guidance of the total

moment, it will finally arrive at the balance position of zero deviation angle (i.e. the

original position). The original position with zero deviation angle is called a balance

position because any small deviation from it will be “corrected” with the guidance of

the moment. 

   However, in Fig. 5-6(c) it is obvious that for relatively large rotating angles, the

total moment will not work for the matching purpose. For practical use, the above

approach needs improvement. In the above experiments, the original image and the
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rotated one are on the same plane. In order to improve the effectiveness of the method, 

the authors have attempted to increase the distance between the two images on the

z-coordinate in 3D space, just like what has been done in dealing with shifting

transformation in the previous chapter.  

5.3 Improve the matching effectiveness in 3D space

   In order to improve the moment-based matching method for rotating

transformation, new experiments are designed as follows. The original image and the

rotated image have some distance on the z-coordinate besides the rotating

transformation on the x-y plane. In the following experiments, the centers of the two

images are both on the z-axis, but the images are on two different planes. In another

word, the images are parallel but their heights on z-coordinate are different. In the

experiments, only the x and y components of the virtual force are considered. The

sign distributions of the total moment with different distance between the images are

investigated. Some of the experiment results are shown in Fig. 5-7 to Fig. 5-10. 

   For the broadcaster image shown in Fig. 5-6(a), Fig. 5-7 to Fig. 5-10 show the

results of moment sign distribution with several height distances between the original

and rotated images. The height distances are 10, 20, 30 and 40 respectively. It is

obvious that with the increasing height distance between the images, the moment sign

distribution becomes more and more regular.  
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Fig. 5-7 The sign distribution of the total moment on the rotated broadcaster image with

respect to the deviation angle (the distance between the images is 10; the convergence range is

(0°,51°] and [309°,360°). )

   In a sign distribution diagram such as Fig. 5-7, the x-axis can be divided into

several different sections according to the moment sign. The sign values within a

section are the same, but the sign values are different in two adjacent sections. In Fig. 

5-7, there are eight sections. There are 6, 6, and 2 sections in Fig. 5-8, Fig. 5-9, and

Fig. 5-10 respectively. From Fig. 5-7 to Fig. 5-10, the number of sections has the

decreasing tendency with the increasing distance between the images to be matched. 

   In each sign distribution diagram, the first and last sections along the x-axis are

two important sections which indicate the effectiveness of the moment-based

matching approach. For example, the first section in Fig. 5-7 is (0,17] on the x-axis, 

which corresponds to an angle range of (0°,51°] (here an interval on the x-axis

corresponds to 3 degrees). The last section in Fig. 5-7 corresponds to an angle range

of [309°,360°). Similar to the analysis of Fig. 5-6 (c), the deviation angles within the
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first section correspond to clockwise rotation from the original position, and those

within the last section correspond to anticlockwise rotation from the original position. 

If the rotation angle of image is within these two sections, the moment will have the

effect of turning the rotated image back to the original position (with a zero rotation

angle), which has been discussed in the analysis of Fig. 5-6(c). But if the rotation

angle is not within the above two sections, the moment-based method does not work

for matching. In another word, if the rotation angle exceeds the range covered by the

above two sections, the rotated image can not be turned back to the original position

under the guidance of the moment sign.  

   Therefore, the first and last sections in a moment sign distribution diagram are

defined as the convergence range of rotating angles. For an image, if the convergence

range gets larger, the moment-based method becomes more effective. For the

experiment results of the broadcaster image, it can be found in Fig. 5-6(c) and Fig. 

5-7 to Fig. 5-10 that the convergence range has an increasing tendency with the

increasing distance between the images. Therefore, the increasing of height distance

between images improves the method’s effectiveness. When the height distance is

increased to 40, the convergence range covers the whole x-axis of 360°, which means

that the moment-based method works for any rotating angle in the matching. 
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Fig. 5-8 The sign distribution of the total moment on the rotated broadcaster image with

respect to the deviation angle (the distance between the images is 20)

Fig. 5-9 The sign distribution of the total moment on the rotated broadcaster image with

respect to the deviation angle (the distance between the images is 30; the convergence range is

(0°,57°] and [303°,360°). )
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Fig. 5-10 The sign distribution of the total moment on the rotated broadcaster image with

respect to the deviation angle (the distance between the images is 40; the convergence range is

(0°, 360°). )

   In order to show the moment sign distribution more intuitively, the sign

distribution diagram such as Fig. 5-10 can be displayed in a way like the pie chart. 

Fig. 5-11 shows the pie chart form of Fig. 5-10. In Fig. 5-11, the whole circle

(representing the whole range of 360 degrees on the x-axis in the sign distribution

diagram) is divided into sections, which just correspond to the sections on the x-axis

in the sign distribution diagram. Each section on the circle in Fig. 5-11 is represented

by a grayscale different from the adjacent ones, and each section corresponds to an

angle range. The arrow on each section shows the direction of the moment’s rotating

effect if the image is rotated at an angle within that section. The “valid” sections in

the pie chart form correspond to the convergence range.  
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Fig. 5-11 The rotation direction according to the total moment under different deviation

angles (the distance between the images is 40)

   According to Fig. 5-11, if the broadcaster image is rotated clockwise (in the (0°, 

180°] range on the x-axis), the effect of moment will turn it counterclockwise until

arriving at the original position with zero rotating angle. On the other hand, if the

broadcaster image is rotated counterclockwise (in the (180°, 360°) range on the

x-axis), the effect of moment will turn it clockwise until arriving at the original

position. It is indicated by Fig. 5-11 that, for the broadcaster image, when the height

distance between the two images is 40, the moment can turn the rotated image back

to the original position whether it is rotated clockwise or counterclockwise. Some of

the experiment results on other real world images of the size 128× 128 (the images of

cameraman, peppers, locomotive, boat, and a medical image of brain) are shown as

follows. 

   Fig. 5-12(a) shows the original cameraman image. Fig. 5-12(b) shows the sign

distribution of total moment with the height distance 10, and the corresponding pie

chart form is shown in Fig. 5-12(c). It can be found in Fig. 5-12(b) and Fig. 5-12(c)

that the convergence range covers all the 360 degrees just like the result in Fig. 5-11. 



107

Fig. 5-12(a) The cameraman image

Fig. 5-12(b) The sign distribution of the total moment on the rotated cameraman image with

respect to the deviation angle (the distance between the images is 10; the convergence range is

(0°, 360°). )

Fig. 5-12(c) The rotation direction according to the sign of moment under different deviation

angles (the distance between the images is 10)

   Fig. 5-13(a) shows the original peppers image. Fig. 5-13(b) shows the sign

distribution of total moment with the height distance 20, and the corresponding pie
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chart form is shown in Fig. 5-13(c). It can be found in Fig. 5-13(b) and Fig. 5-13(c)

that the convergence range covers all the 360 degrees. But the first and last sections

in the convergence range of Fig. 5-13(b) is somewhat different from Fig. 5-10 and

Fig. 5-12(b), because the dividing point between the two sections in Fig. 5-13(b) is

not 180 degrees (i.e. the middle of the whole 360° range). However, it does not affect

the validity of the moment-based method. Whatever the rotating angle is, the moment

can finally guide the rotated image back to the original position of zero deviation

angle. 

Fig. 5-13(a) The peppers image

Fig. 5-13(b) The sign distribution of the total moment on the rotated peppers image with

respect to the deviation angle (the distance between the images is 20; the convergence range is

(0°, 360°). )
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Fig. 5-13(c) The rotation direction according to the sign of moment under different deviation

angles (the distance between the images is 20)

   The experiment result for the locomotive image is similar to that of the peppers

image. Fig. 5-14(a) shows the original locomotive image. Fig. 5-14(b) shows the sign

distribution of total moment with the height distance 30 between the images, and the

corresponding pie chart form is shown in Fig. 5-14(c). It can be found in Fig. 5-14(b)

and Fig. 5-14(c) that the convergence range covers all the 360 degrees. But just like

Fig. 5-13(b), the dividing point between the two sections in Fig. 5-14(b) is not 180

degrees.  

Fig. 5-14(a) The locomotive image
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Fig. 5-14(b) The sign distribution of the total moment on the rotated locomotive image with

respect to the deviation angle (the distance between the images is 30; the convergence range is

(0°, 360°). )

Fig. 5-14(c) The rotation direction according to the sign of moment under different deviation

angles (the distance between the images is 30)

   The experiment results for the brain image and boat image are quite different

from the above ones. Fig. 5-15(a) shows the original medical image of the brain. Fig. 

5-15(b) shows the sign distribution of total moment with the height distance 30, and

the corresponding pie chart form is shown in Fig. 5-15(c). In Fig. 5-15(b) there are

four sections, and the convergence range (the first and last section) does not cover the
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whole 360° range. Fig. 5-15(c) gives a clear view. For a deviation angle in the

“invalid” sections in Fig. 5-15(c), the moment-based method is invalid because the

effect of moment will turn the rotated image to a locally balanced point shown as the

“oscillating angle”. It is called “locally balanced” because when it is reached the

image will be turned back and forth around it according to the effect of the moment, 

which can be clearly seen in Fig. 5-15(c). Therefore, for the medical image of brain

here, the effectiveness of the moment-based method is limited (within the

convergence range labeled as “valid” in Fig. 5-15(c)). 

Fig. 5-15(a) The medical image of the brain

Fig. 5-15(b) The sign distribution of the total moment on the rotated brain image with respect

to the deviation angle (the distance between the images is 30; the convergence range is

(0°,102°] and [258°,360°). )
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Fig. 5-15(c) The rotation direction according to the sign of moment under different deviation

angles (the distance between the images is 30)

   The experiment result for the boat image is similar to that of the brain image. Fig. 

5-16(a) shows the original boat image. Fig. 5-16(b) shows the sign distribution of

total moment with the height distance 20, and the corresponding pie chart form is

shown in Fig. 5-16(c). In Fig. 5-16(b) there are four sections, and the convergence

range does not cover the whole 360° range. Fig. 5-16(c) gives a clear view. In the

“invalid” sections in Fig. 5-16(c), the moment-based method is invalid because the

effect of moment will turn the rotated image to a locally balanced point shown as the

“oscillating angle”, just like the case in Fig. 5-15(c). Therefore, for the boat here, the

effectiveness of the moment-based method is also limited (within the convergence

range labeled as “valid” in Fig. 5-16(c)). 

Fig. 5-16(a) The boat image
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Fig. 5-16(b) The sign distribution of the total moment on the rotated boat image with respect

to the deviation angle (the distance between the images is 20; the convergence range is (0°,93°]

and [267°,360°). )

Fig. 5-16(c) The rotation direction according to the sign of moment under different deviation

angles (the distance between the images is 20)

   The above experiments show that the moment-based method can work as a novel

matching approach for rotating transformation within the convergence range of

deviation angle. According to the above experiments, the movement-based matching

method is summarized as following:

Step1: Extract the significant edge lines as the virtual current in the original and
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rotated images. 

Step2: Calculate the force on each current element in the rotated image applied by the

original image. 

Step3: Calculate the total moment of the force on each current element in the rotated

image. 

Step4: Turn the rotated image by a predefined small angle around the image center

according to the total moment. If a balanced point is reached, the process ends;

otherwise, return to Step1. Reaching a balanced point means that the turning

process becomes oscillating back and forth around a certain angle, such as the

case at the zero deviation angle.  

If the rotating angle is within the convergence range, the proposed method can

effectively achieve image matching for rotating transformation. 
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Chapter 6
Motion Analysis in Image Sequence by Virtual
Electromagnetic Interaction

6.1 Deforming estimation between images by virtual

magnetic force

Deforming is an important type of transformations between images, which has been

widely studied in practical applications[71,80]. In this section, the virtual

electro-magnetic force between two images with deforming objects is studied. 

Different from previous chapters, instead of the total force or the total moment, the

analysis of deforming is based on the force distribution on each discrete current

element because the deforming process may occur locally at each position in the

image. Therefore, the force distribution on each current element in the image with

deformed objects is calculated and analyzed, based on which the deforming

estimation can be implemented. 

   Experiments have been designed to study the virtual force for two images with

deformation. The experiment results for several test images with deforming objects

are shown in Fig. 6-1 to Fig. 6-4. The test images are of the size 32× 32. The original

image and the deformed one are on the same plane when the virtual force distribution

is calculated. To analyze the deforming process, the force on each current element in

the original image applied by the deformed one is calculated, which is recorded in

this force distribution. Each virtual force is calculated by Equation (4-7). 
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   Fig. 6-1 shows the case of deforming a rectangle to a square. Fig. 6-1(a) and Fig. 

6-1(c) show the rectangle and the square image respectively. Fig. 6-1(b) and Fig. 

6-1(d) show the significant edge lines as the virtual current in the two images. The

virtual force distribution is shown in Fig. 6-1(e), in which the arrows show the

discrete direction of the force on each current element in Fig. 6-1(b) applied by Fig. 

6-1(d). Thus all the arrows in Fig. 6-1(e) show the border shape of Fig. 6-1(a). The

gray area in Fig. 6-1(e) shows the shape of the square. It is obvious that the directions

of the arrows in Fig. 6-1(e) clearly shows the deforming process from the rectangle to

the square: according to the arrow directions, the rectangle’s upper border goes up, 

and the lower border goes down; the left border goes right, and the right border goes

left.  

                            
(a)       (b)        (c)       (d)                      (e)

Fig. 6-1 The force on each current element in the rectangle image in deforming to the square

(a) the rectangle image

(b) the significant edge lines in (a)

(c) the square image

(d) the significant edge lines in (b)

(e) the force on each current element in (b) applied by the virtual currents in (d)

   Fig. 6-2 shows the case of deforming an irregular shape to a square. Fig. 6-2(a)

and Fig. 6-2(c) show the irregular shape and the square image respectively. Fig. 6-2(b)
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and Fig. 6-2(d) show the significant edge lines as the virtual current in the two

images. The virtual force distribution is shown in Fig. 6-2(e), in which the arrows

show the discrete direction of the force on each current element in Fig. 6-2(b) applied

by Fig. 6-2(d). Thus all the arrows in Fig. 6-2(e) show the border shape of Fig. 6-2(a). 

The gray area in Fig. 6-2(e) shows the shape of the square. It is obvious that the

directions of the arrows in Fig. 6-2(e) clearly show the deforming process from the

irregular shape to the square: according to the arrow directions, some parts of the

shape’s border shrink toward the center, and other parts expand outward.   

                            
(a)       (b)        (c)       (d)                      (e)

Fig. 6-2 The force on each current element in the irregular shape image in deforming to the

square

(a) the image of a irregular shape

(b) the significant edge lines in (a)

(c) the square image

(d) the significant edge lines in (b)

(e) the force on each current element in (b) applied by the virtual currents in (d)

   Another two examples of the circle are shown in Fig. 6-3 and Fig. 6-4. Fig. 6-3

shows the case of shrinking a larger circle to a smaller one. Fig. 6-3(a) and Fig. 6-3(c)

show the two circles respectively. Fig. 6-3(b) and Fig. 6-3(d) show the significant

edge lines as the virtual current in the two images. The virtual force distribution is
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shown in Fig. 6-3(e), in which the arrows show the discrete direction of the force on

each current element in Fig. 6-3(b) applied by Fig. 6-3(d). Thus all the arrows in Fig. 

6-3(e) show the border shape of Fig. 6-3(a). It is obvious that the directions of the

arrows in Fig. 6-3(e) clearly show the shrinking process: all the arrows point toward

the center, which corresponds to a shrinking process.   

                            
(a)       (b)        (c)       (d)                      (e)

Fig. 6-3 The force on each current element in the image of large circle in deforming to the

small circle

(a) the image of large circle

(b) the significant edge lines in (a)

(c) the image of small circle

(d) the significant edge lines in (b)

(e) the force on each current element in (b) applied by the virtual currents in (d)

   Fig. 6-4 shows the case of deforming an ellipse to a circle. Fig. 6-4(a) and Fig. 

6-4(c) show the ellipse and the circle image respectively. Fig. 6-4(b) and Fig. 6-4(d)

show the significant edge lines as the virtual current in the two images. The virtual

force distribution is shown in Fig. 6-4(e), in which the arrows show the discrete

direction of the force on each current element in Fig. 6-4(b) applied by Fig. 6-4(d). 

Thus all the arrows in Fig. 6-4(e) show the border shape of Fig. 6-4(a). It is obvious

that the directions of the arrows in Fig. 6-4(e) clearly shows the deforming process:
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according to the arrow directions, the left and right ends of the ellipse shrink towards

the center, while its upper and lower sides expand outwards. 

                            
(a)       (b)        (c)       (d)                      (e)

Fig. 6-4 The force on each current element in the ellipse image in deforming to the circle

(a) the ellipse image

(b) the significant edge lines in (a)

(c) the circle image

(d) the significant edge lines in (b)

(e) the force on each current element in (b) applied by the virtual currents in (d)

6.2 Motion estimation in video sequence by virtual

magnetic force

The experiment results for test images indicate that the virtual force distribution can

effectively represent the object’s deforming process between two images. For

practical use, in image sequence processing such as video analysis, the change

between adjacent frames is important, because the analysis of the deformations and

motions of objects is based on the change between frames. On the other hand, if there

is no dramatic change between adjacent frames, the deformations or movements of

objects is also relatively small, which is commonly seen in videos. The virtual

electromagnetic interaction method is quite suitable to such situation. (Here the
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intensity of change between frames is related to the frame rate in image sequence

recording. Fast frame rate in recording can capture more continuous details of

changing.) The virtual force distribution may reflect the local changes between two

images. Such local changes can further be used in analysis of deformation or

movement in image sequences. Experiments are carried out for real world image

sequences based on the virtual electromagnetic force field. Some of the experiment

results are shown in Fig. 6-5 to Fig. 6-8. 

   Face image processing has been widely used in identity recognition, emotion

recognition, speech recognition, etc[81-85]. In audio-visual speech recognition, the

analysis of lip movement is a key issue. Experiments have been carried out for some

videos of speakers. Fig. 6-5 shows an example. Fig. 6-5(a) and Fig. 6-5(b) show two

frames in a video sequence. The speaker closed the lips from frame1 to frame2. Fig. 

6-5(c) and Fig. 6-5(d) show the significant edge lines extracted as the virtual currents

of the two frames. Fig. 6-5(e) shows the virtual force distribution on the mouth

border lines extracted from Fig. 6-5(c). In Fig. 6-5(e), according to the arrow

directions, the upper mouth border moves down and the lower border moves up, 

which clearly indicates that a mouth-closing action occurs from frame1 to frame2. 

         
(a)                 (b)                 (c)                 (d)
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(e)

Fig. 6-5 The forces on the mouth borders in the frame of the first speaker video sequence

(a) the 1st frame

(b) the 2nd frame

(c) the significant edge lines in (a)

(d) the significant edge lines in (b)

(e) the force on each current element on the mouth borders in (c) applied by the current (d)

   Another example is shown in Fig. 6-6 for comparison, in which the speaker

opened the mouth. Fig. 6-6(a) and Fig. 6-6(b) show the two frames, and their

significant edge lines are shown in Fig. 6-6(c) and Fig. 6-6(d). Fig. 6-6(e) shows the

virtual force distribution on the mouth border lines extracted from Fig. 6-6(c). It is

obvious in Fig. 6-6(e) that the upper border of mouth moves up and the lower border

moves down, which indicates a mouth opening action. These results can be used in

further analysis and recognition tasks. 

         
(a)                  (b)                (c)                 (d)
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(e)

Fig. 6-6 The forces on the mouth borders in the frame of the second speaker video sequence

(a) the 1st frame

(b) the 2nd frame

(c) the significant edge lines in (a)

(d) the significant edge lines in (b)

(e) the force on each current element on the mouth borders in (c) applied by the currents in (d)

   Fig. 6-7 shows an example of a medical image sequence. The two frames are

shown in Fig. 6-7(a) and Fig. 6-7(b), in which some areas deform. Fig. 6-7(c) and Fig. 

6-7(d) show their significant edge lines. In the virtual force distribution, two local

areas are investigated for analysis. The first one is on the middle left of the frame, 

which is highlighted in Fig. 6-7(e). The virtual force distribution in this area is shown

in Fig. 6-7(f), in which an expanding process of the object area can be clearly seen

according to the arrow directions. 

                  

(a) the 1st frame                        (b) the 2nd frame
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(c) the significant edge lines of (a)        (d) the significant edge lines of (b)

    

(e) the highlighted local area in the two frames

(f) the forces on the current elements within the local area in (e)

Fig. 6-7 The forces on the current elements within a local area of a medical sequence frame

   The second local area is near the center of the frame, which is highlighted in Fig. 

6-8(a). The virtual force distribution in this area is shown in Fig. 6-8(b), in which an

expanding process of the object area can be clearly seen according to the arrow
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directions. Such results may be helpful in detailed analysis and diagnosis. 

     

(a) the highlighted local area in the two frames

(b) the forces on the current elements within the local area in (a)

Fig. 6-8 The forces on the current elements within another local area of a medical sequence

frame

   Besides deforming, the virtual force distribution can also reveal other movements

between two adjacent frames. Experiments are carried out on some videos of human

actions. Fig. 6-9 and Fig. 6-10 show two examples of arm-raising action, in which the

person raised the arms on the grassland. Fig. 6-9 shows the first example. The two

frames are shown in Fig. 6-9(a) and Fig. 6-9(b), and the significant edge lines

extracted are shown in Fig. 6-9(c) and Fig. 6-9(d). Fig. 6-9(e) shows the force

distribution on the arms in Fig. 6-9(c) applied by Fig. 6-9(d). Almost all the arrows

on the borders of the arm area go upwards, which indicates an arm-raising action. 
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(a)                 (b)                 (c)                 (d)

(e)

Fig. 6-9 The forces on the arm borders in the frame of the first arm-raising video sequence

(a) the 1st frame

(b) the 2nd frame

(c) the significant edge lines in (a)

(d) the significant edge lines in (b)

(e) the force on each current element on the arm borders in (c) applied by the virtual currents in (d)

   Similar result can be found in Fig. 6-10. The two frames are shown in Fig. 6-10(a)

and Fig. 6-10(b), and the significant edge lines extracted are shown in Fig. 6-10(c)

and Fig. 6-10(d). The force distribution on the arms in Fig. 6-10(e) also indicates an

arm-raising action. Such results may be useful in automatic human action recognition

in video sequence. 

         
(a)                 (b)                 (c)                 (d)
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(e)

Fig. 6-10 The forces on the arm borders in the frame of the second arm-raising video sequence

(a) the 1st frame

(b) the 2nd frame

(c) the significant edge lines in (a)

(d) the significant edge lines in (b)

(e) the force on each current element on the arm borders in (c) applied by the virtual currents in (d)

   Two examples of hand actions are shown in Fig. 6-11 and Fig. 6-12. The two

frames in Fig. 6-11(a) and Fig. 6-11(b) show a clenching action. The significant edge

lines are shown in Fig. 6-11(c) and Fig. 6-11(d). For demonstration, the virtual force

distribution on the thumb and the index finger is shown in Fig. 6-11(e). According to

the arrow directions, the upper part of the index finger moves down left, and its lower

part moves right, which is a bending movement towards the thumb. On the other

hand, the thumb draws close to the index finger. The virtual force distribution here

corresponds to a typical clenching behavior. 

         
(a)                 (b)                 (c)                 (d)
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(e)

Fig. 6-11 The forces on the finger borders in the frame of the hand-clenching video sequence

(a) the 1st frame

(b) the 2nd frame

(c) the significant edge lines in (a)

(d) the significant edge lines in (b)

(e) the force on each current element on the borders of the thumb and index finger in (c) applied by

the virtual currents in (d)

   The two frames in Fig 12(a) and Fig. 6-12(b) show a hand-waving action. The

significant edge lines are shown in Fig. 6-12(c) and Fig. 6-12(d). For demonstration, 

the force distribution in a local area of the ring finger and the small finger is shown

here. The local area is highlighted in Fig. 6-12(e), and the force distribution on the

fingers within the local area is shown in Fig. 6-12(f). In Fig. 6-12(f), almost all the

arrows accord with a clockwise rotating, which corresponds to a hand-waving

behavior. 
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(a)                 (b)                 (c)                 (d)

(e)

(f)

Fig. 6-12 The forces on the finger borders within a local area in the frame of the hand-waving

video sequence

(a) the 1st frame

(b) the 2nd frame

(c) the significant edge lines in (a)

(d) the significant edge lines in (b)

(e) the highlighted local area

(f) the force on each current element in the highlighted local area in (e)
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   Based on the above experiments and analysis, it is indicated that the virtual force

distribution between adjacent frames in image sequences can reveal the deforming

and other movements of objects, which can be used in further analysis. One important

thing to note here is: the virtual force distribution for two frames directly shows the

change between the frames; if an object in the frames deforms and moves

simultaneously, the virtual force distribution shows the composed result of the several

simultaneous transformations of that object. 

6.3 The interaction between two discrete current

elements

The interaction between current-carrying wires is based on the force between the

current elements of the two wires. The macro-level force between current-carrying

wires is the accumulation of the micro-level force between current elements. In this

section, the interaction between two current elements is investigated.  

The force on the current element I1dl1 caused by I2dl2 is[58-61]:

211 20 1 2
12 3

21

( )
4

I d l I d l r
d F

r

μ
π

× ×= ⋅                  (6-1)

where dF12 is the force on the current element I1dl1 due to I2dl2. r21 is the vector from

I2dl2 to I1dl1.  

   The discrete form of Equation (6-1) is:

1 2 21

3
21

( )T T r
F

r

× ×=                       (6-2)

where T1 and T2 are two discrete current element. F is the force on T1 due to T2. r21 is
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the vector from T2 to T1. A is a constant value. 

   In order to investigate the interaction between two discrete current elements, the

experiment is designed as follows. First, give a fixed angle between the directions of

the two current elements in Equation (6-2). Then keep one current element fixed at

the center of the image area, and place the other at each discrete position and

calculate the force on it. Thus a force distribution map can be obtained for two

current elements with fixed angle at various possible relative locations. Moreover, the

above experiment can be repeated for different angles between the two current

elements. And for each angle investigated, a force distribution map can be obtained. 

In this way, a detailed investigation of the interaction between two current elements

can be implemented (on every relative location and at every angle between their

directions). 

   Some of the experiment results are shown in Fig. 6-13 to Fig. 6-18. In these

experiments, the two discrete current elements are on the same plane. The current

element2 is fixed at the center of the region, and the current element1 is placed on

each discrete position in the region. In each experiment, the angle between the

element vectors is kept unchanged. The angle is varied for different experiments. For

example, the angle values are 0°, 45°, 90°, 135° and 180° respectively in Fig. 6-13 to

Fig. 6-18.  

   Fig. 6-13 shows the results of force direction distribution with the angle between

the two current elements set to zero. In another word, the two element vectors have

the same direction. Element1 and element2 are on the same image plane. In Fig. 

6-13(b), the arrow on each discrete position shows the direction of the force on
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element1 when it is on that position. The black dots represent the zero force. Fig. 

6-13(b) indicates that the force on element1 applied by element2 with the same

direction attracts the former to the line on which element2 lies. And the force

direction is perpendicular to the line on which element1 lies. It is interesting here to

find that, if the two current elements are of the same direction and on the same plane, 

the effect of the force between them is not attracting one element to the other, but

attracting one to the line on which the other lies. 

                                 

(a)                                               (b)

Fig. 6-13 The distribution of the force on element1 by element2 when they are parallel

(a) the directions of current element1 and element2 are parallel

(b) the direction of the force on element1 by element2 at various discrete positions

   For comparison, Fig. 6-14 shows the results of force direction distribution with

the angle between the two current elements set to 180°. The two current elements

have opposite directions. Element1 and element2 are on the same image plane. Fig. 

6-14(b) indicates that the force on element1 applied by element2 with the opposite

direction repels the former from the line on which element2 lies. And the force

direction is perpendicular to the line on which element2 lies.  
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(a)                                               (b)

Fig. 6-14 The distribution of the force on element1 by element2 when they are opposite

(a) the directions of current element1 and element2 are opposite

(b) the direction of the force on element1 by element2 at various discrete positions

   Fig. 6-15(a) shows the case in which the two current elements are perpendicular. 

They are on the same image plane. Fig. 6-15(b) shows that the force on element1 is

parallel to the line on which element2 lies. Moreover, the direction of the force on

element1 will become opposite when crossing the line on which element2 lies. 

                                 

(a)                                               (b)

Fig. 6-15 The distribution of the force on element1 by element2 when they are mutually

perpendicular

(a) the directions of current element1 and element2 are mutually perpendicular

(b) the direction of the force on element1 by element2 at various discrete positions
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(a)                                               (b)

Fig. 6-16 The distribution of the force on element1 by element2 when element1 has a direction

of rotating element2 45° clockwise

(a) element1 has a direction of rotating element2 45° clockwise

(b) the direction of the force on element1 by element2 at various discrete positions

   Fig. 6-16 shows the case in which the angle between the two current elements is

45°. In this case, the vector element1 has two components: one is perpendicular to

element2, and the other has the same direction as element2, which is shown as c1 and

c2 respectively in Fig. 6-17. Therefore, the force on element1 attracts it to the line on

which element2 lies due to c2. But the force is not perpendicular to the line on which

element2 lies due to c1.  

Fig. 6-17 The decomposition of the element1 in Fig. 6-16(a)

   Fig. 6-18 shows another case in which the angle between the two current

elements is 135°. The direction distribution of the force is shown in Fig. 6-18(b), 

Similar analysis can be done as that of Fig. 6-16. 
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(a)                                               (b)

Fig. 6-18 The distribution of the force on element1 by element2 when element1 has a direction

of rotating element2 135° clockwise

(a) element1 has a direction of rotating element2 135° clockwise

(b) the direction of the force on element1 by element2 at various discrete positions

   The interaction between the virtual currents in two images is virtually the

accumulation of the interaction between current elements, and such accumulation

produces the effect of deforming representation between video frames in this chapter, 

and also the matching for shifting or rotating transformations studied in previous

chapters. 
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Chapter 7  Summary

Magnetic field is a basic and important physical field. Its unique characteristics may

be exploited in the design of novel nature-inspired methods for image processing. 

Current is a basic source of magnetic field. A macroscopic current in the wire is based

on the microscopic movement of electrons. The virtual current proposed in the book

is a kind of reasonable imitation of physical current in digital image. In another word, 

the virtual edge current in images is a discrete simulation of the physical current in

the discrete image space, which is a discrete flow field running along the edge lines

(i.e. the isolines or level curves of grayscale) in the image. 

   In the book, Chapter 2 gives the description of the virtual edge current. The

virtual magnetic field derived from the virtual currents is studied by imitating the

Biot-Savart law, which is then applied in image segmentation. In Chapter 3, the

image is taken as a virtual magnetic field and the inversion of its curling source is

studied by imitating the Ampere’s law in the differential form. Interestingly, the

virtual curling source obtained by the inversion is found to be equivalent to the edge

current proposed in Chapter 2, which are both the rotated version of the gradient

vectors. Because the gradient field is directly related to the edge, this proves the

importance of edge in image analysis from a new perspective. In Chapter 4, 5 and 6, 

the significant edge lines are further extracted from the edge current vectors by a

Canny-like operation as the representation of image structure. The virtual interaction

between the significant edge currents is then studied by imitating the

electro-magnetic interaction between the current-carrying wires. The virtual
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interaction between edge currents is then used in image matching for shifting or

rotating transformation, and also applied in deforming and motion analysis between

video frames. The relationship between the virtual current and the proposed methods

in this book is shown in Fig. 7-1. 

Fig. 7-1 The relationship between the virtual current and the proposed methods

Nature-inspired methodology is a developing and promising branch in image

processing. The research work in this book is part of the authors’ on-going study. To

the authors’ knowledge, until now there is little work about the magnetics-inspired
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image processing research. Therefore, the book is aimed at extending the research of

physics-inspired methods for image processing, which is based on the authors’

exploration and discoveries in their study. The authors have also found it interesting

to carry out simulation experiments of virtual electromagnetic phenomena in digital

images. The results in the book have preliminarily proved that the unique

characteristics of the physical magnetic field have particular values and effects in

practical image processing tasks. The authors hope such results may attract more

interests of researchers about this topic. In the field of physics-inspired methodology

for image processing, there are still plenty of unexplored research topics which are

both interesting and of value in practical use. The authors’ on-going work will further

improve the methods already proposed, and explore new methods with possible value

of practical application. 
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