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ABSTRACT

The determination of 3-D motion parameters of an object from its image-
sequences is discussed for three types of motion analysis : (1) monocular vision,
(2) stereo vision, and (3) stereo motion. These parameters of the object enable
one to obtain its attitude, attitude rate, visible surface shape,
identification/recognition, and track. Under suitable conditions, these parameters
can be estimated from the 2-D image co-ordinates of a set of points on the object's
surface in consecutive images, using the Image Point Correspondence ( |PC )
algorithm. In this research, a Generalized Image Point Correspondence ( GIPC )
algorithm has been developed to enable the computation of motion parameters for a
general configuration where both the object and the camera are moving. A detailed
error analysis of these algorithms has been carried out. Furthermore, this algorithm

was tested on both simulated and video-acquired data, and its accuracy determined.
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CHAPTERI
INTRODUCTION

- The research in motion analysis has evolved over the years as a challenging field
in the area of computer vision. Its major contribution is in application to dynamic image-
sequence analysis. The information contained in the image-sequences of a moving
object aids in the computation of the motion parameters, as well as, the segmentation

and shape analysis.
1.1. BACKGROUND

In this section we provide the motivation for this research and present develop-

ments pertinent to it.
1.1.1. Applications of Motion Analysis

The potential applications of image-sequence analysis, as indicated by Shariat

([1]), are listed below.

(1) Robotics/Automation : A camera mounted on the end-effector of a manipulafor
(robot arm ) takes images of a moving object or target. The range and the orientation of

i i tmmbnd & Loommias
the cohject relative to the end-effecter are sstimated from a kn

ments of the images of its features. This information, in turn, is used as a feedback to
control the manipulator. Robotics and automation find applications in industry and
space. For space applications, a robot's task can be, for example, to retrieve a defective
satellite. After knowing the position, orientation, and the velocities in all six degrees of
freedom of the satellite, the motion of the manipulator under computer control is
matched to that of the satellite. It is done so that when the robot grasps the sateliite, no
excessive forces and torques are produced, which might otherwise damage the satellite
or the manipulator. A future use of the robot is in its application to an autonomous vehi-

cle. Such robot-controlled vehicle could be extensively used for space exploration,



using vision for its navigation. One of the functions of the vision system is to prevent col-
lision with obstacles, such as rocks, while moving on and taking pictures of different

types of terrains in planetary exploration.

(2) Medicine and Biological Sciences : The image-sequences are used to under-
stand the normal functions of an organ as well as its abnormalities. They are also used

in the fields of biophysics, biology, and biomedicine to study movement and behavior of

fish and micro-organisms.

(3) Military Applications : The camera is used to identify and track moving tar-
gets in its field of view. From a set of images of the target, its range and orientation can
be computed. This process of recognition of the target is essential for some military

applications.

(4) Meteorological Applications : Cloud displacements are measured from a
sequence of satellite-acquired images. From these, the direction of cloud motion and

wind velocity are estimated for weather forecasting.

(5) Traffic Monitoring : The detection, tracking, and identification of moving vehi-

cles, such as cars, are done from a sequence of images.

(6) Segmentation and Scene Analysis : The motion analysis provides useful infor-

mation regarding the segmentation and the scene analysis in an environment where

multiple objects are moving.
1.1.2. Current Research Thrusts in Motion Analysis

The current research in motion analysis for perception is concentrated in the follow-

ing areas, as indicated in Fig.1 :

(i) Feature extraction and matching of consecutive images.
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(ii) Efficient algorithms for motion parameter detection.
(iii) Hardware Impiementations.

(iv) Applications developments.

Brief comments on the above four thrusts follow.

Techniques are being developed that enable extraction of features and matching
these over consecutive frames. Features can also be estimated from images for
identification purposes. Furthermore, several images can be matched using a set of
features corresponding to a particular object or scene. Another approach to the
identification of the object/target is the correlation of the acquired scenes with those
stored in the computer. Feature extraction and image matching provide the needed
inputs to the algorithms for motion parameter estimation. These algorithms perform
unique operations on image sequences. Considerable effort is presently being
expended in the area of parameter estimation for applications with relative motion
between the camera and the object/scene. Applications of motion parameter estimation
in various fields of engineering and science continue to be explored at an accelerated
pace. The thrust of automation and robotics to industrial, space, and defense opera-
tions has created a need for the motion parameter estimation algorithms. The research
efforts in the areas of algorithm development and applications determine requirements
for hardware development. Hardware subsystems comprise of cameras, videos, point-
ing, tracking, and on-board data processing. The technology innovations for space
applications include reduction of size and weight, increase in speed and reliability, and
automatic operaticn {[2]). For the medical and ground-based systems, technology is

being developed for data processing/recording, and display subsystems.

in the past two decades, a number of approaches have evolved for the develop-

ment of efficient algorithms for motion perception from a sequence of images. Some use



two frames of the images of the moving object ( [3,4,5,6,7] ), while others use more than
two ( [1,8] ), to determine the motion parameters of the second image of the object rela-

tive to the first image. These approaches are discussed in the following subsection.
1.1.3. Approaches to the Solution for the Motion Analysis Problem

In order to develop efficient algorithms, one can use either of the two broadly

classified approaches :

1.1.3.1. Intensity-Based Approach : Here, image processing techniques like sub-
traction, correlation, convolution, Fourier analysis, or differentiation, are applied to the

image of the object to estimate its motion parameters.
The algorithms that fall in this category are explained below :

(1) Reflectance Map Method :

The dependence of surface reflection on the geometry of incident and reflected
rays is given by the bidirectional reflectance distribution function ([9]). The reflectance
map, that gives a relationship between the surface orientation and brightness, can be
derived from this function and the distribution of the light sources. The photometric
stereg method for rocovering tha aoriontatian of surface natchas from a2 number of
images taken under different lighting conditions has been developed. If a single image is
available, the shape can also be recovered from the spatial variation of brightness called
shading, since parts of the surface are oriented differently and thus appear with dif-

ferent brightnesses.

(2) Optical Flow Approach :

Optical flow is a velocity field that defines motion in an image. A velocity vector is
assigned to each point in the image. Brightness patterns in the image move as the
object moves. It is the apparent motion of these brightness patterns that gives the opti-

cal flow. Movement through the environment maps information onto a pattern. From



this pattern through inverse mapping, it is possible to derive information about the
environment and the observer's motion ([9,10,11,12,13]). This approach requires itera-

tive searches. The orthographic (parallel) projection is also assumed.

1.1.3.2. Feature-Based Approach : In this approach, prominent features are
found and then matched over consecutive time-varying frames. The features can be
points, line segments, edge fragments, or moment invariants. The correspondence or

the matching problem over a set of frames is assumed to be known a priori.
The algorithms that fall in this category are explained below :

(1) Moment Invariant/Attributed Graph Approach : The 3-D objects are recog-
nized, and the motion parameters determined from their 2-D orthographic projections.
The geometric transforms are used instead of the iterative matching techniques
([14,15,16,17,18]). For the identification purposes, a 3-D object is represented by an
attributed graph where a node represents a face of the object. Associated with each
node is a feature vector containing moment invariants of the face. A link between two
nodes means that the two faces are adjoining. Associated with each edge is a scalar
which is the angle between two nodes. Any 2-D projection of the object can be similarly
represented by a graph, which is a subgraph of the above graph. It is so because only a
part of the object is facing the camera. Thus the identification problem becomes a sub-
graph isomorphism between the observed image and the 3-D object. The moment
invariants are found to be invariant under 3-D motion. The attitude parameters of the
observed object relative to the 3-D object are determined from the knowledge of 2-D
moments of its faces. The orthographic projection is assumed in this analysis. it also

considers the object with flat surfaces.

(2) Straight Line Correspondence Algorithm : The 3-D motion/structure of a rigid

body, containing straight line segments as features, can be determined if a sequence of



three 2-D perspective views is given ([19,20]). The projections of 3D lines over the three
consecutive image frames are assumed to be known. A seven line correspondence (LC)
involves an iterative search without any constraints on the 3-D line. If the 3-D lines lie
on paraliel planes, and the orientation of the rotation axis is fixed over the three image
frames, an eight LC results in a linear method. The surface of a unit sphere is used in
place of the plane of the perspective projection. In this analysis, the projections of mov-
ing 3-D lines on this sphere over three frames are studied. A fairly good initial guess is

required for the convergence in the iterative search.
(3) Image Point Correspondence Algorithm :

Three different cases of motion analysis have been identified ( [45,6,7] ). They are
: (i) Two-view motion analysis ( monocular vision ), (ii) stereo vision, and (iii) stereo
motion. A discussion of these cases appears in the following section where the

approach used in the present research is described.
1.2. DESCRIPTION OF RESEARCH IN THE PRESENT WORK

1.2.1. Statement of the Research Problem

In this work, three cases of motion analysis based on vision, namely, monocular
vision, stereo vision, and stereo motion, have been investigated, and, in this context, the
work done by different authors ([4,5,6,7]) in developing the Image Point Correspon-
dence ( IPC ) algorithm in three different ways has been studied. However, the IPC
algorithm does not apply to a more general problem of motion analysis. The generalized
version of motion analysis involves a situation where both the object and the camera are
moving. Industrial and space robots face this situation in locating and tracking of vari-
ous objects/scenes. The space robot, for example, takes pictures of a satellite for motion
deo sysieim and the object move asynchronousiy. An aigo-

rithm for motion parameter estimation is required for this general case of relative motion.



An extension of the IPC algorithm is, therefore, needed to address this requirement.

As mentioned previously, three different types of motion analysis have been

identified. They are discussed in the following :

i) Two-view motion amlysis or monocular vision case : The pictures of a mov-
ing target are taken by a stationary camera at different instants of time. The motion
parameters of the target are found from the knowledge of the correspondence of pro-
jected images of the 3-D points on it, using the IPC algorithm. The surface of the target

is also determined.

(ii) Stereo vision or binocular vision case : The pictures of a stationary target are
taken by two cameras stationed at different locations in this case. The motion parame-
ters that relate the two camera cb-ordinate systems are found by using the IPC algo-
rithm. The surface of the target can also be determined from a minimum of eight data

points available.

(iii) Stereo motion case : This case is similar to the second case. However,
instead of two stationary cameras, one moving camera is used to take the pictures of

the stationary target from two different locations at different instants of time.

An extension to the IPC algorithm, termed as Generalized Image Point
Correspondence ( GIPC ) algorithm, has been used for the general problem of motion
analysis in this research. In the generalized version of the motion analysis, both the
object/scene and the camera are moving. The other three cases of motion analysis have

been determined to be its special cases.

in aii the cases mentioned, the image plane is assumed to be at the focal point of
the camera with its X- and Y-axes parallel to those of the camera co-ordinate system.
The center of the camera rotations coincides with the origin of the camera co-ordinate

system, and its z-axis is the line of sight.



1.2.2. Assumptions

The assumptions used in the development and testing of the algorithm are as fol-

lows :

(a) The object undergoes a rigid-body motion which, in other words, means that

the object does not change its shape while in motion.

(b) The motion of the object is constant in any two consecutive frames. In other
words, it means that there are no discontinuities in the motion parameters, and the axis

of rotation remains fixed.
(c) For using the GIPC algorithm, the direction of motion of the object is known.

(d) For the GIPC algorithm, the motion parameters of the camera are known so as

to compute those of the object.

(e) There are certain restrictions on the spatial distribution of the data points on the

surface of the object in order to run the IPC algorithm, and are explained in Appendix B.

1.2.3. Outline of the Present Work

in chapter Il, the relationship between the co-ordinate frame transformation and the
rigid-body motion of an object is determined. The three cases of motion analysis are

shown to be equivalent for the determination of motion parameters.

in chapter lii, the three methods for the IPC algorithms, adopted by different

authors, are presented as different manifestations of the same approach.

In chapter IV, the GIPC algorithm is developed. Furthermore, the IPC algorithm
applied to the three cases of motion analysis is shown to be a special case of the GIPC

algorithm applied to the most general motion equation.

In chapter V, error analysis for the three methods of the IPC algorithm has been

carried out.
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Chapter VI discusses some experimental results, where simulated and real data

have been used.

In Appendices A through F, proofs and definitions used in this research, are

presented. Appendix G presents implementations of the IPC and the GIPC algorithms

in terms of computer programs.
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CHAPTER Il
FRAME TRANSFORMATIONS AND RIGID-BODY MOTION

In this chapter, the relationship between co-ordinate frame transformations and
rigid-body motion of an object ([6]) is established. Rigid-body motion is represented as
a rotation, followed by a translation. The rotation is expressed in terms of a matrix R.
Two different representations of the rotation matrix are widely used. The rotation matrix
is an orthonormal matrix of the first kind. Other properties, along with the two represen-
tations of the matrix R just mentioned are discussed in Appendix A. The translation is

expressed as a vector T with its components representing translations along the three

axes.

In what follows, we shall show the three special cases of motion analysis; namely,
the monocular vision, stereoscopic vision, and stereo motion, are equivalent. A

detailed description of these is also given.

2.1. RELATIONSHIP BETWEEN CO-ORDINATE FRAME TRANSFORMATION
AND RIGID-BODY MOTION

In this section, the various developments have been taken from Zhuang et al. ([6]).

Let there be two right-hand co-ordinate frames in the 3-D Euclidean space E; (Fig.2) :
F={o;®] and FF=[0' ;0 ];

where o and o’ are the origins, and ® and @’ are the matrices containing the orthonor-
mal basis (1, ¢2,¢3)and (¢, ¢2’, ¢3 ) of the frames F and F’ respectively. These
basis vectors define the relative orientations of the frames with respect to a base or a
standard frame S. Thus the transformation of the frame F’ to the frame F can be
expressed in terms of a fotation matrix R followed by a translation T from the origin o’ to
the origin . in other words, the set @ of the basis vectors of F can be expressed in

terms of the set @’ of F’ by the equation
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Fig2. Geometru illustrating the relationship between Frame Transformahon
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o=9'R (2.1a)
and

0=0"+T. (2.1b)

Any point P (Fig.2) in E3 can be represented in both the frames F and F’ respec-

tively as follows

P=x¢,+y ¢2+2 ¢3+0 =0@r+o (2.2a)

=X"01'+Y ¢2'+2 ¢3'+0" =0®'r'+0’; (2.2b)

where r = (x,y,z ), r =(x,y,2’ )t are the co-ordinates of P with respect to the
frames F and F’ respectively, and the superscript ‘t’ indicates the transposition opera-

tion.
Substituting eqn.(2.1a) and eqn.(2.1b) in eqn.(2.2), we get

or=0'Rr+T. (2.3)

if the frame F’ coincides with the frame S in E5 , then,

A —r0n 0t a1 r A =100\t A 2—rn0 1 A\t anAd AZ_rn A 1t
- TN MIVy vy = = v Y NSV vy s YL TV MYy W Y I TAVYV A,
and eqn.(2.3) can be simplified as

r=Rr+ T. (2.4)

This represents the most basic form of the motion analysis equation. From
eqn.(2.4), we deduce that when the standard frame F’ in E3 transforms into the right-
hand frame F by the rotation R and the translation T, the point r experiences a rigid-
body motion defined by ( R, T ) and becomes the point  where r and ¥ are the co-

ordinates of the same spatial point P in E; relative to the frames F and F’ respectively.















































































































































































































































































































