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Abstract

The research described in this dissertation focuses on the development of a new
approach for the generation of geometric models from multiple-view range image data.

Through intensive comparison and evaluation of different representations, the
cross-section contour based representation is concluded to be ideal for modeling with
range image data. The representation is shown to be at an intermediate level -
compatible with both the low-level of range image data and with the need to provide
relatively high-level geometric and topological information in models.

A new concept of generating partial models within device frames, frames
associated with the working principle and geometry of a range sensor, is introduced.
The range data are well distributed in the device frame. This good data
distribution facilitates computations relevant to rendering the cross-sections required
by the representation and relevent to identifying occlusions present in the image.
Methodology for merging the partial models with a current global model is developed
to allow the incorporation of redundancy between the partial model and the current
global model and to allow growth of the global model. A simulation of the ERIM
imaging-radar based range sensor, a prototype triangulation-based range sensor
developed for this research and a commercial HYMARC range sensing system are
used for approach verification. The device frames associated with the sensors are
derived, and used to test the modeling approaches and the developed system.

The presented research: demonstrates the suitability of the cross-section based
representation for range-image based modeling systems; introduces a new concept and
associated methods for generating cross-section contour models in range sensor device

frames to take advantage of well distributed data; develops a series of algorithms



i

for partial modeling in the device frame and for global model integration; and
demonstrates the feasibility of the developed new approaches for applications by

testing the system for multiple sensor types.
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Chapter 1

Introduction

1.1 Overview

A description of the geometric characteristics of an object or working environment is
required for intelligent robotic systems, manufacturing and various other application
fields. Advanced robotic and reverse engineering systems further require the
geometric modeling to be conducted in conjunction with the machine vision system to
support object recognition, intelligent decision making, rapid replication and accurate

inspection.

Geometric modeling refers to a collection of methods used to define the shape and
other geometric characteristics of an object [43]. Its goal is to generate models in a
computer system for the structures and objects in the real world. Such a model
is actually described in a representation including the geometric and topological

information of the structures and objects.

Traditionally, a geometric modeling approach is based on an assumption that

the relevant geometric characteristics of an object to be modeled and/or the
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relevant modeling results are well known by the user. However, the traditional
geometric modeling techniques are challenged by a new demand of perceiving and
modeling existing objects and/or working environments. This demand comes from
the fact that the geometries of objects to be modeled may be partially or totally
unknown. A positive solution for satisfying the demand is to combine geometric
modeling techniques with 3D active sensing techniques. The research associated with
this dissertation has developed and implemented a new approach that is able to
generate multiple-view 3D image data based surface models for describing geometric

characteristics of existing objects with complicated curved surfaces.

This introductory chapter: provides a brief review of geometric modeling with
traditional modeling approaches, and describes the research motivation driven by
the need for more flexible modeling technologies (Section 1.2); discusses the general
problems that must be solved by a 3D vision data based geometric modeling approach
(Section 1.3); reviews previous research on geometric representations used by both
traditional geometric modeling methods and computer vision systems, on range
sensors and their device geometries, and on multiple-view fusion technologies (Section
1.4); and finally states the research objective (Section 1.5). In addition, Section 1.6

gives an outline of the remaining contents of the dissertation.

1.2 Traditional Geometric Modeling Approachs
and Challenging Desires

1.2.1 Information Embedded in a Geometric Model

A geometric model can describe objects with their shape, dimension, area, volume,

position, orientation, and topological relationships. In general, various geometric
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models can be classified into three major categories: wireframe models; surface

models; and solid models.

Different types of geometric models have different capabilities of representing
geometric information. A geometric model with a simple form is usually at low level
in terms of the geometric information it can supply, while a sophisticated geometric

representation at the high level can provide much more detail.

A wireframe model has the simplest model form, and is composed of object edges
that are surface intersections and/or surface outlines. Wireframe models may include
straight lines, analytical curves and free parametric curves. Object descriptions
provided by a wireframe model are primarily limited to the edge related features.
To overcome the ambiguity introduced by such a model, human intelligence is often

needed.

In contrast, a surface model is able to intrinsically provide more detailed
characteristics data such as surface shape, curvature and surface points. A surface
model can be built using either regular analytic surfaces such as a plane, a cylinder or
a sphere, or sculptured surfaces defined by spline functions or surface meshes. Both
wireframe and surface models supply few of the topological relationships among their

component elements: points, boundaries and surfaces.

A solid model, as a more sophisticated geometric model, provides a complete
description of the objects allowing detailed geometric and topological information.
The dimensions, areas, volumes, surface shape descriptions, surface neighborhood
relationships, and relative object positions and orientations can be obtained from the
database of a solid model. The interior and exterior spaces of an object can also be

detected.
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1.2.2 Traditional Approach to Geometric Model

(GGeneration

Construction of a geometric model requires initial data input. Sophisticated modeling
approaches such as solid modeling require more detailed information about the object
to be modeled. This initial data includes both geometry and topology information of

the object.

Traditionally, geometric models for various objects are created using a CAD/CAM
system. The modeling approach has four primary components: 1) symbol structures
that represent solid objects; 2) processes that use such representations for answering
geometric questions about the objects; 3) input facilities for creating and editing
object representations and for evoking processes; and 4) output facilities and

representations of results [53].

The creation of a geometric model is usually done interactively by users of the
geometric modeling system through graphics input and output devices such as a
mouse, a 2D digitizer, a trackball, a joystick, a lightpen, a keyboard, a graphics
terminal or a plotter. Since the users of the graphics systems well understand the
geometry and topology of objects that they want to model, they can effectively use
the input devices to provide the object’s geometry and topology to the geometric

modeling system [20, 43, 76].

This modeling procedure can be illustrated using the flange example in Figure
1.1. When a solid model for the flange is built, the shape, dimensions and location of
various surfaces representing the central hole, keyway, pilots, chamfers and so on, the
surface adjacency relationships indicating object topology, and the surface orientation

identifying the interior and exterior of the object are specified by the user.
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Figure 1.1: Modeling with known object geometry and topology
1.2.3 The Need for More Flexible Modeling Approaches

Although the traditional geometric modeling approaches have been used broadly
in design and manufacturing, they cannot satisfy some key requirements of
geometric model generation imposed by intelligent robotic applications, advanced
manufacturing, and many other applications [12, 22, 45]. These requirements include:
1) modeling objects with known geometries, but in unstructured environments; and

2) modeling existing objects whose geometries are not known [72].

-

S
a\@/@

Figure 1.2: Objects with known geometry in a unstructured environment

Figure 1.2 shows an example for case one. A cast part has been designed,
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and a geometric model for the ideal geometry of the part has been created. In
manufacturing, the shape and dimensions of produced parts need to be measured
automatically and to be compared with designed dimensions given in the ideal
model. However, no direct match between the real cast part and its ideal model
exists due to the different orientation and/or scale between them. The creation of
a geometric model based upon the real geometry of the produced part is needed for
inspecting the dimensions of the manufactured part. Without human interaction the
traditional modeling approaches are not able to construct this type of real geometric
model. Other similar situations may include a robot picking up parts from a bin and

automatic vehicles moving in unstructured surroundings.

Figure 1.3: An object with unknown geometry

An example of the second case is illustrated in Figure 1.3 where an injection mould
of a face sculpture is desired. Similar situations can be found with worn part surfaces
or with deformation of formed sheet metal parts. Since the shape is irregular and the
exact geometry and topology of the object are unknown, the initial object description
cannot be explicitly input into a CAD/CAM system with traditional approaches.
Without a geometric representation, the tool path for machining and CNC codes

cannot be generated. A solution to solve this problem is to model the object based
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on object surface measurements. Although coordinate measuring machines (CMM)
are used for measuring object profiles in industry, applications of CMM are limited by
its mechanical contact working principle and the degrees of freedom of the machine
and its touch probe. Application of active 3D vision sensors can eliminate these

drawbacks due to their non-contact measuring principle.

An active vision sensor emits an energy beam, a laser beam in most cases, onto
the surface of objects. Coordinate data (referred to as range data) of the surface is
obtained by processing the energy reflection which is sensed by an imaging transducer.
Such a vision device can output discrete range data or coordinates, which are in the
image form, representing object surface points. The quality of range data acquired
by an active sensor is usually better than data by other kind of vision sensors. The

conversion from sensed energy information to 3D range data can be faster as well.

Time-of-flight based and triangulation based range sensors are two kinds of
frequently used active sensors in machine vision. The former usually consists of a
laser source and a detector. Range data is calculated by measuring the elapsed time
directly or indirectly by the phase shift when the laser pulse is projected to a scene and
reflected back by the surfaces of the scene [29, 30, 49]. The latter employs the device
geometry and a structured light source to find the geometric relationship between the

device and a scene, allowing calculation of the range data [1, 54].

1.3 3D Vision Data Based Geometric Modeling

To obtain geometries of existing objects, 3D active sensors can be used. A vision
data based modeling system is related to three spaces, i.e., the real world space, the
image space and the modeling space. Figure 1.4 illustrates these three spaces and

connections between them. In principle, the surface geometry of an object in the real
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world can be described by a mathematical function. In the image space the surface

is represented by the range images that are a set of coordinate points.

Real @ Range @ Geometric
world image representation

Figure 1.4: Three spaces: from the real world to geometric models

The transformation from the real world to the image space is achieved by a
3D sensor(s) S. A modeler M generates geometric models of the object in the
representation space. The algorithm designed for the modeler and the form of the

representation to be used for the geometric model are correlated.

A key task for a vision data based modeling approach is to convert the
discrete sensed surface points into geometric models in a representation. Different
representations handle geometric models in different levels. For instance, in low level
a primitive application may only use an image representation where object surfaces
are described by the discrete range data; in high level a recognition task may need
a symbolic oriented representation; while, in middle level a rendering algorithm may
want a surface based representation. To be compatible with discrete range-data based
surface points and to provide applications with relatively concise geometric models

of objects, an intermediate-level representation is appropriate.

Due to the limited viewing field of a sensor, and to surface complexity and object
occlusion, range images for objects must often be acquired from multiple range
sensor viewing positions to allow a complete geometry description to be obtained.

A priori knowledge of the views to be taken may not always be available. In this
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sense, the multiple view range data acquisition is unstructured. Flexible selection
of viewing locations is quite important in order to handle objects and workspace
with complex surface shapes. In order to avoid any missing data, two adjacent views
have to be partially overlapped. The data redundancy caused by view overlaps is
inevitable. Therefore, the modeling system needs to perform multiple-view fusion
in its modeling processing to merge the data redundancy. Allowing flexible view
selection and performing data fusion increases the difficulty of geometric modeling

from multiple-view range images.

In summary, a 3D image data based geometric modeling system needs a
representation for describing geometric characteristics and requires related algorithms
for converting low-level range data into geometric models. In order to generate
a complete geometric model for an object, the range data must be acquired from
multiple viewing positions to allow coverage of the whole surface of the object.
The modeling algorithms should be able to handle and merge the resulting data

redundancy.

1.4 Previous Research

This review of the previous research on vision-data based geometric modeling
approaches is focused on: 1) representations that are the basis for a modeling system;
2) the research and development for 3D active vision sensors that provide the initial
data input for a vision-data based modeling system; and 3) the research on multiple

view fusion that is an essential requirement for a vision-data based modeling system.
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1.4.1 Representations Used for Design Oriented Modeling

Systems

The present representations for geometric modeling used in CAD/CAM and
computer graphics tend to be informationally complete, valid, and unambiguous
[76). Among them, the frequently used representations include Constructive Solid
Geometry(CSG), Boundary Representation (B-Rep), sweep, and octree. These
four representation methods share the common characteristics of decomposing the
3D space that is occupied by an object into sub-level parts (or cells). The
decomposition can simplify the complexity of representation and is usually called
cell-decomposition [43]. Requicha [53] introduced a general principle for evaluating
the appropriateness of representations of solid objects by listing several key properties:
validity; completeness; uniqueness; ease of creation; and efficiency in the context of
applications. These properties are often used as criteria to evaluate representations

for geometric modeling.

The CSG representation is used in most present CAD systems to model 3D
objects by representing volumetric information. In a CSG system, primitive solids
and Boolean operations are used for constructing objects. A binary tree with end
nodes representing the primitives and other nodes recording the logical operations
is normally used [20]. The primitives are usually described by analytical equations
for fast processing and accurate results. However the capability of describing various

geometric shapes is limited due to the restriction of analytical equations.

The B-Rep representation describes objects by representing the boundary vertices,
edges, and surfaces of an object. It is more complex than CSG and also more
flexible in representing various geometric shapes. This method is based upon the

assumptions that an object is a solid and all its boundaries are two-manifolds [20]-
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A major implementation of the B-Rep representation is the Winded-Edge, in which
the graphical and topologic information of vertices and surfaces are organized around
the boundary edge of an object. Curved boundaries and surfaces, e.g., represented

by B-Spline or NURBS, can also be included.

The sweep representation generates a geometric model using a cross-section curve,
a profile curve or guide curve of a line or a curve, and coordinate transformations.
The cross-section curve is usually in 2D and described by analytical or parametric
equations. The profile curve is used to guide the sweeping and the coordinate
transformations are used to generate the discrete swept volume [43]. Sweep rules

can be added to alter the shape of the cross-section curve during sweeping.

The octrees representation works by recursively subdividing a cubic cell that
encloses an object or part of an object into finite cubic cells and using a
tree representation to record the subdivision process and the spatial occupancy
enumeration of objects to make the whole internal space addressable. The approach
provides easy access to a given spatial point and ensures spatial uniqueness. However,
octree representation requires large memory space for data storage and is unable to
represent the topologic relationships of an object [6]. An improved method by Brunet
[13] allows modeling for some geometric details by introducing vertices and edges to

the representation.

Generally, on one hand, the CSG and B-Rep representations can handle both
geometric characteristics and topological relationships of an object. This capability
is very useful in machine vision for recognition tasks. On the other hand, the
two approaches require given topologic relationships to function. This dependency

restricts them to modeling only objects with explicit topological relationships.

The sweep and octree representations are volume based, and are concerned with

the space occupancy of 3D structures rather than the topological relationships.
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Therefore, they can represent objects without requiring topologic relationships.
However, their functions are weak in the provision of geometric properties and
topological relationships of objects. All schemes reviewed above only deal with
constructing object models with closed shapes, i.e., the volume of a model is bounded.

It is difficult, even impossible, to model a local part of an object using these schemes.

Conventional geometric modeling is related to designed objects with known
geometry as discussed previously. In a design procedure the geometric information
required by a representation is gradually derived from abstract to details. For a vision
system, the situation is the inverse. Required geometric data needs to be extracted

from low level raw image data.

1.4.2 Representations Used for Vision Data Based Systems

In general, most of representations used by vision data based modeling systems are
similar to traditional ones. The major task for developing such a geometric modeling
system is to convert discrete image data into relatively high level information in order

to fit a certain representation.

The algorithms to perform the task can be very complicated and lack robustness, if
the representation used requires very high level information, e.g., both geometric and
topological data. While high-level representations need very complicated information
extraction approaches and lack robustness, low-level ones can increase the algorithm
robustness but may reduce the capability of representing details of the geometries

included. In practice, the tradeoff has to be considered.

To fully investigate various representations available, the following review covers
representations used for computer vision systems using either active or passive

imaging sensors. All of these systems need to convert low level image data into



CHAPTER 1. INTRODUCTION 13

geometric information consistent with a representation.

To represent the acquired 3D vision data of unknown objects, a few machine vision
based geometric modeling schemes have been introduced. These schemes use 3D
vision data of observed scenes as input to construct geometric models, and normally

require a complete observation. They are mostly application-oriented.

Generalized cylinder(GC) representation, a similar scheme to sweep is commonly
used as a recognition-oriented object description in machine vision [7]. The
conventional sweep uses regular and constant shapes as section shape. The GC scheme

may have irregular section shapes in each cross section plane.

Superquadric description is a representation often used for recognition systems.
Superquadrics are a family of parametric primitives that are mathematical extensions
of quadric surfaces [73). This representation ignores geometric details by describing

primary shapes of objects to reduce difficulties in recognition.

Geons are also used to represent 3D objects [47, 48]. Geons are a set of volumetric
primitives which can be composed to form different shapes. A range image of the
object is processed to find edges that correspond to the constituent parts of the object.
By decomposing these edges and recognizing the individual constituent parts, the

geons for these parts and the graph for the spatial connection of parts can be found.

Kumar et al. [37] used a hyperquadric representation which is a surface defined
by the set of points (z,y, z) satisfying the equation

Z IA,’:B + B,-y +Ciz + D;I% =1

=1
An object is divided into components each of which is represented by a hyperquadric
equation. An error-of-fit function was defined to measure the difference between the
model and the data. The minimization of the function was used to fit a hyperquadric

to range data.
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Raja et al. [52] proposed a generic part based 3D object representation similar
to the geon representation. They used 12 generic primitives. Each primitive has
74 predetermined views for matching the surfaces extracted from a range image by
segmentation. This approach ignores geometric details for helping find the match

between segmented surfaces and a generic part.

Kweon and Kanade [38] developed a method for generating elevation maps
from range data acquired using the ERIM range sensor. The elevation maps were
constructed on a regular grid system, the elevation data being the intersections
between vertical lines located at the grid points and the surfaces represented by a

range image.

Faugeras et al. [19] successfully represented the sculptured surfaces of a cast
automobile part based on laser range data, using a triangulation facet-oriented
polyhedral approximation. Multiple-view structured laser scanning was conducted
by putting the object on a rotational table, and by synchronizing the rotation with
the image capture (one image per 30° of rotation). Unfortunately, this kind of ideal

(structured) multiple-view laser scanning condition is not always applicable.

A cross-section-like representation for the volumetric rendering of Computer
Tomography (CT) and Magnetic Resonance (MR) data is utilized in medical imaging
systems. The 3D data acquired from a transaxial CT/MR scanner and extracted
from the raw images are in slice form. A volume model can be formed by stacking
individual CT slices and using linear interpolation between two slices [46]. This
approach depends on the well-structured scanning. Similar work also includes organ

surface reconstruction using serial microscopic sections in biomedical engineering [41].

With some well-structured scanning approach, a range sensor can directly provide
scanned data representing object section contours. Theodoracatos et al. [63]

developed an active vision data based modeling system. The range sensor projects
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a series of parallel laser light planes onto an object and, thus, obtains 3D digitized
contour data. Least-squares fitting was applied to the vision data to generate a

B-Spline representation with a minimum number of control points.

By taking 2D intensity images of an object in three orthogonal viewing
directions, Srinivasan et al. [61] extracted the 3D occluding silhouettes of objects.
Reconstruction planes were used to render a set of cross-section contours to represent
volumetric occupance of the object. The method is limited to objects with simple

boundaries since the 3D reconstruction is not robust for objects with curved surfaces.

Applications of close range photogrammetry deal with identification of the
geometric properties of an object (such as distances, angles, volumes, sizes and
shapes). For railway tunnel wall modeling, Clarke {18] obtained the wall profile
data by measuring distance, section by section, from a known position of a measuring
system to the tunnel wall surface, and by computing coordinates of profile points
according to the measured distances and the known measuring locations. Then
reconstruction of the cross-section contour model for the tunnel wall was accomplished

by linking these coordinate points.

Cross-section based representations can be used to generate surface models. Chen
et al. [15] proposed a surface interpolation technique for reconstructing 3D object
models from cross-section contours. A series of intermediate sections are generated
first. An initial surface model is obtained using spline functions based on these
sections. The final surface model is interpolated by applying the quadratic-variation-

based algorithm.

Kim et al. [36] upgraded the cross-section representation based models to
triangulation based surface models. Their method splits each section contour into
convex/concave segments and finds the correspondences of segments in adjacent

sections. Triangular surfaces are constructed from these adjacent contour segments.
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Wei et al. [66] converted sliced scan data of an industrial CT scanner to a Q-Mesh
representation which is a finite element meshing technique. This mesh representation

is based on a deformable grid template approach.

A research review on representations used by vision data based modeling systems

for multiple-view fusion is included in Section 1.4.4.

1.4.3 Device Geometries and Range Image Form

The technologies used for obtaining three dimensional structure information have
been developed and implemented in many projects for both research and industrial
applications. Various sensing principles to measure distances have been investigated
by numerous academic researchers and commercial companies. Since active sensors
that depend on controlled energy or structured light to measure distances can acquire
relatively robust range images, more active sensors are being used in industry and
research, than passive sensors that rely on illumination of unstructured light and on
image analysis (such as feature matching and statistical processing) to obtain depth

information [65].

Since an active sensor usually measures the distance (range) between the sensor
and object surface, the sensor is referred to as a range finder or a range sensor. In this
dissertation, these terms are used interchangeably. A range sensor associated with
dedicated hardware and software is capable of generating a range image of a scene.
A range sensor generates a range image that is a 2D (or 1D) numerical array. Each
element of the image array records a number to represent a range (or a coordinate
value for an affine transformation based sensor [11]). This element is indicated by
two subscripts to represent the range measurement direction. Commonly used range

sensors are the imaging radar based and triangulation based sensors. The following
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review is mainly focused on device geometries of these sensors and the effects imposed

on the range data by the device geometries.

Nitzan et al. [49] proposed a phase-shift based range finder which has three major
functional components - a transmitter, a scanning device, and a receiver. The laser
beam emitted by the transmitter is amplitude-modulated with a sinusoidal waveform.
This modulated beam is then deflected by the scanner to cover the field of targets.
When the beam strikes an object, a portion of the light is reflected back and converted
into a sinusoidal current at the modulation frequency. The phase of this current is
proportional to the time it takes the light to travel from the instrument to the object
and back, and thus provides the range value. While the components of transmitter
and receiver handle the signal processing, the scanning unit performing tilting and
panning activities governs the device geometry and thus determines the geometric
transformations for obtaining surface point coordinates. The initial result r that is
measured based on the phase shift is represented in an array of pixels indexed by two
scanning activities J and I, respectively. A detailed drawing for the device geometry
was given [49] and a mapping function (z,y,z) = f(J,I,r) was derived. The authors
also indicated that it is easy to obtain the inverse transformation from z, y and =
to J, I and r. Using (J,1,r) image data can significantly simplify the algorithm
for detecting jump boundaries, the border between the images of two surfaces, by

working on r and Ar values only.

Besl [11] discussed the relationship between range image data and coordinate
data. Many range image sensors produce range images in the r;; form where the
transformation from (z,j,7:;) to (z,¥,2) is non-affine. In most of these cases, each
ij pair corresponds to a small cone or pyramid of energy centered around a ray that
pierces the first object surface it hits as it travels outward from the sensor. In many

of these cases, there is almost no uncertainty in the direction of the ray as determined
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by the integer ¢ and j indices of the digitized 3D surface points compared to the
uncertainty in the measured range r. Thus, the uncertainty in the resulting z, y, =

coordinates is dominated by the uncertainty in the r;; values.

The Environmental Research Institute of Michigan (ERIM) developed a range
scanner that was used by the Autonomous Land Vehicle project [64]. The ERIM
range scanner modulates the power amplitude of a laser beam and measures the phase
difference between the reference wave form and the returning signal. Its scanner is
composed of by a nodding mirror determining the plane that the beam will be in
for any given row of the range image, and a rotating polygon mirror controlling the
scanning angle within the plane for any given column of the image. The scanning
activities with the nodding and rotating mirrors form a spherical coordinate system
(8, ¢,p), where 8 and ¢ are the nodding and rotating angles, respectively, and p is

the range.

A similar scanning method for a time-of-flight range sensor is found in
Matsumoto’s research [40]. The laser beam is deflected in two directions with angle
Bz and B, by the mirrors mounted on the pan and tilt scanners. Each range image
pixel (L) is indexed by these two angles. The Cartesian coordinates are obtained

using the equations

z = Lsin(f:) (L.1)
y = Lcos(B:)sin(By) (1.2)
z = Lcos(f)cos(By) (1.3)

Triangulation based range sensors are another class of non-contact vision devices.
Such a sensor usually employs a structured light as an edge of the triangle, and
uses the line between the surface point hit by the light and the image point (usually
generated by a CCD camera) of this surface point and the line between the light
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source and the camera as the other two edges. With this triangle the coordinates
of the surface point in terms of a sensor-based Cartesian reference system can be

calculated.

Araki et al. [3] used a cylindrical lens to form an expanded laser beam. This beam
was deflected to scan the field of interest at a constant angular interval by means of
a rotating mirror. The space coordinates (z,,yp,,z,) of the point P on the surface
of the target was computed from the positional coordinates (z’,0, 2’) of its image P’

and the deflected angle « of the laser beam, i.e.,

(Y —ym) + zm ta.nax,

zy(z’, 2, a) =
ol ) ys+ 2’ tanc
yp(2',2,a) = (zp —zm)tana + ym
zp(z', 2, a) = (¥ = ym) —)’ T ban 2
yr+z'tana

where 2’ and a change regularly and independently of scenes, while z’ is dependent

on scenes. Similar work can be found in [23, 63].

In a research project conducted by Jezouin et al. [31] the active triangulation
range finding system was composed of a camera, and a laser system generating a
plane of light projected on an object placed upon a rotary table. The camera captures
the image of the laser light on the object surface in terms of coordinates (z.,y.) in
the image plane. By calibration, a mapping function represented by a transformation
matrix M was found to convert (z., y, ) into R[8, k], a cylindrical range image, where
6 is the rotating angle of the turntable and % the height along the turntable axis. The

inverse transformation M~! can be used for estimating measurement errors.

Besides the basic sensor structures based on the triangulation principle, there are
many variations for different purposes. Yoshida et al. [74] proposed a redundant

triangulation-based range measuring system to increase the measuring accuracy by
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mounting two cameras aside a laser scanner. A target surface point hit by the laser
beam has two images in the CCD cameras A and B individually. The image location
of the point is found at (u4,v) and (up,v) in each image plane. In this system,
the laser scanning angle is placed by u4 and ug, when calculating coordinates, e.g.,
z = m—fgﬁ, where D is the base-line length; f is the focal length; ug is the
half length of a line of the sensor array; and u,4 and up are the image positions
in the camera A and B, respectively. To solve the occlusion problem that is more
serious for triangulation based range finders than other kind of sensors, Yoshimura
and Okamoto [75] implemented a dual channel optics using one sensor. Although the

geometry becomes complicated, the mapping function Z = f(X) to convert initial

range measurement X into the coordinate Z is still available.

Since the triangulation-based measurement requires a long baseline to satisfy
accuracy, missing-data can become a serious problem and the devices can be an
overly large size. Rioux [54, 55] successfully invented a synchronized scanner for a
range finder to eliminate the long-baseline requirement. This range finder uses a
position sensor and a rotating laser beam which is scanning synchronized with the
rotating mirror for the reflected beam. This structure improves the resolution and
the field of view without increasing the baseline. Although the device geometry is
more complex than others, the initial range image is still in a numerical array (p)
indexed by the scanning angle (#), and indicates the image position of spot hit by

the laser. By the analysis of the device geometry, the mapping function is found

flQltan6 +d) 17"
z(6,p) = dp [p+ (I - f)(dtan 6 —21)]

_ p(l—f) 2tand +d]}™"
2(0,p) = d[” T T dtang—2

where p is the image position; § is the scanning angle; f is the focal length; d is

the distance between the scanner axis of rotation and the principal point of the lens;
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and [ is the distance between the common axis of projection and detection and the

reference point.

From the above review, it is seen that both imaging-radar and triangulation based
range sensors have an initial range image frame, i.e., a numerical array. For all such
sensors there exists a transformation function to convert the data from this initial
range image frame into a Cartesian system. Each range image pixel is represented
by (8, ¢, ) for the imaging-radar based and by (Zimage; Yimage, B) for the triangulation
based.

Among these variables, 6, ¢ and B, the scanning angles, and y;mqge, the vertical
position in the intensity image, continuously change with constant interval, and are
not effected by scenes and noises. Therefore, the values in these variables almost have
no errors. However, the variables r, the range, and z;mage, the horizontal position in
the intensity image, are influenced by the scenes and noises, and can have uncertainties
in their values, e.g., for range jumps. After the transformation the values in z, ¥ and
z coordinates are effected by the uncertainties contributed by r (imaging-radar based

Sensors) of Timage (triangulation based sensors).

1.4.4 Geometric Modeling with Multiple-View Image

Fusion

Since any range sensor has a limited view scope and object occlusions are inevitable as
well, multiple views from different locations around the observed objects are necessary
for generating complete geometric models. The model generation in these multiple-

view cases requires the integration (fusion) of image data from different views.

The method of data integration usually is representation oriented. Some

representations require the entire data from all views to be processed together
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simultaneously for modeling. Other representations allow the image data in each
view to be converted individually into a partial model and then merged with a global

model.

Noborio et al. [50, 35, 28] used object images from multiple views as object contour
projections to construct the object model. With the object contours in different views,
several polyhedral cones (when the image is considered to be created using central
projection) or polyhedral cylinders (when the image is considered to be created using
parallel projection) can be built. The object model can then be obtained by finding
the intersecting volume of these cones/cylinders. This approach requires each image

cover the whole object to get a complete contour.

Wong et al. [68] proposed a hypergraph based shape-representing approach using
multiple-view range images for the recognition purpose. Geometric elements of an
observed object are extracted from range images. The relationships of these elements
are represented by a hypergraph. For recognizing the object, this hypergraph is
compared with hypergraphes stored in a database for known objects in various
orientations. The creation of the database is also based on the same methods for

the element extraction and the hypergraph generation methods.

Hebert et al. [24] employed a mesh to represent an object. The mesh is derived
from deforming a standard spherical mesh until the mesh fits the image data. This

method was developed mainly for object recognition.

Chen et al. [17] developed inflating balloon method using a triangulation mesh to
represent a balloon model. The balloon model is driven by an inflating force toward

the object surface, until the mesh elements reach the range data based object surface.

Chen et al. [16] used a point based representation to constructing a complete
model for an object from multiple-view fusion. The 3D points are represented in a

spherical or a cylindrical coordinate system, called the object-centered representation.
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The data from each view are transformed into this frame. The data integration is

done by simply averaging the overlapped data.

Kawai et al. [34] also employed a point based representation to perform multiple-
view range image fusion in a global reference frame. Each 3D point is associated
with a normal vector for the local surface. The data points belonging to a view are
transformed to the global frame and, compared with previous data using the viewing
angle and their normal vectors. Visible points are accepted to update the global

model. Another point based multiple-view fusion method is described in [39].

Asada et al. {4, 5] developed a system to generate height maps from range image
sequences. A height map is a 27D point based representation. Each range image
which initially is in a device frame is transformed to a local height map, and then
integrated with a global map by matching geometric properties. Nashashibi et al.
[44] developed a similar system where the height map is called an elevation map. The
global model is based on a 5¢cm x 5cm grid system. During the multiple-view range

data integration the transformed local map is resampled in this grid system.

Kamgar-Parsi et al. [32] described an approach for registering multiple overlapping
range images to generate sea-floor contour maps. A contour map consists of a set
of 2D curves. The approach uses both local and global curve-matching methods to
find the location of redundant data caused by overlapped range images. The local
matching is based on a modified chain code method. A contour curve is segmented
into a group lines. The line orientation is encoded to form the chain code. The global
matching is based on minimizing a cost function considering bending and stretching
of the range images.

Soucy et al. [57, 58, 59, 60] used a triangulation based representation for geometric

modeling using multiple range images. The Venn diagram of N range views is built

to find range data redundancy. The redundancy is merged by triangle intersection
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based erosion, dilation and connection.

Higuichi et al. [25, 26] proposed a mesh based 3D modeling system. A local mesh
is fit to a set of data points from each view. The curvature of each node of the mesh
is mapped to a spherical image for registering multiple views. A global mesh can be
built by transforming the data points of a local mesh into a global frame using the

registration information.

Stenstrom ef al. [62] proposed a method for constructing object models from
multiple images. The models rely on edges extracted from range images and faces fit
with data enclosed by edges. Data integration for constructing incremental models is

based on edges and faces.

Parvin et al. [51] introduced a B-rep based modeling approach. Each range image
is segmented to extract object surfaces visible in the view. An attribute graph is built
using the extracted surfaces as the nodes and the surface neighborhood relationships
as the links. Such a graph is matched with another one, if the two views represented
by their graphs are overlapped. Furthermore, the intersections of the involved surfaces

are computed for building B-rep models.

1.5 Objective of This Research

1.5.1 Limitations of Previous Research

The previous research efforts for developing modeling approaches and representations
have been discussed in the previous research review sections. Researchers have
achieved significant progress in geometric modeling using 3D image data. However,

these approaches share one or more of the following limitations.
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Some recognition oriented approaches used highly abstract representations for
simplifying modeling computation. Representing geometric details is not a major
goal for these approaches. Some approaches require complete image data from
all aspects around a scene before performing multiple-view based modeling. As
well, these approaches cannot generate models for a partial object or for multiple-
object based scenes. Many applications require a modeling approach that is able
to provide detailed characteristics (e.g., geometric and topological information) of
objects without significantly increasing the computational costs. In addition, the
data conversion from low level based 3D images to relatively high level modeling
representations needs to be facilitated. Furthermore, modeling methods developed
with multiple-view fusion did not use representations which are for applications of
reverse engineering like rapid prototyping systems. Such applications often use layer

or section based geometric representations.

The research reviewed for multiple-view fusion was primarily focused on the
development of merging algorithms. The research of the merging algorithms for
modeling in a unbounded environment, e.g., the situation encountered by robotic
navigation, has not been well investigated. When a working space to be modeled is
large, the number of views to obtain images will be large, and therefore the model
can involve a huge amount of data. Consequently, data merging between the partial
model and the global model becomes difficult in terms of overlap detection. Reduction

of the search and detection scope in the model database is an important issue for this

modeling problem.

Many applications use a Cartesian system as the reference frame. This is done
largely to achieve consistency with both the traditional geometric modeling systems
and vision data based modeling systems which provide models in Cartesian frames as

well. The range data are converted into geometric models in this Cartesian system.
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Ideally, a range image would be stored in an array, where the z and y locations of pixels
are indicated by the row and column indices of the array elements (pixel elements)
and the z values are stored in these pixel elements. With such an array, any point and
its neighborhood can be easily accessed by z = f(z(7),y(j)), where z(z) = z¢ + Az
and y(j) = yo + jAy. In reality, however, a range finder does not directly output
range data in this required data format due to the working principle and geometric
structure of the range-finding device [10]. Most range finders use a central projection
principle with equally spaced angular scanning of associated mirrors. This makes the
range image space a non-Cartesian frame which can be a spherical frame or an even
more complex frame depending on the particular device in use [4]. Each range image

becomes a scattered array, when mapped into a Cartesian reference.

When a scene includes multiple objects and or when object surfaces involve deeply
curved features, these scattered data points in the Cartesian frame will cause the
following obstacles for handling discrete 3D data points and generating geometric

models:

e complex algorithms have to be developed to cope with the sparse array formed
by the scattered data since the linear functions, z(z) = z¢ + tAz and y(j) =

Yo + jAy, are no longer applicable;

e surface discontinuity detection methods, often based on uniformly distributed
data, cannot be used, since it is difficult to identify the difference between
nonuniform point intervals due to the central projection based acquisition and

point jumps due to occlusions; and

e it is difficult to detect missing data incurred by failure to extract the laser signal

from a background image.
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Surface discontinuity is usually detected by finding nonuniform distributions of
acquired data points. However, there exist other possibilities that can make the
distribution ununiform which can result in false detection. These potential factors
include unequal spaced imaging sampling and image shadow (shown in Figure 1.5),
and uneven surface reflection. With an equal scanning angle the sampling space
is unequal. The further that the scanning beam reaches, the longer the resulting
sampling interval with respect to a Cartesian frame. When surface reflection is very
intensive or very weak, or the incident angle of the scanning beam is very large, a

range finder may fail to extract range data by missing data.

If a triangulation based range sensor is used, shadow effects may cause the
scattered data to be distributed even more irregularly. Figure 1.6 illustrates this
problem which is caused by the structure of the sensors where the sensor and the laser

are distant due to the base line required for applying the triangulation principle. The
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Figure 1.6: Shadow effect of triangulation based range sensors

scene may hide the laser beams in the shadow areas, e.g., corresponding to the sensing
angles within the angle «, and/or hide the sensor in other shadow area corresponding
to the scanning angles within the angle 3, as indicated in Figure 1.6. When the
base line is long to improve measurement results, the problem gets worse. Although
this phenomenon can be reduced using synchronized scanning where shadow effects
are improved significantly compared to simple triangulation, shadow effects are still
present and must be addressed [22]. After a sudden change of range value brought
about by one of above reasons is transformed to a Cartesian frame, since the change
is delivered among three coordinates, a sophisticated detection algorithm able to
differentiate such changes from real changes due to surface discontinuity has to be

used to provide accurate models.

To avoid the difficulty of handling scanned data in a Cartesian frame, Kweon and

Kanade [38] proposed concurrently to this research a method with their 1D elevation
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map representation to generate a map in the sensing space of the ERIM sensor.

1.5.2 Research Objectives

The research of this dissertation is focused on:

o Development of a representation scheme which enables the modeling system

to provide applications with surface models based on range image data.
Objectives of the scheme include reduction of the computational complexity
during modeling and facilitation of the conversion from discrete range images to
geometric models. In addition, the scheme should be able to represent the model

of an object with bounded surface and the model of a scene with unbounded
surfaces.

Surface models based on such a representation should convey both geometric
and topological information. Although directly obtaining highly meaningful
models from images is difficult, extraction of the topological information about
space occupation from the raw range data should be a capability of the algorithm
to be developed, e.g., identification of the inner and outer space of an object.
This topological information is critical for many industrial applications, such
as robotic systems and NC machining, and can also be necessary for upgrading

low-level representations to higher-level representations.

Another important issue is multiple-view fusion that allows dynamic growth
of geometric models through partial model generation and model integration.
After a partial model for a piece of surface region is generated from a view of
image, it should be able to be merged with a global model. This is an image-
driven based fusion approach, i.e.: 1) the selection of view location is flexible; 2)

one or more partial models can be disconnected with the current global model, if
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the related images do not have overlaps with others; and 3) as long as the range
images cover the entire surface of an object or a scene, their merged surface

model will be complete.

This multiple-view fusion approach should be developed with the ability to
detect image overlaps and to merge data redundancy. When a scene has a large
unbounded surface, its global model will be large and will have a huge amount
of data. Finding potential overlaps has previously relied upon searching for
the match of the partial model from the global model. The developed fusion
approach should avoid this intensive search for overlap detection to make the

relevant computation manageable.

o The research will investigate the possibility of using the characteristics
associated with the sensor space for facilitating the computation of cross-section
contour modeling. The uniformly distributed data present in the sensor space
(device space) may increase the efficiency of the conversion from image data to
a model. If the partial modeling is performed in the device frame, the costs for

detecting surface discontinuity will be reduced.

e To prove feasibility of the developed system for applications, the system should
be tested with multiple types of range sensors including imaging radar based
and triangulation based imaging systems. These imaging systems are commonly
used in practice and have commercial products available. For generating partial

models in a device frame, the device frame for different sensors must be derived.
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1.6 Outline of Remaining Chapters

Chapter 2: Development of the Representation —
Different representations handle geometric data in different levels. To describe
objects based on discrete range data of surface points and to provide applications
with relatively concise and complete geometric models of objects, the criteria
for selecting an appropriate representation are primarily considered, including:
1) compatibility with discrete range data; 2) suitability for modeling in the
device frame; and 3) capability of facilitating multiple-view fusion and model
updating. Based on the evaluation and comparison of different potential
representations, the cross-section contour approach in an intermediate level is
found to be a preferred representation scheme. This representation is utilized
by the developed system. The development of algorithms to satisfy the specific
requirements for vision data based geometric modeling and the implementation

of a testing of the developed system are discussed in subsequent chapters.

Chapter 3: Partial Model Generation in The Device Frame —
The difficulty of handling range data in a Cartesian frame is caused by the
central-projection oriented working mechanism of range sensors. To avoid
irregularly distributed data, a new method which takes advantage of the
well-distributed data in the range image space is developed. The approach
generates contour models in the range image space where the image data is
well distributed. The approach transforms the cross-section planes into the
range image space generating synthesized plane range images, and detects the
intersection contours by comparing the object range images and the synthesized

plane range images.
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Chapter 4: Implementation of Associated Device Frames —
The implementation of the device-dependent algorithm is closely related to
the characteristics of the specific range finders used with the modeling system.
These characteristics include the scanning mechanism and device geometry
of a range finder. The development of the device-dependent functional
components for generating partial models is based upon these characteristics.
The implementation of the device frame with individual typical range sensors is
necessary to prove the feasibility of the developed algorithm. The device frames
of three typical range sensors are derived, including an imaging radar based
sensor, the ERIM range finder; and two triangulation based laser scanners, a
range-finder developed at the University of Victoria (the SmartEye) and the
HYSCAN® scanner. The algorithm is tested with these sensors and their

associated device frames.

Chapter 5: Global Model Generation with Multiple-View Fusion —
Each range image can describe a partial object surface. After each range
image is taken, a partial surface model is constructed and is connected with
the previous ones to update the model. This procedure can be expressed by the
OR boolean operation. Once the multiple range images cover an entire object

shape, a complete surface model in a representation form can be achieved.

Chapter 6: Conclusions And Future Research Suggestions —
In this last chapter the new modeling approach and the implementation of
the modeling system are summarized. Based on the summary, conclusions are

presented. Some suggestions for potential future research are given as well.
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Chapter 2

Development of the

Representation for the Modeling
System

2.1 Overview

A geometric modeling system needs a representation to describe shapes. The selection
of the representation is determined by the functions to be performed by the system.
Since a range data based modeling system functions in a different way from traditional
geometric modeling systems, converting discrete range data to a geometric model
rather than forming a model from high-level geometric description, the selection of
an appropriate representation has stricter imposed constraints. The major constraint
is that the representation should be compatible with range data and suitable for
multiple-view fusion. Section 2.2 describes these constraints and requirements of a

range vision data based system.
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An advanced vision-data based modeling scheme using a high-level representation
can provide applications with any required characteristics of modeled objects. Such a
modeling scheme will be required to initially obtain sufficient geometric information
used by the representation in terms of local features and global characteristics.
However, obtaining this global information often requires data integration by
multiple-view fusion, a fusion which relies on the support from a modeling system. It
is difficult for these two mutually dependent requirements of obtaining initial global
information and generating global models to be satisfied simultaneously within the

same modeling system.

A primitive modeling system with a low-level representation has very limited
capabilities for applications, although a primitive representation can facilitate
conversion of the raw image data into geometric models. A modeling system based
upon such a low-level representation usually can merely provide some primitive
information for subsequent applications. Representation alternatives in different

levels are evaluated and compared to select one for the requirements in Section 2.3.

With proper design an intermediate-level representation based modeling system
is able to provide adequate geometric information while keeping good compatibility
with the low-level range image data. As well, an appropriate intermediate-level
representation can facilitate upgrading to models of higher level to enhance the
representation capability. By the evaluation and comparison, the cross-section
contour representation is found to be such an ideal representation scheme. The details
for the representation is given in Section 2.4. This representation is utilized by the
developed system to satisfy the specific requirements for vision data based geometric
modeling. The implementation of the cross-section scheme and the structure of the
modeling system mainly reflects the essential needs for multiple-view fusion, dynamic

growth based modeling and for supplying geometric and topological information as
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discussed in Section 2.5.

2.2 Representation Requirements for Multiple-

View Range-Image Fusion Based Modeling

2.2.1 World, Sensor and Modeling Spaces

The major task of a vision data based geometric modeling system is to describe
the geometry of the real world. From observing an existing object to obtaining its
computer based model, two processing stages are required: sensing and modeling
stages. These two stages bridge three different spaces: the real world; sensor; and
modeling spaces. The sensing activity is associated with the real world and sensor

spaces. The modeling processing is related to the sensor and modeling spaces.

In general, the surface (¥,.q1) of an object in the real world can be described by

\preal = {(z,y, Z) l F(:B,y,Z) = 0}

where (z,y, z) is a point on the surface with respect to a global reference, usually a

Cartesian frame, and F is a function. As simple example cases, F' can be
Fotane(z,y,2) = Az+ By+Cz+ D
for a planar surface or
Fruadric(2,y,2) = Az® + By* + C2* 4+ Gry + Hyz + [zz + Uz + Vy + Wz + D

for a quadric surface. Besides using an implicit function F', an alternative form is to

use a parametric surface description

Ureat = {(2,9,2) | z=X(u,v),y =Y(u,v),z= Z(uvv)}
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where u and v are parametric variables.

In sensor space the surface W;pq4. is specified by a set of range image points
(pixels)
‘Dimage = {d}
where d is an image point with respect to a local coordinate reference called the
device frame in this dissertation. As well, the surface can be specified by a set of

subsets of image points, when the scene is observed from multiple views

lI’image = {¢ I Y= {d}}

where 9 is one range image from the multiple views. The sensing space is a discrete

space. The device frame is device dependent.

From the sensor review in Section 1.4.3, it can be found that the transformation
from the real world to the sensing space is generally perspective-transformation
oriented for both image radar based and triangulation based range sensors. This
transformation F, is found from the sensor geometry and calibration. The function

as a transformation of sensed data from the real world to the sensor spaces is as

Fs . ‘I’real — ‘Dimagca d = F,(:z:,y,z)

These image data d of the surface points for one or more views are stored in one
or more arrays in a well-organized structure. However, the original scanned surface
points (z,y,z) in the real world are irregularly distributed due to the perspective
projection employed by sensors. These points transformed into the modeling space
are also irregularly distributed, since both the modeling space and the real world

space are generally with respect to Cartesian frames.

In the modeling space the surface description is extracted from the set of data

points of the sensing space based surface description. The extraction is a mapping
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between the two spaces. Geometric models of objects and/or scenes in the modeling
space can be in a discrete, continuous or hybrid form, depending on what kind
representation is used to represent the models. Therefore, the W4 description

will accordingly be in different forms.

2.2.2 Representation Compatibility with Range Image
Data

A representation is a scheme used for specifying and storing a model of viewed scene in
a computer database. To describe characteristics of surfaces a representation scheme
can use various approaches including analytical expressions such as equations for
surfaces or curves, nonanalytical methods such as a graph to show relations of surface

components, and geometric primitives with simple shapes.

Using multiple approaches can represent more surface details in the models, and
provide more flexibility for accessing the surface models for rendering, boundary
condition searching, feature extraction and other tasks. In general, representations
can be classified into different levels with respect to their capabilities of representing
geometric complexity for objects and of providing sufficient information for

applications.

An approach for mapping is required in the modeling stage to transform the data
from the sensor space into the modeling space. The form of the mapping is specified
by the definition of the representation to be used. This mapping approach functions
as a modeler which converts the low-level discrete range image data to higher-level

models. The complexity of the approach is mainly determined by the representation.

From the application point of view, high-level models which require sophisticated

representations are usually desirable. = However, the more sophisticated the
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representation scheme used, the more difficult it is to implement the mapping
approach since the discrete image data does not provide sufficient meaningful
information. This fact is a significant difference between traditional modeling systems

and vision-image data based modeling systems.

Therefore, if the representation is sophisticated to provide applications with high-
level models, the data mapping can become very difficult or even impossible. When
models are represented in a relatively low level, the above difficulty can be avoided.
Such a modeling system uses simple elements to describe shape of objects. Models
in low level are not compact and need a large amount of simple geometric entities.
This means that a huge memory space may be required and that little meaningful

information may be available.

2.2.3 Representation Suitability for Multiple-View Fusion

Multiple-view fusion is another challenge for vision-data based modeling systems.
The vision data (such as a range image) from a view can only provide the initial
description for local surfaces of a scene. Among multiple views overlapped image
data and/or data gaps may exist, since scanned areas associated with different sensor
locations may not be adjacent to each other perfectly, and since object occlusions
may exist as well. It is difficult to integrate image data from multiple views in the

sensing space, since the data fusion requires a global reference frame.

The data mapping from the sensing space to modeling space is based on individual
images. The model generated from each image is a partial model for a local part of
the scene. Partial modeling requires the representation to be able to handle a local
partial model without prior knowledge about the global model. To obtain a complete

model the model integration must be done in the modeling space.
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2.2.4 Representation Requirements for a Vision-Data

Based Modeling System

From the above description, it can be found that selection of a representation scheme
for a vision-data based modeling system is imposed by more constraints than for
traditional geometric modeling systems. Such an approach must be capable of coping
with the nature of image data during modeling processing. Two important factors
which do not affect traditional modeling systems have to be considered by a vision-
data based modeling system, including 1) information for the geometric elements
which are used by the representation scheme is not available explicitly, and 2) location
and topology relationships of representing elements are unknown. The information
required has to be extracted and interpreted from multiple images that provide
the initial input for the modeling system. The geometric modeling approach for
generating models from multiple-view range-image data requires that a representation

have:

e Compatibility with discrete range data — Since a range sensor only provides
surface image data in low level, a representation is required to be able to directly
construct geometric models without more information and without the needs for
intensive recognition/interpretation activities. As well, such a representation
scheme should provide relatively concise geometric models in relatively high

level to yield compact storage needs.

e Suitability for partial modeling - The representation should be able to allow
partial modeling and to make partial modeling independent of global modeling.
Partial modeling involves the ability to describe both a part of an object with

closed surface and a unbounded surrounding scene.
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e Capacity for facilitating multiple-view fusion and model updating - The
representation must allow a model updating method to merge partial models
together, and allow the associated updating computation to be relatively low
cost. Model updating includes two steps: 1) detection of redundant data
represented by overlapped partial models and 2) merging of the overlaps. To
increase measurement reliability and accuracy, a local scene may be scanned
by many images in practice. This situation can greatly raise computational
burdens. An appropriate representation should be able to avoid this massive

computation.

e Adaptability of shape details in range data - The representation should be
able to match the shape details that can be determined by a sensor’s scanning
resolution and viewing distance. When a sensor is close to the object surface,
more details will be carried by the range image. Inversely, when a sensor is far
away from the object surface, fewer details will be carried. A representation

should be capable of meeting this change in detail.

e Capability of rendering object surfaces — The representation should be able to
provide the location of any surface point in any reference system with respect to
the resolution available in the original image data. Rendering is often needed by
applications, such as object recognition by matching rendered data and sensed

data, and robot collision detection.

2.3 Representation Alternatives

Different types of representations must be evaluated to find an appropriate
representation for compatibility with discrete range images and capability of providing

geometric and topological information in relatively high level.
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Object shapes can be described using various geometric elements, such as discrete
surface points, surface curvatures, surface boundaries, surface equations, volumes
and/or object components. These elements reflect object shapes in different levels in
terms of various geometric properties. When one or more of these elements are used
by a representation scheme, the modeling capability of the representation is primarily

determined. These elements can be used individually, as well as combined.

2.3.1 Line based

Line based representations, such as wireframe, are simple schemes. Wireframes
are intersections of adjacent surfaces of an object, and can be lines and/or curves.
Converting 3D images to this description form requires segmenting each of the images
to find C" discontinuities for the surface intersections. Model integration is based on

merging line/curve sections.

Although wireframe representation is not computationally intensive for
manipulating the models, this scheme is not able to lead to models with sufficient
geometric information. Usually, surface descriptions are not available in this
representation, especially for objects with curved surfaces. As well, topological
relationships of surfaces are not represented. This representation is not proper for

the required modeling system.

2.3.2 Surface based

This class of representations is able to describe surface shapes of objects, and includes

parametric approximation, mesh, sweep and cross-section contour schemes.

B-spline and NURBS are commonly-used parameterized approaches. These

representations use polynomials or the algebraic ratio of two polynomials to describe
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surface patches. The parameters of the polynomial(s) are determined by some control
vertices which can be recursively derived from surface points captured in a range
image. The problem to use such a scheme is associated with multiple-view fusion. It
is difficult to detect data overlaps and to locate control vertices for connecting surface

patches uniformly without using an intermediate representing scheme.

Mesh represents a surface by surface points and spatial grids. Mesh can be used
by linking the surface points with a graph to form a polyhedron of three-node or four-
node grids. It is flexible for handling complex surfaces and unbounded surfaces. This
representation is able to deal with both partial modeling and multiple-view fusion
computation. Building a mesh surface model requires setting up the neighborhood
relationship of image points for generating the grids. When merging data from
different views, finding the relationship is based on the computation of searching
adjacent points in three-dimensional space according to the relevant rules. However,
such a computation is costly, since the computation has to consider the possible
adjacent connection of a point in one view with all points in other views. As well,

this computation is performed in 3D.

Cross-section contour and sweep are 2D based surface representation schemes.
These schemes use a series of 2D section contours to approximate 3D shapes. With
some computation a series of cross-section contours can be formed from object surfaces
described by range image points. The compatibility with range data is maintained by
computing the intersection between range image data based surface and cross-section
planes. Difficulties of handling shape details, data condensation, partial modeling
and fusion are reduced due to working in the 2D space of each cross-section plane.
Sweep is similar to the cross-section scheme except each section shape is the same
as others or changes regularly. Obviously, sweep lacks the flexibility to represent

irregular shapes.
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2.3.3 Volume based

Volume representations are based on the decomposition of the space occupied by
objects. The space is decomposed into cells which usually are cubes. These cubes

can be the same or different sizes, and are used to approximate the object volume.

3D voxel array (a digitized space) is such a representation scheme. Objects are
depicted by a set of discrete volume pixels (cells) in low level. One voxel is adjacent
to its neighbors in the digitized space, otherwise the description is not complete. It
is compatible with range data due to the similarity between the digitized space and
image space. Converting the raw image data to the relevant model only relies on a
mapping. With this scheme the data fusion is easy. However, its memory consumption
is significant, especially when a quality resolution is needed; and its digitized model
space lacks of flexibility to fit objects. It is also difficult to adjust the digitized space
resolution to cope with surface details in range images when varying the distance
between sensor and surface. Since it is in low level, the geometric description conveyed
in the 3D array cannot easily be utilized. In addition, the computation to manipulate

such a model is intensive.

Octree representation is another volume based scheme. The volume of an object
is represented by this representation in a discrete form. This scheme encodes the
cells by recursively subdividing the volume enclosed by the object surface to form
different sizes of cubes for making the space decomposition compact. The recursive
spatial subdivision requires, prior to processing, knowledge of dimensions that yield a
cube which completely encloses the object to be modeled. This requirement inﬂica.tes
that complete data acquisition must be done before modeling. Therefore, an octree
representation precludes the possibility of partial modeling for update based model

generation.
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2.3.4 Boundary based

B-Rep which utilizes boundaries to describe the geometry of objects is a widely
used representation. Models in this representation are concise and in high level,
and convey both geometric and topological information. A boundary of an object
includes surface facets and surface borders. Linkages between borders and facets
are required. Surface facets are usually described by analytical and/or parametric
expressions. Borders are represented by the intersections between facets using links.
Converting range image data into B-rep based models is computationally intensive.
It requires image segmentation for generating surface descriptions and computation
for obtaining intersection borders. Although a partial model can be generated based
on one view, model integration is very difficult. The integration involves surface
and border merging. The required complicated computations can render a geometric

modeling system of low reliability.

2.3.5 Object based

Constructive Solid Geometry (CSG) is an advanced representation scheme. This
representation describes an object using its component parts (geometric primitives)
and boolean operations. The connections of the involved primitives for the boolean
computation are expressed by a graph. Most object properties, geometric and
topologic, can be represented. Relationships between all parts are explicitly required.
These requirements complicate the mapping for converting the original range image

into the model within this representation.
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2.3.6 Comments

Some schemes commonly used in the area of computer vision, like General Cone
(GC), extended gaussian image, geon method and superquadric description, are
not considered in the previous subsections. These representations were originally
designed for object recognition purposes. They have advantages for facilitating
recognition computation, since geometric details can be ignored. However, they lack
the capability of describing complex shape details. As well, these representations do
not consider flexible sensor locations, multiple viewing observation and unbounded
space description. These representations are not adequate for the applications of

robotic systems and advanced manufacturing.

Representation schemes, such as wireframe and voxel representations, using simple
elements to describe geometries of objects have the flexibility to interface with discrete
range image data. These schemes, however, have significant limitations in ability to

handle geometric details due to their low level status.

Advanced schemes including boundary-based and object-based schemes have
the capability of modeling complicated objects. However, these advanced schemes
require complex computations to extract information from raw image data for model
generation. Development of such computation algorithms and their robustness are
currently research topics in the field of computer vision. In addition, some research
(42] showed that these representation schemes would have to rely on an intermediate
representation for generation of models from the raw image data prior to upgrading

the models into high level.

Intermediate representation schemes have the advantages of: 1) being relatively
easy to interface with the raw data, and 2) being able to provide applications with

relatively sufficient and high level geometric models.
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Of such intermediate representations including cross-section contours, mesh and
octree, cross-section contour based representation is better than others in the following

aspects [71]:

o Partial modeling ~ A model can be built based on a single view of range image.

Sectional contours allow both closed and unbounded surfaces to be modeled.

e Model updating — The representation allows the concurrent performance of
image acquisition and model generation by merging a partial model from an
individual view to the existing model. Consequently, massive multiple-view
observation becomes applicable without requiring the saving of large amount of
raw image data. As well, the computation of the model integration is simplified

to a 2D problem in section planes.

e Detail description — The scheme has flexibility to adjust its resolution by
changing the number of sections and the number of contour nodes for fitting

geometric details and model growth.

The cross-section contour representation is able to represent surfaces, either
concave or convex and either open or closed. Cross-section related representations
have been used for describing surfaces in robotic navigation, surface reconstruction,
NC machining tool path description, coordinate measuring matching probe path

generation, and medical imaging systems.

When range images are used to generate cross-section models for existing objects,
the data points along each cross-section contour curve must be extracted from
each range image. Using these data points, each contour can be formed by linear

interpolation, spline fitting or other curve fitting techniques.

Since the cross-section contour scheme is in an intermediate level, the

representation has its limitations to handle some special cases, including the
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discontinuous surface description between sections and describing surfaces whose
surface normal is close to parallel of the section plane normal. However, these
limitations can be eliminated or reduced by increasing the section density and by

varying the section orientation.

2.4 Cross-Section Based Representation

Considering the requirements for developing an appropriate representation scheme
used for this vision-data based geometric modeling system, different representations
have been compared. The conclusion is that a surface based intermediate-level
representation is most suitable. Based on the modeling requirements, the cross-section
representation has more advantages than other surface based representations in terms
of image data compatibility, description of shape details and complex surfaces, and

computational efficiency of multiple-view fusion.

2.4.1 The Fundamentals of the Cross-Section

Representation

Cross-section representation uses 2D surface contours lying on a series of planes to
represent object shapes. The contour will be called a cross-section curve; and the
plane a cross-section plane (or plane). Cross-section planes are arranged along a
guide curve with the planes perpendicular to the guide curve. If the guide curve is a
straight line, the planes are a group of parallel planes.

A simple object represented by the cross-sections is illustrated in Figure 2.1 where

the cross-section curves, the cross-section planes and the guide curve are shown.
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The cross-section curve corresponds to the intersection curve of the cross-section
plane and the surface of the observed object and/or the surface of the workspace
environment. The points of a range image can be used to generate a piecewise-plane
based description for the surface covered by the image. Each piece of plane is bounded
by three or four adjacent image points. The original description of cross-section curves
is generated by computing the intersection lines between a cross-section plane and

the piecewise planes.

object < e, L~

cross—section plane

cross—section curve

guide curve

Figure 2.1: The cross-section contour model of a simple object.

The topology of a cross-section contour curve is related to the surface of an object

and to the region of a scene to be modeled. If an object surface is enclosed, the
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corresponding merged cross-section curves of a complete model will be closed, while

if a scene is unbounded, the cross-section curves may be open.

This research is focused on finding and representing cross-section contours using
line segments connecting these intersection points. Other descriptions for contours
can be derived from the original, e.g., B-spline functions can be found by computing

the control vertices from intersection points on the contour.

A surface based approximation model for object’s surface can be obtained by
interpolating the interval between two neighboring curves. Since exterior and interior
sides of object boundary are identified by the curves, the object volume can be
computed. When the object surface changes greatly, surface details can be preserved

by decreasing the interval of the planes.

A modeling frame (space) needs to be introduced for using the cross-section based
representation to generate surface models ¥,,,4.;- This modeling frame is a global 3D
Cartesian coordinate system. The selection of the modeling frame can be associated

with an application to facilitate the relevant computations for the application.

2.4.2 Model within the Cross-Section Representation

With respect to the modeling frame the guide curve and the cross-section planes are
described. In order to present the guide curve a vector function is introduced for

facilitating the following discussion. Let the guide curve be expressed by
g =2g(u)

where u is a parameter, and g has three components: gz, g, and g..

The derivative, with respect to u, g§ = (gz, dy, g:) of the function g yields as the

expression of the normal vectors of the cross-section planes. Thereafter, a plane is
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specified by

gre(P—8p) =0
where p and g, are two different points on the plane. Without loosing the generality,
gy can be the intersection point between the guide curve and the plane, i.e.,
g, = g(up). Both of p and g, are positional vectors with respect to the global
Cartesian modeling frame. These vectors and the derivative g, are shown in Figure

2.2

model contour c

cross—section plane

2D reference system—\

Ylobal modeling frame

Y

Figure 2.2: Geometric relationship between the plane based reference system and the
global modeling frame.

For reducing the complexity of the algorithm for merging data from multiple views,

each cross-section contour needs to be described in a 2D reference system, that is,
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a plane-based local frame associated with the involved cross-section plane. This 2D
reference system is coincident with the X — 0 — Y coordinate plane of the global
modeling frame, i.e., the plane normal with this reference system is coincident with

Z axis.

The transformation between this local reference frame and the global modeling
frame is determined by g, and g,. The point specified by g, can be used as the
origin of the 2D local frame. All cross-section contours ¢, generated in the plane
are expressed based on this origin. The expression ¢ for these contours in the global

modeling frame can be found
c = ¢[T]+g

The rotational matrix [T'] and the vector g, rotates and translates c, from the 2D
reference system to the global modeling frame. The matrix [T] includes two rotation
steps: 1) rotating by o, about X axis and 2) by «, about Z axis

- ar -

1 0 0 0 cosa, sina; 0 O
7] = 0 cosap sina; 0 —sina, cosa, 0 0
0 —sinar; cosap 0 0 0 10

| 0 0 0 1] O 0 01,

Brzy

where cosa, = B2 sina, = J—+—-l, cosa, = 2B and sina, = 582, and
18l 85l Epry Epzy

. N )

Igprv Y, 8o + gl’y'

From the individual cross-section curve model c, the corresponding surface model

U odet With respect to the global modeling frame can be derived

Umodet = {{c} | in all cross-section planes} (2.1)
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In each cross-section plane the contour curve may have multiple sections, if some
multiple-view range images are not connected with others. Therefore, a set of cross-
section contour curves in each plane is indicated in the expression (2.1). For the same
reason, the cross-section plane series may not be a continuous series. There may be

multiple sub-sets of the planes along the guide curve.

2.4.3 Topological Information Provided by the

Representation

The surfaces of objects split the whole modeling space into two parts: the interior
volume and exterior space. If no more information is given, a cross-section contour
model provides the description of the surface only without indicating the space
separation. In applications knowing this separation is sometimes important, especially
for automatic decision making like collision detection. To provide applications with
a more useful description about objects the topological information carried by the

models must be implemented for indicating the above space difference.

A cross-section contour is the intersection between an object surface and a cross-
section plane. The contour divides the plane region into two parts. The part of the
plane which is on one side of the contour curve is inside the object, and the other
part of the plane which is on the opposite side of the contour is outside the object.
Therefore, on each cross-section plane in the near proximity of the contour curve there

are two half spaces which are in the interior and exterior object volumes, respectively.

If a cross-section contour curve can be used as the boundary to identify the
different spaces, the required information will become available. Based on this fact,
a curve direction is defined as follows: if one stands on the positive side of the plane

normal of a cross-section plane and walks along a contour curve in the curve direction,
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the left-hand side should be inside the object and the right-hand side be outside the
object. This definition guarantees that the desired topological information can be

provided by the specific curve direction.

2.5 Implementation of The Representation and

System

2.5.1 The Modeling System with the Representation

A prototyping system for range data based geometric modeling, with multiple-view
image fusion, is developed through this research. The developed system takes range
images as the original input and generates cross-section contour based geometric
models. The modeling system is designed for either working by stand-alone or for
cooperating with another application system (e.g., a CAD/CAM system or a robotics

system) as a built-in subsystem.

The system includes three components: a data base for storing geometric models;
a modeler for generating models from range images; and an interface to AutoCAD
(a commercial CAD system) for displaying and manipulating models, and/or for the
further applications. In addition, this research has also implemented a range imaging
system including three different range finders for testing the functionalities of the
modeler. Figure 2.3 shows the structure and data flow of the modeling system with

these components.
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range imaging system
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partial modeling module
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meta file
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database A.utOCAD

Figure 2.3: The range image based geometric modeling system
2.5.2 The Database

The database stores and maintains models generated by the modeler. The database
has the data source which implements the cross-section contour representation and
the database driver functions that increases, inserts, deletes and retrieves contour

nodes and curve sections.

The data source is composed of components in three levels corresponding to three
important types of modeling elements of the cross-section scheme, i.e., cross-section
planes, contour curve sections and intersection contour points, shown in Figure 2.4.
These levels form a tree structure. At the beginning of a modeling task, there is only
the root available. This structure, i.e., the model, will dynamically grow during the
taking of multiple views of the scene, so that the planes will gradually cover the whole

scene and the curve sections eventually describe all surfaces.
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Figure 2.4: The structure of the database in three levels.

In the bottom level, contour points are stored as the leaf nodes of the tree. In the
middle level, contour sections are recorded. A section can be an individual contour
curve representing the intersection of the object surface and the cross-section plane, or
it can be a temporary segment of a curve section due to insufficient image data. After
multiple-views, range images gradually cover the whole surface and the temporary
sections being merged together will construct a single curve. Under the root it is
the plane level. During the partial modeling one plane is involved each time for the
computation of intersection. The interval between planes is adjustable to ensure the
requirement for resolution. The partial modeling results in a sub-tree with a plane
node and some child (section) and grandchild (point) nodes. The integration from a
partial model to the global model means that such a sub-tree will be merged into the
global tree. Each plane node and section node also includes data for the enclosure
box which indicates the minimum and maximum z and y values of all contour points
in the plane or in the section. This information is useful for model integration, and

is dynamically updated when the global model is growing.
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Figure 2.5: The implementation of cross-section representation.

Figure 2.5 illustrates the details of the database structure, including the linkages of
nodes in the same level and in different levels and including the geometric information.
Since the partial modeling needs to find planes which may have intersections with the
local surface scanned by a view, searching the plane nodes is necessary. For facilitating
the search, all nodes in the plane level are linked by a bi-linkage: pointer pre and
pst. The data, g, g, §:, Zo, Yo, and 2o, used to transform model curves between the
plane based local reference frame and the global modeling frame is bounded within
the node. Similarly, the forward and backward searches are often required during
the merging of models for multiple-view fusion. Therefore, the bi-linkage pointers are
used for sections and contour points as well. The envelope information in the plane

and section nodes is used to reduce the search scope during the multiple-view fusion.

The cross-section contour scheme is able to provide the topological information

about the interior and exterior space divided by object surfaces. The two sides are
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indicated by the direction of cross-section curves. This direction is implemented by
the backward linkage of the contour points in the bottom level. Let the current point
be p; = (z:,y:). Along the curve direction, the next point pointed to by the pointer
pst of the node p; will be p;y1 = (zi41,¥i+1)- The vector p;+1 — p; gives a linear
equation: (Yi+1 — ¥:)T + (i — Zit1)y + (Tix1yi — Ziyis1) = 0. Any point (z,y), if it is
on the right hand side of the vector, will make the left side of the equation larger than
zero, otherwise, smaller than zero. Therefore, when a point makes the result positive

(negative), it is outside (inside) of the volume bounded by the object surface.

2.5.3 The Modeler and Interface

The modeler converts each range image into a cross-section based model and merges
this model with the models previously generated. The conversion and integration is
performed by the subsystem for partial modeling and for model updating, respectively.
The modeling system with this research is based on the known location of each view
with respect to the global modeling frame. This condition is satisfied in many
applications, such as in manufacturing and in robotic systems with a fixed base

reference frame. The modeling procedure is described by the following steps:

e After a range image is acquired, a maximum viewing field (a volume) defined
by scanning activities and range values is estimated. The volume is then
transformed into the global frame for finding the involved cross-section planes

which may have the intersection with this volume.

e A partial model is generated by obtaining the intersection curves between the
surface scanned in the image and the involved planes. Since range image
data in the device frame associated with a range imaging sensor are uniformly

distributed, the partial modeling is performed in the device frame. Therefore,
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each plane is first transformed into the device frame to form a range image of
the plane. Intersection of these images and the sensed range image yields the
partial cross-section model corresponding to the sensed range image. Second,
the image cross-section model is transformed back to the global frame. This
device frame based partial modeling approach eliminates the transformation for

massive amount of image data.

e Finally, the partial model generated from an image is merged into the current
global model for implementing multiple-view fusion. The cross-section curve
sections of the partial model newly generated on the involved cross-section
plane are checked to find any overlaps with the current sections (global model)
generated previously in the planes. If no overlap exists for a section on a cross-
section plane, the new section is inserted in the middle level in the database,
otherwise, a method for merging overlaps is applied to integrate the new section

with the current section(s).

This vision data based modeling approach can be implemented in a present
CAD/CAM system for enhancing the system with the functions provided by the new
approach and for utilizing the graphic and model-manipulating functions provided
by the present system. As an example, this system is integrated with the AutoCAD
system which provides the API interface.
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Chapter 3

Partial Model Generation in The

Device Frame

3.1 Overview

The cross-section contour representation is able to represent surfaces, either concave
or convex and either open or closed. The merit of this representation scheme, in
comparison to other surface methods, is the low computational complexity due to
conversion of the 3D space problem into a 2D space problem. The modeling system
presented in this work generates complete cross-section contour based surface models
in two stages: first, converting an individual range image into a partial model of local
surface details; and second, merging this partial model updating a global model.
This chapter will discuss the algorithm for the device-frame based partial modeling.

Section 3.2 gives a general description of the associated algorithm.

A cross-section contour is a curve lying on the object surface, and is formed by

the intersection between the object surface and an auxiliary surface which is a plane
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(cross-section plane). The generation of cross-section curves can be conducted in the
Cartesian modeling frame. However, the range data are non-uniformly distributed in
a Cartesian frame, and the processing will be complex. Therefore in this work, cross-
section curve generation in the device frame is introduced to preserve the uniform

distribution of the surface points (raw range data) in a 2D array.

In applications, most range finders are either imaging radar based or triangulation
based. Their range measuring methods are related to the central projection principle
using equally spaced angular scanning of associated mirrors. This makes the range
image space a non-Cartesian frame which can be a spherical frame or an even more
complex frame depending on the particular device in use. The device frame is

addressed in Section 3.3.

Partial model generation in the device frame will be shown to require
transformation of the cross-section planes into the device frame in order to find the
intersections (cross-section curves) of these planes and the object surfaces represented
by the range data. When range images are used to generate cross-section models
for observed scenes, the image data along each cross-section contour curve must be
extracted from each range image. Using these data points, each cross-section contour
can be formed by interpolation. Details on cross-section contour point extraction is
found in Section 3.4. Sections 3.5 and 3.6 discuss linking these points to form the
sub-pixel based partial model curves. Besides the geometric solution, this modeling
approach is also able to provide some topological information for applications as

discussed in Section 3.7.
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3.2 The Algorithm Components for Generating
Partial Models in the Device Frame

This section provides an overall description of the algorithm developed for generating
contour partial models of an observed scene in the device frame. Technical details
for individual functional components are given in subsequent sections. The imaging
device based space is determined by the scanning method and the geometric structure
of the range sensor. In this chapter, the device frame is discussed as a generic
device space without considering a specific device geometry. Specific range sensors

are discussed and modeled in Chapter 4.

In general, the acquired range data are arranged in an image array uniformly
with respect to constant increments of the scanning variables. These data points
can be converted into a Cartesian frame using transformation by a corresponding
formula or lookup table derived from the analysis of the device structure and/or
calibration. These transformations are nonlinear and device-dependent. The data
points, after transformation to a Cartesian frame, are not in an equally distributed

grid system, since the central projection based nonlinear transformation cannot

provide the uniform data distribution.

To avoid the irregularly distributed data presented in a Cartesian frame, a new
approach for generating contour models is developed, which takes advantage of
the well-distributed data in the range image space. The approach transforms the
cross-section planes into the range image space, generating synthesized plane range
images. The intersection contours are detected by comparing the object range images

and the synthesized plane range images. This algorithm includes several functional

components that are shown in Figure 3.1.

The function of these components are described in the following items:
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Figure 3.1: The flow chart of the algorithm

e With a range image only some of cross-section planes can have intersections with
the image data. To determine the involved cross-section planes and to generate
synthesized cross-section plane range images, an estimation of the cross-section
planes that potentially intersect with the object surface represented by the
range image must be computed. The plane range image for each involved plane
can then be generated. The estimation of potential involvement and image
generation for the planes is related to an analysis of the range image and to the
device geometry. Since these two functional components are device dependent,
they will be presented in the next chapter, where the device frames for several

typical range finders are investigated.

e In the device frame a labelling image is generated for detecting and locating the

intersection between observed surfaces and a cross-section plane.

e Since the result of the intersection detection is range data distributed along
a contour curve in the device frame, these pixels based data points need to
be linked. Finding neighborhood relationships of the points using tracing and
thinning methods facilitates the linking to form the curve. Each contour curve
is assigned a curve direction that is used to indicate the exterior/interior volume

of an object. Subpixel interpolation is used to render accurate curve solutions.



CHAPTER 3. PARTIAL MODEL GENERATION IN THE DEVICE FRAME 63

At the last stage, the obtained cross-section contour curve is transformed from
the device frame to a global Cartesian frame for the model integration discussed

in Chapter 5.

All of the above components work on data within the device frame. Therefore,
before going to each part for explaining the algorithm details, it is necessary to have a
more accurate definition for a device frame and to look into the relationship between

the device frame and a Cartesian frame.

3.3 Device Frame and Transformation

A device frame is device dependent and is determined by the specific range finder
whose scanning activity may be performed by angular and/or linear movements.
For example, a scanner may have one or two angular scanning movements, one
angular and/or one linear movement and so on. The scanning activities and range
measurement govern the number of dimensions of the device frame. Digitized scanning
and range values make a device frame measurable. In general, a device frame D is a

subset of ", i.e., D C R, and
D={d | d =(d1,ds,...,dn)}

where d;(¢ = 1,2,...,n) are scanning variables corresponding to scanning movements
and the range measurement. Related to each range finder a corresponding mapping f

exists for transforming the range images from the device frame to a Cartesian frame
f :D— Ca c= f (d)
where C C R3 is a Cartesian frame

C={c | c= (zayaz)}
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The design of a range finder guarantees that f will be such a mapping function
that the condition f(d;) = f(d;) = d: = d; is satisfied, i.e., there is a one-to-one
corresponding relationship between acquired data points and surface points. Hence,

an inverse mapping function F = f~! is available [21], i.e.,
F:C— D, d=F(c)

Due to a one-to-one mapping between D and C, both D and C have the same
dimensions, i.e., D C R3. Of the three scanning variables one is for the range
measurement and the other two are for scanning activities. Some range finders have

only one scanning movement, such that
D = {d|d = (d;,d2)} C R?
and in the Cartesian frame only two coordinates are involved, e.g., z and vy,
C = {clc = (z,y)} C ®*

and z will be a constant. Obviously, F is also device dependent. In Chapter 4 the
mapping function and the inverse mapping function associated with different device

geometries will be formulated.

Since uniform scanning increments are commonly used, a device frame can be
easily digitized into a grid system. Consequently, a device frame can be represented
by an array. If a range sensor employs two scanning activities, this array has two
dimensions (for one scanning activity the array is of a single dimension.). The row
and column of the array represent the two scanning variables of the device frame. The
size of a row and column represents the number of scanning steps. A range related
value ds acquired at the step 7 for a scanning activity d; and at the step j for d; is
stored in the array element indicated by (z,7). As well, the value for d;; and d3, can

be derived by
dy, = dy, +iDd,
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and
d2, = d3, + jAd;

where d,, and d,, are the initial values.

In a device frame the range data are uniformly distributed in the frame plane
defined by d; and d,. To find a range jump in an image due to an occlusion,
surface discontinuity or unusual reflection, only d; (the range related value) needs
to be checked. However, if this range jump is transformed to a Cartesian frame, the

detection has to be applied to three dimensions.

The interpretation of each row and column of this array is dependent upon the
scanning mechanism, i.e., angular and/or linear movement. A range sensor may use
different principles and approaches to measure the range between the sensor and the
surface of an object. Usually, the data directly acquired is not the direct range, but
is a measurement related to the range. The device geometry and sensing principle

determine the method to convert the acquired measurement data to the range values.

The converting function can be non-linear. The function is monotonic. If the
acquired data is increasing (or decreasing), the derived range value will be increasing
(or decreasing) accordingly. These monotonic and monotropic characteristics are
very useful for detecting the intersection of a cross-section plane and the surface of
an object in the device frame (i.e., the 2D array). Details on intersection detection

can be found in the next section.
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3.4 Detection for Intersection

3.4.1 The Principle of the Contour Detection

A cross-section contour is the intersection of an object surface and a cross-
section plane. In the device frame the surface and the plane are in discrete
form (image pixels). No analytical computation is applicable. The algorithm
for finding intersections must rely on a series of pixel based operations. For the
intersection computation both the object surface and the cross-section plane need to
be represented in the device frame. While the object surface is already presented
in its range image (referred to as an object range image) acquired by a sensor, the
cross-section plane (referred to as a plane range image) needs to be transformed from

a Cartesian frame to the device frame using the inverse mapping function F.

For convenience in the following algorithm description, without losing the
generalization of the algorithm to be used with other types of range finders, a device
frame determined by a range finder with two scanning movements is assumed. With
this assumption d is a three-tuple (4, ¢,r). The variables § and ¢ represent the two
scanning variables and r is the range measurement variable. For such a scanner, an
object range image is described by range values r,;(8, ). During scanning the range
image is stored as a 2D array. In the remainder of this chapter the pairs, (¢,7) and
(6:, ¢;), are used alternatively for discussion convenience. The notation (6;,4;) or
(2,7) corresponds to scan angles 6; = 6o+ i(Af) and ¢; = do + F(AP). It is assumed
that the guide curve is a line. Therefore, all cross-section planes will have the same
plane normal

az+by+cz+d=0 (3.1)

From Eq. (3.1), a series of the cross-section planes is represented by az + by +
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cz+nlAd =0 (n=0,%x1,+£2,---), where Ad is the interval between two cross-section
planes. The inverse mapping function F is applied to each of these cross-section
planes to synthesize a plane range image rus(f,¢) in the device frame, having the

same image array size and the same scanning variables as the object range image
robj(0, @).

Since a range image covers a limited 3D scene in the Cartesian frame, the
surface in the image-covered scene has the intersections with n planes in a domain
[Ny, N;). This is a finite subset of the set of cross-section planes, bounded between
az+by+cz+ NyAd = 0 and az+ by +cz+ N,Ad = 0. The planes outside this domain
[N1, N3] have no intersections with the surface. However, it is very difficult to obtain
the exact domain [N, N2]. Only an estimation of the domain [r;, n;] can be made by
analyzing each range image with the particular device frame. This device-dependent

estimation is discussed for particular sensors in Chapter 4.

From the object and plane range images, the algorithm is able to find the
intersections in the device frame for obtaining the cross-section contour curves. As
illustrated in Figure 3.2 (a), it can be assumed that the plane and the object co-
exist in the same 3D scene. When the object range image r;(f, ) is acquired, since
the assumed plane is transparent, the range sensor only perceives the object surface,
see Figure 3.2 (b) and (d). At the same sensor location, a pseudo sensor is assumed
existing to acquire the plane image. When the “sensor” perceives the plane, the object
becomes transparent, i.e., plane image rya (8, ¢) is computationally synthesized using
the inverse mapping function F, see Figure 3.2 (c) and (e). It should be emphasized
that the plane range image is not produced by a physical sensor, but by an algorithm.

In principle, the intersection curve between two surfaces belongs to both involved
surfaces. For both the object image and the plane image the range values for each

point along the intersection curve should be the same.
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Figure 3.2: Generation of the object and cross-section plane range images
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Since the object’s interior and exterior volumes divide 3D space into two half
spaces, near the intersection a part of the cross-section plane is in the interior object
volume and another part is in the exterior volume. When the laser beam reaches
the intersecting area, the beam will hit the two different entities one of which is the
object surface and the other the plane in two sides of the intersection, respectively.
On one side the beam reaches the object surface first and then the plane. On the

other side the order is reversed.

In the device frame the range value (i.e., the distance from the sensor to the surface
point hit by the laser) for the object surface is larger (or smaller) than the value for
the plane on one side of the intersection, and is smaller (or larger) on the other side.
This numeric relationship still exists for the range related data (d;) acquired and
represented in the device frame. This relationship is guaranteed by the monotonic
function between the range value and the acquired data. Let the following symbols
Tob; and T, be the range for the surface and plane, and ds, , and d3 ;. be the acquired
data for the surface and plane. Let ¢ be the monotonic and monotropic function to
make rop; = t(d3,,) and rpm = t(ds,,). The monotonic and monotropic function

assures: if and only if d3 w; > @3, then rap; > 15 and vice versa.

3.4.2 Labelling Image and Intersection Pixels

By comparing the range values a labelling image can be constructed for identifying

the pixels near the intersection area. The labelling image space is defined as
Q={00a"'10m} x{¢01"'1¢n} (3.2)

where m and n define the image size whose size is the same as the size of the object

and plane images.
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Figure 3.3: Generation of a labelling image
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This space is partitioned into two complement subspaces w,;; and wy, as shown
in Figure 3.3 (c), where we; corresponds to the area with larger range values for the
object than range values of the plane and wy, to the area with larger range values for
the plane than the object. These spaces are obtained by comparing the object image
shown in Figure 3.3 (a) and the plane image shown in Figure 3.3 (b) pixel by pixel
from the left to the right and from the top to the bottom.

Wobj = {(0a, #6) | (0o, ®) € & Tpin(0a, ) < Tobj(ba, d5); Label(8s,45) =1} (3.3)
and
Wpin = {(Gm ¢d) I (0c, ¢d) € Q; rpln(oca ¢d) Z robj(aca ¢d)) Label(gcy ¢d) = 0} (3'4)

Thus,

Wobj Uwpln = Q, and Wobj ﬂwpln =0

Using this labelling image the intersection pixels can be simply identified and
encoded. The algorithm scans the labelling image to check the label difference along
the row and column directions, respectively. An intersection of a plane and the object
surface only exists on the border connecting wes; and wyin. For a pixel shown in Figure
3.4, if the adjacent labels in the column direction are different, the pixel is assigned
to Code(6;, ;) = 1; if in the row direction, assigned to Code(8;, ¢;) = 2; if in both
directions, assigned to Code(0;, ¢;) = 3; and otherwise assigned to Code(6;, ¢;) = 0.

Jr \ 3

Figure 3.4: Codes used to encode intersection pixels in the labelling image
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However, a border connecting w,s; and wy, does not necessarily mean that an
intersection exists. A range step jump caused by object occlusion can also lead to
a labelling difference in the two sides of the jump. To distinguish an intersection
from a range jump, an additional condition where |r;(8, ) — rpin(6, #)] must be
less than a threshold value is checked on the two sides of the border. In the device
frame, the additional inspection is only required for the range values (i.e., in only one
dimension). However, in a Cartesian frame, the additional inspection has to be done
in three directions. This fact makes the computation for generating cross-section
models in the device frame simplified compared with the computations required in a

Cartesian frame.

An example for the detected contour pixels with the relevant codes is shown
in Figure 3.5 where those pixels without an indicated code have code values of 0.
Although the contours are explicitly identified by coding, they are still in discrete
pixel form. In the next section, a method to convert the contour pixels into contour

curves is presented.
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Figure 3.5: Interpolated intersection contour in the device frame
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3.5 Linking Intersection Pixels

3.5.1 Contour Tracing

The conversion of contour/edge pixels into vectors is a primary requirement for image
processing. This conversion, also referred to as edge tracing or border following, is
important for high level image analysis from the low level of discrete image pixels.
The developed contour tracing method constructs a directed graph with the nodes of
image pixels located along a contour and with the directed edges to link the nodes
and to convey the topological information. By following the graph and accessing each
node, the geometric contour trace can be explicitly obtained. The directed graph is
set up with directed edges such that interior and exterior spaces of an object can be

identified. This is useful application oriented topological information.

The tracing method starts from a pixel first found for a new contour curve. The
next neighbor pixel is searched to connect to the previously linked pixel, until no
more neighboring pixel can be found. During the linking of the contour pixels, the
algorithm needs to handle two potential problems. First, contour pixel gaps where
contour pixels are not adjacent may exist and form a discontinuous contour. Second,
a contour curve may not be represented by a unit-pixel connected skeleton and a
“thick curve” can exit. The reason for a gap and/or a thick curve can be caused by
image noise or near tangency of the object surface and cross-section plane. Therefore,

extensive search and thinning approaches are required.

A local-window based eight-direction search is commonly used in tracing methods
[14, 33, 56]. This eight-direction search method locates the window centre at a contour
pixel (¢, 7). To find the next adjacent contour pixel, the method checks the horizontal,
vertical and diagonal neighbor pixels (i + Az, 7 + Aj) with a unit pixel interval, i.e.,
Az and Aj = —1,0,1. Contour gaps with 1- to 4-pixel distance are assumed by this
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research according to the statistics of the gap existence in the experimental images.
Handling wider gaps requires a further extensive search. Therefore, the search scope
has to be larger than a unit pixel interval around the current contour pixel. Since the

local window is enlarged, the eight-direction search is insufficient.

An extensive search window is used. This local window is not a square. In the
window, the neighboring pixels around a current pixel (i.e., the window centre) are
visited in a search sequence. To increase the smoothness of linked curves and reduce
the searching time, this sequence has been determined by considering the code of the
current pixel, the potential curve orientation at the current pixel, and the rule of
closest-neighbor-visited-first. In most cases, the pixels along a smooth contour curve
should have a consistent code. The next curve pixel is expected to have the same
code as the current one. When a curve changes its direction, the likelihood for the
direction change is also related to the code of the current pixel. The rule of closest-
neighbor-visited-first is necessary to find the nearest neighbor pixel and to guarantee

every contour pixel to be found.

Figure 3.6 gives the details of the first several steps for the searching sequence
with the current pixel Code(6;, ¢;) = 1. In each search step A: and Aj are added to
the current pixel position to locate the next pixel. The numbers Az and Aj for each
step are assigned based upon the closest-neighbor-visited-first rule. The search starts
from the central area of the window, and gradually goes to the peripheral area. In
addition, the expected code is checked with this newly located pixel, e.g., in step 1
the expected code is 1, and in step 3 it is 2.

The search sequence is implemented by a lookup table where the relative location
(A7 and Aj) can be found. Once an expected code is encountered at a pixel in the
window, a new contour pixel is located. The window center is moved to this pixel for

the further search.
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Figure 3.6: An example for the search sequence with the expected code for

Code(6;,$;) = 1
3.5.2 Curve Thinning

Another problem encountered was non-unit pixel connectivity of contours, i.e., the
width of the contour was more than one pixel. Hence, a thinning approach needs
to be applied. To date various thinning algorithms have been developed by other
researchers. Each thinning algorithm seems to have suitability within a particular
application area. For example, thinning methods used for optical characters, cell or
gene patterns, and fingerprints were reported in [2], [8] and [27], respectively. The
key point for such approaches is to find the skeleton of patterns. A thinning approach
based on the LF method proposed by [8] for thinning fingerprint patterns has been
modified for the device-frame based contour generation. A device-frame based cross-

section contour has no forks, and is similar to and simpler than a fingerprint pattern.

The LF algorithm used successive size-changeable windows to follow a fingerprint
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curve with a step d by horizontally or vertically moving the window. Along the moving
direction, the algorithm follows the “thick” line border on the two sides making the
window centralized at the middle point of the two sides. Accordingly, the trace of the
window’s centre is the thinned skeleton of the line. If the step d is bigger, windows
will be larger and the algorithm will run faster. However, larger windows may lead
to the skeletons not being on the medial axis of the thick curve. The LF algorithm is

simple, and has a fast processing time.

Since the thinning problem encountered in this research is not very complicated,
e.g., no small loops or forks exist, and since “thick” contour curves were found to be
at most 3- to 4-pixels wide in the experiments, the LF method is simplified. Assume
that the current contour skeleton pixel is located at (z, 7), and that the linking window
finds a neighbor contour pixel at (z + Az, j + Aj). The modified thinning algorithm
searches the adjacent pixels horizontally and vertically in the scope defined by
(i+Az,7+Aj5+67)and (¢4 At 462, 5+ Aj) with 67 and 65 = —4,-3,-2,-1,0,1,2,3
and 4. Let the most left contour pixel be at (i + Az, 5;), the most right contour pixel
at (z + Az,J,), the most top contour pixel at (z,j7 + A7) and the most bottom
contour pixel at (25,7 + Q7). Then, let (ix,51) be (z + Az, (51 + j7-)/2) and (z,,7,) be
((Z¢ + %)/2,57 + Aj). The next contour skeleton pixel is at

L { Gnodn) I (G da) = Gl < NGordo) = (o)
(¢,

(iv,Jv)  otherwise

3.6 Subpixel Contour Solution

After tracing and thinning, the pixels along a contour curve can be obtained in a
directed graph. It is very possible that an actual intersection occurs at a subpixel

place, since the scanning is a discrete step-by-step activity. This means that the



CHAPTER 3. PARTIAL MODEL GENERATION IN THE DEVICE FRAME 177

real cross-section contour curve exists between the scanning angle 6; and 6;,; and/or
between ¢; and ¢;;,. Figure 3.5 shows the subpixel based cross-section curve in the

device frame.

Interpolation based methods are often used to obtain subpixel solutions. An
interpolated surface can be used to calculate the intersection with the cross-section
plane. The surface based approach is accurate and able to provide cross-section
curves directly. Such or related surface interpolation methods have been used in
many other research projects. This research has developed another method which is
based on the curve interpolation and the curve intersection. This method simplifies

the computation for the applications that do not require the high accuracy solution.

Near the intersection region the scanned points along a scanned direction, e.g.,
(Tobjigx, Oivks #5) (K = £1,£2,- - ), are interpolated for a curve - scanning curve.
Since this curve is on the surface being observed, the intersection between this curve
and the plane is a point belonging to the cross-section contour. The intersection
computation is simplified to that of finding the intersection between a curve and
a plane. This computation can be performed either in the global Cartesian frame
by transforming the points used for the interpolated curve to this frame; or in the
device frame, if the analytical form of the inverse mapping function F is known. The
analytical F' is required to obtain an analytical expression for the plane in the device
frame. An alternative method is to interpolate curves for the scanned surface points

and the synthesized plane image points in the device frame.

The selection of image points to participate in the interpolation for a scanning
curve is dependent on the code obtained in the label image. The code at each contour
skeleton pixel indicates, as shown in Figure 3.4, that the subpixel solution occurs
inbetween (z,7) and (i — 1,7), if Code(0;, ;) = 1; between (¢,7) and (¢,5 — 1), if
Code(b;, ¢j) = 2; or both, if Code(6;, ¢;) = 3.
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The generic description for selecting the involved image points and for
interpolating a scanning curve is given below. Let s represent an interpolation
function. In the device frame the interpolated result is d = s(dy,...,d,), and in the
Cartesian frame the result is ¢ = s(cy, ..., ¢n), where dx = (i, 0k, d%) (K = 1,...,n),
ce = f(di) = (z&k,¥r,2k) (K = 1,...,n) and n is determined by the order of the
interpolation function. To simplify the computation, the labelling image code is used

to select points for the interpolation.

When Code(6;, ¢;) = 1, 6i of di is a constant. The points are selected along the ¢

direction. The series ¢ is

(qu—-;—) ceny ¢j—11 ¢j7 ¢j+17 ) ¢j+%—1)

When Code(6;, ¢5) = 2, @i of di is a constant. The points are selected along the 6

direction. The series 8; is

(01'—-'217 ety 65—13 aia ai-{-l’ ey 0i+-;'—1)

When Code(6;, ;) = 3, the interpolations are individually performed with the cases

of constant §; and constant ¢.

In the global Cartesian frame, the subpixel based solution can be found by solving

the intersection of the curve and the plane

¢ =s(cy,..yCn)

az+by+cz+d=0

for z, y and =.
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In the device frame, the cross-section solution can be found by solving intersection
between these two interpolated curves from the surface image and plane image,

respectively

dosi(r,0,8) = s(dobjys -, dobjn)
dpln(ra 07 ¢) = s(dplnl RIS dplnn)
for r, and 0 or ¢. The intersection point then needs to be transformed to the Cartesian

frame.

In the following, three different linear interpolation based methods for subpixel
solutions are given. One of them is applied in the Cartesian frame, and the other two
of them in the device frame.

Cartesian-Frame Based Curve-Plane Method:

For the linear interpolation two points should be found from the surface image.
The selection of the two points is dependent on the labelling image code. After
the transformation they are represented by (z1,y1,21) and (z2,¥y2, 22) in the global
modeling frame. The intersection point is found by solving the linear and a plane

equations
I2—Z  Ya—Y 2—2
Z2—=Ty Ya2—UN1 22—21

az+by+cz+d=0

The generic solution without considering the special cases is

—(byr + cz1 + d)z2 + (by2 + c2; + d)z,

z =
a(z2 —z1) + b(y2 — 11) + c(z2 — z1)
y = —(z2 — z)(y2 — 1) + 2
2 —In
, = —(z2 — z)(z2 — 21) tz
2 — I

This method is universal and compatible with any type of range finder, but has to

transform two image points into the Cartesian frame.
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Device-Frame Based Curve-Plane Method:

This method is similar to the previous one except applied in the device frame. The
scanning curve on the surface is interpolated in the device frame. Since the analytical
plane equation in the device frame is needed, the method requires the analytical
form of the inverse mapping function F. Since the method is device dependent,
its application with the ERIM range finder, as an example, is given. The detailed

description for this device can be found in the next chapter.

interpolated surface curve
interpolated plane curve

Figure 3.7: The intersection point between the interpolated surface curve and the
plane in the device frame.

The inverse mapping for the ERIM sensor is: z(r,8,¢) = rcos¢cosf, y(r,0,¢) =

rcos¢sind and z(r,¢) = rsingd. A cross-section plane in the device frame is

represented by
arcos ¢cosf + brcos psinf +crsing+d = 0 (3.5)

The scanned surface curve is represented by a linear equation

. { A0+ B if Code=2 or Code =3 (3.6)

A¢+ B if Code =1 or Code =3



CHAPTER 3. PARTIAL MODEL GENERATION IN THE DEVICE FRAME 81

As shown in Figure 3.7, the intersection solution can be found by solving Eq. (3.5)
and (3.6). When Code = 2, as an example, ¢ is a constant @o; the two points are in

(6o, 0) and (61, do); and r = ro + 67, and 8 = 8y + 60. The goal is to find ér and 66.

Using ro + ér and 6y + 60 to replace r and 8 in Eq.(3.5) and (3.6), the following

can be obtained
[A(6o + 60) + B] [a cos ¢o cos(8p + 88) + bcos ¢o sin(bg + 68) + csin go] +d = 0

Due to 60 <« 1 degree, coséf =~ 1 and sindf = 6. Therefore, the above equation

becomes

[A60 + (A6, + B)]
[(bcos ¢ sin B — a cos @g sin 85)66 + (a cos ¢ cos Bg + bcos ¢g sin by + csin ¢o)]

+d =0

This equation is equivalent to /6% + m&8 + n = 0. It has two solutions, one of which
yields a 8 value inbetween 6y and 6; and another which yields a 8 value beyond them.
The first one is meaningful. The variable r can then be solved. Similarly, in the case
where Code = 1, 6 is a constant 8y, and ¢ needs to be solved. If Code = 3, two

intersection points can be found by applying the above approach for both 8 and ¢.

This method is able to generate accurate results, since the expression for planes
is accurate in the device frame. In addition, with this method, only the intersection
point needs to be transformed into the Cartesian frame, but not two points required
by the previous method.

Device-Frame Based Curve-Curve Method:
This is the simplest method and compatible with any device frame. The two lines are

interpolated from the surface image and plane image, respectively. If ¢ is a constant
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(i.e., Code = 1), the intersection point is found by solving two linear equations

T’—T_,o _ 0—90

rs; - 7'30 61 - 90

T’—T‘m _ 0—00

oy —Tpo 61 — 6o
where (r4,,00) and (r,,,0:) are the two points from the surface image, and (r,,60)
and (rp,,0:) from the plane image. Similarly, if # is a constant (i.e., Code = 2), r and
¢ need to be solved. If Code = 3, this method needs to be applied twice for r and 4

and r and ¢, respectively.

3.7 Extraction of Topological Information

By going through the above three steps, i.e., contour following, thinning and
interpolating, a cross-section contour curve represented by a set of linked intersection
points in the device frame is obtained. To provide applications with important
topological information about objects in a scene, this research uses a contour curve
direction to indicate the interior and exterior object volumes. This direction is

represented by the directed edges of the corresponding graph.

A contour divides the plane region into two parts. A part of the plane which is
on one side of the contour curve is inside the object, and the other part of the plane
which is on the opposite side of the contour is outside the object. Based on this fact,
a curve direction is defined as follows: by walking along the curve on the positive
cross-section plane normal side, shown in Figure 3.8, the left-hand side should be
inside the object and the right-hand side on the outside the object. This definition
guarantees that the desired topological information can be provided by the specified

curve direction.
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Cross—section plane normal——\

Cross—section contour direction

Outside of object /
‘__\ \
Cross—section contour m

Inside of object—/

Cross—section plane

Figure 3.8: Definition of the curve direction

Curve direction

Cross—section contour
Cross—section plane

Object surface

Figure 3.9: The principle to determine the contour curve direction (n = (a, b, ¢), Tos; =
PvPobja and Tpln = PUPP'"-)
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The directed graph is used to implement this definition for the curve direction.
Initially, the curve direction is randomly determined by the curve following algorithm,
and is not necessarily consistent with the definition. Thus, an inspection is made to
check whether the direction is right. If the current curve direction is not correct,
the linkage direction is reversed as detailed below. The inspection algorithm includes

several steps,

e a) Let (zy,Yy,2s) be the viewing position of the range sensor. Check to find
the side of the cross-section plane that the range finder is located. If the sign
of az, + by, + ¢z, + d > 0, then the range finder is on the positive side of the

plane, otherwise, the range sensor is on the negative side.

e b) Locate the right-hand side pixels (¢,ight, Jright) about the current contour pixel
(Zcurrents Jeurrent)- Liet the previous contour pixel be at (Zjqse, Jlast), the procedure

is based on its contour pixel code.

if COde(icurrentajcurrent) = 2 A Jeurrent < Jlast, then
irigh.t = icurrcnt - 17
jright = jcurrent;

else if COde(icurrent,jcurrent) =2A jcurrcnt > jlast, then
z.1'1'_qh.t = icurrent + 1;
jright = jcurrent;

else if COde(icurrentyjcurrent) =1A icurrent < ilaat, then
jﬂ'ght = jcu.rrent + 1;
z.1'1'_qht = Z.curren.t;

else lf COde(icurrentyjcurrent) = 1 A icurrcnt > ilasta then
jright = jcurrent -1

tright = leurrent



-
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else if Code(icurrents Jeurrent) = 3 then
tright and Jrighe are determined by the rules
with the conditions used with Code(icyrrent, Jeurrent) = 1

a.nd COde(icurrentyjcurrent) = 2;

e c) Compare the range values of the object and plane range image pixels in
the position (i,igat, Jright) found by step b. Determine whether or not the right-
hand side of the plane is outside the object volume based on the current contour
direction. If the object range values are larger than the plane range values, the
range finder “sees” the plane first and the object surface second, as shown in
Figure 3.9. In this case, the right-hand side of the plane is outside the object;

otherwise it is inside the object.

e d) If the range finder is on the positive side of the cross-section plane and the
right-hand side of the plane is outside the object, or if the range finder is on the
negative side of the cross-section plane and the right-hand side of the plane is
inside the object, then the graph direction is correct; otherwise the direction is

incorrect and needs to be changed by relinking the graph nodes.
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Chapter 4

Implementation of Sensing
Systems and Associated Device

Frames

4.1 Overview

The underlying principle and method of the new approach for generating partial cross-
section contour models from range images was discussed in the previous chapter. The
approach is based on rendering cross-section contours in the device frame where the
advantages of well organized range data can be exploited. The functional modules
for generating labelling images, tracing and thinning contours, detecting contour
directions, and obtaining subpixel based intersection contour solutions are primarily
device independent. However, the estimation of cross-section planes which have
potential intersections with the surface covered by an image, the generation of plane

range images, and the transformation of contours from the device frame to a Cartesian
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frame are device dependent.

The implementation of these device-dependent algorithm components is closely
related to the characteristics of the specific range finder used with the modeling
system. These characteristics include the scanning mechanism and the device
geometry of the range finder. The implementation of the device frame with individual
typical range sensors and the development of the device-dependent functional

components for generating partial models is discussed in this chapter.

Range finders are usually classified as an imaging radar type or a triangulation type
according to their sensing principles. The contour generation algorithm presented
in this dissertation has been implemented for three different range finders, one
imaging radar based the other two triangulation based. The discussion in this
chapter includes the experimental and programming work for implementing the
sensors, and the analysis for deriving the relevant device frames. In addition, the
forward transformation from the device frame to the Cartesian frame, and the inverse

transformation are discussed as well for the considered range finders.

For an imaging radar based sensor, such as the ERIM range finder, the derivation
of the device frame and associated algorithm components is addressed in Section 4.2.
For a triangulation based range finder, the technical details can be found in Sections
4.3 and 4.4. A simulation system for a typical imaging radar based sensor, the ERIM,
is described in Section 4.5. The analytical derivation for a triangulation based laser
scanner (SmartEye) built for this research and a calibration lookup table approach

for a HYSCAN®) commercial scanner are investigated in Sections 4.6 and 4.7.
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4.2 The Device Frame with An Image Radar
Based Range Finder

4.2.1 The Structure of the ERIM Range Finder

An imaging radar is composed of a laser/ultrasound signal transmitter and a signal
receiver. Range data is generated by measuring the elapsed time (time-of-flight range
finder) or phase shift (phase-shift range finder) of the source beam that is projected
onto and reflected back by the surface of a scene. Early research on imaging radar
technology was reported by Nitzan and Jarvis (30, 40, 49]. A typical sensor, the ERIM
range finder, was developed at the Environmental Research Institute of Michigan for
the vision system of an autonomous land vehicle {64]. In the ERIM range finder
the projected and reflected beams share the same optical path. The sensing field is
formed by the scanner with a rotating mirror and a nodding mirror. The structure

of the ERIM range finder is shown in Figure 4.1.

Nodding Mirror—\

Expansion Telescope =\

Receiver

Projecting Beam— \_
Reduction Telescope

\‘P L Mirr
\_Reflected Beam otygon or

Figure 4.1: Components of the ERIM range finder

A laser beam is generated by a laser diode and is projected onto a polygon mirror
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through a collimator and an expansion telescope. The polygon mirror performs
horizontal scanning by reflecting the beam onto the nodding mirror. The nodding
mirror controls the vertical scanning of a scene. The reflected beam from the object

surfaces is received by a receiver through the two mirrors and a similar optical path.

4.2.2 The Device Frame with the ERIM Sensor

An imaging radar based range finder works on a central projection principle. The
central projection mechanism actually determines the corresponding device frame.
The coordinates of the device frame, as illustrated in Figure 4.2, include two scanning
angles and a range. The range for each acquired surface point, indexed by the scanning
angles § and ¢, is the distance r between the sensor and the surface point. When
scanning, the angle changes equally in each scanning direction and the range data
is recorded in a rectangular array referred to as a depth map or range image. Each
element of this 2D range image array can be addressed by the horizontal and vertical
scanning angles. The coordinates of surface points in the Cartesian frame can be

found by transforming the obtained range data from the device frame to the Cartesian
frame.

The mapping of a projected point P on the object, f : D — C, from the device

frame to the Cartesian frame can be found by

z(r,8,¢) = rcos(¢)cos(f) (4.1)
y(r,0,8) = rcos(¢)sin(f) (4.2)
z(r,4) = rsin(¢) (4.3)

The inverse mapping function F' : C — D can be obtained from Egs. (4.1), (4.2)
and (4.3) as

r(w,y,2) = o4y + 2 (4.4)
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Figure 4.2: The device frame of the ERIM range finder

— -l z
¢($7 y’ Z) = Sm \/52 + y2 + 22
-1 Y

(4.5)

6(z,y,z) = sin (4.6)

The inverse mapping function F' can be applied to the cross-section plane described
by Eq. (3.1). The range image representation of a cross-section plane in the device
frame is obtained by

-d

r(0,4) = - cos(¢) cos(8) + bcos() sin(8) + csin(¢)

(4.7)

The plane range image is generated with the same subscripts (corresponding to two
scanning angles) and the same array size as the object range image. By comparing
the range value r of the object surface and the cross-section plane in the device frame,
using the rule given by the expressions (3.3) and (3.4), the intersection pixels can be

found.
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left side conic surface
circular arc
—front spherical surface

back spherical surface

Figure 4.3: Sensing volume of an imaging radar

4.2.3 Computational Advantage of the Device-Frame Based
Partial Model Generation

The difficulty of handling sparse data in a Cartesian frame is avoided due to using
the device frame based partial modeling. In addition, the computational costs to
generate partial cross-section models in the device frame can be lower in comparison
to generating partial models with a Cartesian reference frame. This computational
advantage can be clearly seen if the computational costs are compared for a general

case of modeling, where the guide curve is not restricted to being a straight line.

In the following analysis it is assumed that: the range image is a m x n array; there
are on average ! cross-section planes involved in each image; there are on average p
intersection points along the cross-section contour(s) in each cross-section plane; and

Cint is the cost of intersection computation.

Generating a curve section in the Cartesian modeling frame requires the following

main stages: 1) transforming surface points from the device frame to the device
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based Cartesian frame, followed by transformation to the global Cartesian frame;
2) computing maximum and minimum X, Y and Z to find the number of the
involved planes; 3) testing intersection existence; and 4) computing the intersection.
These steps need the following computation for if, addition, multiplication and

intersection operations !

6m-n+8-m-n  (if)
9m-n+12l-m-n (addition)
l4m -n 4+ 12/ -m -n (multiplication)

l-p-Cint (intersection)

The curve section generation in the device frame requires the following main
stages: 1) computing maximum and minimum range values to find the number of
the involved planes; 2) transforming the involved planes from the Cartesian frame
to the device frame; 3) generating curve sections using a scheme similar to the one
mentioned above; and 4) transforming generated curve sections from the device frame

to the modeling frame. These steps need the following computations:*

2m-n+8l-m-n (if)
9-p+2l-m-n (addition)
14l-p+4l-m-n+3l-m (multiplication)

[-p-Cint (intersection)

From the above analysis, the computational costs of :f and intersection
operations are approximately the same for the curve section generation in both the
Cartesian and the device frames. However, the costs of multiplication and addition

operations with the device frame are much lower than the costs associated with the

!The detailed computational analysis for both approaches is given in Appendix A.
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Cartesian frame, i.e.,

14-p+(4l-m-n+3l-m)<14l-p+7l-m-n <K 14m-n+12/-m-n (multiplication)
9-p+2l-m-n<«KIMm-n+12l-m-n (addition)

since [ - p K m - n due to { € m(and n) normally.

This result comes from two advantages associated with the approach: 1) only
intersection curves need to be transformed from the device frame to the Cartesian
frame instead of all range image data; and 2) the involved cross-section planes can
be transformed from the Cartesian frame to the device frame using an analytical

formula.

4.2.4 The Other Device-Dependent Issues

With the inverse function F a cross-section plane can be transformed from a Cartesian
frame to the device frame. However, due to the limited sensing field of a sensor, only
a part of scene can be covered by the scanning. Hence, only some of the cross-section
planes of the whole family of planes will be involved in the intersection with surfaces in
the sensing field. An estimation for potentially involved planes is required. This will
increase the efficiency of the algorithm and reduce computational costs significantly.
The estimation is based on computing the maximum sensing volume of each range
image.

For an imaging radar the sensing volume is enclosed by two spherical surfaces (one
at the front and one at the back), by two conic surfaces (one at the right and one at
the left side) and by two planes (one at the top and one at the bottom of the volume).
The sensing volume is shown in Figure 4.3. The plane and conic boundary surfaces
are formed by the scanning activity, and remain the same for different views. The

radius of the front and back spherical boundaries can be determined by the maximum
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and minimum range values of a range image. The two radii are image independent.
For a coarse estimation the radii can be determined by the maximum and minimum
range sensing scope for which the range finder is designed and/or calibrated. For a
fine estimation the radii can be obtained by searching for the maximum and minimum
range values in the acquired range image. The spherical centres are coincident with

the sensor location.

When a range finder is located in a Cartesian frame, its scanning volume is
accordingly located as well. To find the cross-section planes that may intersect with
the object surfaces enclosed by the sensing volume, two planes which are tangent with
and enclose the sensing volume need to be found. Since the back spherical boundary
and two side conic boundaries are concave surfaces, they are not effective for the
estimation. Therefore, the front spherical boundary surface and eight corner vertices
are only used to find the two most external planes. Eight planes with the same normal
as the cross-section planes are located at the eight vertices, respectively. One more
plane with the same plane normal is located to be tangent with the front spherical
boundary. Another two planes with the same normal are located to be tangent with
the circular arcs between the front spherical surface and the top and bottom planer
boundary surfaces. The two required planes are the most external ones of these eleven

planes. The involved cross-section planes should be between these two most external

planes.
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4.3 The Device Frame of a Prototyping Sensor

4.3.1 The Structure of the SmartEye Sensor

Active triangulation based range finders are another class of commonly used 3D
sensors. Many related methods and systems have been reported in [3, 23, 31, 54, 72].
Most of these systems employ a 1D or 2D sensor (e.g., a CCD camera), a scanner
and a laser. A triangulation based range finder usually projects a structured laser
beam, such as a point or line, onto object surfaces and captures the reflected energy
to obtain the image. Using a simple threshold or edge detection technology, the image
position of the laser beam on the surfaces can be detected. The coordinates of the
surface points stroked by the laser beam are computed using the optical triangulation

principle, the known device geometry and the image positions of the points.

¢, Object

Laser source and
. \
line generator — / \

T 2
o\ &

Polygon mirror—/

Figure 4.4: Components of a triangulation based range finder (SmartEye)

(Base line)

A triangulation based range finder, named SmartEye, has been prototyped for
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this research to test and verify the device-frame based partial model generation.
The structure of this range finder is shown in Figure 4.4 which is a section view of
the device. A line-structured beam is formed by a line generation lens. This line-
structured laser beam T is projected by a rotating mirror with a scanning angle 6,5,
for the horizontal scanning of the scanner. The reflected laser light S, after hitting

object surface, is caught by a 2D CCD camera.

4.3.2 The Device Frame of the SmartEye Sensor

The device geometry and associated coordinate frames are illustrated in Figure 4.5.
There are two frames, including X —Y — Z that is the local Cartesian frame associated
with the sensor and Zframe — Y frame that is a 2D frame attached with the CCD array.
All captured laser light spots on the object surface are stored in the array. The
coordinates of each range data point are related to the location of its image point in
the Z frame — Y frame frame and the scanning angle. The device frame for the SmartEye
or other similar triangulation-based range finders can be represented by a 2D array

which is indexed by ysrame and Gigser. In each element of the array z,.qm is stored.

The mapping function is derived in the following steps. For convenience to
describe transforming an image point to a 3D data point, an intermediate 2D
frame, Zpiane — Yplane, is introduced. Mapping from the zframe — Yframe frame to
the Zpigne — Yplane frame and then to the X — Y — Z frame are two one — to — one
mappings. The first transformation from Zframe — Yframe t0 Tplane — Yplane is very

straightforward and found by

Tplane = (Tcenter — Tframe)aspect_ratio, (4.8)

Yplane = (ycenter - yframe)asped-ratioy (49)

where Zcenter and Yeenter represent the center of the image frame, and aspect_ratior and
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aspect_ratio, are the interval distances between two CCD cells in the horizontal and
vertical directions, respectively. Based upon the law of sines the following relationship

can be found
Sin(fiaser)  sin(180° — flgger — @)

S - B+b6+ Tplane

where B + b, called the base line, is the distance from the laser to the image centre.

The distance S can be expressed as

_ (B + b + Iplane) Sin(elaser)

S - .
sin(@igser + &) (4.10)
where the angle ¢ is described as
¢ = tan™!( f ) (4.11)
ZTplane

and
_9g sin®(Omirror) — g + R cos(Omirror)

b= Sin(omirror) cos(omir'rm')

where 0,nirror = %olaaer; g is the distance between the axis of the laser and the center
line of the rotating mirror; and f is the focal length. The second transformation from

Tplane — Yplane t0 X — Y — Z can be found to be

S
z(zfmmcv yframcyolaacr) = (1 - —‘—)xplanc (412)
V zglanc + f2
S
y(zframe, yframe7 010361‘) = (1 - ——_)y lane (4’13)
xglanc + f2 ?
S (4.14)

z(xframcy 0laac~r) = -———f
V szalane + f2

From Eqgs. (4.12) (4.13) and (4.14) the coordinates of a surface point with respect to
the frame X — Y — Z can be obtained.

For the SmartEye sensor the device frame is defined by the image position Z frqme

and Ysrame of a data point stroked by the laser, and the scanning angle 6;44,. Of these
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Figure 4.5: The device frame of the triangulation based range finder (SmartEye)

three frame variables, ¥frame and 844 are view independent. They change regularly
from Ytrame, tO Yframe, (0 is the vertical size of the CCD array) and from 8igser, to
Otaser, (m is the angular scanning resolution) in each range image. The values of
the variable z,.4m. are related to the ranges between the range finder and the object
surface points. Equations (4.8), (4.9), (4.10), (4.11), (4.12), (4.13) and (4.14) are used
to derive the mapping function f : D — C from the device frame to the Cartesian

frame for this range finder.

Required by the partial modeling algorithm, range images of all involved cross-
section planes must be generated in this device frame. Therefore, the inverse mapping
function F' : C — D needs to be applied for finding zframe values corresponding to
all scanning angles 055 and CCD array rows Ysreme for the involved cross-section

planes.

The difficulty to derive an explicit analytical formula from Eqs. (4.8) to (4.11) for
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the inverse mapping function F' : C — D is easy to see, since the variable z(rame,
Yframe and Oiq4.r are coupled with each other by the nonlinear relationships. Although
some approximation method can be applied, it will increase the computational
complexity.

To find the inverse mapping function for generating the plane range image without
using the approximation, another approach has been investigated. The analytical
inverse mapping function is developed by the analysis of the device geometry instead

of deriving from the mapping function directly.

In Figure 4.5, the projected laser beam can be found in the laser plane which is
generated by the line generator and reflected by the rotating mirror. This laser plane
is parallel with the Y-axis, has the angle 04, about the X — 0 — Y plane, and is
described by the plane equation

tan(fiaser )z — 2 + tan(fiaser) By = 0 (4.15)

where By = B+ b represents the base line distance. This plane has an intersection line
with each of the involved cross-section planes expressed by Eq. (3.1). (This plane and
the intersection are not depicted in the figure). In principle, the intersection line has
its image pixels in different rows of the CCD array. If the CCD camera is described as
a pinhole model, a plane family can also be found. This plane family is determined by
the focal point and each of the CCD array rows that are on the X —0—Y plane and that
are parallel to X-axis. Each row has a Y value yrow = (Ycenter — Ysrame)aspect_ratio,,.

This plane family is expressed as

fy + YrowZ — yrowf =0 (416)

By solving the three plane equations, (3.1), (4.15) and (4.16), a number of

intersection points for each of involved cross-section planes can be obtained in the
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X =Y — Z space. All of these points are on a cross-section plane, are hit by the
laser light, and have their images in the row ysrame of the CCD array. Since such a
point, the focal center and the image pixel of the point should be co-linear (forming
a line), the Z¢rqm. value of the image pixel for this point can be obtained. By solving
the intersection of the line and the image plane described by z = 0, the X value
equivalent to zp.n. of the image pixel can be calculated, and furthermore, z fr4me can

be obtained using Eq. (4.8).

When yfreme continuously varies, the plane described by Eq. (4.16) tilts,
and thereafter, the image pixels located in the different CCD image rows for the
intersection line between the laser plane and the cross-section plane are obtained. As
well, when 8,,,., varies, a set of the intersections between the cross-section plane and
the laser planes determined by 0j,s., are obtained. Therefore, the range image of a

cross-section plane is determined by obtaining z freme for the points of this plane with

varying Oizser and Yframe-

4.3.3 The Other Associated Issues

The labelling image space for the SmartEye range finder, based on the expression
(3.2), is specifically defined by

Q= {yframeo, Tty yframcn} X {0laaero, Tty elaserm}
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The comparison rules given by expressions (3.3) and (3.4) are accordingly found as

wWobj = {(YframeasOaser,) | (Yframeas Olaser,) € s
T framepin (Y frameqs Qlasery) < T frame s, (Yframeqs Olaser, )
Label(yrameas Otaser,) = 1}

woin = {(Ysramees Otasers) | (Yframecs Btasers) € B

T framepin (yframec ’ 0laser4) 2 Z framegs, (yf"“mec : 0"”"4 );
Label(yframcc, 0laser¢) = 0}

allowing pixels representing the intersection to be found as discussed in Section 3.4.

Laser plane

Focus point—/
Range sensing field/

Figure 4.6: Range sensing volume of the SmartEye range finder

Since a pinhole model is used for the CCD camera, the sensing field of the camera
is a prism. This prism is truncated by two laser planes at the beginning scanning
angle, and the ending angle, as shown in Figure 4.6. The estimation of the maximum
involved cross-section planes can be found for each range image, by transforming the

eight corner points of the truncated prism to the global Cartesian frame.
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4.4 The Device Frame of the Hyscan Scanner

To enhance the capability of the developed vision data based geometric modeling
system by diversifying the compatibility with multiple devices, the HYSCAN® |aser
scanner has been investigated. This is a commercial product of HYMARC LTD., and
is a triangulation based synchronized laser range finder. The synchronized laser range
scanner was initially developed and patented by Rioux at the NRC of Canada [54].
The HYSCAN®) range finder has a one-dimensional scanner with angular scanning,
and measures two coordinates in a Cartesian system, e.g., z and z (or v and v as

defined by the scanner).

4.4.1 The Device Frame of the HYSCAN Sensor

In this synchronized range finder the device frame is comprised of two variables: the
image position p of the laser spot and the scanning angle § which is equally changed.
Although an analytical relationship between (p,f) and (z,z) exists, an accurate
transformation from the device frame into the Cartesian frame is hard to achieve
due to various errors introduced by distortions of the lens and other factors. This
commercial product uses a lookup table to perform the transformation. Therefore the
mapping function f : D — C used for this research is implemented by the lookup
table. The Cartesian coordinates of a scanned point can be obtained from p and 6

using the table.

To generate the range image for a cross-section plane in the device frame, another
lookup table which performs as the inverse mapping function F' : C — D is required
to convert Cartesian coordinates to p and 6. This second lookup table is designed
with a number of columns and rows. The columns represent laser beams with different

scanning angles, the number of which is equal to the number of angular scanning
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steps. The rows correspond to a group of horizontal lines in the scanner based local
Cartesian frame. These horizontal lines are obtained by scanning a set of horizontal
planes during generation of the lookup table. (Section 4.7 contains further details.)
The columns and rows provide the device frame with a regular grid system. The
angular scanning lines and horizontal lines digitize the sensing field into an irregular
grid system in the Cartesian frame, as shown in Figure 4.7. The denser the grid

system utilizes, the more accurate the inverse mapping function is.

‘(X,Z)=> (8.p)

/ / [ \\/Mtersection line
[ ] 1A
[ ] |\

[ b
L

—1
[ 1 1

scanning line
scanned horizontal line

Figure 4.7: Digitized irregular grids for deriving p values

The angular scanning lines and the horizontal lines represented in the lookup table

can be individually described by

asz +csz+d, =0 (4.17)
and
arz +cpz+dp =0 (4.18)

where a, ¢,, ds, a, ck, and dj are determined during generation of the lookup table.

Each angular scanning line is indexed by a scanning angle in the second lookup table.
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The range image pixels of a cross-section plane can be obtained by solving the
following linear equations, as shown in Figure 4.8. The scanning plane formed by the
angular scanning is expressed by y = yo. By replacing y of the equation (3.1) with

¥ = Yo the scanned line in the cross-section plane is
az+cz+ (byo+d) =0 (4.19)

scanner

y=y,
Ax+By+Cz+D=0

X
Figure 4.8: Intersection of the scanning plane and a cross-section plane

The intersection point of (4.19) and (4.17) is calculated for all scanning angles.
With each 6 the associated p value can be found from the lookup table. From Figure
4.7 the intersection point must be located in between two horizontal lines represented
by Eq. (4.18). Therefore, the p value can be obtained from the interpolation of the

p values associated with these two lines.

If a linear moving device like a coordinate measuring machine is used with the
scanner, for example moving along y direction, a frame of range image can be
obtained, indexed by 6 and y. The object range image and the plane range image are
expressed as pos;(6,y) and ppn(0,y). The cross-section contour solution in the device

frame can then be found by comparing these two range images pixel by pixel.



CHAPTER 4. IMPLEMENTATION OF ASSOCIATED DEVICE FRAMES 105

When this scanner is used with a linear moving device, its sensing field is also a
prism that is simpler to the prism shown in Figure 4.6. This prism is truncated by
maximum and minimum sensing depth planes which are perpendicular to the principal
axis of the device. Therefore, it is easy to find the maximum involved cross-section

planes.

In the following sections, the experimental work for simulating or implementing

the sensors mentioned above is presented with test results.

4.5 Simulation of the ERIM Sensor and the

Testing Results

In order to provide a flexible testbed for the development of the vision data based
system, a simulation system for the ERIM range-finding device has been developed.
The purposes of this work are: 1) to provide the research with simulated object
images of various shapes viewed from various positions and orientations for testing
the system; 2) to eliminate the affect of image noise for facilitating research; and 3)
to eliminate the hardware costs of a time-of-flight based range-finding device {69, 70].
The simulation system is composed of a B-rep based solid modeling system and an

R-buffer based pseudo range image generation system by simulating the geometry of

the ERIM sensor.

4.5.1 Solid Modeling for Generating Scenes

To model scenes a versatile solid modeling tool which has the basic functions for solid
modeling and the interface for obtaining models generated by other CAD systems was

developed. The geometric models of objects can be completely constructed by the
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developed system, or can be created using the boundary data of 3D models generated
by another CAD/CAM system. The bridge to connect the developed system and
other systems relies on data files. The data structure and the supported Boolean
operations of the system allow a large variety of 3D shapes. The elementary objects
are solid primitives such as a cube, a pyramid, a cylinder and a truncated cone,
in addition to some objects with curved surfaces like deformed 27D objects. These
objects and their combinations are primarily sufficient for constructing scenes for the

research purpose. The functional modules for the modeling system are illustrated in

Figure 4.9.
primitive gjgction
generation
winged—edge :
based CSG R—buffer ﬁfg&
Sther database P
data -
(S:SgéanSM ] convertion {pre-wew l

Figure 4.9: Functional modules of the simulation system

Combinations of solid objects are conducted using OR Boolean operators. The
operands of this Boolean operator can be two primitive solids and/or combined solids.

The results are represented by a Constructive Solid Geometry (CSG) tree [20].

4.5.2 Application of the Winged-Edge Data Structure

The geometric models are described in the form of polyhedrons. A general polyhedron
in the developed simulation system has two characteristics: i) the bottom and top
surfaces share similar shapes; and ii) the two surfaces are parallel. Each of these

surfaces is enclosed by a polygon. The top and bottom polygons have the same
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number of edges. This general polyhedron is capable of representing objects with
planer and curved surfaces. The developed simulation system can generate regular
shapes for the top and bottom polygons. Sophisticated shapes can be obtained from

other CAD systems through a data file.

The Winged-Edge data structure is used in this system for describing each
primitive. This structure [9, 67] is widely utilized with boundary representation (B-
rep) due to its capabilities for representing both various geometric shapes and local

topological relations of objects.

N4

edge-loop direction for edge—loop direction for
left side surface fe right side surface

AN

Figure 4.10: A unit of the Winged-Edge structure

An edge is an intersection of two adjacent surfaces. In this data structure, the
boundary surfaces of an object are described by edges, vertices and surfaces equations.
A represented object has a vertex list, a plane list, an edge list, an edge loop list
and a surface list. In the Winged-Edge data structure, edges are the most important
components, since they link vertices and surfaces together according to the topological
relations of an object. A unit of such a structure is illustrated in Figure 4.10. An
edge has two vertices pg and p,, a direction, left and right neighbor surfaces, and four
conjunctive edges. A Winged-Edge unit uses pointers to link these elements, and sets

up the topological connections among vertices, edges and surfaces.



CHAPTER 4. IMPLEMENTATION OF ASSOCIATED DEVICE FRAMES 108
4.5.3 Synthesizing Pseudo Range Images Using R-Buffer

An imaging radar based sensor usually uses two mirrors to project a laser beam onto
the surface of a scene. The range is the distance measured between the laser hit
point and the sensor. The scanning activity is controlled by the rotation angles of
the nodding mirror and the polygon mirror. This scanning style forms a spherical
coordinate system. The synthesized pseudo range image should reflect this scanning

activity.

Generating a range image is a conversion from geometric surface models to discrete
image data, which is similar to the process for hidden surface removal performed by
a computer graphics system. Of various methods for hidden surface removal, the
Z-buffer algorithm that finds visible surfaces by detecting the depth (or z coordinate)
from the viewing plane to a point in a scene [20] is frequently used. This algorithm

was originally used with parallel projection in computer graphic systems.

In this work, the z-buffer approach is modified to work with the spherical
coordinate system, to cope with the central projection based scanning accomplished
by the range-finding sensor. The modified approach is named the R-buffer approach.
To identify the visible points on the surfaces of a scene composed of solid objects, the

distance from a view point to a surface point is detected.

The R-buffer approach consists of a matrix, each element of which is indexed by
the polygon mirror angle (column) and the nodding mirror angle (row). Therefore,
each element of the matrix corresponds to a “light beam” with a fixed orientation.
During generation of the pseudo range-data the beam scans through the surfaces of
all objects. When the beam strikes a surface, the range from the central view point
to the hit point is calculated. If this range is less than the previously calculated range

(associated with another surface) the newly calculated range is saved into the buffer
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replacing the previous value. When complete, each element of the matrix contains
the range value, r, for the nearest surface point along the beam direction. The R-
buffer matrix represents the device frame for the ERIM range finder, and makes the

mapping function discussed in the previous chapter applicable.

4.5.4 Testing Results with the Simulated Data

Figure 4.11: Scanned points synthesized by the software simulating an image radar
based range finder

Tests were conducted for the software system which simulates the working principle
of the image radar based ERIM range finder. Figure 4.11 shows the simulated surface
and the scanned points. The scanned points are distributed irregularly on the surface
due to central projection based scanning mechanism. Due to the scene occlusion along
with the viewing direction, there is a gap (region B) between region A and region
C. This gap brings a jump of coordinate values of the scanned points, and provide

invalid data for computing the contour model. The jump is very significant in vertical
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P

Figure 4.12: The cross-section contour model from the above range image

direction, but not in the other two directions. In some coordinate directions this jump
is similar to coordinate jumps caused by the sparsely spaced points in region D where
the scanning direction is angularly far away from the cardinal optical center of the
range finder. If the generation of the cross-section contour models is considered in a
Cartesian frame, the different jumps have to be identified by distinguishing the gaps
due to occlusions from the gaps with the sparse data of the region D in the three
coordinate directions. In the device frame, the algorithm presented in this work is
able to simply detect the gap by directly comparing range values of the object surface

and the cross-section plane, allowing the model shown in Figure 4.12 to be generated.

4.6 Implementation of the SmartEye Scanner

and the Experimental Results

For this research project the SmartEye range finder, a prototype of a triangulation

based sensor, was built with the image processing and computer vision research group
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of the Department of Mechanical Engineering at the University of Victoria. Since a
triangulation based range finder system has a straightforward structure and is easy
to implement, the applications of this kind of device have been found in many reports
and publications. The development of the device frame for such a sensor can provide
this modeling system with the capability to be compatible with other related research

projects and applications.

4.6.1 Prototyping the SmartEye Range Finder

The hardware of the sensor system includes: an AEROTECH OEMS5R HeNe laser
head with 5.0 (mW) of output power, a straight-line generator lens with 60° of fan
angle, a PULNiX TM-7 CCD camera with a 768(H) x 494(V) array size and a
VME bus based imaging grabber. As well, the sensor system was designed with a
scanner including a stepper motor with 200 steps per revolution, a rotating polygon
mirror and a simple mechanical transmission system. Since the camera had not been
well calibrated at the moment when this experiment was performed, the internal
parameters of the CCD camera, including the CCD array cell size aspect_ratio.,

aspect_ratio, and focal length f, were estimated.

Based on Eq. (4.12), (4.13) and (4.14) the coordinate value z frgme and Yrame tO
locate the laser spots in Z frame — Yframe (intensive image) frame should be provided.
Since the laser light on the surface of a scene is captured by the CCD camera with
the background, a method for extracting the laser light from the background has to
be used. When a scene is exposed in illumination such as indoor lights, the extraction
of the laser spots becomes difficult since the image intensity difference between the

laser and the background is reduced.

Figure 4.13 shows the intensity image data in a row of the image array where the
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Figure 4.13: Intensity image data of a row

horizontal axis represents image locations and the vertical axis indicates the intensity.
The intensity data pattern for the laser spots can be found. Due to the laser beam
width and the reflection effect the laser image is not a one-pixel-wide pattern. By
assuming the pattern is an isosceles triangle described by a width w and a height £,

the pattern at Tsr4me, can be approximately formulated by

. . intenSityO + %(zframc - zframeo) +h —% < Zframe — T frameg <0
intensityigser = ' .
mtensztyo - %’(xframe - zframeo) +h 0 S Zframe — T frameq S %l'

(4.20)
The place where the best match of this function with a local intensity data curve
occurs in each row is the solution for the laser image location. This is an issue of

finding the location of the peak of correlation of two given functions. For obtaining
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this goal a local-window based 1D filter was developed. In this local window tke 1D
array contains the discrete numbers sampled from Eq. (4.20). The window width w
is the array dimension. The operations to locate the laser spots using the window are
described in the following:

Searching for the correlation peak:

The local window moves from the left-hand side to the right-hand side of each
row in the intensity image. When the window is located in a place, the intensity
values of the image pixels covered by the window are subtracted by the intensity
value of the most left one of these pixels for eliminating the DC value. The absolute
value of intensity difference between each image pixel and the corresponding window
pixel is then calculated. If the window is very close to the laser spot region, each
difference will be small. The summation of these differences is also small. Therefore,
a minimum summation in the current row indicates that the location of the laser spots
region is found. Of these image pixels covered by the local window the pixel with a
local maximum intensity value is located. This pixel is considered as representing the
center of the laser light on the surface.

Post processing:

After the laser image pixel with the local maximum intensity value is located in
all rows, the laser image curve is found in the image frame. Since a peak pixel is
detected locally in each row, some detection failures may exist due to image noise,
surface discontinuities and shadows. Some of these pixels may not truly represent the
center of the laser light from a global point of view. To smooth the curve a median

filter can be applied along the curve direction.

4.6.2 Experimental Results
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Figure 4.14: Scanned points by the SmartEye range finder

With a structured-light based range finder, the problem of irregularly distributed data
due to the structured light and the problem of missing data due to a long base line
become more serious. This irregularly distributed and missing data is evident in the
scanned points illustrated in Figure 4.14. In the example, the laser light is projected
onto a human face mask with the equally spaced scanning angles. The scanned points
are distributed along each light curve in a very unequally spaced pattern. Occlusions
occur in two places, between the nose and the mouth and on a side of the nose.
However, in the device frame described by the variable yf,ome and Oiq5er of the range
finder, only Zfram. values are affected by the occlusions. This situation facilitates the
algorithm to find the data discontinuity. The 3D plot of the generated contour model
is depicted in Figure 4.15.
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Figure 4.15: The cross-section contour model from the SmartEye range image

4.7 The Hyscan'®) Device Frame Lookup-Table

and the Experimental Results

The experiment for verifying and testing the device-frame based model algorithm
generation using the Hyscan scanner was supported by the CAD/CAM research group
of the Department of Mechanical Engineering at the University of Victoria. Since the
Hyscan scanner is one of the commonly used commercial range finder products, this
experiment demonstrates the potential application of the developed vision data based
modeling system. Since the Hyscan scanner uses a lookup table for the mapping
function, the development of the device-frame based modeling can further increase
the system compatibility. The work involved with this device is to develop a lookup

table based device frame.
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4.7.1 The Scanning System

The Hycan scanner is the device with one-dimensional scanning. The CAD/CAM
research group uses the scanner mounted on a CMM machine. The CMM machine
effectively adds another scanning dimension, to obtain a frame of range data. The
whole system is shown as Figure 4.16. In terms of its scanning plane the scanner can
be mounted in either the £ — z or y — 2 coordinate plane with a tilt angle about the

y or T axis.

AN

\—CMM machine
Figure 4.16: The measuring system with the Hyscan scanner and a CMM machirne

The sensing depth of the scanner is approximately about 90 mm and a minimum
measuring range of 110 mm. With the largest depth the sensing field is about 100 mm
wide. All of these parameters are based on experiments associated with this research,
they are not from the scanner manual. The system utilizes three coordinate systems,
i.e., the device frame, a local 2D Cartesian frame and a global 3D Cartesian frame.
The first two systems are based upon the scanner. The last one is based on the CMM

machine. The transformation parameters from the local frame to the global frame



CHAPTER 4. IMPLEMENTATION OF ASSOCIATED DEVICE FRAMES 117

are obtained from the alignment (calibration) operation.

The alignment includes scanning the table surface of the CMM machine to
determine the tilt angle of the scanner and scanning a sphere to locate the scanner
with respect to the global frame. Without losing generalization for the approach to
obtain merged global models, this modeling system uses the above global reference
frame as the global modeling frame. However, the generation of the lookup tables
for the mapping functions is only related to the device frame and the local Cartesian

frame. Consequently, the alignment is not required.

4.7.2 Generating the Lookup Tables

In the device frame of the Hyscan scanner, the device frame variables include p
and 6. In the local Cartesian frame, the frame variables are represented by u and
v. The mapping function f is already implemented in the lookup table by the
vendor. Another lookup table for the inverse mapping function F must be derived
for generating image data for cross-section planes. In principle, this second table
using (u,v) to search for (p,d) can be derived from the first one using (p, 8) to search
for (u,v). However, since the Hyscan scanner is a commercial product, the existing
lookup table used by the sensor is not accessible to users. Therefore, a method was
developed to generate lookup tables for both of the mapping functions without direct

access to the Hyscan table.

Both of the lookup tables need to digitize the sensing field as shown in Figure 4.7
The methodology for generation of the lookup tables includes the following steps:
Acquiring Data:

To digitize the sensing field a group of parallel horizontal lines are obtained by
scanning the table surface of the CMM machine with multiple sensing depths in the
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sensing range. These parallel lines are not equally spaced within this experiment.
The acquired data includes p, 4, u and v values which are represented in Figure 4.17
and 4.18. Since the scanner is not exactly perpendicular to the table surface, the
scanned lines are not symmetrical to the cardinal center of the scanner. Since this

experiment is for testing and verifying the approach, the sensing field is not digitized

with a high density of horizontal lines.
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Figure 4.17: The acquired p/d data for digitizing the sensing field

From each scanned point the value of u and v and the value of p and 4 can be

obtained from the output of the scanner at the same time.

Generating the Table for the Mapping Function:

Generating the lookup table for the mapping function is straightforward. The

scanned data is stored in an array, each column of which is indexed by the scanning
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Figure 4.18: The acquired u/v data for digitizing the sensing field
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angle, and each row of which represents a scanned horizontal line. Each element of

this array points to a p value and the corresponding u and v values.

When a pair of p and 6 is given for searching for its u and v coordinates,  is
used to locate the relevant column. Along this column the p values in each row are
compared with the given p to find a row where the given p is larger than or equal
to the stored p and the next row where the given p is smaller than or equal to the
stored p. Therefore, the u and v coordinates can be interpolated from the two pairs
of v and v values associated with these two rows.

Generating the Table for the Inverse Mapping Function:

The lookup table for the inverse mapping function relies on the digitized sensing
field with a grid system formed by the scanning lines and scanned horizontal lines.
The grid pattern is ladder-shaped and not symmetrical to the cardinal axis of the
scanner. This table is also represented by a 2D array. Its rows and columns have
the same meanings as the previous lookup table. Each element of this array stores a
pair of u and v and the corresponding p. In addition, each column has a pointer to a
linear equation for this scanning line (beam) with the angle indicated by the column.
Such an equation is used to intersect with the “scanned” line (see Figure 4.8 in a
cross-section plane for the u and v values. With these values, the utilization of this
lookup table is also similar to the previous one. The required p value is interpolated

instead.

The linear equations for scanning beams are derived from the acquired data.
Due to the existing noise a medium filter is applied to the data to increase the
accuracy of the table. For a scanning beam the u and v values from two adjacent
scanned horizontal lines and in the same column are used to obtain the linear equation
parameters a, b and c. Since there are n scanned lines, there are n — 1 such equations.

These a’s, b’s and c¢’s are sorted, respectively. The one third of all data, in the middle
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portion of each series, are extracted. They are further averaged for a, b and c.

4.7.3 The Experimental Results

Figure 4.19 and 4.20 demonstrate the scanned points and the contour model obtained

in the device frame.

Figure 4.19: Scanned points by the Hyscan range finder
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Figure 4.20: The cross-section contour model from the Hyscan range image
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Chapter 5

Global Model Generation with
Multiple-View Fusion

5.1 Overview

By means of the device frame based modeling approach, a partial surface model is
constructed with incomplete cross-section curves in a series of planes. This partial
model from a current range image must then be integrated with the present global
model generated by previous partial models. The merging activity should blend
redundant surface data caused by overlaps of range images. Consequently, the

multiple-view fusion is implicitly implemented during the integration process.

In the methodology introduced by this chapter, the model update is accomplished
on each involved 2D cross-section plane. The principle of the global model integration
is discussed in Section 5.2. On an involved plane the possibility of overlaps between
the current partial curve section and the previously generated global curve section(s)

are tested (Sections 5.3 and 5.4). If a potential overlap is found and confirmed, the
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current partial model curve is connected with the global model curve, integrating
the common parts. This is done in two steps, i.e., 1) locating the overlap region
along both the global model curve and the partial model curve and 2) integrating
overlapped curves (Section 5.5). If the current partial model curve is separated from
the current global model curves, this partial model curve will be stored as a separated
section with other previous ones for updating the global model. When a complete
observation is achieved, the incompleteness between separated curve sections will no

longer exist. Two examples for the global model generation are given in Section 5.6.

5.2 Generation of the Global Model

The global geometric model represented by a series of cross-section contours is
generated by integrating all partial models together. When a new range image
covering a regional area of the surface of a scene is taken, the partial model is
generated in the device frame. This partial model is transformed to the global
Cartesian modeling frame and merged with the previously generated global model.

The generation of the global model is the consequence of the model growing.

The more range images that are acquired the more complete the model of the
scene that will be obtained. Since the cross-section based representation is able
to handle modeling for either an object with a bounded surface or a scene with a
unbounded surface, the definition of a complete model relies on the application. As
well, a complete model may require many images from different viewing locations.
The selection of a sensor(s) trace of the viewing location would be also application
dependent. The model growth itself should not need a specific viewing path or

sequence.
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5.2.1 Principle of the Model Integration

The cross-section based models (¥modet) described in the global Cartesian frame
represent the intersection of cross-section planes and surfaces of objects. The
generation of a global model Wp,4. is based on the integration of individual
partial models. The integration operation can be expressed by the boolean union

computation
‘Dmoddn = ‘I,rnodel,,_l Ud’modcl,, n= 1: 27 (51)

where, Upo4er, is the updated object surface model, i.e., the present global model;
U nodel,_, 1S the previous global object surface model generated before the n** range
image is taken; and ¥moder, is the partial surface model generated from the n'* range

image. Initially, when n = 1, no previous global model exists, i.e., U roger, = 8.

When a current range image and a previous one cover common areas of the surface
of a scene, overlaps (data redundancy) of the model curves will be present. Some
common curve sections in both the global model and the current partial model will

exist. Corresponding to this redundancy, the following boolean expression will become

true

Uonodeln_y [ | Ymodet, 7 0 (5.2)

In extreme cases of overlapping existence, the current partial model is entirely
redundant to the previous global model or the previous global model becomes entirely

redundant to the current partial model, i.e., Ymodel,,
‘I’modcln-l ﬂ¢model., = “I’modcl,,_l (53)

or vice versa

Vinodeln—; [ | ¥modetn = Pmodeln (5.4)
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When the current range image does not cover any surface area of a scene which has
been shot by previous image(s), gaps between the global model and the partial model
will exist. If the acquisition of multiple-view range images is well structured, ¥modes,,
may be perfectly adjacent with Wmoqger,,_,. In these cases, the following expression will

be true

Umodeln—; [ | ¥modetn = 0 (5.5)

The above expressions give a general explanation for the cases that may be met
during the model integration. Since the cross-section contour based models are
constructed within the basic elements including the cross-section planes and contour
curves, as described by ¥moier = {{c} | in a cross-section plane} from Eq. (2.1),
the union operation is performed in each of the involved planes. The two operands of
this boolean function are the cross-section curves representing the global model and

the partial model, respectively.

During the model integration with a partial model, the overlaps may occur in
multiple places, e.g., Area; and Area, as shown in Figure 5.1. This situation is
caused by range data jumps due to the occlusion of scenes. In a cross-section plane
the overlaps can be associated with several curve sections, e.g., in Figure 5.1 a cross-
section plane with orientation 1 has overlapped curve sections in two places. The
overlaps may also exist in several separated groups of the cross-section planes, e.g.,

the planes with orientation 2 are involved in the overlap in Area; and Area,.

5.2.2 Procedure of the Model Growth

Based on the principle of the model integration, the model growth implemented by
the algorithms of this modeling system is associated with the model data update in

two levels: the cross-section plane level and the contour curve section level. The
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Figure 5.1: Overlaps may occur in multiple places due to occlusion.
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procedure carried out by the modeling system for the model growth is given in the

following list.

Step 0 — The partial modeling module generates a partial model based on a range
image. This partial model involves one or more subsets of cross-section planes
in each of which the model is represented by one or more curve sections. The
involved planes are initially estimated and later verified during the partial
modeling. The details for this step have been discussed in Chapters 3 and
4.

Step 1 — In this step, the procedure is based on three potential cases.

Case I: If the involved planes are not included in the current database, this
range image does not cover any part of a scene that has already been modeled.
The plane records for these new planes with the curve sections are inserted
in the database, and sorted with other plane records according to the plane
locations along the guide curve. This record order will help search for planes in
the database to check overlaps with the new-coming partial models. Then, the
procedure goes back to Step 0.

Case 2: If the database includes the whole or part of these involved planes,
the function to estimate the potential overlaps (see Section 5.3 for details) is
applied within each involved plane. If the estimation shows no overlap, the
record for the new curve sections are appended after the present curve section
records under each the plane record in the database. Then, the procedure goes
back to Step 0.

Case 3: If an overlapping possibility exists, the procedure goes to the next step.

Step 2 — The overlapping estimation is further examined. If the overlap does not

exist, the database is modified as the Case 2 in Step 1. If it does exist, the
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function to merge the model redundancy (see Section 5.5 for details) is applied
within each involved plane. During the merging process the database is updated

accordingly. Then, the procedure goes back to Step 0.

5.3 Estimation of Curve Overlap Region

Modeling for the scene covered by a range image may involve many cross-section
planes and may generate multiple contour curve sections in each plane. To search
for any overlap by directly comparing a newly generated curve section with each of
previously generated curve sections in each cross-section plane will be computationally
intensive. Note that not all partial model curve sections will have an overlap with
the global model curve sections. Furthermore, a partial model curve section does not
necessarily have an overlap with all global curve sections. If a screening approach is
used to limit the search to an accurate search scope, computation effort can be greatly
reduced. This approach should be able to quickly find the partial model curve sections

that may have an overlap with the global model curve sections.

The approach used by the developed modeling system for estimating the potential
overlaps is based on the principle of maximum enclosure envelope detection. This or
similar technology is commonly used in computer graphics and geometric modeling
systems. The condition used by the approach to detect the potential overlaps is
necessary for overlap existence, but not sufficient. During examination of two curve
(partial and global) sections, if the condition is not satisfied, definitely no overlap will
occur between curve sections; and if the condition is satisfied, the overlap may happen,

but not necessarily. In the second case, further detection to verify the estimation is

required.



CHAPTER 5. GLOBAL MODEL GENERATION WITH MULTIPLE-VIEW FUSION 130

5.3.1 Maximum Envelope Based Detection

When a partial model is generated, its rectangular maximum enclosure envelope is
computed in the plane-based local frame where each cross-section curve is described.
A maximum enclosure envelope is described by Tmaz, Tmin, Ymazr and Ymin that are
maximum/minimum coordinates of a curve section (for a curve section maximum
enclosure envelope) or of all curve sections in a plane (for a cross-section plane
maximum enclosure envelope) with respect to the 2D Cartesian frame in each involved
cross-section plane. A curve section is an individual part of a contour in a plane. Such
an envelope is built and attached not only with each curve section for both the partial
and global models, but also with each cross-section plane to show the maximum
enclosure for all partial and global model curve sections, as shown in Figure 5.2 in a

cross-section plane.

Since the global model is always dynamically growing with the new incoming
partial models, the envelopes for curves in the global model should be simultaneously
updated during the model integration. The envelope for each plane is updated based
on the updated curve envelopes in the plane. The following is the procedure of using
the maximum enclosure envelope to estimate the potential overlaps. Let Hy, and H,,
represent the plane envelope, and kg, and h,, represent the curve envelope with g and
p denoting the global and partial model, respectively. Assume the planes involved

with a range image are from the plane m to n.

for : = plane,, to plane,
if no_plane_envelope_intersection_between_two_planes_ezists then
stmply integrate all partial model curves into the global model;
else

for t = the 1% _partial_model_curve_section to the_last_one
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Figure 5.2: A maximum-enclosure envelope.
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for s = the_1**_global_model_curve_section to the_last_one
if curve_envelope_intersection_ezists then
verify and merge the overlap (see Section 5.5);
update the envelope for this curve section;
remove the tag for the s** global curve section
from database (see details below);
end for_loop (with s);
integrate the t** partial model curve section
into the global model,
end for_loop (with t);
update the envelope for this plane;
end for_loop (with i);

Since a range image may have overlaps with several other images in different
regions, a partial model curve can have overlapped curve sections with multiple global
model curves. To handle this situation the fusion algorithm merges the global model
curve section into the partial model curve section (not the partial curves merged into
the global), and cancels the global model record log in the database. This partial
model curve section with the merged global curve will participate in the further
overlap detection in the loop with s. After all global model curve sections in the
current cross-section plane are checked and merged (if overlaps exist), this partial

model curve record is sent to the database as a part of the global model.

5.3.2 Potential Overlap Region

After the overlap estimation algorithm identifies the intersection of two envelopes

for the partial model and global model curve sections, a potential curve overlap
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region can be found with these two envelopes. The region is the common area of
the two rectangular maximum enclosure envelopes. Since a cross-section curve is
composed of a set of connected lines obtained from partial modeling, lines enclosed by
the rectangular region of the intersected envelopes belonging to the newly generated
partial model curve section and the global model curve section respectively, can be
found. These lines are the estimation result for the potential curve overlap. This
rectangular region can reduce the number of points participating in the computation

of the overlap merge.

Figure 5.3 (a), (b) and (c) show three possible intersection patterns of two
rectangular envelopes h; and A;. The intersection is only a necessary condition for
the existence of curve overlaps, but not sufficient. The intersections between the
maximum enclosure envelope h; and the envelope in dashed lines in each pattern
shows this non-sufficiency. Using the potential overlap region these detection faults
can be identified. However, this further identifying method is still unable to handle
the worst cases where no true solution exists in this estimation stage. The worst

cases happening with the related three envelope intersection patterns are illustrated
in Figure 5.4 (a), (b) and (c).

When a surface is close to another surface, their model curves are also close. If
the global model includes some curves for a surface, and the partial model includes
others for another surface, the estimation method may make a faulty detection. The
curve direction, the topological information obtained from the partial modeling and
attached with each cross-section curve, can be used to find the fault as shown in
Figure 5.5. With a true overlap two involved curve sections must have the same curve
direction, since the curve direction is independent from views and is only dependent

on the cross-section plane normal.
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Figure 5.3: The intersection patterns of maximum-enclosure envelopes.
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Figure 5.4: The worst cases in curve overlap estimation.
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Figure 5.5: Use the curve direction to find the detection fault caused by close surfaces

5.4 Classification of Overlap Patterns

The global model and partial model curve-sections ! identified by the intersecting
region of the two corresponding envelopes can form various overlapping patterns.
The patterns are determined by the curve direction and the overlapping location.
To facilitate the algorithm design for merging two curves, all possible overlapping

patterns should be encountered and be classified.

To find all possible overlapping patterns two steps are used: 1) enumerating all
patterns; and 2) using a rule system to examine the possibility of existence of these
patterns. The rule system is constructed based on the topology existing in the real

world and is described as follows.

'In the following discussion the term curve-section means the portion of a curve which is enclosed
by the common region of two envelopes.
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Rule 1 — No fork “Y” exists in any cross-section curve. Since any object has
a volume bounded by its surface, no topology that associates with a fork
intersection between a cross-section plane and an object can be found in the

real world frame.

Rule 2 — An overlap exits in only one place along either a partial model curve or a

global model curve, if these two curves don’t form a ring. Otherwise, Rule 1

will be violated.

Rule 3 — At most, two overlaps exist in two places along two involved curves, if
these two curves form a ring. Otherwise, Rule 1 will be violated. This rule
can be considered as identical to Rule 2, if breaking the ring into two sections

anywhere along the curve.

\—curve 1
\—curve 2

Figure 5.6: The primary overlapping pattern

Based on Rule 2 and Rule 3, a primary overlapping pattern shown in Figure 5.6
is set up. All other pattern variations can be derived from this primary one. Since
from the merging point of view the identification (global or partial) of a curve section
is not important, a curve will no longer be marked as a global or partial model curve
in the following discussion. Based on the primary pattern, for facilitating the pattern

enumeration each curve-section is decomposed into three parts. These curve parts
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are represented by some symbols !.

The symbols include lower-case letters for one of the involved curves and upper-
case letters for the other. Each of the symbols represents a curve-part, a unenclosed
curve-part at the beginning end of a curve section, a unenclosed part at the
terminating end, an empty curve-part at the beginning end, and an empty part at
the terminating end. Both of the beginning and terminating ends are with respect
to the curve direction. An empty curve-part means that no intersection line exists at
the beginning/terminating end of a curve section. An empty curve-part is used for

facilitating the algorithm design.

a/A : a unenclosed curve-part at the beginning end.
c¢/C : a unenclosed curve-part at the terminating end.
b/B : an enclosed curve-part.

/A : an empty curve-part at the beginning end.

a»

/ C: an empty curve-part at the terminating end.

o

With these symbols a curve-section can be represented as one of the follows:

abc / ABC
abec / ABC
abé / ABC
aibée /| ABC

In the following discussion the term curve-part means the portion of a curve which is
corresponding to the symbol system.
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Therefore, there are four possible symbolic strings for a curve-section. When
two curve sections are involved in an overlap, one of these symbolic strings for a
curve-section can be combined with one of the four strings for another curve-section.

Therefore, the enumeration of all combinations of these patterns can be found from

{abc, abc, abg, 4b¢} x {ABC, ABC, ABC, ABC}

Table 5.1: The checklist for all combinations of curve-part patterns and their validity

ABC ABC ABC ABC
abc | N/A (3) | NJA (2) | N/A (1) | VALID
abc [N/A (2) | NJA (2) | VALID | VALID
ab¢c | N/JA (1) | VALID | N/A (1) | VALID
abé | VALID | VALID | VALID | VALID

Table 5.1 provides the details for the enumeration. However, not all of these
symbolic-string combinations are valid. Some of them can not exist. The rule system
is applied to identify the validity of existences for all combinations. Those invalid
patters that violate Rule 1 are marked in the table and classified into three cases

which are explained below:

(1) : A fork appears at the beginning end of the merged curve;
(2) : A fork appears at the terminating end of the merged curve;
(3) : A fork appears at the both ends of the merged curve.

All valid combinations can be further classified into five overlapping patters. Figure
5.7 illustrates all valid overlapping patterns: (a) an overlap exists in the beginning

end of one curve and the terminating end of another one; (b) an overlap exists in



CHAPTER 5. GLOBAL MODEL GENERATION WITH MULTIPLE-VIEW FUSION 140

the whole of two curves; (c) an overlap exists in the whole of one curve and the
terminating end of another one; (d) an overlap exists in the whole of one curve and
the beginning end of another one; and (e) an overlap exists in the whole of one curve
and in the middle of another one. These five patterns will be used for designing the

fusion algorithm.

e —— e " e —
e ——" e e
(a) (b) (c)
——_ ———
—— ————
(d) (e)

Figure 5.7: All valid overlap patterns

5.5 Merging of Overlapped Curves

5.5.1 Verification of the Overlapping Estimation

With the estimation of a curve overlap the solution for model integration can be found
with the reduced curve data enclosed in the region. Since the maximum enclosure
envelope has a tolerance that ensures no missing detection for all overlaps, two close
curves without overlap may be identified by the detection method. Although the
five overlapping patterns are applied during the estimating stage, the result doesn’t
necessarily mean that a true overlap exists. The estimation needs to be further

confirmed.
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For convenience to discuss the method for the confirmation and the integration,
of two curve-sections enclosed by a common region, one curve section is called distant
curve and the other is called basis curve, as shown in Figure 5.8. If the orthogonal
projection of the first point (labelled q;) of a curve is between any two adjacent points
(Popc) of another curve, the former curve is the distant curve and the latter is the
basis curve. In the following discussion the line formed by any two adjacent points

of a curve is called a curve-unit.

basis curve

Figure 5.8: Definition of the basis and distant curves

The verification algorithm initially assumes any one of the two curve-sections as
a basis curve, and checks if the projection of the first point of another curve-section
(thereafter supposed to be a distant curve) is in the first curve-unit of this curve-
section. A local 2D coordinate reference system is set up using the first point of the
first curve-unit of the assumed basis curve as the origin and the line direction as the

positive x-axis. Therefore, the first point becomes (0,0) and the second one (z.nq4,0)-

The first point of the assumed distant curve is transformed into this local reference
system. If 0 < z < z.,q is true and y is less than a threshold value for this point,
the overlap estimation is verified. The threshold value is used to define the maximum

distance between two overlapped curve-sections. Otherwise, the algorithm turns to
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the next curve-unit of the assumed basis curve-section, sets up the local reference
system based on this curve-unit, and checks if the first point of the second curve-
section is in this curve-unit. This procedure is repeated until that the estimation is
confirmed with the satisfied condition 0 < z < Z.nq, or until the last curve-unit of

the assumed basis curve is met.

If no verification with the assumed basis/distant curves can be found after reaching
the last curve-unit of the assumed basis curve, the algorithm exchanges the assumed
basis and distant curves, and follows the same procedure to verify the estimation with
the new assumption. If there is still no satisfaction for the condition, the overlap

estimation is not true.

5.5.2 Averaging Method

If a true overlap is found, the next step is to use a fusion method to merge the
redundancy. During the model integration the fusion method should also be able to
handle inaccurate data and errors caused by: 1) local high frequency noises, as shown
in Figure 5.9, invoked by the corresponding noises existing in range images; and 2)
displacement between a global model curve and a partial model curve due to view

location errors.

Selecting a fusion approach is an application oriented issue, and can be based on
some criteria for obtaining the merging result emphasizing the smoothness of model
curves, simplicity of the fusion method, and reduction of the affect of imaging location
errors. The research presented in this work intends to obtain integrated cross-section
models using a simple method with smoothing curves and suppressing model errors,
although with well-identified overlap redundancy more advanced schemes for fusion

can be pursued in the future.
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noises in partial models

shift between global/partial model curves
due to imaging registration errors

Figure 5.9: Errors and noises existing in the model curves.

An average method has been used in this vision data based modeling system. The
method does not rely on sophisticated computation due to not requiring any high
order curve fitting. The averaging function, as a low-pass filter, is able to bypass
some high frequency noises existing in partial models and is able to find a merged
curve between two separated curve-sections for reducing the modeling errors brought

by imaging registration errors.

Figure 5.10 shows the fusion principle. With the identified curve-unit 7,7, of the
basis curve, a local 2D reference frame is set up in the relevant cross-section plane as
mentioned above. Starting from the first point q; of the distant curve, each distant
curve point is transformed into the local reference frame as (z;,y;). Their y values
which are the distances of the points to the basis curve-unit are accumulated as }_ y;.
This transformation and summation with the points of the distant curve is continued

as long as these conditions 0 < z; < z.nq and |y;| < threshold are true.
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Figure 5.10: Curve integration

When z; > z..qs becomes true, the above computation with the current basis
curve-unit is finished. The new point for the integrated model curve is derived as
(Fepd, %!_':), where n means that n points have been involved in the calculation of the
summation. The average function Z;tﬂ is a low-pass oriented filter which can smooth
the global model curve, while the result reduces the amount of data from n points to

1. As well, 22% reduces the gap between the basis and distant curves by locating the

integrated result in the middle of the two curves.

In a normal case, when z; > z.,4 becomes true, if the condition |y;| < threshold
is still satisfied, the algorithm turns to the next basis curve-unit 7;p;, as shown in
Figure 5.11 (a). With the new curve-unit 7zp. the previous Z.nq, point p, becomes the
origin and p. becomes the new z.,4, while a new reference frame is set up based on
this new curve-unit. The transformation for the distant-curve point g4 is re-calculated

based upon the new reference.

If the = value of the next point on the distant curve (g4 in Figure 5.11 (a)) is
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Figure 5.11: Two possibilities for the fusion with next curve-unit.
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not larger than the new z.q, the procedure for the transformation and summation is
continued. Otherwise, there is no distant-curve point covered by the new basis curve-
unit, as shown in Figure 5.11 (b). To continue the fusion procedure the identifications
for the two involved model curves are exchanged. The previous basis curve is newly
identified as the distant curve, and vice versa. The new basis curve-unit is g3gz. The
first distant curve point to be processed is p,. The above procedure is continued based

on the new curve identifications assignment.

(b)

Figure 5.12: Changing curve orientation with sharp corners

In some special cases, the condition |y;| < threshold and/or z; > 0 is not satisfied.

This is caused either by a sharp corner on a curve or by noises. When the angle at
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a corner is less than 90°, the |y| value of a point can be significantly increased, as
shown in Figure 5.12 (a). However, noises can also make the partial model curve
have dimples represented by increased |y| values. To distinguish a corner from a
dimple a look-forward method is used. This method checks the subsequent points
along the distant curve. If their |y| values continuously increase, a corner detection
can be confirmed. A |y| value decrement after the increment, however, indicates an
existence of noises on the curve. When the angle at a corner is greater than 90° shown
in Figure 5.12 (b), a z < 0 value is met. The look-forward method is used to confirm

the corner detection by searching for a continuous decrement for the z values.

5.6 Example Results

5.6.1 An Indoor-Scene Model from Multiple-View

Simulated Images

The simulation system for the ERIM sensor (an imaging radar based sensor) was used
to synthesize an indoor scene. The scene includes the walls, a table, a chair and a
cactus. The pseudo sensor was in turn located in the four corners of the room to
generate individual range images of the scene. In these four images the shadow effect
is significant due to the scene occlusions. The range images are represented in the
intensity images, as shown in Figures 5.13, 5.14, 5.15 and 5.16. Based on each image
a partial model is generated. The global cross-section model grows accordingly, the
final merged result being illustrated in Figure 5.17. Four views are not enough to
cover all aspects of this indoor scene. Therefore, the model gaps caused by view field

limit and occlusions can be found on the wall, the table pedestal, the chair and so on.
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Figure 5.13: A range image from a first sensing location represented by the intensity
image.

Figure 5.14: A range image from a second sensing location represented by the intensity
image.
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Figure 5.15: A range image from a third sensing location represented by the intensity
image.

Figure 5.16: A range image from a forth sensing location represented by the intensity
image.
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5.6.2 A Face-Mask Model from Multiple-View Hycan

Images

This example is associated with modeling a human-face mask. The mask was scanned
by the Hyscan scanner (a triangulation based sensor) with multiple views due to the
mask area larger than the scanner viewing-scope. Since the mask had an irregular
curved surface, the scanner had to be located at different angles to acquire complete
data for the surface. The surface points were acquired from range images in six views

to test the robustness of the merging algorithm with massive amounts of overlapped

data.

The scanner was mounted being parallel with the X — 0 — Z plane of the CMM
machine. The location parameters of the scanner were with respect to the machine
reference frame X — Y — Z which was used as the global modeling frame as well.
Each time when the scanner angle was changed, the scanning system was calibrated
by scanning a sphere and the CMM machine table to obtain the location parameters.
Figures 5.18, 5.20, 5.22, 5.24, 5.26, 5.28, 5.30 and 5.32 show an intensity representation
of the device frame range images of eight views. Figures 5.19, 5.21, 5.23, 5.25, 5.27,
5.29, 5.31 and 5.33 show the corresponding integrated global model growth associated

with the images.
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Figure 5.18: Scanned surface range image acquired from a first sensing location
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Figure 5.19: The corresponding global model associated with the first image
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Figure 5.20: Scanned surface range image acquired from a second sensing location
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Figure 5.21: The corresponding global model associated with the second image
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Figure 5.22: Scanned surface range image acquired from a third sensing location
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Figure 5.23: The corresponding global model associated with the third image
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Figure 5.25: The corresponding global model associated with the forth image
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Figure 5.27: The corresponding global model associated with the fifth image
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Figure 5.28: Scanned surface range image acquired from a sixth sensing location
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Figure 5.29: The corresponding global model associated with the sixth image
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Figure 5.31: The corresponding global model associated with the seventh image
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Figure 5.33: The corresponding global model associated with the eighth image
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Chapter 6

Conclusions And Future Research

Suggestions

6.1 The Research Objectives

The objectives of this research are focused on: developing a new modeling approach
and related system based on an appropriate representation allowing dynamic growth
of geometric models through partial model generation and model integration;
investigating the possibility of using the characteristics associated with the sensor
space for facilitating the modeling computation; and testing the modeling approach

with multiple types of range sensors.

6.2 Summary of the Completed Research

A new approach to generate geometric models from multiple-view range images for

existing objects or scenes was developed within this research. This approach used
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a new partial-global modeling method for generating a complete geometric model
from multiple-view range images, and employed a cross-section based representation
for describing geometric models. Device-frame based generation of partial model
was introduced. Global models were generated through sequential model growth
and the merge of redundant model data caused by image overlaps. Based upon
the approaches, a new range-image based geometric modeling system has been
implemented. The modeling method has been verified and tested with three typical
range Sensors.

Development of the Cross-Section Representation

A geometric modeling system is greatly related to a modeling representation.
Representation schemes in different levels have different capabilities to handle
geometric and/or topological information carried by models, and require the relevant
modeling system to provide input data in different levels as well. A low-level
representation cannot provide applications with sufficient data in models. For a
vision-data based modeling system the initial input is massive amounts of discrete
image data without explicit geometric and/or topological information available. To
extract such information from images, for an advanced representation scheme, is
very computationally intensive. In addition, a range-data based system requires
the representation to be compatible with range data, suitable for partial modeling,
capable of multiple-vision fusion and adaptable to geometric details. Therefore, an

intermediate-level surface representation is preferred (Chapter 2).

By comparing and evaluating different representation schemes, the cross-section
contour based representation was found to be an ideal one. Within the developed
modeling system the representation is composed of elements including a guide
curve, cross-section planes and cross-section curves. The relationships among these

elements are well defined. Without increasing the complexity, this representation was
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developed in this research to be capable of handling topological information using
a cross-section curve direction for carrying topological information to indicate the
exterior/interior volume of an object. The representation was implemented in the
data structure of multiple-level trees (Chapter 2).

Development of the Device-Frame Based Partial Modeling

Most range sensors use a central projection principle with equally spaced angular
scanning steps of associated mirrors. This makes the range image space a non-
Cartesian frame referred to as the device frame in this research. The transformation
of range data from a device frame to a Cartesian frame is non-linear. Since the
transformed range-data points are irregularly distributed in a Cartesian frame,
obstacles for handling these data are caused in terms of accessing the data, and

detecting surface discontinuities and missing data.

To avoid the irregularly distributed data present in a Cartesian frame, a new
approach for generating partial contour models which takes advantage of the well-
distributed data in the device frame was developed. The approach transforms the
cross-section planes into the device frame by generating synthesized plane range
images. The intersection contours are detected by comparing the object range images

and the synthesized plane range images.

In the device frame the algorithm components to generate partial models perform
the following functions: estimation of the involved cross-section planes based on the
enclosed volume covered by a range image and viewing location, and generation of
the synthesized range image for each involved cross-section plane; generation of a
labelling image through comparison of the object and plane range values to detect and
locate the intersection region; tracing, thinning and linking the intersection pixels;
forming a partial model contour curve by applying a subpixel based interpolation

method; extracting the topological information the interior/exterior volume of an
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object by analyzing the object and plane range values in the intersection region; and
transforming the partial model curve into the global Cartesian frame (Chapter 3).

Implementation of the Device-Frames

Since some algorithm components for generating partial models in a device frame
are device dependent, the device frames associated with several different sensors were
derived. These sensors are commonly used in research or commercial application,
and included the imaging-radar based ERIM sensor, and the triangulation based
HYSCAN®) and SmartEye sensors. Associated with the development of the relevant
device frames, this research developed: 1) a software simulation system for the
ERIM sensor, including sub-systems for geometric modeling and sensor simulation,
to provide pseudo range images for facilitating the related research; 2) a prototype of
a triangulation-based sensor (SmartEye) including hardware integration and software
design; and 3) a transformation lookup table for the HYSCAN scanner developed
using data acquisition experiments and data analysis (Chapter 4).

Global Model Generation

The global model generation developed in this research is based upon model
growth. After a partial model is generated in the device frame, the partial model is
integrated with the present global model generated by previous partial models. Due
to scene occlusions and the limited viewing scopes of sensors, multiple-view images
are required to acquire sufficient surface data to allow complete modeling. These
multiple images may have overlaps which produce a large amount of redundant data.

During the global model generation the redundancy must be merge.

The method developed in this research for integration of partial models into
the global model is straightforward, if no overlap exists. If the cross-section planes
involved with a current range image have never be involved with previous images, no

overlaps between the current partial model and the global model exists. Otherwise, a



o ———— et

CHAPTER 6. CONCLUSIONS AND FUTURE RESEARCH SUGGESTIONS 164

further overlap estimation is performed using the maximum envelope detection. This
estimation is only a necessary condition but not sufficient for the existence of overlaps.
A classification method for various potential overlap patterns was developed. Based
on the classification result the final verification for overlaps is applied, and then, if
confirmed, the overlaps are merged using an averaging approach which is simple and

fast.

The global model generation was tested with multiple-view range images generated

by the simulation systems for the ERIM sensor and by the experiments with HYSCAN

scanner (Chapter 5).

6.3 Conclusions

Cross-Section Contour Representation

By conducting an extensive evaluation for various representation schemes, the
research associated with this dissertation has demonstrated that intermediate-level
surface based representations are the most suitable for the requirements imposed by
multiple-view range image based geometric modeling systems. Such a representation:
1) has relatively easy compatibility with the raw range images and 2) is able to provide

applications with sufficient geometric and topological information.

This research has further demonstrated that, besides the above merits, the
intermediate level cross-section contour representation has more advanced capabilities
including: 1) allowing modeling for both closed and unbounded surfaces; 2) allowing
the concurrent performance of image acquisition and model generation; 3) providing
the flexibility of selecting view locations; 4) facilitating the merging computation

in two-dimensional planes; 5) providing exterior/interior volume based topological



CHAPTER 6. CONCLUSIONS AND FUTURE RESEARCH SUGGESTIONS 165

information for applications; and 6) having the flexibility to adjust its resolution for
geometric details and model growth. By considering these merits, the developed
modeling system adopted the cross-section contour representation for describing

geometric models.

Device-Frame Based Partial Modeling

Device-frame based partial cross-section contour modeling, a new concept and
approach, has been introduced by this research. A device frame is defined by the
coordinates associated with the working principle, scanning activity and the device
structure of a range sensor. The new partial modeling approach performs conversion
of raw range image data into partial cross-section models in the device frame of range
sensors. Using the device frame for partial modeling takes advantage of the uniform
distribution of range data in device frames. Uniform range data distribution facilitates
the identification of surface discontinuities and the generation of partial models.

Development of Modeling Algorithms

With ‘the cross-section representation and the introduced concept of partial
modeling within the device frame, a series of methods and algorithms for the partial
or global modeling have been developed. Advantages of the developed methods and
algorithms include the following.

The searching algorithm for intersection points in the labeling image is based on
the context of the labeling codes of intersection points. This method has enhanced
the traditional eight-direction search by enlarging the search scope with fewer search

efforts.

Since the extraction of topological information represented by the contour curve
direction from range images is simply based on the comparison of range data values
between an acquired object image and a generated plane image, the method is easy

to implement without using a complex algorithm and increasing the complexity of
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the data structure, and the result is robust.

The introduced overlap classification method that finds the valid overlap patterns
by applying the rules to all possible patterns enumerated is independent of merging
approach, and can be used for detection and verification of overlapping curves, caused
by overlapped multiple-view range images, during the global model generation in any

similar applications using the cross-section representation.

The averaging based merge approach for multiple-view fusion involves
straightforward computations, and is able to merge data overlaps and reduce high-

frequency image noises.

System Implementation and Testing Using Typical Sensors

The device frames for several types of commonly used range sensors have been
derived. Consequently, the device-frame based partial modeling approach has been
tested with these sensors and their associated device frames. The tested sensors
work with either imaging radar based or triangulation based sensing principles. The
relevant device frames were derived in the form of analytical expressions or as a lookup
table. The derivation of these device frames demonstrates that the device-frame based
modeling approach is widely applicable with different sensors. The tests with different

range sensors have shown the feasibility of the new approach for applications.

6.4 Future Research Suggestions

With the newly developed vision-data based geometric modeling system, this research
project provides some fresh topics for further research. In general, the future
research should be concentrated on: performing a modeling error analysis for the
developed modeling approach; enhancing the modeling approach for applications by

considering intelligent view location selection; and continuing development of the



CHAPTER 6. CONCLUSIONS AND FUTURE RESEARCH SUGGESTIONS 167

modeling system.

Intelligent Viewing Location Selection

This modeling approach provides subsequent research with a platform for the
intelligent view acquisition schemes. Since geometric details in a scene can
significantly vary, the adjustment of distance between a sensor and a local surface
is necessary for obtaining detailed image data and consequent fine models. In
addition, image noise, scene occlusion and/or environmental illumination can affect
the correctness or completeness of models. With models provided by this modeling
system, an intelligent scheme can be applied to find the required details and/or
incompleteness for further image acquisition and refined modeling.

Modeling Error Analysis

Since this research has not investigated the influence of errors on the accuracy
of the modeling results, error analysis and error reduction efforts may be important
issues in future work. Errors appearing in a global model may reflect several error
sources including: image noise, view location registration error and errors associated

with partial modeling.

In the device frame, the range image form is exactly the same as the form used
by intensive images. The research in the field of image processing has provided
various approaches to suppress noises and to improve image quality. Most of these
approaches can be applied to a range image to investigate their capability of improving
range image quality. Some typical noises can be added in the pseudo range images to
examine how the noises may affect modeling results. The view location registration
error may cause a curve jump at two ends of overlapped curve sections. To handle such
a jump, a curve smoothing method needs to be applied after merging two overlapped

cross-section contours.

The errors associated with the partial modeling approach can be identified by
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modeling some typical surfaces like planar, cylindrical or spherical surfaces described
in pseudo range images. The relevant errors can be found by comparing generated
cross-section curves and the analytical surface models used to synthesize the pseudo
range images. The errors may change when the orientation of the involved cross-
section planes is changed. Finding relationships between types of surfaces and cross-
section plane orientations in terms of potential modeling error levels will be useful for
improving the modeling approaches.

Simulation System for Various Sensors

The device frames derived for the typical sensors can be used for the development
of a simulation system for various range sensors to generate pseudo range images.
Such a simulation system would be helpful for a vision-data based system during
prototyping, since the range image can be generated for typical objects or scenes, at
any viewing orientations and with or without adding noises. Furthermore, when a
simulated scene is the same as a real scene, the comparison between the real range
image and the simulated one may help find error sources associated with a range
sensor.

Advanced Development for the Modeling System

Further development or improvement for this range-data based geometric
modeling system can be continued. Further development should focus on: increasing
the noise-handling capability for the estimation algorithm to find intersections
between an object range image and a plane image; new sub-pixel based interpolation
methods to reduce modeling errors; and merging methods to detect for two overlapped

model curves which curve is closer to the true surface, and to make the merged curve

closer to this curve.
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Appendix A

Computational Complexity
Analysis for Partial Model
Generation with ERIM Range

Sensor

The conclusion of Section 4.2.3 that the computational costs associated with device-
frame based partial model generation are lower than that with the Cartesian frame is
related to the analysis reported in this appendix. For the analysis some expressions

are used, which are

Homogeneous coordinate transformation:
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[—an Q12 Q13 a4

a a a
(X vz 1] =[a g o 1] "0 0 0 (A.1)

asi1 azz 4aszz as4

aq1 Q42 Qa43 a44

Plane equation:

Az +By+Cz+ D=0 (A.2)

Frame transformation equations from a Spherical to a Cartesian frame:
z(r,8,$) = r cos(d) cos(f)
y(r,8, ) = r cos(4) sin(0) (A.3)
z(r, ¢) = rsin(¢)

In addition, it is assumed that: 1) the range image is a m x n array; 2) there

are on average | cross-section planes associated with each image; and 3) there are on

average p intersection points for each cross-section curve section.

The curve section generation in the modeling (Cartesian) frame needs a number

of ¢f, addition, and multiplication operations in several different stages as follows.
e Transform surface points from the device frame to the device based Cartesian
frame using Eq. (A.3):
5m-n (multiplication)
e Transform surface points from the device based Cartesian to the modeling

Cartesian frame according to Eq. (A.1):

9m -n (multiplication)

9m -n (addition)
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¢ Compute maximum and minimum X, Y and Z to determine the number of the

involved planes:

6m -n (if)

o Generate curve sections. A curve section is composed of short pieces of
intersection lines. Each short line is an intersection of a cross-section plane and
a four-point-defined surface patch. This intersection computation needs testing
the point positions related to the plane using Eq. (A.2), interpolating the four-
point-defined patch and computing the intersection. The computational costs
for the intersection computation associated with the last two steps are indicated

by Cint due to its dependency on a certain scheme. The costs of these steps are:

12 -m -n (multiplication)
12l-m -n (addition)
8l-m-n (if)

[-p-Cine (intersection)

e The total computational costs of the curve section generation in the modeling

frame are:
12l-m -n + 14m -n (multiplication)

12-m-n+9m-n (addition)
8l-m-n+6m-n  (if)

l-p-Cint (intersection)

The curve section generation in the device frame needs a number of : f, addition,

and multiplication operations in several different stages.

e Compute maximum and minimum range values to determine the number of the

involved planes:

om-n  (if)
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e Transform the involved planes from the modeling frame to the device frame.
Since only a limited number of cross-section planes will be involved, the
computation of transforming the planes from the modeling frame to the
device based Cartesian frame can be ignored. From Eqs. (A.2) and (A.3),
transformation of the planes from the device based Cartesian to the device
frame can be found. Solving for the cross-section plane range values for known
range-sensor mirror angles, § and ¢, yields

—d

r(8,9) = a cos(¢) cos(8) + bcos(¢)sin(f) + csin(e)

where a, b, ¢ and d are the plane equation coeflicients with respect to the device
based Cartesian frame. The costs for finding r for 8 = 1,....mand ¢ = 1,...,n

are:
[-m-(4n 4+ 3) (multiplication)

2l-m-n (addition)

e Generate curve sections using a similar scheme to the one discussed for Cartesian

frame based partial modeling. The computational costs are:

8l-m-n (if)

[.-p-Cin: (intersection)

e Transform generated curve sections from the device frame to the modeling frame

using Eqgs. (A.3) and (A.1):

14! - p (multiplication)
9l-p (addition)

e The total computational costs of the curve section generation in the device
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frame are:

14l-p+4l-m-n+3l-m (multiplication)
9 -p+2l-m-n (addition)
8l-m-n+2m-n (if)

l-p-Cint (intersection)

182





