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A bstract

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 partiai 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-raxlaj based range sensor, a prototype triangulation-based range sensor 

developed for this research and a  commercial HYMARC remge 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 talce advantage of well distributed data; develops a series of algorithms
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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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C hapter 1

Introduction

1.1 O verview

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 tha t 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 G eom etric M odeling A pproachs 

and C hallenging D esires

1.2.1 Inform ation  E m bedded in a G eom etric  M od el

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 m ajor 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 a t 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 /o r 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 T rad itional A pproach to  G eom etric  M od el 

G en eration

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. T he modeling approach has four primary components: 1) symbol structures 

tha t 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 T h e  N eed  for M ore F lex ib le M od elin g  A pproaches

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].

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 

autom atically 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. O ther similar situations may include a  robot picking up parts from a bin and 

autom atic 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 aji injection mould 

of a face sculpture is desired. Similar situations can be found with worn part surfaces 

or with deformation of formed sheet m etal 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. 

W ithout 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



CH APTER 1. INTRODUCTION  7

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 elim inate 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 V ision  D ata  B ased  G eom etric M odeling

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  mathem atical function. In the image space the surface 

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

Real
world

Range
im age

G eom etric
rep resen ta tion

Figure 1.4; Three spaces: from the re«d 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 im portant in order to hamdle 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 da ta  

redundancy.

1.4 Previous R esearch

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 R ep resen tation s U sed  for D esign  O riented  M odeling  

S ystem s

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, ajid 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 eflBciency 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 lim ited 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 aJso 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 m ethod by Brunet 

[13] allows modeling for some geometric details by introducing vertices and edges to 

the representation.

Generally, on one hand, the CSC 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 baaed, 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  R ep resen ta tion s U sed  for V ision  D a ta  B ased  S ystem s

In general, most of representations used by vision data  based modeling systems are 

similar to traditional ones. The m ajor 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
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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 axe a  family of param etric primitives that are m athem atical 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.

Kumax et al. [37] used a  hyperquadric representation which is a  surface defined 

by the set of points (x, y, z) satisfying the equation

\AiX +  Biy  -h CiZ +  =  1
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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R aja ei 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.

Rangeras 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 sca n n in g  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 transcixiai CT/M R scanner and extracted 

from the raw images axe 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].

W ith 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 interm ediate 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 D ev ice  G eom etries and R ange Im age 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 

th a t 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 ID) 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 transm itter, a scanning device, and a  receiver. The laser 

beam em itted by the transm itter 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 taJces the light to travel from the instrum ent to the object 

and back, and thus provides the range value. While the components of transm itter 

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 / ,  respectively. A detailed drawing for the device geometry 

was given [49] and a mapping function (z ,y ,z )  =  / ( J , / ,  r) was derived. The authors 

also indicated that it is easy to obtain the inverse transform ation from x, y and z 

to J ,  I  and r. Using {J , I , r )  image data can significantly simplify the algorithm 

for detecting jum p boundaries, the border between the images of two surfaces, by 

working on r  and A r values only.

Besl [11] discussed the relationship between range image da ta  and coordinate 

data. Many range image sensors produce range images in the r,j form where the 

transformation from (f,i, r,j) to ( x , y , z )  is non-affine. In most of these cases, each 

i j  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 i and j  indices of the digitized 3D surface points compared to the 

uncertainty in the measured range r. Thus, the uncertainty in the resulting x,  y, z 

coordinates is dominated by the uncertainty in the values.

The Environmental Research Institute of Michigan (ERIM) developed a range 

scanner that was used by the Autonomous Land Vehicle project [64]. T he 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 

(0,<^,p), where 9 and (f> axe the nodding and rotating angles, respectively, and p is 

the range.

A similar scanning m ethod for a time-of-flight range sensor is found in 

M atsum oto’s research [40]. The laser beam is deflected in two directions w ith angle

and 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

X  =  L s m { ^ x )  (1.1)

y  =  Lcos{^x)sm(0y)  (1.2)

z  =  L COs(;5i) COs(;Sy) (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 csunera) 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 a i  [3] used a cylindrical lens to form an expanded laser beam. This beam 

was deflected to scan the field of interest a t a  constant angular interval by means of 

a rotating mirror. The space coordinates (xp,yp,Zp) of the point P  on the surface 

of the target was computed from the positional coordinates (x \ 0, z') of its image P' 

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

( z '.z '.a )  =  +
y j  +  x' tan a

yp(x' ,z ' ,a)  =  (xp -  Xm) tan a  +  ym
I I I  \ {Vf  Vm)  "b tan q  ,f x , z , a )  =  --------------—--------------z

y j  +  x 'ta n a

Xp

where z' and a  change regularly and independently of scenes, while x ' 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 cam era captures 

the image of the laser light on the object surface in terms of coordinates (xc, yc) in 

the image plane. By calibration, a mapping function represented by a transform ation 

m atrix  M  was found to convert (xg, y ^  6) into R[6 , h], a cylindrical range image, where 

9 is the rotating angle of the turntable and h 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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m ounting two cameras aside a laser scajiner. 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 {ua , v ) and ( u b , u ) in each image plane. In this system, 

the laser scanning angle is placed by and « s , when calculating coordinates, e.g., 

T =  u '̂+ ^ l 2uo ’ ^kere D  is the base-line length; /  is the focal length; uq is the 

half length of a line of the sensor array; and ua and ub are the image positions 

in the camera A and B, respectively. To solve the occlusion problem th a t 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 stiU available.

Since the tri angulation-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 (0), and indicates the image position of spot hit by 

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

r i i  - / /  r a n  h -t- n \  I  ^
x(0,p) =  dp

f l { 2 l tan 6 + d)
P +

=  - d

(/ — f'){d tan  9 — 21)

p(l — y) 21 tan 6 d 
p 4------ 77 rf l  d tan 6 — 21

where p is the image position; 9 is the scanning angle; /  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 I 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 (0, <f), r) for the imaging-radar based and by (x.moje, Vimagê  for the triangulation 

based.

Among these variables, 0, (f> and /3, the scanning angles, and yimage, 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 X{magei 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, y and 

z  coordinates are effected by the uncertainties contributed by r (imaging-radar based 

sensors) or Ximage (triangulation based sensors).

1.4.4 G eom etric M odeling w ith  M u ltip le-V iew  Im age  

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 a i  [50,35, 28] used object images from multiple views as object contour 

projections to construct the object model. W ith 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 a i  [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 

m ethod 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 axe 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 a i  [4, 5] developed a system to generate height maps from range image 

sequences. A height map is a 2 |D  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. Nashaahibi et al. 

[44] developed a  similar system where the height map is called an elevation map. The 

global model is baaed on a 5cm x 5cm grid system. During the multiple-view range 

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

Kamgax-Pajsi 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 m ultiple range images. The Venn diagram of N  range views is built 

to find range d a ta  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 bcised 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 et al. [62] proposed a method for constructing object models from 

multiple images. The models rely on edges extracted from range images aad faces fit 

with data  enclosed by edges. D ata 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 attribu te  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 O bjective o f This R esearch

1.5.1 L im itations o f P rev iou s R esearch

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 tha t is able 

to provide detailed characteristics (e.g., geometric and topological information) of 

objects without significantly increasing the computational costs. In addition, the 

da ta  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 

lajge, 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 im portant 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 x  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. W ith such an array, any point and 

its neighborhood can be easily accessed by z =  f {x{i ) , y{ j ) ) ,  where x(z) =  xg +  zAx 

and y{j)  =  t/o +  jA y . 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:

• complex algorithms have to be developed to cope with the sparse array formed 

by the scattered data since the linear functions, x{i) =  lo  +  *Az and y( j )  =  

yo + j  A y ,  are no longer applicable;

• 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

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

from a background image.
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Figure 1.5: Unequal spaced imaging sampling and image shadow.

Surface discontinuity is usually detected by finding nonuniform distributions of 

acquired data points. However, there exist other possibilities that can maJce 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. W ith 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. W hen 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 a,  and/or hide the sensor in other shadow area corresponding 

to the scanning angles within the angle 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 m ust 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 ID elevation
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map representation to generate a map in the sensing space of the ERIM sensor.

1.5.2 R esearch O bjectives

The research of this dissertation is focused on:

• 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 aigorithm 

to be developed, e.g., identification of the iimer and outer space of an object. 

This topologiccJ 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 haa previously relied upon searching for 

the match of the pajtial model from the global model. The developed fusion 

approach should avoid this intensive search for overlap detection to make the 

relevant computation manageable.

•  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.

• 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 O utline o f R em aining C hapters

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: 

I) 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 interm ediate 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 M odel Generation in The D evice Frame —

The diSculty 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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C h a p te r  4: Im p le m e n ta tio n  o f A sso c ia ted  D ev ice  F ram es  —

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 Smart Eye) and the 

HYSCAN^^) scanner. The algorithm is tested with these sensors and their 

associated device frames.

C h a p te r  5: G lobal M o d e l G e n e ra tio n  w ith  M u ltip le -V iew  F usion  —

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 

O R  boolean operation. Once the multiple range images cover an entire object 

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

C h a p te r  6: C onclusions A n d  F u tu re  R e sea rc h  S u g g estio n s  —

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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C hapter 2 

D evelop m en t o f th e  

R ep resen tation  for th e  M odeling  

S ystem

2.1 O verview

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 tha t 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 ajiy 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.

W ith 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 R ep resen tation  R equirem ents for M ultiple- 

V iew  R ange-Im age Fusion B ased  M odeling

2.2.1 W orld, Sensor and M odeling Spaces

The m ajor 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 ('Freo/) of an object in the real world can be described by

^rea/ =  | F (x , y, 2 ) =  0}

where ( x , 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

Ppiane{x, y , z) = A x  + B y  + C z  + D

for a planar surface or

Eqvadric{x,y,z) = Ax^ +  By^  +  Cz^ +  Gxy  +  H yz  +  I z x  +  Ux + Vy + W z  +  D

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

use a parametric surface description

^ rea /=  {(2:,y,2) | X = X{ u , v ) , y  = Y  (u,v) ,  z  = Z{u, v) ]
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where u and u are param etric variables.

In sensor space the surface 'I/image  is specified by a set of range image points 

(pixels)

— {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

image  =  { 0  I  V »  =  { d } }

where 0  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 transform ation 

from the real world to th e  sensing space is generally perspective-transformation 

oriented for both image radar based and triangulation based range sensors. This 

transformation Fj is found from the sensor geometry and calibration. T he function 

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

P3 • '^ r e a l   ̂ d  =  F ’, ( x , 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 ^modei description 

will accordingly be in different forms.

2.2.2 R ep resen ta tion  C om patib ility  w ith  R ange Im age 

D ata

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, nonanaJytical 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 ajid 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  R ep resen tation  S u itab ility  for M u ltip le -V iew  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 

da ta  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 eaeh image is a  partial model for a local paxt of 

the scene. Partial modeling requires the representation to be able to handle a local 

partia l 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  R ep resen ta tion  R equirem ents for a V isio n -D a ta  

B ased  M od elin g  S ystem

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 im portant 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 axe 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 th a t 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:

• 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.

•  Suitability for paxtial modeling -  The representation should be able to allow 

partial modeling and to make partial modeling independent of global modeling. 

Paxtial modeling involves the ability to describe both a part of an object with 

closed surface and a unbounded surrounding scene.
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•  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.

•  Adaptability of shape details in range data -  The representation should be 

able to match the shape details th a t can be determined by a sensor’s sca n n in g  

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.

•  Capability of rendering object surfaces -  The representation should be able to 

provide the location of any surface point in any reference system w ith respect to 

the resolution available in the original image data. Rendering is often needed by 

applications, such as object recognition by matching rendered d a ta  and sensed 

data, and robot collision detection.

2.3 R ep resen tation  A lternatives

Different types of representations must be evaluated to find an appropriate 

representation for compatibility w ith 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 

aJid/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 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 

param etric 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 polynom ials) 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 d a ta  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. W ith 

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  V olum e based

Volume representations axe 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. W ith 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 m anipulate 

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 tha t yield a 

cube which completely encloses the object to be modeled. This requirement indicates 

th a t 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  B ou n d ary  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 

axe required. Surface facets are usually described by analytical and /or parametric 

expressions. Borders axe 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  O b ject b ased

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 

com putation axe expressed by a  graph. Most object properties, geometric and 

topologic, can be represented. Relationships between ail 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 C om m ents

Some schemes commonly used in the area of computer vision, like General Cone 

(GC), extended gaussian image, geon m ethod 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 axe 

currently research topics in the field of computer vision. In addition, some research 

[42] showed th a t 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]:

• 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.

• Model updating -  The representation allows the concurrent performance of 

image acquisition and model generation by merging a  paxtial 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.

•  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, 

NO machining tool path  description, coordinate measuring matching probe path 

generation, and medical imaging systems.

W hen range images axe used to generate cross-section models for existing objects, 

the da ta  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 interm ediate 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 increéising the section density and by 

varying the section orientation.

2.4 C ross-Section  B ased  R ep resen tation

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  T h e Fundam entals o f  th e  C ross-Section  

R ep resen tation

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.

4

object 

c r o ss -se c t io n  plane

c ro ss -se c t io n  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. O ther descriptions for contours 

caJi 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 '^modei- 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  M odel w ith in  th e  C ross-Section  R ep resen tation

W ith respect to the modeling fram e the guide curve and the cross-section planes zire 

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 =  g(ti)

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

The derivative, with respect to «, g =  {gx,9y,9z) 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

gp • (P -  gp) =  0

where p  and gp are two different points on the plane. W ithout loosing the generality, 

gp can be the intersection point between the guide curve and the plane, i.e., 

gp =  g(up). Both of p  and gp are positional vectors with respect to the global 

Cartesian modeling frame. These vectors and the derivative gp axe shown in Figure 

2 .2.

guide curve g

model contour c

cross—section  plane

2D reference system
global modeling frame

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 m ultiple views, 

each cross-section contour needs to be described in a 2D reference system, th a t 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 gp and gp. The point specified by gp can be used as the 

origin of the 2D local frame. All cross-section contours Cp generated in the plane 

axe expressed based on this origin. The expression c for these contours in the global 

modeling frame can be found

c =  Cp[r]-i-gp

The rotational m atrix [T] and the vector gp rotates and translates Cp from the 2D 

reference system to the global modeling frame. The matrix \T\ includes two rotation 

steps: 1) rotating by Qx about X  axis and 2) by Qz about Z  axis

1 0 0 0 COS ÛJ s in  a x 0 0

0 c o s a x s in c k r 0 — s in  a x co s  a x 0 0

0 — s in  a x COSOTj: 0 0 0 1 0

0 0 0 1 0 0 0 1

where cosax =  sinax  = Igpi

gp:'*y

cosax =  and sinax  =

\/gpx+g^v-

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

model with respect to the global modeling frame can be derived

model =  {{c} I in all cross-section planes} (2 ,1)
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In each cross-section plane the contour curve may have m ultiple 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 

m ultiple sub-sets of the planes along the guide curve.

2 .4 .3  T opological Inform ation P rov id ed  b y  th e  

R ep resen tation

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 im portant, especially 

for autom atic decision maJcing like collision detection. To provide applications with 

a more useful description about objects the topological information carried by the 

models m ust 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 

p art 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 Im plem entation  o f  T he R ep resentation  and  

S ystem

2.5.1 T h e M odeling System  w ith  th e  R ep resen tation

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) aa 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 /o r 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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m e ta  file

d a ta b a se

ra n g e  im a g in g  s y s te m

in te r fa c e

AutoCAD

p a r tia l m o d e lin g  m o d u le

m o d e l in te g r a t in g  m o d u le

Figure 2.3: The range image based geometric modeling system 

2.5.2  T h e D atabase

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 

im portant 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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(  r o o t }

section^ ' )  sectioiij j

Figure 2.4; T he 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 axe 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 tem porary 

sections being merged together will construct a single curve. Under the root it is 

the plane level. During the paxtial modeling one plane is involved each tim e for the 

com putation 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 

paxtial 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 x  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^, gj,, g%, xqj yo, and zo> 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 Pi =  (xi,2/i). Along the curve direction, the next point pointed to by the pointer 

pst of the node Pi will be Pi+i =  (xi+i, j/i+i). The vector pi+i — pi gives a linear 

equation: (yi+i -  ÿi)x  -f- (xi -  Xi+i)y + (xi+ij/i -  Xiÿi+i) =  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  T he M od eler 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:

• 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.

• 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 am ount of image data.

• 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 d a ta  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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C hapter 3 

Partial! M od el G eneration  in T h e  

D ev ice  Fram e

3.1 O verview

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 éissociated 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 centrai 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 

transform ation 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 m ust 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 T he A lgorithm  C om ponents for G enerating  

P artial M odels in th e  D ev ice  Frame

This section provides an overall description of the algorithm developed for generating 

contour paxtial 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 axe nonlinear and device-dependent. The data 

points, after transformation to a  Caxtesian 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 Caxtesian 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 compaxing the object range images 

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

components that axe shown in Figure 3.1.

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

• W ith  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 plaue range images, an estim ation 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.

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

intersection between observed surfaces and a cross-section plane.

•  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.
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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 D ev ice  Frame and Transform ation

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 sca n n ing  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 3ft” , i.e., D  C and

î >  =  {d I  d =  ( d i , d z , . . . , d n ) }

where d,(z =  1,2, ...,n ) are scanning variables corresponding to scanning movements 

and the range measurement. Related to each range finder a corresponding mapping /  

exists for transforming the range images from the device frame to a Cartesian frame

f  : V  — *C, c =  / (d )

where C C 3^ is a Cartesian frame

C = {c I c =  (x, t / , z)}
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The design of a range finder guarantees that /  will be such a mapping function 

th a t the condition /(d ,)  =  f {d j )  => d, =  dj 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  =  is available [21], i.e.,

F  :C — >V,  d  =  i^(c)

Due to a  one-to-one mapping between V  and C, both V  and C have the same 

dimensions, i.e., T> C 3^. 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 i,d 2 )} c R "

and in the Cartesian frame only two coordinates are involved, e.g., x  and y,

C = {c|c =  (x,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 da acquired at the step i for a  scanning activity d% and at the step j  for dg is 

stored in the array element indicated by (z ,j). As well, the value for di- and d̂  ̂ can 

be derived by

di( =  dig -f zAdi
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and

d2j = d2o + jAdg 

where di^ and dgg are the initial values.

In a device frame the range data  are uniformly distributed in the frame plane 

defined by di and d2. 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 jum p 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 

determ ine the method to convert the acquired measurement data  to the range values.

The converting function can be non-linear. The function is monotonie. If the 

acquired data  is increasing (or decreasing), the derived range value will be increasing 

(or decreasing) accordingly. These monotonie 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 D etection  for Intersection

3.4.1 T he P rin cip le  o f  th e  C ontour D etec tio n

A cross-sectioa 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. W ith 

this assumption d is a three-tuple (û,(^,r). The variables Û and cf> 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 ro6j(&, <̂ ). During scanning the range 

image is stored eis a  2D array. In the remainder of this chapter the pairs, (i,J)  and 

(5,-, 0 j), are used alternatively for discussion convenience. The notation (#,, <̂ j) or 

( i , j )  corresponds to scan angles 0, = 0o + i(A 0) and (f>j =  <f>o +j{A<f>). It is assumed 

that the guide curve is a line. Therefore, all cross-section planes will have the same 

plane normal

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

From Eq. (3.1), a series of the cross-section planes is represented by ax -t- -t-
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cz + n A d  =  0 (n =  0, ±1, ±2, • • •), where A d  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 rajige image rpin{6, (f>) in the device frame, having the 

same image array size and the same scanning variables as the object range image

Since a range image covers a limited 3D scene in the Caxtesian frame, the 

surface in the image-covered scene has the intersections with n planes in a domain 

[# i, # 2]. This is a finite subset of the set of cross-section planes, bounded between 

ax + b y + c z + N \A d  =  0 and ax+by-\-cz+N2A d  =  0. The planes outside this domain 

[Â i, Â2] have no intersections with the surface. However, it is very difficult to obtain 

the exact domain [Â i, Only an estimation of the domain [«i, 712] 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 th a t the plane and the object co­

exist in the same 3D scene. When the object range image robj(d, <t>) 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 rpin{9, <f>) 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 éind «mother 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 h it 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 num eric relationship still exists for the range related data (da) acquired and 

represented in the device frame. This relationship is guaranteed by the monotonie 

function between the range value and the acquired data. Let the following symbols 

Tobj and Tpin be the  range for the surface and plane, and and da ,̂„ be the acquired 

da ta  for the surface and plane. Let t be the monotonie and monotropic function to 

make Vobj =  ((da,»,) and Vpin =  ^(dap,„). The monotonie and monotropic function 

assures: if and only if da^  ̂ >  da^,^, then Vobj > rpin] and vice versa.

3 .4 .2  L abelling  Im age and In tersection  P ixe ls

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

=  {^0, X {^0, (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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ob|

a) Object range im age  
$

b) P lane range im age  

*

m m

c) Labeling im age

Figure 3.3: Generation of a labelling image
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This space is partitioned into two complement subspaces uiobj and oj în as shown 

in Figure 3.3 (c), where Uobj corresponds to the area with larger range values for the 

object than range values of the plane and 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.

t^obj = {{Oai4>b) I {&a-,4>b) fj,ln{9a-,<i>b) <robj{Ga-,4>b)\ Label{6a,(l>b) 1} (3.3)

and

Wpfn =  {{9c,4>d) I {9c-,<t>d) €  0 ; rpin{9c,(f>d) > robjiOcAd)] Label{Qc-,<i>d) =  0} (3.4)

Thus,

^ o b j  ( J  ̂ p i n  — ) a n d  U^ohj b jp l j i  — 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 u>obj and Wp/̂ . For a pixel shown in Figure 

3.4, if the  adjacent labels in the column direction are different, the pixel is assigned 

to Code(9i, <f>j) = 1; if in the row direction, assigned to Code{&i,(f>j) =  2; if in both 

directions, assigned to Code(6i, <f>j) =  3; and otherwise assigned to Code{6i, <f>j) = 0.

/
Figure 3.4: Codes used to encode intersection pixels in the labelling image



C H APTE R 3. PARTIAL MODEL G ENERATIO N IN  THE DEVICE F R A M E  72

However, a border connecting Uobj and ujpin does not necessarily mean tha t an 

intersection exists. A range step jum p caused by object occlusion can also lead to 

a labelling difference in the two sides of the jum p. To distinguish an intersection 

from a range jum p, an additional condition where \robj{0,(f>) — rpin{9,<f>)\ m ust 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 ran g e  values (i.e., in only one 

dimension). However, in a Cartesiaxi 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.

obj

Figure 3.5: Interpolated intersection contour in the device frame
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3.5 Linking In tersection  P ixels

3.5.1 C ontour Tracing

The conversion of contour/edge pixels into vectors is a primaxy requirement for image 

processing. This conversion, also referred to as edge tracing or border following, is 

im portant 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 cein 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 axe 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 neax 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 seaxch m ethod locates the window centre at a contour 

pixel To find the next adjacent contour pixel, the m ethod checks the horizontal, 

vertical and diagonal neighbor pixels (i -f A i , j  + A j)  with a  unit pixel interval, i.e.. 

A t and A j =  —1,0,1. Contour gaps with 1- to 4-pixel distance axe 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 seaxch 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 insuflBcient.

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-hrst. 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-hrst 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{6i, (f>j) =  1. In each search step A i and A j  axe added to 

the current pixel position to locate the next pixel. The numbers A i  and A j  for each 

step axe assigned based upon the closest-neighbor-visited-first rule. The seaxch starts 

from the central area of the window, éind 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 seaxch sequence is implemented by a  lookup table where the relative location 

{A i  and A j )  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{9i, <f>j) =  1

3.5.2  C urve T hinning

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 a t 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 ajid 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 

tha t the current contour skeleton pixel is located a t and that the linking window 

finds a neighbor contour pixel at (i + A f ,j  -f- A j ) .  The modified thinning algorithm 

searches the adjacent pixels horizontally and vertically in the scope defined by 

(i + A i , j  + A j + S j )  and ( i + A i + S i , j  + A j )  with 6i and 6j =  —4, —3, —2, —1,0 ,1 ,2 ,3  

and 4. Let the most left contour pixel be at (i -f A i, j/), the most right contour pixel 

at (i -f- A i, jr ) ,  the most top contour pixel at ( i t , j  + A j )  and the most bottom 

contour pixel at (ib,j + A j ) .  Then, let (ih,jh) he (i -F A i ,  (ji + jr) /2)  and ( iy jv )  be 

((it +  i&)/2, j  + A j ) .  The next contour skeleton pixel is at

{i' j ')  =  { -  (:,J)II <  -  (*,J)I|
(it/îiv) otherwise

3.6 Subpixel C ontour Solution

After tracing and thinning, the pixels along a  contour curve can be obtained in a 

directed graph. It is very possible th a t an actual intersection occurs at a subpixel 

place, since the scanning is a discrete step-by-step activity. This means that the
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real cross-section contour curve exists between the scanning angle and 9i+i and/or 

between ({>j and Figure 3.5 shows the subpixel bcised 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 m ethods 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 m ethod simplifies 

the com putation for the applications that do not require the high accuracy solution.

Near the intersection region the scanned points along a  scanned direction, e.g.,

5 =  ± 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 

com putation is simplified to that of finding the intersection between a curve and 

a plane. This computation can be performed either in the global Caxtesian 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 ( t , j )  and (z — l , j ) ,  if Code{9i,^j) =  1; between (z ,/) and (z ,j — 1), if 

Code{9i,<l>j) =  2; or both, if Code.{9i,(f>j) =  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 ( d i , ..., d„), and in the 

Cartesian frame the result is c =  s(ci, ...,c„), where d t  =  (rk,Ok,<t>k) {k =  I ,. .. ,n ) , 

Cfc =  /(d jt) =  {xk,ykiZk) {k =  l ,. .. ,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(^i, <̂ j) =  1, 9k of d t  is a constant. The points axe selected along the <f> 

direction. The series 4>k is

§-5 ) ^ j — i t  ^ j i  ^ j + i i  • • • 1  i )

When Code(0i, 0j) =  2, <f>k of d t  is a constant. The points are selected adong the 6 

direction. The series 9k is

(^i—§5 •••5 1̂—1> t̂’+l ) l)

When Code(0j, ^j) =  3, the interpolations are individually performed with the cases 

of constant 9k and constant <f>k.

In the global Cartesiaxi frame, the subpixel beised solution can be found by solving 

the intersection of the curve and the plane

c =  s(c i,...,c„) 

a x +  by + cz + d = 0

for X, y and z.
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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

~  7 •••■) ^o6j„ )

^pln(^7 7̂ ~  ■S(dp/nj 5 ••• 7 ^p/nn)

for r , and Û or <j>. The intersection point then needs to be transformed to the Cartesian 

frame.

In the following, three different linear interpolation based methods for subpixel 

solutions axe 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 (x i,y i,^ i)  and yz, zg) in the global 

modeling frame. The intersection point is found by solving the linear and a plane 

equations
X2 — X yg -  y Z2 -  z

X =

^2 ~  x\  y? — yi Z2 — 

ax-(-6y +  cz-h d  =  0

The generic solution without considering the special cases is

- ( 6 y i  +  c z \  - f  d ) x 2  +  (6y2 +  cz2  +  d ) x i  

a { x 2  — x i )  +  6(y2 — y i )  +  c{z2  — z i )

X2 -  Xi
_ _  - (X 2 -X ) (z 2 -Z l)  . _ z — r  2̂

X 2 —  X \

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-Fram e Based Curve-Plane M ethod:

This m ethod 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  su rface curve  
/-in terp o la ted  p lane cu rve

C ode=2

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

The inverse mapping for the ERIM sensor is: z (r, 6 ,^)  = r cos (f) cos 0, y (r, 6, (f>) =  

r  cos sin ^ and z{r,4>) =  r  sin A cross-section plane in the device frame is 

represented by

ar cos <f) cos 9 + br cos <f> sin 6 + cr sin 4> + d =  0 

The scanned surface curve is represented by a linear equation

(3.5)

r  =
A9 + B

A 6  + B

if Code =  2 or Code =  3 

if Code =  1 or Code =  3
(3.6)
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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 4>o\ the two points are in 

(00, <̂ o) and (^i, <̂ o); and r  =  Tq +  6r, and 0 =  +  <̂ 0- The goal is to find 8r and 89.

Using To +  8r and 9q +  86 to replace r and 6 in Eq.(3.5) and (3.6), the following 

can be obtained

[A{9o +  86) +  B] [a cos <̂o cos(^o +  ^0) +  b cos 4)q sin(^o +  86) +  csin <̂ o] +  d =  0

Due to (5̂  •C 1 degree, cos 86 % 1 and sin % 86. Therefore, the above equation 

becomes

\A86 +  {A6q +  B)\

[(6 cos (f)o sin 6q  — a cos sin 6q )86 +  (a cos (f>Q cos 6o-\-b cos (f>Q sin 0q +  c sin <̂ o)]

% 0

This equation is equivalent to 186  ̂+  m86 +  n =  0. It has two solutions, one of which 

yields a 6 value inbetween 6q and 6x and another which yields a 0 value beyond them. 

The first one is meaningful. The variable r  can then be solved. Similarly, in the case 

where Code =  1, 0 is a constant 0q, and <f) needs to be solved. If Code =  3, two 

intersection points can be found by applying the above approach for both 0 and <f>.

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 m ethod.

Device-Fram e Based Curve-Curve M ethod:

This is the simplest m ethod 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

r -  r,Q _  6 - 0 0
3̂1 — T*ao 01 — 00

r  -  Tpo _  0 - 0 0
~  P̂o ~  ^0

where (rag,0o) and ( r , ; , 0%) are the two points from the surface image, and (rp„,0o) 

and (rpj,0i) from the plane image. Similarly, if 0 is a constant (i.e.. Code =  2), r and 

<f> need to be solved. If Code =  3, this method needs to be applied twice for r and 0 

and r and respectively.

3.7  E xtraction  o f Topological Inform ation

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 paxt of the plane which is 

on one side of the contour curve is inside the object, and the other paxt 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 tha t the desired topological information can be provided by the specified 

curve direction.
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C ro ss-sec tio n  p lane normal- 

Cross—section  con tou r d irection

O utside of o b jec t-7^

C ro ss-sec tio n  contour

Inside of object
C ro ss-sec tio n  p lane

Figure 3.8: Definition of the curve direction

Curve d ir e c tio n
C ross—s e c t io n  c o n to u r  

C r o s s - s e c t io n  p la n e  

O bject su r fa c e

Figure 3.9: The principle to determine the contour curve direction (n =  (a, 6, c), Vobj =
PvPobjt  3nd fplfi — PfjPoln)
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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,

•  a) Let (x„, 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 axy -f -|- czy + d > 0, then the range finder is on the positive side of the 

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

•  b) Locate the right-hand side pixels iirightdright) about the current contour pixel 

(icurrentjcurrent)- Let the previous coutour pixel be at (iiastjiait), the procedure 

is based on its contour pixel code.

if G odc(i current ■) J current) ~  2 J current ^  Jlaati then 

bright ~  ^current Ij 

J right ~  3 current t 

else if Codc(^icurrenti J current) ~  2 I^jcurrent ^  jlasti then 

iright ~  icurrent d" Ij 

3 rig ht ~  3 current] 

else if Codc^icurrenti 3 current) ~  I ^current ^  l̂astj then 

3right ~  3current d* 1? 

bright ~  ĉurrent] 

else if Code(î'current7 Jcurrent ) — 1 icurrent ^  ilaat  ̂ then 

3 right — 3 current Ij

bright ~  ^current]
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cisG if C odc(^îe r re n t   ̂JcUTrcnt') —  th c il

Light and jright are determined by the rules

with the conditions used with C 0de{i current, j  current) = 1 

and C odc{l current, J current) — 2,

• c) Compare the range values of the object and plane range image pixels in 

the  position [L igh t ,  jr ig h t)  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 axe 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.

•  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 rehnking the graph nodes.
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C hapter 4  

Im p lem en tation  o f  Sensing  

S ystem s and A ssocia ted  D evice  

Fram es

4.1 O verview

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 chaxacteristics of the specific range finder used with the modeling 

system. These chaxacteristics 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 paxtial models is discussed in this chapter.

Range finders axe 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 radax 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 

transform ation axe discussed as well for the considered range finders.

For an imaging radax 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 radax based sensor, the ERIM, 

is described in Section 4.5. The analytical derivation for a triangulation based laser 

scanner (SmaxtEye) built for this research and a calibration lookup table approach 

for a HYSCAN^^l commercial scanner are investigated in Sections 4.6 and 4.7.
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4.2 T he D ev ice  Frame w ith  A n Im age R adar  

B ased  R ange Finder

4.2 .1  T he S tru ctu re o f  th e  ERIM  R ange F inder

An imaging radax is composed of a laser/ultrasound signal transm itter and a signal 

receiver. Range data is generated by measuring the elapsed tim e (time-of-fiight 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. Eaxly research on imaging radar 

technology was reported by Nitzaji and Jarvis [30, 40, 49]. A typical sensor, the ERIM 

range finder, was developed a t the Environmental Research Institu te 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 Ifirror—^
Laser Diode

Collimator
Expansion Telescope

Projecting Beam '— Receiver 
Reduction Telescope

■Polygon Mirror
Reflected Beam

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  T h e D ev ice  Fram e w ith  th e  E R IM  Sensor

An imaging radar based rajige 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 6 and <f>, 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 m ap 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, /  : D  — y C, from the device 

fram e to the Cartesian frame can be found by

x{r,6,<f>) =  rcos(<^) cos(ô) (4.1)

y{r,9,<f>) =  r  cos(^) sin(5) (4.2)

z{r,<f>) =  rsin(<^) (4.3)

The inverse mapping function F  : C — ► V  can be obtained from Eqs. (4.1), (4.2)

and (4.3) as

r ( r ,9 ,z )  =  ^Jx'  ̂■Fy'  ̂+ (4.4)
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Object

r \

Sensor
Figure 4.2: The device frajne of the ERIM range finder

4>{x,y,z) =  sin~^--------------------

9{x , y , z )  — sin'.-1 y ____
v / z 2 -I- t/2

(4.5)

(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{9, <f>) =

acos(^) cos(^) + bcos{<f>) sin(^) +  csin(<^)

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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-le ft side conic su rface  
-c ircu la r arc

-fro n t spherica l su rface  
top p lane

-rig h t side conic su rface

-c ircu la r  a rc  
-bo ttom  plane

-back sp h erica l su rface  

Figure 4.3: Sensing volume of an imaging radar

4 .2 .3  C om p u tation al A dvantage o f th e  D evice-F ram e B ased  

P artia l M od el G eneration

The difBculty 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 axe 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 

axe on average I cross-section planes involved in each image; there axe 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 

m ain 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 i f ,  addition, multiplication  and 

intersection  operations ^

6m ■ n + Sl - m  • n  (if)

9m • n + 121 ■ m  - n (addition)

14m • n + 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 +  8/ • m • n (if)

91 • p + 21 • m  ■ n (addition)

14/ • p + 41 • m  ■ n  + SI • m  (multiplication) 

l - p  - Cint (intersection)

From the above analysis, the computational costs of i 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 +  (4/ • m  • n +  3/ • m) <  14/ • p +  7/ • m ■ n <C 14m • n +  12/ • m • n (multiplication) 

9/ • p +  2/ • m  • n <C 9m • n +  12/ • m • n (addition)

since / • p m  • n  due to / <C 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 

fram e instead of all range image data; and 2) the involved cross-section planes can 

be transform ed from the Cartesian frame to the device frame using an analytical 

formula.

4 .2 .4  T h e  O ther D ev ice-D ep en d en t Issues

W ith 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 pant 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 com putational costs significantly.

The estim ation is based on computing the maximum sensing volume of each range 

image.

For an imaging radax the sensing volume is enclosed by two spherical surfaces (one 

at the front and one a t the back), by two conic surfaces (one a t the right and one at 

the left side) and by two planes (one at the top and one a t 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 determ ined by the maximum
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aad  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 Caxtesian 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 

estim ation. 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 a t the eight vertices, respectively. One more 

plane with the same plane normal is located to be tangent with the front spherical 

boundary. Another two pleines 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 T he D ev ice  Fram e o f a P rototyp ing Sensor

4.3.1 T he Structure o f  th e  Sm art Eye 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 ID 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.

Laser sou rce  and  
line gen erator

A
Image fram e

Polygon m irror
(Base line)

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

A triangulation based range finder, named SmartEye, has been prototyped for



CH APTER 4. IM PLEM ENTATIO N OF ASSOCIATED DEVICE FR AM E S  96

this research to test and verify the device-frame based partial model generation. 

The structure of this raJige 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 ajigle 

for the horizontal scanning of the scarmer. The reflected laser light 5 , after hitting 

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

4.3 .2  T h e D ev ice  Fram e o f  th e  Sm artE ye Sensor

The device geometry and associated coordinate frames are illustrated in Figure 4.5. 

There are two frames, including AT — K —Z  that is the local Cartesian frame associated 

with the sensor and x  frame — y frame tha t 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 X 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 y frame amd Oiaser- In each element of the array x frame 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 interm ediate 2D 

frame, Xp/ane — y plane-, is introduced. Mapping from the x frame — y frame frame to 

the Xpiane ~  ypiane frame and then to the X  — Y  — Z  frame are two one — to — one 

mappings. The first transformation from x frame — y frame to Xp/ane — ypiane is very 

straightforward and found by

Ypiane ~  (^center (4.8)

ypiane ~  ijjcenter y frame')^^P^^-^^HOy (4.9)

where Xcenter and y center represent the center of the image frame, and aspect jratiox and
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a sp e c tjra tiO y  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(g/a5er) _  sin(180° -  ~  <̂ )

S  B  + b + Xplane

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

The distance 5  can be expressed as

C — "h 6 +  Xplane) sin(^/gjer) / .

where the  angle 4> is described as

<?!> =  tan~^( ■ — ) (4.11)
Ypiane

and
^  ^  sin ( ^ m i r r o r )  9  R  COs(^0mirror')

s in ( ^ n i t r r o r ) C O s(^^ iirro r )

where Ômirror =  2^laser', 9 Is the distance between the axis of the laser and the center 

line of the  rotating mirror; and /  is the focal length. The second transformation from

Xplane ~  Vpiane to X  — Y  — Z  Can be found to be

s
x{x  frame, y frame, ^ laser) — (1 . ---  )Xp{ane (4.12)

y/^hane +  P
5

y{x fram e ,V fram e ,^ la ser)  — (1 ! ~ " «  )Vplane  (4.13)
y/Pplane  +  P
g

frame, ^ laser) — j  - ' f  (4.14)
' ^ P p l a n e ^ P

From Eqs. (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 Sm artEye sensor the device frame is defined by the image position x fram e  

and y fram e  of a data  point stroked by the laser, and the scanning angle Oiaser-  Of these
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Im age p lane  
Im age fram e  

Im age c en te r

P ro jected  la ser  
beam

Im age point-
(^irame  > Y F r a m e }

R eflected  la ser  
beam

S u rface  poin t 
(X.Y.Z) 

Z
Figure 4.5: The device frame of the triangulatioa baaed range finder (SmaxtEye)

three frame variables, y frame and 0/ajer are view independent. They change regularly 

from y/rameo to yframcn Is the Vertical size of the CCD array) and from Oiaaero to 

l̂ascTrn is the angular scanning resolution) in each range image. The values of 

the variable xframe 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 /  : 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 — > V  needs to be applied for finding xframe values corresponding to 

all scanning angles 6iaaer zmd CCD array rows y frame 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 xframe 

y frame  and Oiaser 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 F-axis, has the angle Oiaser about the X  — 0 — Y  plane, and is 

described by the plane equation

tan(^Wer)z — z + tasi{0 laser) Bb =  0 (4.15)

where Bb = 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 axe not depicted in the figure). In principle, the intersection line has 

its image pixels in different rows of the CCD array. If the CCD caxnera 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 th a t are on the X —O—Y  plane and that 

are parallel to X-axis. Each row has a  Y  value yrow =  [Vcenter — yframe)<^spectjratiOy. 

This plane family is expressed as

f y  +  VrowZ -  yrowf =  0 (4.16)

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, axid have their images in the row yjrame 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 x frame  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 Xpiane  of the image pixel can be calculated, and furthermore, x frame  can 

be obtained using Eq. (4.8).

When y frame  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 amd the cross-section plane are obtained. As 

well, when Ouaer  varies, a  set of the intersections between the cross-section pleine and 

the laser planes determined by Oiaaer are obtained. Therefore, the range image of a 

cross-section plane is determined by obtaining x fram e  for the points of this plane with

varying duaer  and yf rame-

4.3.3  T h e O ther A ssoc ia ted  Issues

The labelling image space for the SmaxtEye range finder, based on the expression 

(3.2), is specifically defined by

^  ~  { y / r o m e o  i '  ' ' i Uframen  }  ^  {^laaero  i  '  '  '  ;  ^laaevm }
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The comparison rules given by expressions (3.3) and (3.4) are accordingly found as

^o b j  —  {{y /ram cai^ laseri,)  1 { V f  ramca t ^laseri,)  €  0,,

^ f r a m c p i n i . y f r a m c a ' ) ^ l a s e r f r a me ^ j i y f r a m e a t  l̂aseri,)'i

L d h e l i j j  framCai^ laser 1,  ̂ — 1}

^p/n — {{yframe^i&laser^ | {yframe^t^laser^ G fîj

^framcpiniyframeci^laser^) ^  frame^j^yframcc-.^laser

Label(^y fram eci ^laser^) — 0} 

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

Image plane-
Laser plane

Focus p o in t— /

Range sensing field

Figure 4.6: Range sensing volume of the SmaxtEye 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 sca n n ing  

angle, and the ending angle, as shown in Figure 4.6. The estim ation of the maximum 

involved cross-section planes can be found for each range image, by transforming the 

eight comer points of the truncated prism to the global Cartesian frame.
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4.4  T he D ev ice  Frame o f th e  H yscan  Scanner

To enhaace the capability of the developed vision data based geometric modeling 

system by diversifying the compatibility with multiple devices, the HYSCAN(^) laser 

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., x and z (or u and v as 

defined by the scanner).

4.4 .1  T h e D ev ic e  Fram e o f th e  H Y S C A N  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 9 which is equally changed. 

Although an analytical relationship between {p,0) and (x,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  : V  — *■ C used for this research is implemented by the lookup 

table. The Cairtesian coordinates of a scanned point can be obtained from p and 9 

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 9. 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 

angulaj 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 ) ^  (0 ,p )

in t e r s e c t io n  l in e

s c a n n in g  l in e  
- s c a n n e d  h o r iz o n ta l  l in e
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

(4.17)

and

C h X  +  C h Z  +  d h  =  0 (4.18)

where as, ds, ah, Ch, and dh 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 

y =  yo the scanned line in the cross-section plane is

ax + cz + (byo -f d) =  0 (4.19)

s c a n n e r

A x + B y + C z + D = 0

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. 

W ith each 6 the associated p value can be found from the lookup table. From Figure 

4.7 the intersection point m ust 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 axe 

expressed as Pobj{Q,y) and Ppin{^,y)- The cross-section contour solution in the device 

frame can then be found by comparing these two range images pixel by pixel.
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When this sccinner is used with a linear moving device, its sensing field is also a 

prism th a t is simpler to the prism shown in Figure 4.6. This prism is truncated by 

maximum and m inim um  sensing depth planes which are perpendicular to the principal 

axis of the device. Therefore, it is easy to find the maocimum involved cross-section 

planes.

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

the sensors m entioned above is presented with test results.

4.5 S im ulation  o f th e  E R IM  Sensor and th e  

T estin g  R esu lts

In order to provide a flexible testbed for the development of the vision data  based 

system, a sim ulation system for the ERIM range-finding device has been developed. 

The purposes of this work axe: 1) to provide the research with simulated object 

images of various shapes viewed from various positions and orientations for testing 

the system; 2) to  elim inate the affect of image noise for facilitating research; and 3) 

to elim inate 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  S o lid  M od elin g  for G en eratin g  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



C H APTE R 4. IM PLEM ENTATIO N OF ASSOCIATED DEVICE FRAM ES  106

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 2 |D  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.

R -b u ffer im age
o u tp u t

view
se le c tio n

data
con vertion

p rim itive
g en era tio n

o th er
CAD/CAM
sy ste m s

w inged—edge  
b a sed  CSG 
database

Figure 4.9: Functional modules of the simulation system

Combinations of solid objects are conducted using O R  Boolean operators. The 

operands of this Boolean operator can be two primitive solids and/or combined solids. 

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

4 .5 .2  A p p lication  o f  th e  W inged-E dge D ata  S tructure

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 ajid local 

topological relations of objects.

ed ge—loop d irection  for 
le f t  side surface

edge—loop d irection  for  
righ t side surface

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 axe the most im portant 

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 po 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.
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4.5.3 S yn th esiz in g  P seudo R ange Im ages U sin g  R -B uffer

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 nam ed 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 m irror angle (row). Therefore, 

each element of the m atrix  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 elem ent of the m atrix contains 

the range value, r, for the nearest surface point along the beam direction. The R- 

buffer m atrix represents the device frame for the ERIM range finder, and makes the 

mapping function discussed in the previous chapter applicable.

4.5 .4  T esting R esu lts  w ith  th e  S im u lated  D ata

V iew in g  d ir e c t io n

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

Tests were conducted for the software system which sim ulates the working principle 

of the image radax based ERIM  range finder. Figure 4.11 shows the sim ulated surface 

and the scanned points. The scanned points axe 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 jum p of coordinate values of the scanned points, and provide 

invalid data  for computing the contour model. The jum p is very significant in vertical
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Figure 4.12: The cross-section, contour model from the above range image

direction, bu t not in the other two directions. In some coordinate directions this jump 

is similar to coordinate jum ps 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 jum ps 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 Im plem entation  o f th e  Sm artE ye Scanner 

and th e E xperim ental R esu lts

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 P rototyp in g  th e  S m artE ye R ange Finder

The hardware of the sensor system includes; an AEROTECH 0EM 5R  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 jratiox^ 

aspect jratioy and focal length / ,  were estim ated.

Based on Eq. (4.12), (4.13) and (4.14) the coordinate value x frame and y frame to 

locate the laser spots in xframe — Vframe (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. W hen a scene is exposed in illum ination such as indoor lights, the extraction 

of the laser spots becomes difificult since the image intensity difference between the 

laser and the background is reduced.

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

horizontal aods 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 A, 

the pattern  at x/rameo can be approximately formulated by

i n t e n s i t y i a a c T  —  '

i n t c n s i t y o  - j -  ^  ( ^ J y r o m e  ^ / r a m e o )  A h  g  ^  ^  frame ^  f  rameo  —  ^
i n t c n s i t y Q  frame  ® / r a m e o )  A h  0  ^  ^ fr a m e  ^ fram eo  —  "2

(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 ID filter was developed. In this local window the ID 

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 peedc:

The local window moves from the left-hand side to the right-hand side of each 

row in the intensity image. W hen 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 sum m ation 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 w ith 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  E xperim ental R esu lts
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Figure 4.14: Scanned points by the SmartEye range finder

W ith 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 sca n n in g  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 m outh and on a side of the nose. 

However, in the device frame described by the  variable y frame and 6iaaer of the range 

finder, only xframe 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 T he Hyscan(^) D evice Frame Lookup-Tab le 

and th e  E xperim ental R esu lts

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  T he Scanning S ystem

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 term s of its scanning plane the scanner can 

be mounted in either the x — z or y  — z  coordinate plane with a tilt angle about the 

y  or X axis.

— 9-

sc a n n e r

CMM m a c h in e
Figure 4.16: The measuring system with the Hyscan scanner and a  CMM machine

The sensing depth of the scanner is approximately about 90 mm and a  minimum 

measuring range of 110 mm. W ith 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
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are obtained from the alignment (calibration) operation.

The alignment includes scanning the table surface of the CMM machine to 

determ ine the tilt angle of the scanner and scanning a sphere to locate the scanner 

with respect to the global frame. W ithout 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  G enerating  th e Lookup T ables

In the device frame of the Hyscan scanner, the device frame variables include p 

and 9. In the local Cartesian frame, the fram e variables are represented by u and 

V.  The mapping function /  is already implemented in the lookup table by the 

vendor. Another lookup table for the inverse mapping function F  m ust be derived 

for generating image data for cross-section planes. In principle, this second table 

using (u,u) to search for {p,9) can be derived from the first one using (p, 9) to search 

for (it,u). However, since the Hyscan scanner is a commercial product, the existing 

lookup table used by the sensor is not accessible to users. Therefore, a  m ethod 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: 

A c q u ir in g  D a ta ;

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, 9, 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 

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

with a high density of horizontal lines.

xio*

2.8

p 2.6

2.4

1000 3000 70002000 5000 60004000

theta

Figure 4.17: The acquired pf6  data  for digitizing the sensing field

From each scanned point the value of u and v and the value of p and 6 can be 

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

G enerating the Table for the M apping 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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-1
xIO

Figure 4.18: The acquired u /v  d a ta  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, Q 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 u and v values associated with these two rows.

Generating the Table for the Inverse M apping 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. W ith 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, 6 and c. Since there are n scanned lines, there are n — 1 such equations. 

These a ’s, 6’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, 6 and c.

4.7.3 T h e  E xp erim en ta l R esu lts

Figure 4.19 and 4.20 dem onstrate the scanned points and the contour model obtained 

in the device frame.

\ \ \

Figure 4.19: Scanned points by the Hyscan range finder



CH APTER 4. IM PLEM ENTATIO N OF ASSOCIATED D EVICE FRAM ES  122

Figure 4.20. The cross-section, contour model from the Hyscan range image
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C hapter 5 

G lobal M odel G eneration  w ith  

M u ltip le-V iew  Fusion

5.1 O verview

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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j
current partial model curve is connected with the global model curve, integrating 

the common parts. This is done in two steps, i.e.. I) 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 axe given in Section 5.6.

5.2 G eneration o f th e  Global M odel

The global geometric model represented by a series of cross-section contours is 

generated by integrating all paxtial models together. When a new range image 

covering a regional area of the surface of a scene is taJcen, the paxtial model is 

generated in the device frame. This paxtial model is transformed to the globaJ 

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 axe acquired the more complete the model of the 

scene th a t 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 surfaee, 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  P rin cip le  o f  th e  M od el In tegration

The cross-section baaed models (rpmodei) described in the global Cartesian frame 

represent the intersection of cross-section planes and surfaces of objects. The 

generation of a global model "^modei is based on the integration of individual 

partial models. The integration operation can be expressed by the boolean union 

com putation

'^modeln ~  ^mode/„_i [J  V’morfe/n ^ ~  f ; 2, ... (5.1)

where, is the updated object surface model, i.e., the present global model;

is the previous global object surface model generated before the range 

image is taken; and tpmodein is the partial surface model generated from the range 

image. Initially, when n =  1, no previous global model exists, i.e., '^moddo =  0-

W hen a current range image and a  previous one cover conunon 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

'^modeln^l ‘̂modeln ^  ® (5 2)

In extrem e 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., V’morfe/nj

'^modeln-i V’mode/n ~  (5.3)

or vice versa

^mot£e/„_i Ç\'^modeln ~  ‘̂modeln (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, i/jmodeU 

may be perfectly adjacent with • In these cases, the following expression will

be true

'^ m o d e ln - i  Ç \'4^m odeln ~  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 '‘Smodei =  {{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 

m ultiple places, e.g., Areai and Area2 as shown in Figure 5.1. This situation is 

caused by range data jum ps 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  P rocedure o f  th e  M od el G rowth

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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area 1 covered  by im age 1

area 2 covered  by im age 2

view d irection s  
for two im ages

c r o s s - s e c t io n  p lan e  
w ith  o r ien ta tio n  2

c r o s s - s e c t io n  p lan e  
w ith o r ien ta tio n  1

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.

S tep  0 — The pajtiai 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 estim ated and later verified during the partial 

modeling. The details for this step have been discussed in Chapters 3 and 

4.

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

Case 1: 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 wiU help search for planes in 

the database to check overlaps with the new-coming paxtial 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 estim ate 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 axe 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.

S te p  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 E stim ation  o f Curve Overlap R egion

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 computationaJly 

intensive. Note th a t 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 lim it 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 

th a t may have an overlap with the global model curve sections.

The approach used by the developed modeling system for estim ating 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 estim ation is 

required.
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5.3.1 M axim u m  E nvelope B ased  D etec tio n

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 Xmac, Xmin, Vmax and Vmin tha t are 

majcimum/minimum coordinates of a curve section (for a curve section majcimum 

enclosure envelope) or of all curve sections in a  plane (for a cross-section plane 

maximum enclosure envelope) with respect to the 2D Caxtesiau 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, th e  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 estim ate the potential overlaps. Let Hg  ̂ and Hp- 

represent the plane envelope, and hg, and Ap, represent the curve envelope with g and 

p denoting the global and partial model, respectively. Assume the planes involved 

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

for i =  planem  to plancn

if no-plane^envelope-intersection-between-two-planes^exists then 

sim ply integrate all partial model curves into the global model] 

else

for t = th e A “̂ -partiaLmodeLcurve-section to theJast-one
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envelope h  for a 
curve section

envelope H for a ll curve 
sections in  a p lane

Figure 5.2: A maximum-enclosure envelope.
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for s =  the.V^-globaLmodeLcurvesection to theJast-one 

if curve-envelope-intersection^exists then

verify and merge the overlap (see Section 5.5); 

update the envelope fo r this curve section', 

remove the tag fo r  the s^^ global curve section 

from database (see details below); 

end forJoop (with s)', 

integrate the partial model curve section 

into the global model, 

end forJoop (with tf, 

update the envelope fo r  this plane', 

end fo r  Joop (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 

th e  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  P oten tia l O verlap R eg ion

A fter th e  overlap estim ation algorithm  identifies the  intersection of two envelopes

for th e  partia l 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 

paxtiaJ model curve section and the global model curve section respectively, can be 

found. These lines axe the estimation result for the potential curve overlap. This 

rectangulax 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 hi and ^2 - The intersection is only a necessary condition for 

the existence of curve overlaps, but not sufficient. The intersections between the 

maximum enclosure envelope hi 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).

W hen 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 m ethod 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. W ith 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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(a) Pattern 1

(b) Pattern 2

(c) Pattern 3

Figure 5.3: The in tersection patterns of m axim um -enclosure envelopes.



CHAPTER 5. GLOBAL MODEL GENERATION WITH MULTIPLE- V IE W  FUSION  135

(a) Case 1

(b) Case 2

(c) Case 3

Figure 5.4: T he worst cases in curve overlap estim ation.
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n

c u r v e  d ir e c t io n  
c u r v e  1 c u r v e  2

' - c r o s s —s e c t io n  p la n e

Figure 5.5: Use the curve direction to find the detection fault caused by close surfaces

5.4 C lassification  o f Overlap P attern s

The global model ajid 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 axe 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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R u le  1 — No fork “Y” exists in any cross-section curve. Since any object hcis 

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.

R u le  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.

R u le  3 — At most, two overlaps exist in two places along two involved curves, if 

these two curves form a ring. Otherwise, Rule I will be violated. This rule 

can be considered as identical to Rule 2, if breaking the ring into two sections 

anywhere along the curve.

u rve 1

c u r v e  2

Figure 5.6: The primary overlapping pattern

Baaed on Rule 2 and Rule 3, a  prim ary 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 im portant, a  curve will no longer be marked aa 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 

term inating end, an empty curve-part at the beginning end, and an em pty part at 

the term inating 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/term inating 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 term inating end.

b /B  : an enclosed curve-part.

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

c /C  : an empty curve-part at the term inating end.

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

a b c / A B C

â b c / Â B C

a b c / A B C

â b c / Â B C

^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, âbc, abc, âbc} 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) N/A (2) N /A  (1) VALID
âbc N/A  (2) N/A (2) VALID VALID
abc N/A  (1) VALID N /A  (1) VALID
âbc 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 th a t 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 term inating 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
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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 

ajid in the middle of another one. These five patterns will be used for designing the 

fusion algorithm.

(a) (b) (c)

(d) (e)

Figure 5.7: All valid overlap patterns

5.5 M erging o f O verlapped Curves

5.5.1 V erification  o f  th e  O verlapping E stim ation

W ith 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 estim ating 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 çi) of a curve is between any two adjacent points 

(pFpI) of another curve, the former curve is the distant curve and the la tter is the 

beisis curve. In the following discussion the line formed by any two adjacent points 

of a curve is called a curve-unit.

lis ta n t curve

Py ^ p r o je c t io n  of

-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 (xentf^O).

The first point of the assumed distant curve is transformed into this local reference 

system. If 0 <  x <  Xend 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 <  x <  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 estim ation with 

the new assumption. If there is still no satisfaction for the condition, the overlap 

estim ation is not true.

5.5.2  A veraging M eth od

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. W ith the identified curve-unit 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 qi of the distant curve, each distant 

curve point is transformed into the local reference frame as (x,-,y,). Their y values 

which are the distances of the points to the basis curve-unit are accumulated as 

This transformation and summation with the points of the distant curve is continued 

as long as these conditions 0 <  x,- <  Xend and |y,| <  threshold  are true.
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-d is ta n t  c u r v e  

(Xi.Yi) q g

\Knd*0)

q ^ a r e a  d e f in e d  b y  
t h e  t h r e s h o ld

-b a s is  c u r v e

Figure 5.10: Curve integration

W hen Xi > x^nd becomes true, the above computation with the current basis 

curve-unit is finished. The new point for the integrated model curve is derived as 

where n means that n points have been involved in the calculation of the 

summation. The average function 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, 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 x,- >  Xgnd becomes true, if the condition |y,| <  threshold  

is still satisfied, the algorithm turns to the next basis curve-unit pîp7, as shown in 

Figure 5.11 (a). With the new curve-unit pâpj the previous Xĝ d, point becomes the 

origin and pc becomes the new Xend-, while a  new reference frame is set up based on 

this new curve-unit. The transformation for the distant-curve point is re-calculated 

based upon the new reference.

If the X  value of the next point on the distant curve (ç4 in Figure 5.11 (a)) is
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O

O------
next basis 
cu rve-u n it

■current basis 
curve-unit

( a )

next basis 
cu rve-un it

O------

■current basis 
curve-unit

(b)
Figure 5.11; Two possibilities for the fusion w ith next curve-unit.
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not larger than the new Xend-, the procedure for the transform ation 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 The 

first distant curve point to be processed is p&. The above procedure is continued based 

on the new curve identifications assignment.

 --------
O-----------

(a)

—

O-----

> 00-

(b)
Figure 5.12: Changing curve orientation with sharp corners

In some special cases, the  condition |y,| <  threshold a n d /o r  x,- >  0 is not satisfied.

This is caused either by a  sharp corner on a  curve or by noises. W hen 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 comer detection 

can be confirmed. A ly| value decrement after the increment, however, indicates an 

existence of noises on the curve. When the angle at a comer 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 comer detection by searching for a continuous decrement for the x values.

5.6 E xam ple R esu lts

5.6.1 A n  Indoor-Scene M od el &om M u ltip le-V iew  

Sim ulated  Im ages

The simulation system for the ERIM sensor (am 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 tu m  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 th e  in tensity
image.
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m

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

Figure 5.16: A range image from
image.

a forth sensing location represented by the intensity
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Figure 5.17; T he indoor-scene cross-section model based on th e  four range images
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5.6.2 A  Face-M ask M odel from M u ltip le-V iew  H ycan  

Im ages

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 

da ta  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.



C H APTE R 5. GLOBAL MODEL GENERATION W ITH  MULTIPLE-VIEW FUSION  152

Figure 5.18: Scanned surface range image acquired from a first sensing location

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

Figure 5.21: The corresponding global model associated w ith  the  second image
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Figure 5.22: Scanned surface range image acquired from a third sensing location

Figure 5.23: The corresponding global m odel associated w ith the th ird  image
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Figure 5.24: Scanned surface range image acquired from a forth sensing location

r

' / / '  /  /
iiUlulJp

Figure 5.25: The corresponding global model associated w ith the forth image
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Figure 5.26: Scanned surface range image acquired from a fifth sensing location

Figure 5.27: The corresponding global model associated w ith the  fifth image
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Figure 5.28: Scarmed surface range image acquired from a sixth sensing location

Figure 5.29: The corresponding global m odel associated w ith the sixth image
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Figure 5.30. Scaniied surface range image acquired from a seventh sensing location

Figure 5.31: The corresponding global model associated w ith the  seventh im age
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Figure 5.32: Scanned surface range image acquired from an eighth sensing location

Figure 5.33: The corresponding global model associated with the eighth image
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C hapter 6 

C onclusions A nd Future R esearch  

Suggestions

6.1 T he R esearch O bjectives

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 Sum m ary o f th e C om pleted R esearch

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.

Developm ent o f th e  Cross-Section R epresentation

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. W ithin 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. W ithout 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 

d a ta  structure of multiple-level trees (Chapter 2).

D evelopm ent of the D evice-Fram e Based Péirtial M odeling

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 d a ta  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: estim ation 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). 

Im p le m e n ta tio n  o f th e  D ev ice-F ram es

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 Smart Eye 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).

G lo b a l M o d e l G e n e ra tio n

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 

m ultiple 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
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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 C onclusions

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 suflBcient geometric and topological information.

This research has further demonstrated that, besides the above merits, the 

interm ediate 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
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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.

D e v ice -F ra m e  B ased  P a r tia l  M o d e lin g

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. 

D ev e lo p m e n t o f M o d e lin g  A lg o rith m s

W ith 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 da ta  values 

between an acquired object image and a generated plane image, the m ethod 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 m ethod 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, ajid is able to merge data  overlaps and reduce high- 

frequency image noises.

System  Im plem entation and Testing U sing 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 radaj* 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 R esearch  Suggestions

W ith 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
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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. W ith models provided by this modeling 

system, an intelligent scheme can be applied to find the required detéiils and/or 

incompleteness for further image acquisition and refined modeling.

M odeling 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 im portant 

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  jum p, a curve smoothing method needs to be applied after merging two overlapped 

cross-section contours.

The errors associated with the partia l 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.

Sim ulation 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. Furtherm ore, when a 

simulated scene is the same aa 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 Developm ent for the M odeling 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 maJce the merged curve 

closer to this curve.
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A p p en d ix  A

C om p u tation al C om p lex ity  

A n alysis for P artia l M od el 

G eneration  w ith  E R IM  R a n g e  

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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X, y, 2, 1

Plane equation:

A x  +  B y  +  Cz +  Z) =  0

a i l O i 2 O l 3 O i 4

0 2 1 0 2 2 O 2 3 024

Û 31 032 O 3 3 034

Û 41 O 4 2 O 4 3 O 4 4

(A .l)

(A.2)

Frame transformation equations from a Spherical to a Cartesian frame: 

x(r, 9,(f>) = r cos{(f>) cos(0)

y(r, 9,(f>) = r cos{<f>) sin(0) (A.3)

z(r, <f>) = r sin(<^)

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

are on average I 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 i f ,  addition, and m ultiplication  operations in several different stages as follows.

• Transform surface points from the device frame to the device based Caxtesian 

frame using Eq. (A.3):

5m • n (multiplication)

• Transform surface points from the device based Cartesian to the modeling 

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

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)

• 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)

12/ m n (addition)

81 • m  ■ n (if)

/ • P • Cint (intersection)

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

frame are:
12/ • m • n -f- 14m • n (multiplication)

12/ • m • n -f- 9m • n (addition)

81 ■ m - n + 6m  • n (if)

/ • p • Cint (intersection)

The curve section generation in the device frame needs a number of z /, addition^ 

ajid m ultiplication  operations in several different stages.

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

involved planes:

2m • n  (if)
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• 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, 9 and (f>, yields

 ̂ acos(^) cos(5)-f-6cos(<^)sin(5)-f csin(«?i)

where a, 6, c and d are the plane equation coefficients with respect to the device 

based Cartesian frame. The costs for finding r for 6 =  1,..., m and 0 =  1,..., n 

are:
I ■ m  ■ (4n -t- 3) (multiplication)

21 • m  • n (addition)

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

frame based partial modeling. The computational costs are:

81 • m  ■ n (if)

1 p - Cint (intersection)

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

using Eqs. (A.3) and (A .l):

14/ • p (multiplication)

9/ • p (addition)

•  The total computational costs of the curve section generation in the device
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frame are:
14/ ■ p + 4:1 ■ m ■ n + 31 ■ m  (multiplication)

91 ■ p + 21 • m  ■ n (addition)

81 -m  ■ n + 2m • n (if)

Cp-Ci nt  (intersection)




