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ABSTRACT 

There is a need to develop strategies to automatically position mobile sensors to acquire data that 

contains accurate and complete information. This data is required to build models that are needed for 

navigation, manipulation, inspection, object recognition and verification. Systematic, random and 

exhaustive sensing techniques are inefficient. Automatic placement strategies can economize on the 

use of resources and maximize the quality and content of the information that is acquired. 

In this thesis methods are developed to generate the viewpoints (position and orientation) for a two 

dimensional laser range scanner and other sensors with a high angular field of view (> 1800). a low 

angular resolution, and a limited range of detection can acquire accurate and complete information. A 

candidate viewpoint must satisfy a number of detectability constraints: the target feature must be visible 

and enclosed within the sensor’s angular and range field of view. Two other constraints that affect the 

density and accuracy of the data must also be Satisfied. The methods use descriptions of the sensor, the 

feature and analytic expressions of the constraints to generate a region in artesian space that encloses 

the set of viewpoints that will satisfy each of the constraints. The intersection of the candidate 

viewpoints for all the constraints is the set of positions from where the sensor can acquire an accurate 

and complete image. 

To simplify the problem a two step process is adopted. First, a position from where the sensor can 

detect the feature (satisfying all constraints) is selected, and then the sensor is oriented so that the 

feature is in the sensor’s field of view. When a sensor is not be able to acquire accurate and complete 

information in a single image, multiple viewpoints are generated. To generate these viewpoints the 

feature is recursively subdivided until for each sub-feature there is at least one viewpoint from where 

the sensor can acquire accurate and complete information. The information contained in the images 

that are acquired from these viewpoints is sufficient to construct an accurate and complete description 

of the entre feature. 

The methods developed in this dissertation are able to generate viewpoints that are inside the cavity 

of a concave feature. The methods also apply to sensors with wide angular field of view, limited 

detection range, and low angular resolution. 
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Chapter 1 
Introduction 

‘‘ Most past and present work in machine perception has involved extensive static 

analysis of passively sampled data. However, it should be axiomatic that perception is 

not passive, but active. Perceptual activity is exploratory, probing, searching; percepts 

do not simply fall on to sensors as rain falls onto ground. We don’t just see. we look. ” 

Rwem Bujcsy[5] 

There is a need to develop strategies to automatically position a laser range scanner to acquire an 

image that contains accurate and complete information. These images are needed to build models 

which can be used for navigation [27][39][56], object recognition [22][29], and automatic inspection 

and manipulation. 

Sensing strategies which systematically, randomly or exhaustively scan an environment are 

inefficient. Systematic and random sensing strategies are not guaranteed to collect all the required 

information. Furthermore, all three sensing strategies may collect data that contains redundant, 

inaccurate or sparse information. Acquiring and processing this information consumes resources that 

may otherwise be limited or unavailable. 

Planning the placement of a sensor to obtain new information is a strategy that may economize on the 

consumption of resources. However, it is difficult to determine the viewpoints (position and 

orientations) from where the sensor can acquire. data that contains accurate and complete information. 

The quality and content of the information contained in an image is limited in part by the viewpoint, the 

characteristics of the sensor, and the geometry of the object that is being sensed. Therefore, although 

there are many possible sensor positions, only from a few locations is the sensor able to acquire accurate 

and complete information. 

Automatic sensor placement is an area of research that has produced methods to determine where to 

position a sensor to acquire accurate and complete information of a desired object [44] [15][53]. These 
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methods rely on a description of the sensor, a description of the object geometry, and measures that 

characterize the quality and completeness of the image. By generating viewpoints from where a sensor 

can acquire accurate and complete information, these methods can economize on the use of 

computational resources while ensuring that all the necessary information is acquired. 

The state of the art in sensor placement focuses on sensors with a narrow angular field of view, 

unlimited range of detection ( i n f i t e  depth of field) or high angular resolution. Moreover, sensor 

placement methods have concentrated on obtaining a complete view (information) within a single 

image [44][15][53]. The conditions that are used in these methods to classify a candidate sensor 

viewpoint are not suitable for laser range scannen and other sensors that have a wide angular field of 

view, limited range of detection or low angular resolution. Furthermore, due to technical limitations, 

these methods am. unable to a generate or evaluate a viewpoint that is inside the cavity of a con-convex 

object. 

In the following chapters methods are developed to determine the viewpoints for a laser range scanner 

to be able to acquire accurate and complete information of a given object. In circumstances when no 

single viewpoint exists from where the sensor can acquire the image, methods are developed that 

generate multiple viewpoints from where the sensor can collect images that collectively contain 

accurate and complete information of the object. 

1.1 The Problem 

The problem is to find a set of viewpoints from where a laser range sensor is to acquire images that 

collectively contain accurate, dense and complete information of a given object. It is assumed that a 

geometric description of a target object, a description of the sensor and a description of the constraints 

that characterize a complete, dense and accurate image are given. Detailed definitions of objects, their 

features, sensors and image quality and accuracy constraints are given in section 1.4. 

1.2 Approach 

A geometric approach is used to generate all viewpoints from where a sensor can acquire an accurate 

and complete description of the object. For this purpose, an object is expressed as a collection of one 
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or more features that have recognizable geometric properties. 

A viewpoint is considered a candidate viewpoint if from that location the following five conditions 

are satisfied: 

(i) The entire feature is visible. 

(ii) The feature is completely enclosed by the sensor’s angular field of view. 

(iii) The feature is within the sensor’s range of detection. 

(iv) The maximum separation between two consecutively sampled points (which controls the 

density of the image) must not exceed a given threshold. 

(v) The accuracy of the data (controlled by the angle of incidence of the beam) must be above a 

given threshold. 

These constraints evaluate the accuracy and completeness of an image. The fast three constraints, 

which form one class of constraints that refer to the visibility, angularfield of view and rangefield of 

view, classify the set of viewpoints from where the feature is visible and can be detected by the sensor. 

The last two constraints, which form a second class of constraints that refer to the maximum separarion 

between two consecutive points and angle of incidence of the beam, are intended to control the accuracy 

and density of the range image. These two classes are respectively labeled the visibility and 

detectability constraints and the image quality constraints. 

Finding the set of feasible viewpoints (position andorientation) is accomplished in two steps. First, 

positions are generated for each of which there is at least one orientation along which the sensor is be 

able to detect the entire feature. Second, the sensor is oriented so that from a selected location, the 

feature is entirely in its field of view. Separating sensor position from sensor orientation simplifies the 

solution by reducing the search space and by simplifying the constraints that characterize the set of 

feasible solutions. 

The set of positions that satisfy each constraint are generated from a description of the feature, the 

sensor and the constraints that characterize a feasible sensor position. The viewpoints are combined, 
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using set intersection, to determine those positions that satisfy all of the constraints. 

If the set of feasible viewpoints is empty, there is no single location that satisfies all of the constraints. 

Therefore, there is no single location from where the sensor can acquire accurate and complete 

information of the feature. In this case, by recursively subdividing the feature, multiple viewpoints are 

determined from which the sensor can image the feature. For each of the generated viewpoints the 

sensor can acquire a portion of the entire information; collectively, the sensor can accurately and 

completely describe the entire feature. 

1.2.1 Advantages of the approach 

A geometric approach to sensor placement has a number of advantages over numerical techniques. 

Contrary to numerical techniques that can only generate a single candidate viewpoint, a geometric 

approach is able to generate all feasible viewpoints. This is an advantage especially in situations in 

which the set of feasible solutions are grouped into disjoint collections as well as in situations where 

the set of feasible viewpoints is null (indicating that there was no solution). Unlike iterative numerical 

techniques, the geometric approach to generate the set of feasible viewpoints is procedural and 

requires a constant number of operations which only depend on the geometry of the feature. 

The viewpoints that satisfy each constraint can be presented in a visual form. This enables interactive 

trade-off analysis which can be used to best position the sensor, design the parameters of the problem 

and design the characteristics of the sensor to enable a robust and optimal solution. Moreover, a 

geometrically based trade-off analysis enables the development of heuristics for quick positioning of a 

sensor. 

Finally, since the space of feasible viewpoints is an exhaustive description of all possible solutions, 

this space can be combined with an exhaustive description of the viewpoints that satisfy any number of 

other constraints to determine the viewpoints that satisfy these other constraints from where the sensor 

can acquire accurate and complete information. For example, a feasible viewpoint is only valid if it can 

be reached by the sensor. Mobile robot path planners are able to determine the set of viewpoints that 

can be reached by a sensor. Combining the space that describes the configurations that the sensor can 

reach with the set of feasible viewpoints determines the viewpoints that can be reached from where the 

sensor can acquire accurate and complete information. 
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It should be noted that the regions produced by the geometric generation technique and algebraic 

representations of the constraints used by numerical methods are duals of one another. The boundaries 

of the regions that enclose the set of feasible solutions can be described as algebraic constraints. 

Similarly, the space of all possible solutions can be generated by spanning the environment and 

verifying if all of the constraints are satisfied. 

1.3 Examples 

Two examples are illustrated in this section. The fust example illustrates the methodology used to 

generate a viewpoint from where a sensor can scan a polygonal feature. The second example 

illustrates how multiple viewpoints are generated by subdividing the feature. The first part of this 

section defines the components in the problem. In both examples, the task is to determine the 

viewpoints from where a laser range scanner can acquire an accurate and complete description of the 

feature. A valid viewpoint is one that satisfies each of the five visibility, detectability and image 

quality constraints. 

1.3.1 The sensor 

A laser range scanner is the sensor that is used to scan the feature. A laser range scanner is a range 

sensing device often used to build depth images of an environment. It consists of a laser range sensor 

and a scanning mirror. The range sensor measures the distance to a single point by projecting a 

narrow laser beam and timing the flight of the reflection of the beam back onto the sensor. By 

orienting the beam with the scanning mirror, the sensor can scan hundreds of points in the 

environment. Since the range is sampled at regular beam orientation intervals, the image that is 

generated is a discrete representation of the environment. 

Figure 1.1-a is an illustration of the Cyclone a two dimensional laser range scanner [SO]. The sensor 

consists of a laser range sensor, a mirror and a housing. Figure 1.1-b is an illustration of the area that 

is scanned by the sensor. 

Four parameters describe the sensing characteristic of a laser range scanner: angularjWd of view-, 

rangefield of view, angulor resolution and range accuracy. The angular field of view is given by the 

beam orientation angles that are spanned by the sensor. The range field of view determines at what 
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Figure 1.1 The configuration of tllo laear range scanners. 

distance a feature can be detected by the sensor. The angular resolution is the angular distance between 

two consecutive beams. These three parameters describe what can be detected by the sensor. 

The range accuracy is a measure of the difference between each measure and the true target distance. 

The angular field of view, range field of view and angular resolution are three parameters that depend 

on the design of the sensor. The range accuracy depends on the viewing angle of the sensor. A 

schematic that describes the parameters of the sensor. is illustrated in figure Figure 1.2. 

a) The sensor b) tho charactmlstlcS ol the sensor 

Rgun 1.2 The parameter8 t h d  deaulbo m ienMT. 

1.3.2 Example 1: Finding a single viewpoint 

The task for the above sensor is to scan the “front” face of a feature. The feature is illustrated in 

Figure 1.3. The “front” of the feature is denoted by the solid line whereas the “back” is denoted by the 
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Figure 1.3 The feature. 
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One of the points is chosen as the sensor position. The sensor is then oriented so that the entire feature 

is in the field of view of the sensor. The algorithm to orient the sensor is developed in Chapter 5 Figure 

1.4 is an illustration of the set of viewpoints that satisfy each of the constraints. Figure 1.5 is an 

illustration of the orientation of the sensor. 

1, This number has been selected for this example to determine the minimum separation between two consecutively 
sampled points. At least two points are required to determine the orientation of a line segment. 
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1.3.3 Example 2: Finding multiple Viewpoints 

In this example, the same sensor is used to scan the feature shown in Figure 1.6. As illustrated by the 

sequence in Figure 1.7, there is no viewpoint that will satisfy all of the constraints for the feature. For 

this particular example, it can be seen that there is no viewpoint from where the orientation of the 

beam striking every point along the contour of the feature is rubitrarily set to be less than 590. 

Fgun 1.6 Thefenturelnsxmple2. 

The viewpoints from where the sensor can acquire sufficient information to accurately and 

completely describe the feature are generated by recursively diving the feature until there is at least one 

viewpoint from where the sensor can acquire accurate and complete information for each sub-feature. 

The feature is subdivided at a point of inflection which divides the feature into concave and convex 
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features. The viewpants from where the Sensor can acquire two lmages that contain complete and 

accurate ~nformation for the entire feature is illustrated in Figure 1.8. 

. .  . . .  
.... . . 

. .  . .  
. .  . ... . . 

within range fov 

I ... .. \ 

. . .  
\ I  wmn mgursr IM, 

set interSec(l0n 

I . . .  . . . .  .. 

is "8" ess than 5 9  

Flgun 1.7 The set intwsection of all oftha pointsthat satilly each ContMlIIM Is the wt of feasible V l e w p O i n t s .  
For this problem, the wt ia null. 



orient the senmr 

Flgure la The leablre h recurshnly subdivided unUl for each sub-feaIun them I8 st lenat one viewpoint that 
ratisfles the image constraints. For each sub-failure a viewpoint la selected and the mn6or 1s orientsd to 
enclose the sub-feature in Its fldd ot view. The number ot Imapsr is equal m the number ot sub-features. 
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1.4 Representations and Implementation 

This section defines some of the terms and representations that are used throughout the document. 

1.4.1 Feature 

In the main body of this document, methods are developed to generate the set of feasible viewpoints 

for a feature that is composed of a single non-intersecting polyline. These same methods are used in 

Chapter 7 to generate the viewpoints for a feature which is composed of multiple non-intersecting 

polylmes. The rest of this section defines a feature, a polyline and a segment. 

A feature is represented by a collection ofdisconnected and non-intersecting polylines. Each polyline 

is composed of a sequence of connected segments. The simplest feature is a single polyline which 

consists of a single segment. 

A segment consists of an ordered sequence of points defined by a curve that is geometrically (?, C' 

and Cz continuous [38]. The sign of the second derivative is the same for any point along the 

segment. Each segment can be specified by two end-points one denoted as the stua point and the other 

isfinish point. For a polyline, the segments are connected such that the finish point of one is the start 

point of the next segment. At each end-point on the polylie at most two segments are connected. By 

convention a polyline is considered open. That is. there are two end points that can be identified as the 

start and finish points of the polyline. Figure. 1.10 is an illustration of valid and invalid segments, 

polylines and features. 

Every segment and polyliie has a front side and a back side. The convention that is used in this thesis 

defines thefront side as that which js observed along the path which follows the contour of the feature 

from the start point to the finish point. The buck side of the feature is obtained by traversing the feature 

in the opposite direction. In all of the examples that are developed in this dissertation, the front side of 

a feature is illustrated by a solid black line and the back side is illustrated by a shaded line or by an arrow 

that follows the contour of the feature. 

A feature can be concave, convex or a combination of both. By definition a convex object is one in 

which for every pair of points the straight line segment that connects them is in the interior of the 

object. In general, a concuve object is one that is not convex. In this dissertation, the definition of a 
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concave feature is slightly more restrictive. A convexfeature is one for which the front side of the 

feature is convex, on the other hand. a concavefeature is one for which the back side of the feature is 

convex. Concave and convex features are illustrated in Figure 1.9. 

a) a c m v n  feature b) a convex feature 

Flgun 1.9 Concava and con= future#. 

Valid 

Invalid 

Segments Pdvlines Maw Polvlines 

ngun 1.10 ~eatum: a composition of segrnenta and polylinea. 

1.4.2 Sensor 

Algorithms are developed for senson such as laserrange scanners (described in section 1.3.1) that 

have a wide angular field of view, a l i t e d  range of detection, a low angular resolution and a scanning 

pattern similar to the one illustrated in Figure 1.2. The field of view and scanning pattern of the 
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... 

senwr is characterized by three parameters: angulnrfield of view (AFov), rangefield of view (rm,,,, 

r-), and angular resolution A% The accuracy of the sensor is characterized by the angle of 

incidence of the beam [48]. 

1.4.3 Image quality 

The image quality is characterized by two parameters, the spatial resolution which is inversely 

proportional to the distance between any two consecutively sampled points and the data accuracy. 

The density is a function of the distance between the sensor and target, and the angle of incidence of 

the beam. The closer the sensor is to the target the higher the density of pints (and the smaller the 

distance between consecutive points). Similarly, the greater the angle of incidence the greater the 

distance between consecutively sampled points. 

The accuracy of adata point is also a function of the beam orientation. The larger this angle, the lower 

the accuracy [481. 

The maximum separation between consecutively sampled points and the maximum allowable beam 

orientation are values that given as part of the problem. 

1.4.4 Feasible viewpoints 

The set of feasible viewpoints is the set of points that satisfies each constraint. The collection of 

points that satisfy each constraint form a set In this document this set is represented geometrically by 

a closed region. For implementation purposes, sets that are open are implemented as a region for 

which one of the boundaries is at “infmity”. One advantage of this representation is in its 

implementation as many set operators (such as union. intersecrion, and difference) have a counterpart 

in computational geometry. 

Five operators are used to implement the algorithms: union. intersection, difference, complement and 

body sweep. Union, intersection and diflerence are standard boolean set operations. The complemenf 

operation produces a region which is equal to the set difference between a region that encloses the set 

of all possible viewpoints and a primitive. The body sweep operation produces a region that is 

equivalent to the union of many instances of one primitive which are closely spaced together along a 
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contour of a given path. 

1.4.5 lmplementation 

The methods to synthesize the set of all possible viewpoints are implemented using a geometric 

modeling kernel [4]. This kernel provides the necessary structures to build, modify and operate on 

geometric regions. The feasible regions are formed by two primitives, a bloc9 and a circle, and five 

operators (complement, union, intersection, difference, and body sweep3). In this sense, the method 

that is used to generate the regions is analogous to the constructive solid geometry (CSG) method 

employed to build geometric solid models 1381. 

Algorithms are. developed for curved as well as polygonal features; however, for simplicity and ease 

of explanation, examples are developed on polygonal features. Most of the figures and illustrations 

that are presented this document have been generated automatically using the algorithms presented 

herein. Many of these figures, have been annotated after the fact for illustration purposes. 

1.5 Document Organhation 

The organization of the thesis is as follows. 

Chapter 2. This swtion presents an overview of the most relevant research in the topic of automatic 

sensor placement. It compares the state of the art with the methods that are developed in 

this research. 

Chapter 3. The viewpoints from where a feature is visible and detectable are developed. A feature 

is visible if there is an direct line of sight between the sensor and every point along the 

contour of the feature. A feature is detectable if it is in the sensor’s angular and range 

field of view. 

Section 3.1. The viewpoints from where a feature is visible are generated as the intersection of all of 

2. A block is the implementation of an infinite line which divides the space of all viewpoints into two sets: the set that is 
in front of the line and the set that is in back. 

3. The body sweep generates the area that is swept by a body as it travmes through a given trajectory The body sweep 
can be used to calculate the set union of many instances of a body which are located at an infinitesimal distance to 
each other along a &en trajectory. 
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the half-planes generated by the tangents for every point along the contour of the feature. 

principles of convexity and concavity are exploited to reduce the number of operations 

that are required. 

Section 3.2. Within the space in which all the points on the contour of a feature are visible, the 

projection of a feature onto the image plane is equal to the projection of a straight line 

onto the image plane. This principle is used to determine the exact positions for which a 

sensor with a given angular field of view is not able to detect an entire feature. 

Section 3.3. A feature. is in the sensor’s range field of view if every point along the contour of the 

feature is within a minimum and maximum distance of the sensor. The viewpoints from 

where the feature is in the sensor’s range field of view is generated from a description of 

the minimum and maximum range of detection of the sensor. A geometric “body sweep” 

is used to reduce the number of operations and extend the constraint to curved features. 

Chapter 4. Two attributes characterize the quality of an image: spatial resolution and data accuracy. 

A feasible viewpoint is one from where the spatial resolution and data accuracy are 

within a given threshold. ‘Ihe viewpoints from where the sensor can acquire an accurate 

and complete image a~ developed in the following two subsections. 

Section 4.1. The viewpoints from where the sensor can acquire an image whose spatial resolution is 

within acceptable boundaries is generated from a description of the sensor, the feature 

and the sensor’s angular field of view. Three cases are observed: one in which the 

spacing between consecutively sampled points is a variable which is defined as one-half 

the length of the segment along the contour of the feature, another one in which the 

spacing is given by a constant arc-length distance along the contour of the feature and a 

third in which the spacing is given by a constant chord-length distance dong the contour 

of the feature.. 

Section 4.2. The accuracy of a data point is affected by the angle of incidence of the beam. By 

controlling the angle of incidence of the beam it is possible to limit the worst case e m f  

in measurement. 
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Chapter 5 .  The methods developed in Chapters 3 and 4 are able to obtain the viewpoints from where 

there is some orientation for which the sensor will be able to detect a given feature. Any 

of these points is a valid sensa position. Once a viewpoint is selected, the sensor is 

oriented to enclow the feature in its field of view. The angle at which to orient the sensor 

is obtained from the spanning angle of the projection of the feature onto the image plane 

of the sensor. 

A single viewpoint may not be sufficient to acquire an accurate and complete 

representation of a given feature. A method is developed to generate multiple viewpoints 

from where a sensor can acquire multiple images that collectively represent the feature. 

The viewpoints are generated by recursively subdividing the feature until there is at least 

one viewpoint from where the sensor can acquire accurate and complete information of 

the entire feature. 

An example illustrates how to apply the methods developed in chapters 3 and 4 to 

determine the viewpoints from where a sensor can acquire an accurate and complete 

image of the interior of a cavity with multiple openings. 

Chapter 6. An analysis of each of the constraints generates conditions under which there is a feasible 

solution. This same analysis is used to determine that the points of inflection and the 

midpoint of a concave feature are "good" locations at which to subdivide a feature to 

generate multiple viewpoints. 

Chapter 7. A summary of the research, conclusions and future work are presented. 
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Chapter 2 
Background 

2.1 Sensor Placement 

Careful placement of a sensor and sources of illumination are essential for enabling active perception 

systems. Currently, there have been three viable approaches for generating feasible viewpoints for 

Sensor placement that have been described in the literature: discretizing the space of all candidate 

solutions[44], synthesizing the space of all feasible solutions[I51 and searching for the optimally best 

viewpoint in the space of all possible solutions[53]. 

Sakane constrains the feasible viewpoints to lie on the surface of a discretized gaussian sphere 

centered about the object. He then uses a &buffering and ray casting techniques to identify the subset 

of the points that are candidate sensor positions [a]. Each cell on the gaussian sphere is analyzed to 

determine if an image acquired at this lccation would satisfy all of the image constraints. Coherence 

and regularity propetties are used to group viewpoints together and reduce the amount of required 

computations. A technique based on the singular value decomposition is used to find the “best” sensor 

position. 

Cowan synthesizes this space from a description of the sensor, the feature and each of the 

constraints[l5]. The viewpoints that satisfy each constraint are combined (set intersection) to 

generate the space of all feasible solutions. 

The third approach is to generate the optimal viewpoint algebraically. Each constraint is expressed 

as a non-linear equation. Then, using non-linear optimization techniques, the “best” viewpoint is 

located. Tarabanis does not only h d  the ‘’best” sensorposition, he also obtains the configuration of 

the sensor that will maximize the constraint [53]. 

The approach that is adopted in this research is to synthesize the space of all valid viewpoints. This 

approach has a number of advantages over the numerical optimization technique. The causal 
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relationships between different constraints can be easily visualized and determined from a 

representation of all feasible viewpoints. This is important when making a trade-off analysis that will 

require the relaxation of one or more constraints. Furthermore, through this approach one can identify 

if there is an island of solutions or no solution at all. Optimization methods on the other hand do not 

provide any feedback of the relationships between the constraints and the parameters, they are unable 

to quickly determine if there is a solution, they require a staning point and are subject to finding local 

minima. On the other hand, analytic techniques express the sensitivity of changes in the solution to 

changes in the parameters. 

2.1.1 Angular field of view constraint 

A viewpoint is only valid if from that location the entire feature is in the angular field of view of the 

sensor. Two different approaches have been proposed to generate the set of valid viewpoints The first 

method uses the smallest circle that completely encloses the feature to generate a set of viewpoints 

from where the sensor is able to see the entire feature [15]. The second method projects the feature 

onto a vector oriented in the direction in which the sensor is pointing to determine whether or not the 

entire feature is visible 1.531. The set of viewpoints that is generated by the first approach is a 

conservative subset of the true set of feasible viewpoints. The second approach requires a procedure to 

determine the orientation at which the sensor can see the entire feature. 

Due to technical limitations, neither of these methods is able to determine viewpoints (position and 

orientation) that are inside the cavity of a non-convex feature from where the sensor can see the entire 

feature. These methods are therefore unable to determine the space of valid viewpoints for sensors 

which have an angular field of view greater than 180". 

Two methods developed in this thesis overcome this limitation. The first, which is described in 

section 3.2, generates the complete set of viewpoints from where a sensor with a wide angular field of 

view is able to see the entire feature . The second method which is described in section 5.1.1 uses the 

projection of the feature onto a unit circle to verify that the en& feature fits in the angular field of 

view of the sensor and to orient the sensor to center the feature inside its field of view. Both methods 

apply to sensors with either a narrow or a wide angular field of view. 
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2.1.2 Visibility constraints 

Visibility has received considerable attention in computer graphics [20], object recognition [29] and 

sensor placement [14][54]. Most of these methods are interested in computing the appearance of an 

object from a given location. Few of these methods address the inverse. problem, that is to determine 

the viewpoints from where. an object (or a part of the object) is visible. 

In computer graphics binary spacepartitioning trees (BSP trees) have been used to determine visible 

surfaces in graphics, to represent arbitrary polyhedra and to generate the volume. that encloses an 

occluded region [l l][u)]. A BSP tree recursively divides the space of all viewpoints into pairs of 

subspaces, each separated by a plane of arbitrary orientation and position. The plane corresponds to a 

surface of the feature.. 

In computer vision aspect graphs are used to classify the appearance of an object as a parameter of 

the surfaces that are visible [29]. An aspect graph is consincted by encoding the transitions due to 

changes in occlusions and relationships between object surfaces. Different views are grouped together 

based on these codes. 

Few methods are able to generate the viewpoints from where afeature is visible. Cowan generates the 

viewpoints from where afeature is occluded by another convex object by sweeping planes (called 

boundary supporting planes) about vertices on the feature to points and surfaces on the object. These 

planes become the boundaries of the occluded region. Tarabanis and Tsai extend this work to arbitrary 

polygons with holes [54]. 

Most of the references that are outlined above generate the viewpoints from where a feature will be 

occluded by another object but they do not generate the viewpoints from where a feature is self- 

occluded. Another method which is able to generate the viewpoints from where a feature is self- 

occluded is based on the BSP algorithm. The algorithm extends a plane at each surface and uses it to 

recursively divide the space of all possible viewpoints into regions from where each surface is visible 

or not 1201. The method requires an operation for every surface on the contour of a feature and is 

unsuitable for non-polygonal features. An alternative method presented in section 3.1 exploits 

properties of concavity and convexity of a feature to generate the space of feasible viewpoints with a 

minimum number of operations. 
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2.1.3 Range field of view 

A sensor may only be able to detect a feature if it is positioned in a region that is between a maximum 

and a minimum range of detection. This window, known as the rangefieid ofview, is determined by 

the sensing characteristics of the sensor and is device dependent. 

The range field of view of a CCD camera is determined by the depth of field. This depends on the 

distance between the sensor and the feature (focus distance), the aperture and focal length of the lens, 

and the pixel size. Because of this relationship, the viewpoints from where a feature will be in focus 

has to be determined iteratively [141[531. 

Alternately, the range field of view of a range sensor is constant. The range field of view of a laser 

range scanner is determined in part by the sensitivity of the detector to an incoming return signal and is 

adjusted during fabrication. An algorithm developed in section 3.3 sweeps a region that describes the 

range field of view along the contour of a feature to determine the viewpoints from where every point 

on the contour of a feature is in the sensor’s range field of view. 

2.1.4 Spatial resolution 

The spatial resolution can be. interpreted as either a measurement of the distance between two 

consecutively sampled points or the magnification of a feature on the image. The magnification of a 

feature is a function of the sensor’s location and optical settings; the distance betwen two 

consecutively sampled points a function of the sensor location and the angular resolution of the sensor. 

Tarabanis et. al. presenttechniques to analytically determine the complete locus of camera poses and 

optical settings that satisfy the resolution requirements of a machine vision task[52]. They measure the 

magnification by the number of pixels that are. occupied by a line segment on a camera image thereby 

interpreting resolution as the magnification of the. feature on the camera image. 

Cowan generates the viewpoints from where the distance between any two consecutive sampled 

points does not exceed a maximum allowed separation [14]. He defines the space of valid viewpoints 

by the set intersection of a circle (defined by the maximum allowed separation and the angular 

resolution of the sensor) at every point on the feature. The method is only defined for polygonal 

features and disregards the effects of corners or curvature. 
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In section 4.1 a method is developed to generate the viewpoints from where the distance between any 

two consecutive sampled points does not exceed a maximum allowed separation. The viewpoints are 

generated for an arbitrary polygonal and curved feature and for variable spatial resolution. 

2.1.5 Range accuracy 

The range accuracy quantifies the difference between the sensor range measurement and the true target 

distance. For a laser range scanner, this accuracy is proportional to the viewing angle of the sensor. 

By restricting the maximum viewing angle it is possible to restrict the magnitude of the range error. 

Resarch on sensor placement has concentrated primarily on the constraints that will determine the 

position of a camera. But range accuracy affects range scanners does not affect cameras. Therefore. 

the issue has not been dealt with in the sensor planning literature. 

In section 4.2, methods to synthesize viewpoints that conslrain the viewing angle are generated for an 

arbitrary curved feature. Methods to characterize the range accuracy of a laser range scanner have been 

developed by Kweon et al. [33] and Sedas and Gonzalez [48]. 

2.2 Sensor Orientation 

A feature cannot be detected if the sensor is not oriented towards the feature. The techniques that are 

outlined in section 2.1.1 through 2.1.5 describe the set of valid viewpoints independent of the sensor 

orientation. The following can be used to orient the sensor once a sensor position has been selected. 

Method that are used to determine the orientation at which a sensor can see an entire object are 

unable to determine the orientation of the sensor when the sensor is inside the cavity of a concave 

object. Anderson 131 proposes to enclose an object by a minimum spanning circle (or sphere). This 

circle when projected onto the unit circle, projects a minimum spanning cone that completely encloses 

the sphere. The bisector of this cone is the orientation of the feature. Cowan on the other hand 

chooses the orientation as the bisector of the angle that is subtended when the sensor is looking at the 

feature from any point on the contour of the circle. 

A method proposed in this thesis projects the feature onto a unit circle centered about the sensor 
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Each projection cuts a sector of the circle; the union of these is the minimum spanning sector for the 

object. The vector that bisects the sensor gives the orientation of the sensor. 

2.3 Dynamic Sensor Planning 

Stationary cameras may not be adequate in dynamic environments where moving objects can occlude 

the visibility of the sensors. Abraham et. al. mount a camera on a manipulator thereby giving the 

sensor mobility [l]. They calculate the position of the camera by predicting the motion of the moving 

object, expressing the motion by a swept volume. Then they use the swept bodies as occluding bodies, 

thereby reducing the dynamic sensor problem to static. If no solution is found then a temporal interval 

search is performed to find the largest time intervals which can be monitored by a single viewpoint. 

2.4 Decision Theoretic Models 

There is a cost associated with executing any sensing action (the sensor must be relocated. an image 

processed, and so forth). Decision theoretic models such as those that are investigated by Hager [23] 

and Durant-White [6] consider the cost of executing an action when searching for an optimal sensing 

strategy. 

2.5 Searching for Missing Information 

One aspect of active perception is to search for missing information. Although a perception system 

may not have sufficient information to know what it has not seen, it may have sufficient information to 

determine what information is missing and to identify areas that were occluded. inaccessible or simply 

have not yet been explored. With this information. a sensor planning system can select the viewpoint 

from where to acquire missing information. 

Kim[31] and Lee and Hann [35] identify features that will eliminate the ambiguity in an object 

recognition system and use the models of the objects to determine the viewpoint from where the sensor 

can acquire the missing information. Maver determines from a range image of an object areas that are 

occluded from the sensor [36]. With this information he determines the next illuminating and viewing 

directions for a line stripe sensor to acquire the missing information. Xie developed a scheme to plan 
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viewpoints and viewing directions for a mobile robot from a partial description of an environment 

[58][59] .  The description of the environment is built incrementally with each image. 

2.6 Reachability 

In order for a sensor to observe a feature from a chosen viewpoint, it must be able to reach that 

viewpoint from its current location. Thus, the set of valid sensor positions are those positions that are 

reachable by the sensor and from where the image that is acquired satisfies the image constraints [47]. 
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Chapter 3 
Visibility and Detectability Constraints 

In order for a sensor to detect an object, (i) the sensor must be facing the object, (ii) the sensor’s view 

must be. unobstructed, (iii) the object must be in the sensor’s angular field of view, and (iv) the object 

must be within the sensor’s operating distance range. Each constraint divides the space of all possible 

viewpoints into two main categories: those from where the sensor can see the object, and those from 

where it cannot. The methods to generate viewpoints from where a feature is visible and detectable 

are develoFd in this chapter. 

3.1 Visibility Constraint 

An object is visible if its features arc all facing the sensor. This constrains the location of the sensor 

since the sensor will only be able to see the feature from positions that are in front of every point of the 

feature. Although there are many possible sensor positions, only from a few of these is the sensor able 

to see the entire feature. For example in Figure 3.1-a, the sensor is not able to detect the entire feature 

from where it is located. The illustration in Figure 3.1-b is a map of the points from where the sensor 

can see the entire feature. 

3.1.1 Generating the valid viewpoints 

A feature is only visible from a position from where a sensor can see every point dong the contour of 

the feature. The viewpoints from where all of the points are visible are constrained by the tangents 

along the curve of the feature. 

At every point along the contour of the feature there is a l i e  that is tangent to the feature. This line 

divides the space of all possible viewpoints into two regions: the points from where the sensor can 

“see” the point and the points from where it can’t. The set intersection of the positions from where the 

sensor can see each point along the contour of the feature is the region that encloses the viewpoints 

from where the sensor can see the entire feature. Figure. 3.2-a is an illustration of the tangent line and 
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of the object 

Figure 3.1 Areas from whom the wnacf can gel an un-occluded view Df an entire ob@t 

the set of feasible viewpoints for a single point on the contour of the feature. Figure 3.2-b is an 

illustration of the viewpoints for the entire feature. The light lines represent the tangent lines at 

different points along the contour of the feature. 

If the region from where every point on the contour of the feature is visible is labeled H, then: 

H = n A i  
n 

; = I  

Ai is the region from where a point i on the contour of the feature is visible. 

13-11 

One of the drawbacks of this approach is the number of set operations that are required to determine 

the viewpoints from where a feature is visible. Fortunately, the piecewise convexity or concavity of a 

feature can be exploited to reduce the number of operations. 

3.1.2 Reducing the number of operations 

Geometrically, evaluating equation [3-11 requires a lot of resources. Foltunately there are geometric 

properties of convexity and concavity that apply to segments of a feature that can be used to reduce the 

number of operations that are required to evaluate the region from where a feature is entirely visible. 



A (pmntsbSatare 
7 in fmnt oisegment 11 maion 

(a) An imaginary line mat is wiinear with the segment divides the space of view 
points inla a set mat is 7n fmnr of the segnmnt and a set that is ’In back“. 

(b) The set of points that am in front of all three segments is the inlersecCon of 
each set of polnls matis in front dsech segment 

Flgure 32 Generaling the points that nre ‘in front” ol an object. 

For a concave feature, the points from where the entire feature is visible is enclosed by a region that 

is bounded by the contour of the feature and two tangent lines at each of the end points of the feature. 

Geometrically, this region can be expressed in terms of four regions and four operators. On the other 

hand, for a convex feature, the set of valid points is bounded by just hvo tangent lines at each of the 

end points of the feature. This region can be generated with a single intersection operator. 

A feature that has a mixture of concave and convex segments can be divided into sub-features that 

are only one or the other. The intersection of the set of viewpoints from where each of these 

viewpoints is visible is the set of viewpoints from where the entire feature is visible. 



The following sections elaborate on the methods used to generated the viewpoints for concave, 

convex and mixed features. Dividing a mixed feature into concave or convex segments is discussed in 

section 3.1.5. 

3.1.3 Concave features 

A concave feature divides the space of all sensor positions into a convex region that encloses the 

viewpoints from where every point on the feature is visible and a concave region that encloses the 

viewpoints from where at least one point on the contour is not visible. This region can be determined 

as the set intersection of the half-planes defmed by the tangent lines at every point along the contour of 

the feature. Generating the region by geometrically intersecting all of the half-planes is 

computationally expensive. Fom~nately the same region can be expressed in terms of four regions and 

four operators. 

A WnCave feature and U the 
space Of ali semsor posnims 

The set of viewpoints from where 
every point on the segment is 
visible 

Flgure 3.3 

The region H, that encloses the viewpoints from where every point along the contour of a concave 

feature is visible is given by: 

H = ( A , n A , n A , )  uV (3-21 

where A,, and A, are half-planes defined by the tangent lines at the two end points of the feature, A, is 

a half-plane obtained fmm a line connecting the two end points, and Vis the region enclosed by the 

convex hull of the feature. The pmof forequation [3-21 is given next. 
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3.1.3.1 Proving that H = ( A , n A A , n A , )  u V. 

The proof of the identity is shown by reducing equation [3-1] to equation [3-21. 

Let L be the infinite line that passes through the two end points of the feature and 1 be the segment on 

this line between the two end points. Line L divides the space of all possible viewpoints into two 

regions AL and xL. Equation [3-1] can be rewritten as: 

See Figure 3.4. 

a )  H 

The intersection of H and XL defines a region V which is a subset of H. This region is equal to the 

convex hull of the feature. V then is defined by: 
V = H n &  

As will be proved in the sequel, 

( H n A , )  = A , n A , n A ,  

Substituting [3-4] into equation [3-11 yields: 

13-41 

H = ( A , n A , n A , )  U V  t3-51 

Equation [3-51 can be implemented with three intersections and one union operations. Regions AL, A0 

and A, are each obtained by dividing the space of all possible viewpoints by a half-plane. Region Vis  
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region enclosed by the convex hull of the feature. 

Proofof ( H n A , )  = A , n A , n A A , :  

To prove the identity it is necessary and sufficier prove that every Dint in ( H n  A,) is also a 

point i n A , n A , n A ,  andthateverypointnotin ( H n A d  i s n o t h A , n A , n A , .  Provingthatapoint 

in (H n A,) is also a point in A, n A, n A, is trivial since by definition 4. A, and AL are subsets of 

(H n A,) . The difficult part of the proof is in showing that every point that is not in ( H  n A,) is also 

notin A , n A , n A , .  

Assume that w is a point that is not in (H n AL) but is in (A, n A,, n A,) . If t w is not in ( H  n A') it 

is either in (3 n.&) , (2 n A , ) ,  or (H nx,) . If it is in (en&) or (H n&) then it is in A,, and it 

cannot be in A, n A, n A, as this contradicts the statement that w is not h ( H  n A,) but it is in 

(AL  n A, n A,) 

All that remains to be disproved is that w can be h both (2 n A,) and (AL n A, n A,) . Suppose 

otherwise. This implies that 

W E  ( f i n A A , n A , n A , )  13-61 

If w E (H n A,) , then there must be at least one point i along the contour of the feature such that 

w E Ai. Adding this relation to equation 13-61 implies that: 

W E  ( i i n A L n A i n A , n A , )  r-71 

For equation [3-71 to be true, w must be in (AL n A, n A,, n A,) . In for order for zu to be in this region, 

the orientation of the vector (Ni)  that is perpendicular to the tangent line at a point i must be outside of 

the range of angles spanned by the vectors that are perpendicular to the tangent line of every other 

point on the contour of the feature (see Figure 3.9). But, a characteristic of a convex contour is that the 

angle of each vector that is perpendicular to the tangent line at every point along the contour of the 

feature lies within the angles spanned by the vectors that are perpendicular to the tangent line of the 

feature at the two end points. Therefore, (A, n A; n A, n A,) is empty h which case equation [3-6] is 

false, thereby proving that every point that is not in (H n AL) is also not in A, n A, n A,. 
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Flgun 3.5 The ncfmals of the tangent lines m t b  feature nt a polnt i and the two end points 0 and n. The 
normals are labeled No N ,  and N,. The tangent lines to. ti and t,. 

A concave feature divides the space of all sensor positions into a convex region which encloses the 

viewpoints from where the sensor is facing the feature and a concave region which encloses the 

viewpoints from where the sensor is not facing at least one of the points along the contour of the 

feature. The boundary that separates these two regions is composed of the feature and two rays which 

a e  tangent to the feature at its end poipts Every point in the region is in front of every tangent line on 

the contour of the feature. Any point that is not in this region is behind at least one of the tangent lines 

on the contour of the feature and is not a visible point. 

A concave feature and Ume 
space of all sensor positions 

The set of viewpoints mat are 
3n front" c4 every segment that 
describes the object 

Figure 3.6 

Suppose U is the set of all possible viewpoints, bounded by an arbitrarily large region, second Vis  

the region that is enclosed by the convex hull of the feature. Let AL denote the set of viewpoints that 

are facing a line 1 that connects the two end points of the feature. Let Ag and AI be the viewpoints that 

are facing each of the two lines that are tangent to the feature. These quantities are illustrated in 
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Figure 3.7. The set of valid viewpoints is thus given by: 

U n  (A,wv) n A , n A ,  [3-81 

Figurn 3.7 An illushallon of the d W e n I  regions mat decornpoaa the .et of all poasible 
vlewpoinm. 

3.1.3.2 Spiralling concave features 

The method described by equation [3-21 fails when the feature is a concave spiral. A feature is a 

concave spiral if for some point in the cavity of the feature the projection of the feature onto a unit 

circle centered about that point is the unit circle. In conbast, the projection of a concave feature that is 

not a spiral is only a sector of this circle. 

A concave spiral feature can be divided into sub-features that are not concave spiral. The 

viewpoints from where the entire feature is visible is the intersection of the viewpoints from where 
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each of the non-spiral concave sub-features is visible. 

3.1.4 Convex features 

A convex feature also divides the space of all possible sensor positions into two regions. However, 

unlike a concave feature, the region is bounded by two tangent lines at each end point of the feature 

(Figure 3.8). The region from where a convex feature is visible is given by 

U,thesetdal 
possible viewpoinh 

Flgure 3.8 The vlewpolnta that a n  faclng a wvax objacl are the IntersacUon of two raglons generated from 
two tangent linea at each o( the encpolnts. 

n 
In order to prove that (H = n A i )  = A, n A,, , it is necessary to prove that n H j  and A, n A,, are 

subsets of each other. The proof compares each tangent half-plane Ai against the region specified by 
i =  I i = l  
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equation [3-91 and shows that (A,  n A, n Ai )  = (A,  n A, ) .  The proof assums a polyline feature but 

also applies to curved features. 

For each point i along the contour of the feature there is atangent line which defines a half-plane. 

The inside of this half-plane corresponds to the convex side of the feature at point i. Let the tangent 

lines be denoted ti. and the corresponding half-planes Ai, 

The proposition then states that 

( H = n A i )  = A , A A ,  
i = l  

[3-101 

where, A. and A,,, the sets of viewpoints that are facing the two tangent lines at the end points of the 

feature. 

Let po and pn denote the endpoints of the feature. Let 4 denote the point of intersection of the tangent 

lines to and t,,. Due to the convexity of the feature, every tangent line ti (i =1 to n-1) intersects the lines 

to and t,, at two points that are within the respective segments pw and p a  (Figure 3.9). As a result the 

region A,, n 4 is a subset of Ai (i = 1 to n), and thus (A, n A, n Ai )  = (A,, n A*) . 

Flgure 5.9 The tangent h e  1, Inmrsecta the line8 tl and tn wRhin the aepenta p& and p1@ 

3.1.4.1 Excessively convex or spiralling convex features 

A sensor is unable to see an en& convex feature when the shape of this feature is such the orientation 

angles of every vector normal to the contour of the feature span an angle that exceeds 18p. A feature 

with these characteristics is called an excessively convex feature and when the spanning angle exceeds 

360°, the feature is called a spiralling convex feature. 
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A sensor is not able to simultaneously observe the front and back of a feature. In order for a sensor 

to see a point, the angle between the normal vector and a vector from the sensor to the. point must be 

less than or equal to 90'. When the angle that is spanned by the n o d  vectors is greater than 1800, 

there is at least one pair of distinct points on the contour of the feature for which the surface normals at 

these two points are facing in opposite directions. The angle between the normal vector and at least 

one of the vectors between the sensor and each of the points is greater than 900. 

(b) Two tangent lines may generate 
false candidate positions whlch 
cannot be rscognhed without 
addismal InfOrmatlOn 

(c) A third segment tan ent to the 
feature prwides SuWicient information 
to resoivn the emblgulty. 

Figure 3.10 A third segment defined ai a polnt on the contour oi a teaura can generate the 
set of candidate positions that m c e i  out any false cendMste positions that may have been 

gcnemted. 

If a feature is spiralling or excessively convex, it is possible to define a collection of pain& on the 

contour that divides the feature into sub-features that are not excessively convex. A tangent line at 

each of these points divides the space of all viewpoints into regions from where each point is visible. 
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The set intersection of these regions with the valid viewpoints of the two tangent lines (defined at the 

end points of the feature) is empty. This illustrates that there is no viewpoint from where every point 

on the feature is visible (Figure 3.10-c). 

3.1.5 Mixed concave and convex features 

The algorithms that apply to an entirely concave or entirely convex feature do not apply directly to a 

feature that is partially concave and partially convex. They do apply however to sub-features that are 

either concave or convex. The valid viewpoints for a mixed concave and convex feature is obtained 

by intersecting the viewpoints that are obtained from segments of the feature that are either concave or 

convex. See Figure 3.11. 

The points at which the feature should be divided are those points at which the curvature of the 

feature changes directions. For a polygonal feature the points of inflection 

object, the points of inflection are those where the second derivative of the contour is zero. 

vertices, for a curved 

3.1.6 Summary 

In order to detect a feature, the sensor has to be placed in a position that is facing every point of this 

feature. The set of valid viewpoints can be. obtained fromthe intersection of the viewpoints from 

where each of the points on the feature is visible. Each of these regions is identified by a line tangent 

to the feature that divides the space of all possible viewpoints into a set from where the point is visible 

and a set from where it is not. 

The number of operations required to find the set of valid viewpoints can be substantially reduced. 

When the feature is concave, the set of viewpoints is bounded by the contour of the feature and two 

lines that are tangent to the feature at the feature’s two end points. When the feature is convex. the set 

of viewpoints is the intersection of the viewpoints fmm where two tangent lines at the end points of 

the feature are visible. When the feature is part concave and part convex it can be divided into entirely 

concave or entirely convex features. 

Excessively concavdconvex and spiralling concavdwnvex features have important geometric 

characteristics. If a convex feature is excessively convex there is no viewpoint from where the sensor 

can detect the entire object. If a concave feature is excessively concave or spiralling concave, there 
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Figure 3.1 1 The viewPoinla that m n  k i n g  a mix& conewe and convex feature. 

may be valid viewpoints. To generate these viewpoints. the feature must be decomposed into sub- 

features that are not excessively concave. The set intersection of the viewpoints for each sub-feature is 

the region from where the entire feature is visible. 
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3.2 Angular Field of View Constraint 

In order to be seen, a feature must be in the sensor’s Fild of view. If the feature is not in the sensor’s 

field of view, it may be because the angular field of view is too small, because the sensor is too close 

to the feature, or because the sensor is not pointing in the right direction. In the following sections a 

method is derived to generate the locations from where an entire feature will fit in the sensor’s angular 

field of view pmvided that the sensor is pmperly oriented. A method to properly orient the sensor is 

developed in Chapter 5 .  

3.2.1 The angular visibility arcs 

Whether or not a sensor will be able to detect a complete object depends on the sensor’s position, the 

angular field of view, the features that are visible, and the geometry of the object. Because of the way 

these elements are interrelated, it is not easy to determine where to place the sensor so that it can see 

the entire object. 

Figure 3.12 illustrates a series of maps that describe the positions from where a sensor will be able to 

see an object’. Each map has been generated by spanning space of all sensor orientations and at 

discrete intervals comparing the minimum angular field of view required to detect the feature (MFov) 

against the angular field of view of the sensor. Three maps (Figure 3.12-a, b & c) have been generated 

by thresholding the MFOV against different sensor angular field of view. The map in Figure 3.12-d is a 

contour plot that displays the boundaria of regions that have a constant MFDy. 

The boundary of a region along which the MFov is constant is formed of connected arc segments 

(Figure 3.124). These arc segments, labeled wigulnr visibility arcs, enclose a collection of 

viewpoints from where the sensor will not be able to see the entire object. From any point on the 

curve, the minimum field of view required for the sensor to see the entire feature is equal to the 

angular field of view of the sensor. From any point that is enclosed by the curve, the angular field of 

view needed to see the feature exceeds the angular field of view of the sensor. 

Suppose that the feature to be detected is a single straight l i e  segment of length L and that the 

I .  The emphasis of this thesis is to determine the viewpoints from where a WM can dekct a feature, for illustration 
purposes, the entire object provided a better example w illustrate the point 
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angular field of view of the sensor is a anda < 180". The boundary of the region at which the MFOV is 

constant is a circle that is defined by a radius R and a position xnyc such that2: 

From any point on the circumference of this circle, the angular field of view required to see the line 

segment is equal to 2. From any point that is inside this circle the angular field of view required to 

see the line is greater than a while for any point that is outside this circle it is less than a. See Figure 

3.13. 

The visibility region for a feature that is composed of multiple curved and straight segments is not 

generated by an intersection or union operation of the circle over every point along the contour of the 

feature[ 151. Instead the sensor's angular field of view is a collective property of the feature and cannot 

be derived from each independent point. Thus, while the individual points of a feature may fit within 

the sensor's angular field of view, the feature as a whole may not. ?his suggests that the region that 

describes the set of feasible viewpoints is derived from the feature as a whole and not as a collection 

derived from sub-components of the feature. 

Work in the area of sensor placement has overcome this limitation by defining the set of feasible 

viewpoints as those that are outside a circle that completely encloses the feature [ 151. The dimensions 

of this circle are a function of the dimensions of the smallest circle that completely encloses the feature 

and the angular field of view of the sensor. While this approach generates a region of feasible 

viewpoint for a sensor with anarrow field of view, it is unable to produce the exact region and to 

generate even a single viewpoint that lies inside the cavity of a concave feature. 

3.2.2 The set of feasible viewpoints 

The sum of the projection of any partition of a feature onto an image plane is equal to the projection of 

the two end points of the feature. If every point on the feature is visible, the points are ordered in such 

2. Without the absolute value of R, Equation [3-1 I] would only be valid for an angular field of view that is less than 
180". With the absolute value, the equation is valid for a less than or a greater than 180". Note at a = 180",R goes 
to infinity. 

3. This is a well known propeny of a circle. 
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Statement 3-1: From any point that is inside the region from where the entire feature is visible, the 

minimum angularfield of view required to detect the entire feature is equul to the minimum 

angularfield of view that is required to see the two end points given that the sensor i s  oriented 

towards the feature. 

The importance of this observation is that for any arbitrary feature the viewpoints from where a 

sensor can enclose an entire feature within its angular field of view is equal to the set of viewpoints 

from where the sensor can enclose a line segment that connect the two end points of the feature. 

Therefore, if the feature is not a straight line, but rather a complex feature composed of curved and 

straight arc segments, the angular visibility arc is still a circle. However, the center and radius of the 

circle is defined by the chord connecting the two end points of the feature. The two end points are 

tenned the predominant features of projection and the chord between the two end points is termed the 

equivaknt feature of projectbe (Figure 3.14). 

region where 
ne- entlre feelure 
horn where IS vidble 

me segment 
behveenthehvo 
end polnts is visble emre 

Figure 3.14 Withln the reglon Vmm the enure tslture Is vl&lq the and point8 of a feature deflne the 
prodominam faaiuma of pujecth 

3.2.2.1 hoof of statement 3-1 

Let the feature be a sequence of consecutive points labeled0, I ,  ... n. Let w be a point in the space 

from where the entire contour is visible. Let Gi and Gj be two vectors connecting points i and j which 

are on the contour of the feature tow. The angle between the two vectors is given by: 

4. The magnitude of the projection is defined as the arc-length of a segment times the Eosine of an angle formed between 
the segment and the surface of projection. 



From point w, the points that are. along the contour of the feature are ordered in such a way that for 

any three ordered points i ,  j ,  and k that lie on the contour of the feature, 

[3-13] 

Equation [3-131 suggests the following recursive formula: 

initialized with i = 0 and m = 0 .  Equation [3-141 is iterated until m = n. the last end point on the 

boundary of the feature. For an ordered sequence of points equation 13-12] is always positive, 

therefore, q0, =is the smallest angular field of view needed to see the entire feature from point w. 

Therefore, the viewpoints from where a sensor can enclose an entire feature within its angular field 

of view is equal to the set of viewpoint from the sensor can see the two end points of the feature 

assuming that the sensor is facing towards the feature. 

3.22 Generating the viewpoints 

The set of positions from where the sensor can see the entire feature is given by the geometric 

c.ombination of three regions: a region V that is the half-plane that contains the set of points from 

where the line that connects the two end points of the feature is visible, a region C that is defined from 

viewpoints from where this segment is visible, and a region F that encloses the viewpoints from where 

every point on the contour of the feature is visible (Figure 3.15). How these regions are combined 

depends on whether the angular field of view of the sensor is less than, equal, or greater than the 1800. 

In the remainder of this section, each of these cases is considered separately. 

3.2.3.1 When a e 180' 

If a < 1800, the region AFoVthat defines the set of positions from where the feature can be. enclosed in 

the sensor's angular field of view is given by: 

A,,, = Fn ( V - C )  [3-151 

where F is the set of points from where every point on the contour of the feature is visible, Vis the set 
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of points that are in the half-plane that is facing the line that is connecting the two end points of the 

feature and C is the circle defined by equation 13-11] that encloses the viewpoints from where the 

angular field of view required to detect the feature exceeds the angular field of view of the sensor. The 

four regions C, V, F and AFoV are illustrated in Figure 3.15. 

AFOv = Fn ( V - C )  

Flgure 3.15 vbwpo~nta from whom the sensor u n  lee the object for a < 180’. 

In order to prove equation [3-151 it must be shown that from any point w E A,,,, the feature is 

visible and the angular field of view required to detect the entire feature is less than the angular field of 

view of the sensor. It must also be shown that from any point w e A,,, either the feature is not visible 

or the angular field of view required to sense the entire feature exceeds the angular field of view of the 

sensor. Figure. 3.15 is used to illustrate the proof. 
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First, it is shown that from any point w E A,,, the entire feature is visible and the angular field of 

view required to see the entire feature is less than or equal to the angular field of view of the sensor. 

From equation [3-151, A,,, = F n ( V  - C) , thus A,,, c F. Since F encloses the set of viewpoints 

from where the entire feature is visible, from any point w E A,,, the feature is visible. 

( F A  is the set of pints that are enclosed by the convex hull of the feature and ( F  n V) is the set 

of points that are not enclosed by the convex hull of the feature. From any point w E ( F  n V) the 

angular field of view required to see the entire feature is less than 1800. 

F n ( V -  C) can be rewritten as (F n V n c). C encloses the set of points for which the angular 

field of view required to sense the feature is greater than or equal to the angular field of view of the 

sensor. The angular field of view required to sense the feature h m  any point that is not in C is less 

than the angular field of view of the sensor. This completes the first part of the proof. 

It is now shown that from any point w e A,,,, either the feature is not visible or the angular field of 

view required to sense the feature exceeds the angular field of view of the sensor. If w E A,,,, then 

w e ( F  n V n ?) . By DeMorgan’s theorem, w E (F u vu C )  . If w E F, then the point is not visible. 

If w E ?, then either the point is ( F A  @ or in (F n @ . If w E (F n @ , the feature is not visible 

from w.  If w E (Fn @ , the viewpoint is in the convex hull of the feature. From any point in the 

convex hull of a feature, the angular field of view required to see the entire feature is greater than 1800, 

which is greater than the angular field of view of the sensor. 

Finally, from any point w E C, the minimum angular field of view needed to see the entire feature is 

greater than the angular field of view of the sensor. This completes the proof. 

3.23.2 When a = 1800 

If a = 1 80°, the region AFOV that defines the set of positions from where the feature can be enclosed in 

the sensor’s angular field of view is given by: 

AFov = F n V 13-16] 

where again F is the set of points from where every point on the contour of the feature is visible and V 

is the set of points that are in the half-plane that is facing the line that is connecting the two end points 
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of the feature. The three regions V, F and AFoVare illustrated in Figure 3.16. 

feafure 
OI 

P- 

i / /  
Fn ( Y - C )  

A,,, = F n  (V-C) 

Figure 3.16 me vkrrpointa from where me sensor can nee the objecl a = 180'. 

As before, it suffices to show that from apoint w E A,,, the feature is visible and within the angular 

field of view of the sensor and that for a point w P A,,, the feature is either not visible or the angular 

field of view required to see the feature exceeds the angular field of view of the sensor. 

From equation [3-161, A,,, = Fn V therefore any point w E A,,, is also hF, the set of viewpoints 

from where the feature is entirely visible. Since w is not in (Fn [which is the set of points that is 

enclosed by the convex hull of a concave feature], the angular field of view required to see the entire 

feature is less than 1800, the angular field of view of the sensor. The argument applies to every 
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If a point w e A,,,, then either w is not visible in which case w e  F ,  or w is in the cavity of the 

convex hull enclosing the feature (given by Fn v). In either case, w e  F n V. The argument applies 

to every w B A,,,. 

3.2.3.3 When oc > 180' 

If a > 1800, the region AFov that defines the set of positions from where the feature can be enclosed in 

the sensor's angular field of view is given by: 

A,, = F A  ( V u 0  1317) 

F is the set of points from where every point on the contour of the feature is visible, Vis the set of 

points that are in the half-plane that is facing the line that is connecting the two end points of the 

feature and C is a circle that encloses the viewpoints from where the line segment connecting the two 

end points is not visible. The four regions C, V, F and AFoV are illustrated in Figure 3.17. 

As before, in order to prove equation [3-171 it must be shown that from any point w E AFov, the 

feature is visible and the angular field of view required to detect the entire feahm is less than the 

angular fieId of view of the sensor. It must also be shown that from any point w e  A,,, either the 

feature is not visible or the angular field of view required to sense the entice feature exceeds the 

angular field of view of the sensor. 

From equation [3-171, A,,, = F A  ( V u  C). Therefore, a point w E A,, is also in F so that from 

any point w, the feature is entirely visible. 

Equation [3-171 can be rewritten as A,,, = /Fn V) u (F n v n  C )  If w E (F n v) , w is the space 

where the feature is visible and the angular field of view required for the sensor to see the feature is 

less than or equal to 180'. If w E ( F A  6 , w is in the region enclosed by the convex hull of the 

feature where the angular field of view required to see the entire feature is greater than 1800. 

If w E C, the angular field of view required to sense the en& feature is less than or equal to the 

angular field of view of the sensor. The minimum angular field of view required to sense a feature 

from any point in Cis less than the angular field of view of the sensor when the angular field of view is 
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greater than 180’. Region C is acircle defined by equation 13-1 I]: 

When a > 1800, the angle subtended from a point Y E F n on the circumference of the circle is 

that is inside the circle the angular field of view the constant equal to a. From any point v E F A  

subtended angle is less than a. Therefore, showing that A,, c F A (Vu C) . The argument applies 

to any point w E A,,,. 
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What remains to be shown is that from any point w e A,, either the feature is not visible or the 

angular field of view required to sense the entire feature exceeds the angular field of view of the 

sensor. If w E A,,, then w E (Fu ( vn  0 )  which can be rewritten as w E (Fu  ( F n  pn z)) If 
w E F, the feature is not visible. If w E F n c, the point is inside the convex hull of the feature. From 

any point in this region, the angular field of view required to see the entire feature exceeds 188.  Since 

w E F n v n c, the angular field of view required to see the entire feature is also greater than the 

angular field of view of the sensor. 

L 

Flgure 3.18 The angular vlalblllty arc of a llne segment L, duo to the seneor‘s angular Reid of vlew a (a > IW) 

3.2.4 Summary 

A valid viewpoint is the position and orientation from where the sensor will be able to enclose a target 

object within its angular field of view. Searching for a valid viewpoint is divided into searching for a 

sensor position and once this is found, computing the sensor orientation. By decoupling sensor 

position from sensor orientation, the task of finding a viewpoint is simplified. 

The positions from where there is at least one orientation in which the object is in the sensor’s angular 

field of view is bounded by an angulnr visibiZity urn. This arc is defined in terms of the sensor’s angular 

field of view and a line segment. The straight line is shown to be. an equivalentfearure ofprojection 

that is obtained from the projection of the feature onto the image plane. 

In summary, the region from where the sensor can see the entire feature assuming that the sensor is 

properly oriented is given by: 

if a < 18P (Figure 3.15) 

A F D V  = if a = 1800 (Figure 3.16) 

(Figure 3.17) 

[3-181 
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where U is the region that describes the set of all possible sensor positions, Vis the region that is in 

front of the line connecting the predominant features of projection, and C is the region enclosed by the 

angular visibility arc of the sensor. 

7he visibility arc that defines the boundary from where asensor will be able to see an entire object is 

a circle with radius Rand center (xc,yc) given by: 

[3-191 

where L is the line segment connecting the two end p i n t s  of the feature. 

The appropriate translations and rotations apply to equation [3-191 L when L is not horizontal. 

3.3 Range Field of View Constraint 

Spot laser range scanners, line stripe range sensors and other range sensing devices are tuned to detect 

objects that are within a bounded distance from the sensor. The distance at which a sensor can detect 

an object is called the sensor’sderecfion range or rangefieldofview. Only the points of an object that 

are within the detection range of the sensor can be detected. 

Figure 3.19 The field of view of a l w r  range scnnna .  r,, and r,,,,,an the boundaries of me 
dasctlon range c4 the seneor. 

3.3.1 Viewpoints in the detection range of the sensor 

The detection range of a sensor is bounded by a minimum distance and a maximum distance. It can be 

modeled by two concentric circles, A and E ,  centered about the sensor. The radius of A is the 
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maximum distance that can be detected by the sensor 

distance that can be detected by the sensor (rmtH). 

and the radius of B is the minimum 

A point p can only be detected if it is at a distance between rmh and rmax from the sensor. In other 

words, the point can only be detected if it is in the region spanned by the two concentric circles A and 

B centered at the sensor. This region D,, spanned by the two circles A, and B, is defmed by: 

D,=(A,- Ed [3-201 

where s is the location of the sensor. 

From the point of view of the feature, the viewpoints from where a sensor can see the entire object 

comprise the set of viewpoints that are adistance between rmin and rmer fromevery point on the feature. 

The region from where a single point is visible is the intersection of the same two circles (A and 5) 

centered on the point. The viewpoints from where the sensa will be able to see the entire object is the 

intersection of these regions spanned over every point on the feature. 

Figure 3.20 illustrates the viewpoints from where a sensor with a limited detection range is able to 

detect a feature. The feature is illustrated in Figure 3.20-a The detection range D = A  - B illustrated in 

Figure 3.20-b. The region of valid viewpoints, which is the intersection of the regions Dp taken at every 

point p on the contour of the feature are illustrated in Figure 3.20-12. The shape of this region depends 

on the shape of the feature and the range of detection of the sensor. 

(a1 A teature 
@GI? by 

Fqure 3.20 The vlswpolnta from where a SEIISOT wlII deted the entlre Isaturs. 
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3.3.2 Finding the viewpoints 

Suppose p Is a point on the feature, Ap is a circle of radius r,, that bounds the maximum detection 

distance and B p  is a circle of radius r,, that bounds the minimum detection distance both centered 

about p. The locus of sensor positions at which the complete feature will be within range distance of 

the sensor is given by: 

D = f l  ( A p  - $1 
P 

where p = O , l ,  ... n are all of the points on the contour of the feature. 

[3-21] 

To implement equation [3-211 requires equation [3-201 be evaluated for every point on the contour of 

the feature. This is unrealistic due to the number of computations that this would entail. Selecting few 

sample points in order to reduce the number of operations will produce false viewpoints from where the 

sensor will not be able to detect the object. 

These problems can be eliminated by rewriting equation [3-211. Equation [3-211 can be rewritten as: 

D = (-)Ai- U B .  [3-221 
i j ’  

From this equation, the valid viewpoints can be determined by generating the set intersection of all A 

regions and then subtracting from it the union of all the B regions. 

3.3.2.1 Polygonal features 

If the feature is a polygonal feature, the set intersection of all A regions is equal to the set intersection 

of the A regions taken only at the vettices of the polygon. It can be shown that the intersection of the 

A regions along a straight line segment is equal to the intersection of two A regions taken at each of the 

end points of the segment. merefore, the intersection of the A regions taken along every point on the 

contour of the feature is the intersection of the A regions taken only at the vertices that describe this 

contour. 

The set union of all the B regions taken along the contour of any two dimensional feature is equal to 

the area obtained by sweeping a circle of radius rmi, across the contour of the feature. The swept area 

is equal to the union of the B circles spanned across every point. 
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The following sequence is an illustration of the steps in generating the field of view for the polygonal 

feature shown in Figure 3.20. Each step of the algorithm is annotated by illustrations. 

Step 1. Tofind the set intersection of all of the A regions located at every venex of the feamre 

- Place a circle of radius rm ai each vertex 
- Compute the set intersection of all of the cimles 

Figure 3.21 The aecond Itsration In generating the A region by piecing 
one A regbn per veflox. 

Figure 3.22 Pladng one A region psr vertex lUn prior to applying the .et 
intarsection to ail 01 the reglone. 
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ngum 3.23 The intersection of the A rsglons. 

Step 2.  To obtain the union of all of the B regions, sweep a circle of radius r,i, region about the 
contour of the feature. 

- Place a circle of radius rmmin on a vertex 
- Sweep the circle to the next vertex on the feature 

Figure 3.24 The first two itemtlons in  thn .weeping d the B regions 

Figure 3.25 The B regions have been svnpt. This scene is just prior 
lo the merglng of all regions. 
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Flgure 3.26 The B region. atter applying the set union oparation on a11 B 
r e g h S .  

Step 3. Subtract the B region from the A region to produce the viewpoints from where the sensor can 
see the entire object. 

Figure 3.27 Tha sel ai valld vlwrpolnm, 

3.3.2,2 A curved feature 

If the feature is composed of curved segments, it is not possible to generate the intersection of all A 

regions (equation 13-22]) directly as the intersedon of the A regions is no longer the intersection of 

only a few vertex points. Linearizing the feature. in order to use this algorithm is undesirable since it 

will produce viewpoints from where the feature is not visible andeliminate valid viewpoints. 

Fortunately, it is possible to rewrite [3-221 in a form that allows the intersection of A regions to be 

substituted by a union operation. This operation can be implemented by sweeping a region (function 

of A) along every point on the contour of the feature. 

By DeMorgan's theorem ( TAz = ('-y'i)). equation [3-221 can be rewritten as: 

t3-231 D = ( U - U i i )  -WEj 
i 

where U is the set of all possible viewpoints andxi is the set of viewpoints in U that are not in region 

Ai. 
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The set of valid viewpoints from where a curved feature is visible is obtained by subtracting the areas 

described by v'i and yBj from the set of all possible viewpoints (U). 

sweeping an area (U - A) over the contour of the feature. Similarly, yBj is obtained by sweeping an 

area E over the contour of the feature. 

yJ"i is obtained by 

3.3.3 summary 

Range sensors are tuned to detect objects that are within a bounded distance from the sensor. Only 

features that are located within these boundaries can be detected. 

The viewpoints from where a single point on the feature can be detected is bounded by two concentric 

circles centered on the point. The viewpoints from where the entire object is visible is the intersection 

of the viewpoints from where each point can be detected. 

To reduce the number of computations that are required, the region can be obtained by sweeping two 

regions derived from the two concenttic circles along the contour of the object. The swept area 

contains the viewpoints that will locate the sensor in a position in which the object is within the range 

of detection of the sensor. 



Chapter 4 

Image Quality Constraints 

Data density and data accuracy are characteristics that describe the quality of an image. The density 

(or spatial resolution) of the image describes how closely spaced the sample points are from each 

other. In a dense image, the points are spaced closely together, whereas in a sparse image they are far 

apart. The accuracy is a measure of the error between the range distance returned by the sensor and 

the hue distance from the sensor to each point. 

The density and accuracy of the paints in an image depend on the characteristics of the sensor, the 

geometry of the features, and the sensor’s location and viewing angle. The density of an image, which 

is a measure of the number of target points per target surface area, decreases with the viewing angle of 

the sensor and with the distance between the sensor and the feature. The accuracy which depends on 

the magnitude of the return signal decreases with the viewing angle of the sensor. 

Valid viewpoints from where the sensor will acquire adense and accurate image can be generated 

from a geometric description of the features, a description of the sensing characteristics of the sensor, 

and a description of the limits that characterize a dense and accurate image. These limits constrain the 

spacing between consecutive target points and the viewing angle of the sensor. 

The following sections develop a method to generate viewpoints from where a sensor can obtain an 

accurate and dense image. 

4.1 Spatial Resolution Constraint 

The spatial resolution of an image is aduect function of the sensor’s angular resolution. the viewpint 

and the geometry of the object. The angular resolution of the sensor determines the angular distance 

between two consecutive sample points. The angular resolution of the sensor together with the 

distance between the sensor and the target, and the viewing angle determine the spatial resolution of 

the image. 
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The challenge is to develop a strategy to determine the viewpoints from where a sensor will acquire 

data that satisfies given spatial resolution requirements. The requirements are given either as a 

constraint on the number of points sampling every podon of the feature or as a constraint on the 

distance between any two target points. 

The density and uniformity of an image can be controlled by selecting the position and viewing 

angle of the sensor that satisfies the spatial resolution constraints. The set of valid viewpoints is 

obtained from the geometry of the object, the angular resolution of the sensor and the spatial resolution 

constraint. Figure 4.1 is an illustration of the parameters that define the problem: the angular 

resolution of the sensor AO, the distance between the sensor and a target point re and the spacing 

between two points AY. figure 4.2 is an example which illustrates a set of valid viewpoints. The valid 

viewpoints have been selected as the points from where the sensor can acquire two target points for 

every segment that defines the contour of a polygonal object. Other criteria for density could have 

been considered such as requiring the maximum distance (actual or arc length) to be constant for any 

pair of consecutively sampled points in the image. 
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Figure 4.2 Th4 viewpoinm from where a sensor with a emall angular field of v I w  can detect at least lwo points 
on every v e n t  that cornpasea the contour of the feature. 

A method to generate the viewpoints from where a sensor can acpire  an image that satisfies a set of 

spatial resolution constraints is derived. It is assumed that the angular resolution of the sensor, the 

geometry of the feature and the conditions that satisfy the spatial resolution of an image are given. 

Three not necessarily inclusive conditions that are observed in this chapter are: 

that at least two points sample every segment on the contour of a (polygonal) 
feature. 

that the spacing between any two sample points does not exceed a maximum (or 
minimum) allowable limit 

that the arc length between two sample points does not exceed a maximum (or 
minimum) allowable limit 

* 

For ease of explanation, the discussion is initially limited to polygonal features; subsequently the 

generalization to arbitrary two dimensional objects is provided. 

4.1.1 The valid viewpoints 

The viewpoints from where the sensor will acquire an image that satisfies the spatial resolution 

constraint is obtained by finding the viewpoints from where the maximum distance between every pair 

of points on the contour of the feature is less than or equal to a maritnum allowable distance, Y. Every 

pair of points on the contour of the feature defines a region of valid sensor positions. From any point 

in this region, the distance between two consecutively sampled points that fall between the original 

pair of points will be less than or equal to Y. The set intersection of all of these regions is the set of 

viewpoints from where the acquired image will satisfy the resolution constraint. The distance 

between any two consecutively sampled points contained in an image that is acquired from a valid 
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sensor position will not exceed the maximum allowable distance. 

Given any two points Pi and Pi+l,which are separated by a distance Y, and the angular resolution of a 

sensor, A@, the viewpoints from where the sensor can be oriented such that it strjkes both target points 

(with two consecutive scanning beams) is defined by a circle. Only viewpoints that are inside the 

circle are valid viewpoints'. 

From any point on the contour of this circle, the sensor can be oriented such that two consecutive 

target points coincide with Pi and Pi+l. Since the distance between Pi and Pi+I is equal to Y ,  any point 

on the contour of the circle satisfies the viewpoint constraint. A sensor that is located inside the circle 

can be oriented such that it samples two points that are between Pi and Pi+l. The distance between 

these. two points is clearly less than Y. A senwr that is located at a point outside of the circle the 

sensor will be unable to sample two points that lie between Pi and PiCI.  Therefore, viewpoints that are 

outside of the region enclosed by the circle will not satisfy the constraint. 

Figure 4.3 is an illustration of the circle that defines the set of allowable viewpoints for any pair of 

points. The set of feasible viewpoints is labeled S. The radius Rand center x, and yc of the circle are a 

function of the parameters Y ,  A@, and Pi: 

Y 
2 Sin(AB) 

R =  

and 

~ ~ 

I ,  The circle and the parameters for the circle arc developed from the definition of spatial resolution in section A.3. 

59 



me s t  of valid 

Figure 4.5 The boundary of allowsble viewpoints. 

4.1.2 Generating the set of all valid positions 

The set of allowable sensor positions is obtained by generating a set of feasible sensor positions for 

every pair of points (separated by a distance Y) that are on the contour of the feature. The intersection 

of these regions is the set of viewpoints from where the distance between any two consecutively 

sampled points in the image is less than or equal to Y. 

Suppose that Si is the set of valid viewpoints for two consecutive target points Pi and Pi+l which are 

separated by a distance Y. Then the set of possible viewpoints for the entire feature is given by: 

s = nsi  
i 

If the feature is a line segment and the length of the segment is @eater than Y,  equation 14-31 can be 

evaluated by taking the intersection of the regions at only two extreme points evaluated at points Po and 

PL-y where 0 and L-Y are values measured in the arc-length on the contour of the feature. 

If the length of the segment is less than Y then the distance between any two consecutively sampled 

points is always less than Y .  However, unless the sensor is inside a circle computed for Y = L, there is 

no guarantee that the feature will even be detected. 

Consider the example illustrated in Figure 4.4. The feature in figure Figure 4.4-a is a line of length L 

z Y. Figure 4.4-b is the two regions So and SL-y located at points So and SL-Y. Figure 4.4-c is the set of 
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viewpoints from where the distance between any two consecutively sampled points is less than or equal 

to Y .  

line , 
\ 

a) A line segment b) the set of valid viewpoints S ai hvo end pclnts 

/.<,. ...................!.I j 
I_ 

L 
c) the intamlion ol Um valid viewpoints for !ha ensre feamre 

Figure 4.4 A sequence to genarate theviewpoints for a slngb llne segrnnt The reglon of vhrvpolnta Is the 
Inwr8ectlon of the spalal r d u t l o n  ccnsuaint et awry polnt on the hnure. Since the feature is a straight 

h e ,  the reglon la the intersdon of two m g h s  waluatad at pinta Po and P L . ~ ,  

4.1.2.1 Example: Generating viewpoints that enable two bits per segment 

Acquiring two points per segment is important as that is the minimum number of samples that are 

required to reconstruct the lines of a polygonal feature. The algorithm described by equation [4-31 can 

be used to generate the viewpoints from where the sensor will be able to acquire at least two points for 

every segment on the contour of a polygonal feature. 
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To guarantee that the image will contain at least two target points per segment, the value of Y must 

be at least one half of the length of each line segment. Y can be chosen to be a constant (equal to 1/2 

the length of the smallest segment) or a variable that depends on each segment. Choosing Y to be 

variable increases the space of valid positions. 

The following algorithm generates the viewpoints from where the image. is guaranteed to contain at 

least two target points per segment. The algorithm is developed assuming that Y is a variable. The 

appropriate substitution can be done if Y is a constant. 

Step 1. For each segment 

Y = u L  

Genernte a circle ut each endpoint (PO und P L - ~ )  with radius and center given by 

equations 14-11 and 14-21, 

Step 2. Evuiuute the set intersection of all of the regions (equation 14-31). The result is the set of 
viewpoinm that satisfy the constraint for every segment on the contour of the feature. 

Figure 4.5 is an illustration of various steps in the process. Figure 4.5-b is the space of candidate 

viewpoints for only two segments. Figure 4.5-c is the set intersection of these two spaces. Figure 4.5- 

d illustrates the valid viewpoints for the entire feature. The region is obtained by the set intersection of 

the candidate viewpoints for every segment on the contour of the feature. 

The size and shape of the region depends in part on the radius of each circle that constrains the set of 

feasible viewpoints. As shown by equation [4-11. the radius of this circle is inversely proportional to 

the angular resolution of the sensor. Reducing the angular field of view increases the radius of the 

circle and should increase the space of allowable sensor positions. Figure 4.6 is a comparative study 

of the set of valid sensor positions for different angular resolutions. As the angular resolution of the 

sensor decreases the space of valid sensor positions increases. 
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a) tho feature 
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b) An intermedate Step. 
the sets S, and S, for two line segments. 

c) tho intersection d meDe 
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d) the intersdon of the 
spaUal resduwn constraints 
for the entlre feature: s = n s i  

i 

Figure 4.5 Several sl8ps In the genedon of theviewpoints that satisfy the spatial nuolutlon constraint of 
a hatun. Ay la M n e d  st each f.aun. 

63 



al AI3 = lo 
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Flgure 4.6 A wmparlsnn of the vinrpolnla thal mmbb iwa hltl per teeture ganwsted for different 
valuea lor the angular rerolurion d the seneor, A& 

The size of the region that encloses the feasible viewpoints increases with the size of Y, the maximum 

allowable separation between two consecutive target points. Figure 4.7 is a comparative study of the 

size of the region to different sizes of Y .  The size of Y was controlled by setting it to be equal to L or 

equal to WZ for each segment. As expected, fromequation [4-1] the space of valid viewpoints increases 

with Y. 
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4.1.3 Viewpoints that maintain a constant distance between target points 

In many applications it is important to maintain a a certain consistency and uniformity in the 

resolution of a range image. The criteria used to define consistency may be ?hat there are at least two 

target points per segment” (section 4.12). maintain a uniform chord distance between two 

consecutively sampled target points, or maintain a constant arc length distance between consecutively 

sampled points. 

In general, criteria like this one can be used to defiie a distance between two consecutive target 

points. This distance defines the pair of points that constrain the placement of the sensor. The region 

that encloses the valid points is defmed by the position, distance and orientation of these two points. 
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In this subsection, the method discussed in section 4.1.2 is generalized for arbitraty two dimensional 

curves. The method proposes to locate a second point for every point on the contour of the feature such 

that the distance between the two points satisfies an image constraint. These two points define a region 

that encloses the set of candidate viewpoints. The intersection of the candidate viewpoints is the set of 

viewpoints that satisfy the image constraint for every pair of points on the feature (equation [4-3]). 

Whereas the conceptual ideas are simple, the implementation may be complex and require substantial 

computational Tesources. Finding a second point for every point on the contour may not be 

straightforward for complex curves and may require numerical algorithms to compute the second 

point. Second, computing the intersection of the candidate viewpoints for every point on the contour 

of the surface is computationally expensive unless, as in section 4.1.2, some regularity can be found that 

will simplify the operations. 

The purpose of this section is to describe the method to generate the set of candidate viewpoints for 

an arbitrary object. Investigation of mechanisms to reduce the number of operations is beyond the 

scope of this dissertation but may be considered for future work. 

4.1.3.1 The parametric description of a curve 

An arbitrary two dimensional curve can be defined by two paramebic functions[20] [ 191: 

x = r(s) 14-41 

where s is the arc-length of the curve (Figure 4.8). 

Two arbitrary points Fsl and Ps2 on the contour of the feature are defined by: 

PSI = ( W ) , Y ( S 1 ) )  

p,z = (x(S2),Y02)) 

The chord distance. Le. the absolute distance between the two points is given by: 

14-81 

14-71 

AP = P s Z - P s ,  



The arc-length distance is the distance between the two points following the contour of the feature. 

The arc-length distance is given by: 

If the curve is not parameterized by the arc-length but rather by an arbitrary parameter f ,  then the arc- 

length is defined by[51]: 

[4-101 

4.13.2 The two points are separated by a chord distance AP 

If the maximum allowable distance between points is the chord length, then the consecutive sampled 

point is the intersection of the c w e  with a circle of radius AP centered about the point Pi. A point Pi+l 

located at a distance AP from a point Pi will be lwated on the circumference of a circle with radius AP 
centered about point Pi .  A way to find the intersection of two curves is to express one in implicit form 

the other in parametric form. By substituting the parametric curve into the implicit curve, one solve 

for the independent variable of the paramebic curve. 

For example, the implicit equation of a curve is given by: 

14-11] 

where x(q)  and y(sil  are the cmrdiites of the point Pi. 
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Substituting equation [4-71 into [4-1 I] yields: 

Then, solve for parameter Si+ l .  

For example, consider the parametric equation of a line[42] : 

wheret isanormidizedparameter Ost<l , f=x,-x, ,andg = y2-yo andxo,yoandxZ.y2arethetwo 

end points of the segment. 

Substituting equations [4-13]and [4-141 into equation [4-121 and solving for parameters yields[9]: 
2 

f ( x i - 1 0 )  +g(y,-y,) + J I A W + g 2 )  - Lf(Y,-Yo) -g(xi-xo)l I 
I =  [4-151 (f + 2) 

Figure 4.9 is a trace of the chord connecting points Pi+l to Pi. The illustration shows the interaction 

that occurs at the comer of two segments when Pi is such that L - Pi is less than the maximum allowable 

distance, Y, where Lis the length of the segment. Figure. 4.9-a point P i  is advanced along a line 

segment. The location of point Pi+? is computed by using equation [4-151. The chord between the two 

points has been drawn to illustrate the change in position and orientation of the segment. Figure 4.9-b 

is a trace of the spatial resolution constraint about the comer. Comers are further discussed in section 

4.1.3.4. 
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a) the chords b) a irace of the spatial resalutjan m t r a i n t  

Flgure 4.9 A trace of the chord for a corner angle equal to 45' 

4.1.3.3 The two points are separated by an arc-length distance &. 

If the curve is parameterized by arc-length, then the evaluation is straight forward. The point Pi+l 

located at an arc-length distance & from a point Pi is given by the coordinates: 

[4-161 
x (s i  + A s) 

Y ( S , + A 4  

If the curve is not parameterized by arc-length, then the normalized parameter f must be solved from 

the parametric equation of the curve. 

4.1.3.4 Corners and points of high curvature 

When the point Pi reaches the end of the segment, the next point that is at a distance AP from Pi on the 

adjoining segment. The same procedures as were described above are used to fmd the point. 

Figure 4.10 through Figure 4.12 illustrate the chord as it changes in position and orientation along 

two segment. Note that if the angle between the two segments is greater than 9@, then the distance 

between two p i n t s  will be greater than or equal to AP. The problem arises when the angle between 

the two segments is less than 900. There is a large discontinuity (gap) between the end of one segment 

and the point that is sampled. 
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The region of valid points is the intersection of the spatial resolution constraint illustrated in Figure 

4.3. In previous chapters (section 3.3.2.2) it was stated that the intersection of a shape across 

consecutive points along a trajectory could be solved by sweeping the complement of the shape 

occupied by the constraint along the contour of the feature. This is true for simple geometric 

descriptions of the constraint and for a simple translational or rotational motion. 

The spatial resolution constraint follows the contour of the chords for every point on the curve. 

Around a comer, the trajectory that the spatial resolution constraint travels includes simultaneous 

translation and rotation. Further analysis is required to determine if the area swept by the constraint 

can be generalized as in the previous examples. 

X Cnph 
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Flgun 4.10 A iraw d the chord for a corner angle equal 0 W. 
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4.1.4 Limiting the density of points 

In many applications it may be desirable to limit the spatial resolution of the image by limiting the 

minimum distance between any two sampled points. The valid viewpoints are those from where the 

distance between any two sampled points is greater than the minimum allowable distance. 

Suppose that S is the region of viewpoints that satisfy the constraint that the distance between two 

consecutively sampled points (Pe and Pe+*,$ is less than or equal to Y. 3 is the region of viewpoints 

that satisfy the constraint that the distance between the two points is greater than Y. Then, the 

viewpoints from where the distance between any two sampled points is greater than Y is given by: 

s = n.lsi i [4-171 

which is equal to the complement of the union of all Si 

4.1.5 Discussion 

The space of candidate sensor positions depends on the maximum allowable distance, Y, which can be 

either a constant measure between two consecutively sampled points or a variable. As a variable, it 

may be a function of the arc-length of each segment on the contour of the feature, or of the maximum 

allowable arc-length distance between two consecutively sampled points. 

Imposing a constraint on the chord distance results in a difficult evaluation of the spatial resolution 

constraint. Although the size and shape of the constraint remains constant its placement is variable in 

a non-linear way. When the chord length is constant the arc-length is variable, particularly at the 

comers and points of high curvature. Therefore, a constant chord distance will not guarantee a uniform 

sampling. 

Uniform sampling can be obtained by maintaining the arc-length distance between any two points 

constant. However, if the arc-length is constant the chord length may be variable. This changes the 

shape of the spatial resolution constraint. 

It is unknown without further analysis whether the area that is swept by the spatial resolution 

constraint around the contour of an arbitrary feature can be parameterized. 
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4.2 Range Accuracy Constraint 

The accuracy of a range sensor is a measure of its ability to repeatedly measure the true target 

distance. It is measured by the mean and standard deviation of the error between range and true target 

distance. 

The accuracy and dynamic range of a laser range scanner is affected by the intensity of the return 

signal. When a beam strikes a target. only p& of the energy that is emitted is reflected back to the 

sensor. The intensity of the return signal is proportional to the angle of incidence of the beam[401. 

Experimental calibration studies have demonstrated that the accuracy of a laser range scanner 

decreases propoltionally with the angle of incidence of the beam [33][48]. This is illustrated in Figure 

4.13 which contains a plot of the standard deviation of the range measurement error of the Cyclone 

Range Scanner [48]. The plot was obtained by measuring the distance to a known target. The axes of 

the plot are the standard deviation of the range error (vertical axis) versus target orientation (horizontal 

axis). 

It is possible to control the accuracy of the data by restricting the viewing angle of the sensor. Since 

the range accuracy is proportional to the angle of incidence. restricting the viewing angle will restrict 

the maximum range error. This angle, labeled the marimurn dlowable angle of incidence, is selected 

from a calibrated plot of range accuracy versus target orientation (Le. Figure 4.13). 

4.2.1 Valid viewpoints 

The set of feasible sensor positions is constrained by the maximum allowable angle of incidence. A 

cone spanned along every point on the contour of the feature restricts the possible sensor locations. 

The width of the cone is equal to twice the maximum allowable incidence angle; the orientation, which 

is given by the vector that bisects the cone, is perpendicular to the tangent of the feature. The angle of 

incidence of the beam at any point inside this region is less than or equal to the minimum allowable 

incidence angle. 
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Flgure 4.13 The standard dwlatlon of tha range emx vs. target orlentnth for the Cyclone Laser Range 
Scanner [W]. 

f lgun 4.14 A sensor scannlng a targel and the d o n  of allowed sensor positions. 

The set that defmes the space of valid sensor positions is the intersection of the cone spanned at 

every point along the contour of the feature. If Ai is the region that encloses the set of valid sensor 

positions about an arbitrary point i, then 



z = n A i  ~ 9 1  

is the region that encloses the set of valid sensor positions for the entire feature. From any point in this 

region, the angle of incidence of a beam oriented to any point on the contour of the feature is less than 

or equal to the maximum allowable incidence angle. 

When the feature is composed of straight line segments, the region Z (equation [4-19]) is equal to the 

set intersection of the regions Ai evaluated at the end points of each segment. This can be proved by 

showing that this region is a member of the cones that span the contour of the feature. The orientation 

of each cone is defined so that the vector that bisects the cone is perpendicular to the tangent of the 

segment. 

The tangent of a curve is not defined at a comer where there is a C’ (fnst derivative) geometric 

discontinuity. Suppose that the beam does not strike the comer point, rather, it strikes a point that is 

infinitely close to the comer at one segment or the other. Under this assumption, the set of valid 

viewpoints at a comer point is the intersection of two cones each of which is perpendicular to one of 

the two segments connected by the comer.’ 

If the feature is a curved surface, the set of allowable sensor positions can be obtained by sweeping 

the complement of Ai along the contour of the feature. Applying De-Morgan’s theorem to equation 

[4-19] yields: 

z =  o-vai  
i 

The term u a i  
feature. 

is evaluated by geometrically sweeping the area of 2 over the contour of the 
i 

4.2.2 Generating the set of valid viewpoints 

The algorithm to generate the viewpoints for a polygonal segment is illustrated in this section 

Step 1 .  Select the maximum allowable angle of incidence,@from the calibration of range error versus 
target orientation (i.e. Figure 4.13) 

1. If the curve is discontinuous (CO geometric discontinuity), then a diffaent kind of error is observed. This ermr is 
noted as the “miredpixel effecr” [24]. 
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Step 2. For every segment j that defines the contour of the feature: 

A spanning cone of width (2 * Q) is placed at each endpoint of the segment. The cones are 
oriented such that the vector bisecting each cone is perpendicular to the segment. 

The region Zj is the set intersection of these two cones for a segment j .  

Step 3. Z, the set of valid viewpoints, is the intersection of the Z regions thut were generated for each 
segment. Thus 

z =  nz, t4-211 i 

Figure 4.15 is a graphical illustration of this algorithm. 

4.2.3 Summary 

The accuracy of the data acquired by a laser range scanner is proportional to the angle of incidence of 

the beam. The accuracy of the acquired data can be controlled by constraining the location of the 

sensor. The maximum allowable angle of incidence is selected from a calibrated plot of the range 

error versus angle of incidence. 

The maximum allowable angle of incidence defines a cone-region that restricts the placement of the 

sensor relative to every point on the contour of the feature. The angle of the cone is twice the 

maximum allowable angle of incidence. The orientation of the cone is such that the vector that bisects 

the cone is colinear with a vector that is n o d  to the contour of the feature. 

The region of possible sensor locations is the intersection of this region computed at every point. If 

the feature is a line segment, this computation can be done by finding the intersection of the cone at the 

endpoints of every segment. If the feature. is a curve, the computation can be done by sweeping a 

region given by the complement of the cone along the contour of the feature. Sweeping is only done 

through the piecewise differentiable sections of the contour of the feature. 
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Chapter 5 
Sensor Placement 

Automatic sensor placement to acquire accurate and complete information is a process that requires 

two steps. The fmt step is to select a position that satisfies all of the visibility, detectability, accuracy 

and density constraints (chapters 3 and 4). Once a position has been selected, the second step is to 

orient the sensor so that the feature is in the sensor’s angular field of view (section 5.1). 

Multiple images must be acquired when a single position is not sufficient to acquire accurate and 

complete information of an object. The viewpoints are generated by recursively dividing the feature 

iuntil for each sub-feature there is at least one viewpoint from where the sensor can acquire accurate 

and complete information. This strategy for generating multiple viewpoints is discussed in section 

5.2. 

Many applications such as modeling the interior of a building, a comdor or an engine block require 

a sensor to image the interior of a cavity. An example is developed in section 5.3 which uses the 

methods discussed so far to determine the viewpoints from where a sensor can acquire a complete and 

accurate image of a cavity with multiple openings. 

5.1 Sensor Orientation 

Once a position has been selected, the sensor is oriented so that the entire feature is contained within 

the angular field of view of the sensor. The proper sensor orientation is obtained from the projection of 

the feature onto a unit circle centered about the sensor. 

This method has a number of advantages. U n l i e  other approaches which project the feature onto a 

vector that is aligned with the orientation of the sensor, the method given in this dissertation is 

invariant to the actual orientation of the sensor [53]. Unlike other methods that enclose a feature in a 

minimum spanning circle, the method described in this document is able to determine the proper 

sensor orientation for sensor locations that are inside the cavity of a concave feature [53][13]. 
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5.1.1 The minimum spanning sector 

The minimum spunning secfor of a feature is the smallest sector (with apex at the sensor) that will 

completely enclose the feature (Figure 5.1 -b). The minimum spanning sector is obtained by projecting 

the feature onto a unit circle centered about the sensor. The projection of a feature onto the unit circle 

cuts a sector. The spanning angle of this sector is equal to the minimum angular field of view that is 

required to see the feature. If this angle is less than or equal to the angular field of view of the sensor, 

then it is possible to orient the sensor so that the entire feature is in its angular field of view. 

The nominal orientation of the sensor (so that the feature is enclosed in its field of view) is given by 

the vector that bisects the sector. At this orientation the field of view of the sensor will enclose the 

entire feature. If the spanning angle of the minimum spanning sector is less than the angular field of 

view of the sensor, the angular field of view of the sensor will enclose the object from many different 

directions. These orientations are deviations from the nominal and are limited by the difference 

between the spanning angle of the sector and the angular field of view of the sensor. 

18 

a) The dnimum spmlng 
sector of one sagment b) The minimum spanning 

SeCtM of the entire object 

Figure 5.1 The mlnlmum spanning sector ol a two dlmOnelOMl obhet 

The minimum spanning sector of a concave polygonal object is obtained by projecting every 

segment on the contour of the object onto a unit circle centered about the sensor. Each of these 
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projections cuts a sector of the circle (Figure 5.1-a). The set union of all these sectors forms the 

minimum spanning sector of the entire object (Figure 5.1-b) 

5.1.2 Generating the minimum spanning sector 

Constructing the minimum spanning sector of an object requires a facility that can merge sectors that 

overlap and keep track of those that do not. Sedas presented [491 a convenient computer 

representation to manage, manipulate. and combine a collection of two dimensional sectors without the 

need for a geomemc modeler. Each sector is recorded by its starting and ending angle on the 

perimeter of the unit circle. when a new sector is inserted in the list it is compared against all other 

sectors in the list. Any overlapping sectors are merged together. If the new sector does not overlap 

any of the sectors on the list, it is simply inserted in the right place on the list. 

If the sensor is located inside the convex hull of the feature, the spanning angle of the projection of 

the feature is greater than 1800. Otherwise, the spanning angle is less than or equal to 1800. One way 

to construct the spanning sector without checking the location of the sensor is to divide the feature into 

segments for which the sensor is outside the convex hull of each of these segments. When the feature 

is a polygon, the most straightforward approach is to project every segment on the contour of the 

feature. 

5.2 Visual Task Decomposition 

The strategy to place a sensor so that it can acquire a complete and accurate image of a particular 

feature may fail because no single viewpoint exists. In such cases it may be possible to acquire more 

than one image to fulfill the objectives. The viewpoints are chosen so that the images collectively give 

an accurate and complete description of the feature. 

The sequence of views can be determined by recursively partitioning the feature until there is at least 

one viewpoint from where each sub-feature can be sensed. The strategy used in partitioning the 

feature determines the efficiency and optimally of the solution. At the limit, this algorithm may 

produce a number of views equivalent to spanning the complete object. 

In this section, the strategy of partitioning a feature is shown to be a feasible strategy to be used 
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when a single image will not be sufficient to generate a dense, accurate and complete representation of 

the feature. 

5.2.1 An algorithm for task decomposition 

The following algorithm is used to gemrate the views that will acquire complete and accurate 

information of a complex feature. The algorithm is called recursively. A list is returned that contains 

the sets of feasible viewpoints. Each set of viewpoints corresponds to the locations from where that 

feature is visible. 

Generate Views Ifeature) 

Step I .  Generate the feasible viewpoints for the feature 

Step 2. Ifnone exist, 

a. Select a point on the contour of the feature where the feature will be 
divided 

b. divide the feafure into hyo sub-feaxures Ifa and@) 

e. return Append (Generate Mews Ifa) , Generate Mews @)) 

If them is a viewpoint 

a. mtum (set of viewpoints) 

The number of views are defined in part by step 2-b, “select a point on the contour of the feature 

where the feature will be divided’. 

5.2.2 An example for multiple viewpoints 

The following is a repeat of the example that was considered in section 1.3. 

A laser range scanner is used to scan a polygonal feature. Due to the characteristics of the sensor 

and the feature, the sensor is only able to acquire accurate and complete information if it is positioned 

at a limited number of locations. The task is to synthesize the viewpoint from where the sensor can 

acquire accurate and complete information. 
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How to synthesize viewpoints for an arbitrary feature has been discussed in sections 1.3 and chapters 

3 and 4. In this example the technique to generate multiple viewpoints by subdividing the feature is 

shown to produce a collection of viewpoints from where a sensor can acquire a collection of dense and 

accurate images that collectively contain complete information of the feature. 

Amv 

2700 

The feature used in the first example is illustrated in Figure 5.2. The characteristics of the sensor are 

illustrated in Figure 5.3. The sensor characteristics and image properties are summarized in Table 2. 

Angle of 
incidence 

minimum 
'mi" 'ma% Ae #hits1 

Segment 

1 .oo 5.00 lo 2 5 9 O  

Figure 5.2 The fealun. 

a) The 6enaor b) the ch.rncterlstlcs of tha sensor 

Flgun 5.3 The puameteri that d-ritm a 911~01. 



In the sequence in Figure 5.4, the viewpoints that satisfy each of the constraints are synthesized. The 

set intersection of these viewpoints (illustrated in Figure 5.5) is null, therefore there is no location from 

where the sensor can acquire a single image that will satisfy all of the constraints. The feature is 

recursively subdivided until there is at least one viewpoint for each sub-feature. Once the viewpoints 

have been generated, the system selects one of the feasible viewpoints for each feature. The sensor is 

placed at that location and oriented so that the entire feature is in the field of view of the sensor (Figure 

5.6) .  

5.2.3 Discussion 

In a second experiment, the feature was subdivided at points that divided the contour of the feature in 

half. The “maximum allowable distance between two consecutively sampled points” was readjusted 

at every iteration to guarantee that at least two points stuck every segment of the sub-features. This 

operation effectively increased the spatial resolution at every iteration. The experiment reached a 

point in which the spatial resolution requirement WBS the determining factor of whether or not there 

was a feasible viewpoint. 

This experiment led to the following interesting observation. Where the sensor is placed to acquire 

at least two points per segment that defines the contour of the feature is a global constraint that is not 

or should not be affected by the subdivision of a feature. Tkerefore, portions of the feature that do not 

belong to the sub-feature must be considered to calculate the viewpoints that satisfy the spatial 

resolution constraints. 

On another front, whether the algorithm can produce the minimum number of views that are required 

depends on the strategy that is used to select the point at which the fealure is divided. If the goal is to 

produce an optimal number of views, then some form of look-ahead search algorithm is required. 

Alternately. the description of the regions that satisfy each of the constraints can be used to determine 

a strategy to partition the feature. Each constraint generates a region of candidate viewpoints. By 

observing the sensitivity of the constraint it should be possible to infer the characteristics of the feature, 

that if removed would allow more candidate viewpoints that would satisfy the constraint. 
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5.2.4 Summary 

A feature subdivision algorithm is presented as a technique to generate the views that are needed to 

acquire a complete and accurate description of a feature. A feature is recursively subdivided until 

there is set of views from where every sub-feature is visible. 

Whether the algorithm produces the minimum number of views depends on the strategy that is used 

to select the point at which the feature is divided. The method employed in this research is sufficient 

but not optimal. Algorithms that generate the minimum number of views are recommended as future 

work. 

5.3 Sensor Placement Within a Cavity 

A broad class of robotic agenda is to sense the interior of objects like rooms in buildings, openings in 

buried waste tanks, mine comdors, lava tubes on planets, engine cylinders with wall openings and 

microscopic cavities in the human body. In a simplistic form, these cavities can be represented by a 

polygonal boundaq with multiple openings. Figure 5.7 typifies this class of problems. 

Figure 5.7 A cavity. 

Because opening number 2 is larger than opening number 1, it may be conceived that is the best place 

where to position the sensor. Contrary to what might be expected, the comparative study in section 

5.3.2 indicates that for certain sensor configurations entrance number 1 is the favorable location. 

53.1 Synthesizing viewpoints 

The cavity illustrated in Figure 5.7 is composed of two sub-features - the upper feature and the lower 

feature. The techniques developed in chapters 3 and 4 can be used to determine the viewpoints that 
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will satisfy the visibility, range field of view, accuracy and spatial resolution constraint for each sub- 

feature. The set intersection of these viewpoints is the set of viewpoints that satisfy these same 

constraints for both features. This is possible because the visibility, range field of view, accuracy and 

spatial resolution constraints are evaluated at single points along the contour of the feature. 

The angular field of view constraint is global. The set of positions from where a sensor can see the 

entire feature is not equal to the set of viewpoints fmm where the sensor can see only one of the 

features. Therefore, the set of feasible viewpoints cannot be generated from each independent sub- 

feature. 

A set of viewpoints from where the sensor can see the entire feature is generated at the entrance to 

every cavity. The two end points of the entrance are used to & f i e  the equivalent feature of projection 

about which the constraint is evaluated (section 3.2). For each opening there is a set of viewpoints 

from where the sensor can see the entire feature. This region is intersected with the set of viewpoints 

that satisfy the range field of view, visibility, spatial resolution and accuracy constraints to determine 

the viewpoints fmm where the sensor can see the entire feature and satisfy every one of the 

constraints. Since the sensor can be positioned at either entrance, the set of feasible viewpoints is 

given by the union of the feasible viewpoints generated for each entrance. 

The algorithm is illustrated in Figure 5.8 through Figure 5.1 1. The viewpoints that satisfy the 

constraints of range field of view, visibility, spatial resolution and accuracy are. generated for each sub- 

feature (see Figure 5.8 and Figure 5.9). These viewpoints are then combiied (set intersection) to 

determine the viewpoints that satisfy the same constraints for the entire feature Figure 5.10. 

Next, the set of feasible viewpaints from where the sensor can see the entire feature are generated for 

each opening. These viewpoints are combiied (set intersection) with the set of feasible viewpoints 

that satisfied each of the other constraints to determine the viewpoints from where the sensor can view 

the entire feature Figure 5.11 and satisfy each of the constraints. 
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5.3.2 Comparative study 

Without further analysis, one might be inclined to position the sensor near the wider opening, in the 

hope of obtaining a less obstructed view of the entire feature. However, a trade-off analysis illustrates 

that, in fact, the “best” location is near the narrower opening. 

In this section viewpoints from where a sensor can acquire an accurate and complete image of the 

interior of a cavity are generated for different sensor configurations. The parameters used in the 

experiment are sensor orientation, angular field of view and viewing angle. In Figure 5.12, the 

viewpoints are generated for a sensor with three different angular field of view. The angular resolution 

of the sensor is set to lo, the maximum allowable angle of incidence is set at 900. Several observations 

can be made. As illustrated in Figure 5.1 2 (a), (b) and (c), as the angular field of view increases so does 

the regions of valid viewpoints. When the angular field of view is small, there is a valid region near the 

narrow opening of the cavity but none near the wider opening. As the angular field of view increases, 

the valid region near the wider opening increases at a faster rate than that near the narmw opening. 

This rate of increase is due to the following reasons. The region near the wide opening that contains 

the set of valid viewpoints is larger than the region that is closest to the narrowest opening. However, 

this region is also deeper into the cavity and located further away from the opening. Consequently, 

although the set of feasible viewpoints may be larger, a wider angular field of view is also required for 

a sensor to see the entire feature from any of these feasible positions. 

a) kbOv = 200° b) = 250’ C) &v = 280’ 

Flgure 5.12 Space of lsarible aolutionr v.. angular field of view. (The angulu resolution A8 = lo, Accy = sop) 

In Figure 5.13, the viewpoints are generated for a sensor with an angular field of view of 2500 and an 

angular resolution of lo. The difference between the two examples is the maximum allowable angle of 
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incidence which is 800 for the example in Figure 5.13-a and 900 for the example in Figure 5.13-b. As 

illustrated in Figure 5.12 (a) and (b), there is no feasible viewpoint when the angle is 800. 

Figure 5.1 3-b illustrates the situation when the maximum angle of incidence is 900; there is a solution, 

which is not the case when the maximum angle of incidence is 800. When the maximum angle of 

incidence is No, the accuracy constraint is equivalent to the visibility constraint [Chapter6]. Therefore, 

when the maximum angle of incidence is 800, the set intersection between the valid viewpoints 

generated by the accuracy constraint and those generated by the rest of the constraints is null. This is 

expected since the set of feasible solutions generated by the accuracy constraint concentrate in a region 

that is along a line that is perpendicular to the chord connecting each of the two end points of the upper 

and the lower sides of the feature. For this example, the set of feasible viewpoints due to the accuracy 

constraint is somewhere in the middle of the cavity whereas the set of feasible viewpoints for all other 

constraints is near the openings. 

a) Amy = 8if' b) Accy d o o  

Figure 5.13 Space of feasbb solutions vs. accuracy. (The angular ~ o I u t i o n  AFOV I 2509 AB I 17 

Figure 5.14 is an illustration of the feasible regions generated for sensors with different angular field 

of view and angular resolution characteristics. The different results are displayed in a table. 

Horizontally, the angular resolution remains constant. Vertically, the angular field of view remains 

constant. 

As the angular field of view increases (horizontal), the space of feasible viewpoints increases. As the 
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angular resolution decreases (vertical) the space of feasible sensor positions decreases. 

aye = 0 . W  

C) Ae =P 

Figure 5.14 Space of feaalble solutions vs. angular field of v i m  end angular resolution. 

5.3.3 Discussion 

Because of the locality of certain constraints (visibility, range field of view, accuracy and spatial 

resolution) a complex problem can be solved by parts. Thus, regardless of the number of openings in 
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3 cavity, it is possible to generate the set of feasible viewpoints. 

The angular field of view constraint is global as it depends on all of the points on the contour of the 

feature. Therefore, the angular field of view constraint cannot be computed by parts. To compute the 

minimum angular field of view required to see a feature, the feature is connected by 3 virtual line 

segment. This segment is only used to determine the viewpoints from where the minimum angular field 

of view that is required to sense the feature is less than the angular field of view of the sensor. It does 

not play any other role and is not used to determine the set of viewpoints that satisfy the other four 

constraints. 



Chapter 6 
Trade-off Analysis 

The methods that have been developed in this dissertation can be used to position a mobile sensing 

platform at a location from where the sensor is able to acquire accurate and complete information. 

These methods can also be. used to design a sensor and to specify the visual task. One of the current 

limitations in this technology is the amount of computation time that may be required to determine the 

“best” sensor position and the “best” sensor design parameters. Heuristics are needed to quickly 

evaluate the alternatives. 

The shape of the region that encloses the set of feasible viewpoints depends on the characteristics of 

the sensor, the geometry of the feature and the characteristics of an acceptable image. An 

understanding of how these parameters interact may provide the insights needed for developing 

heuristics with which one can accomplish some of the following tasks. 

1. To be able to quickly evaluate whether or not there is a solution 

2. To be able to coarsely position the sensor 

3. To reduce the number of computations 

4. To increase the space of feasible solutions by changing the parameters of the sensor, the 

feature and the image quality specifications. 

The purpose of this study is to develop the basis for such heuristics through a trade-off analysis of 

the constraints. Three aspects are examined in this analysis. 

1. Dependencies between two or more constraints. Constraints that are a subset of another 

constraint can be eliminated without affecting the accuracy of the result. 

2.  Sensitivity of a constraint to the control variables and to the geometry of the feature. This 

determine how changes in the parameters of the sensor affat the shape of the region that 
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encloses the feasible solutions. 

3. Quick evaluation of a candidate solution. An approximate solution can be used to determine 

whether or not there is a solution and to identify the overall location of the solution. 

6.1 Summary of the Constraints 

In this section the algebraic equations that evaluate whether from a candidate sensor position the 

visibility, angular field of view, range field of view, spatial resolution and accuracy constraints are 

satisfied are defined. These equations set the groundwork that is needed to complete the trade-off 

analysis. The viewpoints that satisfy each constraint are members of the set of feasible sensor 

positions that are contained in the regions which are generated by the methods described in chapters 3 

and 4. 

Some of the symbols that are used in this section are: 

W a point. 

2 

wi a vector between points w and i ,  where i is a point on the contour of the feature. 

fii the vector that is normal to the contour of the feature at point i. 

Gi (sensor) 

point i 

FQun 6.1 The vsctora iti and Zi 

6.1.1 Visibility 

From a point w the entire feature is visible if the following relation holds true: 

16-11 
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for any point i along the contour of the feature (see Figure 6.2). 
i& 

Flgure 6.2 VLawpoints that satisfy tho visibllhy conatmint 

Whether or not there is at least one viewpoint that satisfies the constraint depends on the shape of the 

feature and the angle that is spanned by the orientation of each normal vector. As discussed in section 

3.1, a concave feature has at least a set of solutions which lies in the convex hull of the feature. If the 

angle spanned by the orientation of the normal vectors is less than 1800, then the set of feasible 

positions is unbounded. otherwise it is bounded (see Figure 6.3). 

Figure 6.3 The set of vkrvpointa thal we in front of mry ssgmem tha d8scrlb tho contour of a concava fualure. 

If the feature is convex, the set of feasible viewpoints is enclosed by the regions generated by two 

half-planes defmed at the end points of the feature. This region is unbounded if the angle spanned by 

the orientation of the normal vectors is less than 1800 and null otherwise. When the feature is convex, 

the solutions tend to concentrate along a line that is perpendicular to the chord connecting the two end 
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points of the segment. (see Figure 6.4) 

A mnvex feahrrs for which the 
ohentation of the normal vectors 
exceeds 1809. 

Figun 6.4 The Wt ol vlewpolnts that a n  In front ol wefy segment thai dgcrlbes the contour of a Convnx feature. 

6.1.2 Angular field of view 

A point w is feasible if from this pint, the minimum angular field of view required to see the entire 

feature is less than the angular field of view of the sensor. 

From any feasible position, the minimum field of view required to sense the entire feature (labeled 

MFov) is given by: 

where i;o and 6, are two vectors connecting the sensor to the start (0) and fmish (n) points of the 

feature and lG0l and li;,l are the magnitudes of these vectors. B is the region enclosed by the convex 

hull of the feature. 

The minimum field of view required to see the entire feature is directly proportional to the distance 

between the two end points, it is inversely proportional to the distance between w and the two end 

points. The closer the two points are to each other, the smaller theMFov that is required. Conversely, 

the closer w is to the two end p i n t s  the larger the angular field of view that is required. Another 

relationship that is not as apparent is that the MFOV decreases when the sensor is at a location that is 
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closest to the line perpendicular to the chord connecting the two end points. 

6.1.3 Range field of view 

A point w is feasible if from this point, the distance between this point and every point on the contour 

of the feature is within the range of detection of the sensor. If iti is the vector from w to a point i on 

the contour of the feature, and rmnr and r,, are the maximum and minimum distances at which the 

sensor can detect an object, the feature is within the range field of view provided 

rmim 5 I4 5 rmmox P5-31 

The set of feasible viewpoints depends on the shape of the feature and on the values of r,, and rmin. 

Decreasing rmi, and increasing r,, are two ways to increase the set of feasible viewpoints. Two other 

ways are to reshape the feature to reduce the distance between any two p i n t s  on the contour of the 

feature and to only sample a portion of the feature. 

In the following sections the effect of the range field of view constraint is analyzed by observing the 

effect of each part of the inequality independently. 

6.1.3.1 ]itJ 5 rmar 

A point w is feasible if from this point: 

1 %  5 rmm 18-41 

Equation [6-41 defmes acircle around every point i on the contour of the feature. Only points that 

lie in every one of these circles are candidate viewpoints. In other words, the set of points that satisfy 

these constraints are the positions that are contained in the intersection of these circles. 

There is a feasible viewpoint only if the distance between every pair of points on the contour of the 

feature is less than or equal to r- If the distance between any two pints is greater than 2* r,,, then 

the two circles will not intersect and there is no sensor position. (see Figure 6.5) 

Whether or not there is a solution depends on T- and on the maximum distance between every pair 

of points along the contour of the feature. Figure 6.5 is an illustration of the set of feasible regions 

generated for different configurations of r- The distance between the two end points is equal to d. 
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For a feature composed of a single straight line, there is a feasible viewpoint if d < rmaz (see Figure 

6.5-c). 

No feesible viewpoini 
since d > 2 rmr 

. I  

i 
i 

viewpoints 
horn where 
entlre feature 
Is in senso?s 
range of detection 

Flgun 6.5 The range field d vkrv conslralnt mlUlltlld on a line segmsnt. 

The space of feasible viewpoints is the intersection of the circles placed at every point along the 

contour of the feature and the region from where the feature. is entirely visible. The space of feasible 

viewpoints depends not only on the sensor's range of detection, but on the geometry of the feature as 

well. When a feature is concave and the distance between any two points is less than twice rmnx, then 

there is a set of viewpoints in the space from where the entire feature is visible (see Figure 6.5). On 

the other hand, when a feature is convex the intersection of the circles measured at every point along 

the contour of the feature is not null provided that the distance between any two points on the contour 

of the feature is less than or equal to twice the maximumdistance between any pair of points. 

However, when the maximum distance between any two points is less than twice r,, the viewpoints 

lie in the space from where the entire feature is not visible. It is not until the radius of the circles is 

greater than twice r,, that there. is a set of viewpoints that is also in the space from where the entire 

feature is visible (see Figure 6.7). The set of feasible solutions is concentrated along the line that i s  

perpendicular to the chord that connects the two end points. 
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Flgure 6.6 The range field ol view con88alnt w a l W  on a concave feature. 
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Figure 6.7 The range Reld of dew wMtralm evaluated on a convex femme. 
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6.13.2 rmin< (Gi( 

A point w is visible if from this point: 

Equation [6-51 creates a space of invalid viewpoints that separates the sensor from the boundary of 

the feature. The sensor cannot be in this region. This reduces the set of feasible sensor positions by 

eliminating those that are closest to the feature. 

2 6.1.3.3 

Figure 6.8 is an illustration of the set of feasible viewpoints generated by evaluating the set of points 

that satisfies each side of the inequality, then subtracting the left hand side from the right hand side. 

As indicated in the illustration, the space of feasible viewpoints is proportional to T-. Likewise, the 

space of viewpoints that are invalid is proportional tor-, 

rmin 5 lwil 2 r,,, 

B 

Figure 6.8 The set of feasible viewpoint. mat eetiafy the r a n p  lleld of vlsrv comtralnt. 



6.1.4 Accuracy 

The range accuracy is a function of the angle of incidence of the beam. A maximum angle of 

incidence, y, is selected to ensure that the accuracy of the range image is within acceptable 

boundaries. The angle is picked from a calibrated chart of range error versus target orientation [48]. 

The viewpoints are then selected such that the angle of incidence of the beam at every point along the 

contour of the feature is less than the maximum allowable angle of incidence. 

From any position that satisfies the accuracy constraint, the angle of incidence of a beam to every 

point i on the contour of the feature is less than or equal toy. Specifically, a viewpoint w is feasible if 

for every point i on the contour of the feature: 

16-61 

Figure &S P. .Ingle beam stMng a target and the reglon d a l l d  sensor poslnons. 

From observation it is shown that the accuracy constraint described by equation [6-61 is a subset of 

equation [&I] that describes the visibility constraint. Since y 2  90". a p i n t  that satisfies the accuracy 

constraint also satisfies the visibility constraint. Therefore, it is only necessary to evaluate one of these 

constraints. The accuracy constraint is more restrictive, therefore, to ensure that all constraints are 

satisfied, it is only necessary to evaluate the constraint given by equation 16-61, 

The set of feasible viewpoints depends on the geometry of the feature and on the maximum allowable 



angle of incidence y. The wider y, the larger the set of feasible viewpoints, the narrower y, the smaller 

the set. Three ways to increase the set of feasible viewpoints are to: 

1) increase the maximum allowable angle of incidence; 

2) reduce the length of the segments that define the contour of the feature; 

3) only sample a portion of the entire feature. 

Figure 6.1 1 is an illustration of the accuracy constraint evaluated for a line segment. The maximum 

allowable angle of incidence is constant in all three sub-figures. What changes is the length of the 

segment. The maximum angle of incidence is preserved in the set of feasible viewpoints, what does 

change however is the distance between the apex of the feasible region and the line segment. The 

longer the line, the largerthe distance. This distance is also a function of the maximum allowable angle 

of incidence. The wider the angle, the closer the apex will be to the feature. It is also important to note 

that in this example, the set of feasible viewpoints are concentrated along a line that bisects the feature. 

Figure 6.11 The accureey wnst-aint lor a llne rqrnsnt DI dllfonnt Ien5hs. 

If the feature is concave, the set of feasible viewpoints is the region that results from the intersection 

of the cone at every point along the contour of the feature. The region that results tends to concentrate 

along a point that is near the intersection of the normal vectors at every point along the contour of the 

feature. Note that there may be no solution if the distance between the apex of the cone and the line 

feature for which it is defined is too large thus causing the cone to not intersect with other cones near 

the point of concentration. 

If the feature is convex, the set of feasible viewpoints tends to concentrate along a line that bisects the 

chord that connects the two end points of the feature (Figure 6.13). There is no solution if the angle 

spanned by the orientation angles of the n o d  vectors exceeds 3600 - y. 
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a) The accuracy cones for 
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contour c4 a m v e  feature. 

b) The set intersection c4 
Ihe BCCUmy Cones. 

Frpura 6.12 The accuracy conshaint for a concave teaturn 

a) The accuracy mnes fordmerent 
segments along the amtour of a 
conve.x teah~e 

b) The set intersaction d 
the accuracy wnes. 

Figure 6.13 lha  accuracy Fon.b.int for a convex h.tura. 

6.1.5 Spatial resolution 

A point w is a feasible viewpoint if the distance between any two consecutively sampled points 

sampled from w is less than a maximum allowable distance Y. The set of feasible viewpoints can be 

increased by increasing the angular resolution of the sensor (making A9 smaller) or by increasing Y. 

Figure 6.14 is an illustration of the scanning pattern of a laser range. sensor. The beams are separated 

an angular distance of AO. This causes the sensor to sample points that are separated by a distance of 
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AY from each other. The distance between any two consecutively sampled points yi+l and yi is given by 

ri Sin (AB) 

Cos(8+A8) 
Ay = [e-71 

where 

Ay = yi+,-yi = ri+] S i n ( e + A e )  - r i  Sin(B) 16-81 

and 

and 0 is the angle of incidence of the beam given by: 

16-1 01 

scanner 

Y i  4 YO YI 

Flgure 6.14 An illusbatban ol the vanning pattsrn of n 1u.r range aunner. 

Given a maximum separation between two consecutive points labeled Y and the angular resolution 

of the sensor, the set of viewpoints fmm where two consecutive beams will strike a target a maximum 

distance of Y apart is constrained by a circle with radius R and center xuyc given by: 

Y R =  
2 Sin (AB) 

and 
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16-12] 

The region is a circle labeled Si. 

The set of feasible viewpoints is obtained by evaluating 

s = n s i  (6-131 

over every point on the contour of the feature. For a straight line segment, the set of feasible 

viewpoint is simply the set intersection of the regions evaluated at the two end points. Figure 6.15 is 

an illustration of the spatial resolution constraint applied to a single straight line segment. As 

illustrated in the diagram there is no feasible viewpoint if the distance between the two extreme points 

(d) is greater than twice the radius of the circle. Contrary to the range field of view constraint, there is 

a solution ford = 2 r. 

C l B  \,\ ,\\.\\,\\\\ ,\, 

,,,, ,,.,\ ,\. ,,,. - 
,,\, .\\, \,, ,.>.. 

-m  
d 

, - ,  
flgun 6.15 Spatial Rwolutlm Conatralnt 

Figure 6.16 is an illustration of the set of feasible viewpoints for a concave feature. As with the 

range field of view constraint, the set of feasible viewpoints tends to be concentrated in a region that is 

near the intersection of the bisectors of each segment that composes the contour of the feature. This 

region of concentration also appears to be crossed by the bisector of the chord that connects the two 

end points. 
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Flgure 8.18 Spntlal Radullon Conabalnt for a concave M u r e .  

Figure 6.16 is an example that has been generated for a convex feature. In order for the regions to 

Figure 6.17 SpaUml Reooluth Comalm for a c o n w  feature. 

intersect, thereby generating a set of feasible viewpoints, the radius of the circle must be much larger 

than for a concave feature. The dimensions of these circles is proportional to the angle between the 
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vectors which are normal to the feature. Thus, to increase the set of feasible viewpoints one could 

partition the feature such that the angle spanned by the orientation of the normal vectors is as small as 

possible. 

6.1.5.1 Corners 

The spatial resolution constraint is evaluated at consecutively sampled points. At corners, one of the 

points is located in one of the segments, the other point is located in the other segment. This creates a 

chord between the two points which does not lie entirely on either one of the sub-features. The spatial 

resolution constraint is evaluated at every chord and intersected with the set of possible sensor 

positions. The regions that are evaluated at each of these chords reduce the space of feasible sensor 

positions. 

Figure 6.1 8-a is a diagram that illustrates the chord for different points on the contour of the feature. 

Figure 6.18-b is a diagram that illustrates part of the circles (defined by equations and) generated for 

each chord. 

point 
advance 

P; -----+. 

a) the chords b) a Vace d the Spaad res~tutim constraint 

Flgure 6.18 A Wacs of the chord for a corner angle equsl to 459 
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6.2 Dependencies 

A constraint that is a subset of another constraint can be eliminated without affecting the result. 

1. From equations [&I] and [MI, it is clear that the accuracy constraint is a subset of the visibility 

constraint. The implicit equation that describes a feasible point is the same with a change only in the 

constant that establishes the limit. Since the accuracy constraint is more restrictive. It dominates over 

the visibility constraint. That is, a feature is visible if it satisfies the accuracy constraint. 

2. The angular field of view constraint is composed of three regions: F the set of viewpoints from 

where the entire feature is visible, V the viewpoints that are on the half-plane defmed by a line 

crossing the two end points. and C a circle defined on the line segment connecting the two end points 

and the angular field of view of the sensor. 

The constraint is valid only in the space where the viewpoints are visible. Therefore one can 

evaluate only one or the other. If the viewpoint is not in V n  C (if a <180°1. V (if a = 1800) or V u  C 

(if a > 1807, then the feature is not visible. Checking if a feature is in one of these regions takes two 

evaluations. 

6.3 Discussion 

Accuracy is more restrictive than visibility. But if both are requirements, only one of these is needed. 

Constraints such as the range field of view, accuracy, and spatial resolution pull the solution to a 

triangle that is oriented in the middle of the chord when the feature is convex and to a point that is near 

the intersection of the vectors that are perpendicular to each segment when the feature is concave. The 

accuracy constraint pulls the solution a distance away from the line segment by a distance that is 

proportional to the length of the feature. Similarly, when the feature has aconcave comer, the spatial 

resolution constraint pulls the solution a distance away from the line segment. On the other hand, it 

pulls the solution towards the feature when the feature is convex. 

The maximum range field of view of the range accuracy constraint brings the solution close to the 

feature whereas the minimum range field of view eliminates points that are close to the feature. 
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Chapter 7 
Conclusions 

This research presents a method to synthesize the viewpoints which satisfy five constraints that 

characterize the quality and completeness of an image. The organization of this section is as follows: 

the method is summarized in section 7.1, the results are reported in section 7.2. and future work is 

projected in 7.5. 

7.1 Summary 

A method has been developed to position a sensor to acquire an accurate and complete description of a 

feature. The m e t h d  synthesizes all of the possible locations from where the feature is visible and 

within the sensor's field of view. It also synthesizes all of the locations from where the sensor can 

acquire dense and accurate data. The viewpoints that are in both sets are chosen as candidate sensor 

positions. 

Finding the viewpoint is done in two parts. First, the set of candidate sensor positions is generated 

for each constraint using the previously described method. One of these points that is common to all 

constraints is selected to position the sensor. Second, the sensor is oriented so that from the selected 

position. the feature is in the sensor's field of view. Dividing the procedure into two steps enabled the 

use of simple geometric algorithms to synthesize the set of candidate viewpoints. 

The method to synthesize the set of all possible viewpoints is analogous to the constructive solid 

geometty (CSG) method employed to build geometric solid models[38]. In CSG modeling, a set of 

primitives (cubes, spheres, cylinders, etc.) are combined using boolean operators (union, intersection, 

difference) to produce a solid model. In this method, two primitives (a block' and a circle) and four 

operators (complement, union, intersection. difference, and body sweep) are used to generate the space 

of all candidate viewpoints'. 

1. A block is the implementation of an infinite line which divides the space of all viewpoints into two sets: the set that is 
in front of the line and the set that is in back. 
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The orientation of the Sensor is resolved from the minimum spanning sector that completely encloses 

the feature. The minimum spanning sector is the sector that is obtained after projecting the feature 

onto the contour of a unit circle centered about the sensor. The spanning angle of this cone is the 

minimum angular field of view that is required to sense the feature from that sensor position. The 

vector that bisects the sector is the senor’s orientation. An advantage of this method over other 

approaches[l3][52] is that it is able to determine the orientation of the sensor even when the sensor is 

located inside the cavity of a concave feature. 

A divide and conquer approach is used to find multiple viewpoints when a single image is not 

sufficient to obtain an accurate, dense and complete description of the feature. A feature is recursively 

subdivided until for each sub-feature there is at least one viewpoint from where the sensor can acquire 

an image that satisfies all of the visibility, detectability, density and accuracy constraints. 

The method has been tested, in simulation, on a complex feature for different sensor configurations 

(angular field of view, range field of view, angular resolution) and task parameters (maximum 

allowable distance between two points and angle of incidence of the beam). 

7.2 Results 

Methods were generated to position a sensor to acquire accurate and complete information 

The methods were demonstrated on a number of examples. The examples were generated using 

different features, sensors with different range field of view, angular field of view and angular 

resolution characteristics, and different image accuracy and density specifications. The last of these 

examples generated the viewpoints that from where a sensor could acquire acomplete and accurate 

image of the interior of a cavity. 

The algorithm have been implemented for two dimensional polygonal objects using ACIS, a 

geometric solid modeler. The results validated the method. 

2. Union, inrersecrion and diffemnce me standard boolean set Operatons. The cwrsplem# operation produces a region 
which is equal to the set difference between a region that encloses the set of all porsible viewpoints and a primitive. 
The body sweep operation pmduoes a region that is equivalent to the union of many instances of one primitive which 
are closely spaced together along a contour of a given path. 
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Two algorithms were compared to determine the location at which to partition a feature to generate 

multiple viewpoints from where the sensor was to acquire multiple images. The first one recursively 

divided the feature in half after each iteration. The second strategy divided the feature at points of 

inflection. 

Subdividing the feature led to an important observation: the spatial resolution constraint is a locally 

global constraint. The spatial resolution constraint evaluates a c o n s h n t  on two points. When splitting 

the feature, the two end points may lie on different sub-features. These same points must be used when 

evaluating the spatial resolution constraint for each sub-feature. 

Dividing the feature at points of intlection gave some advantages that reduced the number of sub- 

features that were generated. Concave features draw the solution towards the center of the cavity. 

Convex features on the other hand draw the solutions towards a point that is on a line that is normal to 

the chord of the feature. This last point is distant from the solution generated by any of the neighboring 

concave sub-features. 

A simulator has been developed to test different sensing and sensor alternatives. 

7.3 Conclusions 

The viewpoints from where a sensor can acquire accurate and complete information can be 

synthesized from a description of the sensor, the feature and the image density and accuracy 

requirements. 

Geometric principles can be used to generate efficient algorithms that work for both curved and 

polygonal segments. The analogy of geometry and set theory enable the explanation, proof and 

implementation of these algorithms. 

Dividing a feature to obtain multiple viewpoints is a simple and direct approach to generate the views 

that are required to sense a feature. 



7.4 Contributions 

The contributions of this dissertation are in the areas of range and angular field of view constraints, 

orienting the sensor and partitioning the feature. 

7.4.1 Angular field of view 

Cowen was the first to introduce the angular field constraint as a circle defined by the length of a line 

segment and the angular field of view of the sensor[l3]. The difficulty was to apply this idea to an 

arbitrary feature or collection of features. Cowan opted to generate a conservative solution by 

enclosing the features by a minimum circumscribing circle. This generates a conservative constraint 

that limits the location of the sensor which precludes locations that are located inside the cavity of a 

concave feature. 

One important observation generated by this work is that from any position that is in the region of 

viewpoints from where a feature is visible, the angular field of view required to see an entire feature is 

equal to the field of view required to see a line segment connecting the two end points of the feature 

(provided that the sensor is facing the feature). This observation is significant as it enables the 

synthesis of the exact collection of viewpoints that will satisfy the angular field of view constraint. 

Extending Cowan’s defmition of the angular field of view made it possible to describe viewpoints that 

are inside the cavity of a concave feature. This is particularly useful when scanning a concave feature 

with a sensor that has a wide field of view which exceeds 18P. 

7.4.2 Range field of view constraint 

A constraint that was not previously defined in the literature is the range field of view constraint. The 

range field of view of a laser range scanner is bounded by its ability to detect a target outside of a 

maximum and minimum range of detection. This limits the set of candidate sensor positions. In this 

paper the set of viewpoints that satisfy the range field of view constraint was derived. The viewpoints 

were generated by sweeping two regions derived from the maximum and minimum range of detection 

across the contour of the feature. 
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7.4.3 Orienting the sensor 

Previous approaches to determine the orientation of the sensor were sensitive to the position and 

orientation of the sensor [13][53]. These were unable to orient the sensor from inside the cavity of a 

concave feature. The method implemented in this research is invariant to the position and orientation 

of the sensor. It is able to determine the orientation of the sensor even from locations that are inside 

the cavity of a concave feature. The method has been developed only for two dimensional features. 

However, some preliminary work has been done to develop the approach further to determine the 

orientation of the sensor in a three dimensional environment. If this method can be generalized it will 

provide a solution that is much simpler than current alternatives and is linear in the number of vertices 

of the feature. 

It has already been mentioned that the spatial resolution constraint is locally global. The constraint 

has the characteristic that it evaluation depends on two points along the contour of the feature and not 

just any individual point. Therefore when dividing the feature to evaluate multiple viewpoints, it is 

important to keep a set of points from the adjoining feature. These points will be used to evaluate the 

constraint at the extreme points of the sub-feature. 

7.4.4 Partitioning the feature 

Previous approaches to automatic sensor planning found a single viewpoint from where the image that 

was acquired satisfied a set of image constraints. Abraham et. al. take a dynamic problem of 

moving obstacles and converts it into a static problem that can be solved by static automatic sensor 

placement techniques[l]. Tarabanis added a degree of freedom to the problem by determining the 

configuration of the sensor that will maximize some properties of the image[53]. This research 

extends the research in sensor placement along another axis, that of pattitioning the visual task when a 

single viewpoint is not sufficient to acquire accurate and complete image. 

Finding the minimum number of views is a minimax problem which cannot be solved in a linear 

search. Although the divide-and-conquer mechanism implemented in this research generates the 

views that are required to sense the feature, it is easy to show that this number is not in general the 

smallest number of views that are required. The number of views that are generated depends on the 

selection of the point at which each feature is divided. The first algorithm that was tested divided the 
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feature at the mid point evaluated along the perimeter of the feature. It did generate a set of views that 

in totem gave a complete and accurate description of the feature. The second algorithm that was tested 

which also generated the views that gave a complete and accurate description of the feature divided the 

feature at the points of inflection. 

Further research in this problem might yield an algorithm that will select the split points that are 

guaranteed to generate the minimum number of views. 

7.5 Future Work 

75.1 Extensions to 3D 

Further investigation is required to determine the extensions to three dimensional features. The 

visibility constraint exploits the characteristics of concavity and convexity to generate the space of 

candidate sensor positions. Although it appears in principle that similar simplifications should apply 

to three dimensional features, saddle points that may occur in three dimensional features preclude the 

direct use of the algorithm. Futther investigation is required to determine the points at which a sensor 

can be partitioned and the effects of a saddle point on the set of valid sensor positions. 

In two dimensions, the viewpoints that satisfy an angular field of view constraint have been 

determined by the union or intersection of the angular visibility an: (a circle) and the equivalent feature 

of projection - a line segment whose projection onto the unit circle is equal to the projection of the entire 

feature. 

I n  a three dimensional environment, the region constrained by a single segment on a three 

dimensional space is adonut formed by sweeping aplanartwo dimensional angular visibility arc around 

the line segment. The angle subtended between the sensor at each point on the donut is constant. 

In an ottbogonal environment, there is a second donut oriented along the segment. It is possible that 

these two sets, which are orthogonal to each other, may be sufficient to determine the viewpoints from 

where the sensor can see the object, Similar to the two dimensional counterpart, if the angular field of 

view (horizontal and vertical) is less than 180°, the union of these regions swept across lines located 

across the contour of the feature determine the viewpoints from where the sensor would not be able to 
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detect the feature. If the angular field of view is less than 1800, the intersection of these regions 

determines the viewpoints from where the sensor is able to detect the feature. 

The orientation of the sensor is obtained from the spanning angle of the minimum spanning sector of 

the projection of a feature onto the unit circle. In three dimensions the projection can also be obtained 

by projecting the features onto a three dimensional sphere. The difficulty lies in parameterizing the 

projection to obtain a vector that represents the sensor’s orientation. 

Finding the orientation of the sensor when the field of view that is required is less than 1800 has been 

addressed in part by Anderson.[3] by enclosing the feature in a unit sphere. This technique does not 

work when the sensor is located inside the cavity of the feature. Methcds based on the projection of the 

feature onto a spherical coordinate system may not be able to determine the sensor’s orientation. 

The author has been exploring an alternative which is to project three dimensional feature onto 

multiple cylinders of unit radius. The axis of each cylinder is along the orthogonal axes of the Cartesian 

plane. The z component of each cylindrical projection is eliminated; only the angular component is 

preserved. The idea, which has not been further developed is that these angles are sufficient to orient 

a sensor such as the ERIM[16] whose field of view can be represented by two orthogonal sweeping 

planes can be oriented using this technique. 

7.5.2 Generalization to other sensors 

A light stripe sensor is a natural extension to the class of sensors that are handled by the methods 

described in this dissertation. The Toyota sensor typifies a two dimensional line stripe scanning 

device. A plane of light is projected onto the environment. A camera is used to detect the intersection 

of the light and a feature. 

A more complicated extension is the application of this work to stereo perception systems. A stereo 

system has two cameras which B T ~  separated by a baseline (Figure 7.1 1). The range error is 

proportional to the baseline distance and to the relative orientation of each camera. It is not sufficient 

for each of these cameras to be in the space of candidate sensor positions. Instead, an additional 

constraint which has to do with the depth accuracy has to be evaluated. This constraint depends on the 

baseline distance and the orientation of each individual camera. 
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75.3 Robustness 

The assumption in this work is that models of the feature are provided and that these are fairly good 

representations of real life features. The sensitivity of a valid viewpoint to errors in the model has yet 

to be explored. 

When a single image does not provide sufficient information, the means to subdivide the feature has 

been selected quite arbitrarily. This approach does not guarantee a minimum number of views. More 

formal approaches to select the point at which to partition the feature to obtain the minimum number of 

views have yet to be developed. 

A candidate viewpoint is feasible if the sensor can reach the point from its current location [47]. 

Sensor placement must be combined with research in safe navigation and obstacle avoidance to 

generate a sequence of viewpoints that satisfy the image constraints and that can be reached by the 
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sensor 

7.5.4 Exploratory active perception 

A perception system may not be able to know the details of what it has not seen. But it may be able to 

derive and represent the areas that contain missing information. An exploratory active perception 

system can seek to explore these areas to obtain the missing information. 

Areas that are occluded or that do not contain accurate and complete information can be derived fmm 

the current display of sensed information [31][35][36][58][59]. Rather than spanning the complete 

environment, an active perception system can direct the sensor to obtain the best information subject to 

the characteristics of the sensor, the image constraints, and the characteristics of the object and 

environment. 

This generates an opportunity for an active robotic exploration system that is able to seek missing and 

accurate information. 
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