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Abstract

In this dissertation a Multi-Agent System (MAS) for illustrative rendering of im-

plicit surfaces is presented. The system uses techniques from MAS to advance and

combine previous particle-based object-space methods and agent-based image-space

approaches. Previous approaches to pen-and-ink style renderings of implicit surfaces

were based on particle systems, which were slow to achieve a good distribution of

particles across a complex surface, and subsequently trace features. The focus was

previously on creating an automatic system for feature identification and illustration.

The method proposed in this thesis develops traditional particles into semi-

autonomous agents (called smarticles) that use goal directed behaviours to complete

tasks. Tasks include identifying and tracing feature lines, place strokes or stipples,

and explore a region. Stipples or short or long, curved or straight, strokes can be

placed anywhere on the surface relative to smarticle paths. Smarticles also create

colour accents or highlights using a low resolution polygonisation of the object that

is also used for hidden line removal. Smarticles use attribute properties associated

with individual or groups of primitives that create the model. Using this method

any subtree in the data structure that represents the model can be rendered in a

particular style.
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Chapter 1

Introduction

1.1 Introduction

In computer graphics, skeletal implicit surface modelling techniques have been used

to create representations of a variety of objects [BBB+97]. One of the main problems

associated with using implicit surfaces is the computation cost and resulting speed of

rendering. A potential solution to this problem is to use a particle system to sample

and render the surface. Particle systems were introduced to speed up surface visu-

alisation, but also created the foundations for rendering implicit surfaces in various

Non-Photorealistic Rendering (NPR) styles.

Particle systems commonly use oriented discs to visualise surfaces [WH94, RRS97,

SH05]. Most of these surfaces are simple and relatively smooth; they are constructed

using only a few simple primitives such as spheres and cylinders. Oriented discs do

not, however, effectively illustrate many details of a more complex or less smooth

surface. Other techniques have been used to capture these details. Pen-and-ink

style strokes have been used to render both feature outlines and general surface

strokes1 [Elb98, Akl98a, Akl98b, FJW+05, SH05], which gives more information

than unconnected particles alone. Particles can be rendered directly, for example

1In Line and Form [Cra04], Walter Crane states that “Outline, one may say is the Alpha and

Omega of Art.” He explains that “the function of outline is to act as the definition of the boundaries

of form”. To enhance an illustration other lines are used: “when we add lines or tints of shadow,

local colour or surface, to an outline drawing, we are seeking to express form in a more complete

way than can be done in outline alone.” Features of a surface can therefore be illustrated using,
what are termed in this thesis as, outlines and general surface strokes.

2
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using discs or short lines, or their path of movement can be used, for example when

a particle traces a silhouette [FJW+05]. Oil painting type strokes are created in

[Akl98a], and polygonal models can also be created using the particles’ final positions

[RRS97, SH05].

There are two main drawbacks associated with using particle systems: the slow

distribution method and the limited palette for rendering. The distribution method

uses attraction and repulsion forces to constrain the particles to and spread them

across a surface. This is the method presented in [WH94] and is the basis for

most implicit surface particle systems [Akl98a, RRS97, FJW+05, SH05]. While

this method can produce real time results for relatively simple models, complex

objects (such as those created with the BlobTree [GNW02, Gal05]) can require a

significant amount of time to cover the surface. A further consequence of this is

related to feature outline identification methods used in most particle systems: par-

ticles identify locations of feature outlines when they are in close proximity to them

[Akl98a, RRS97, FJW+05, SH05]. Local surface properties are used to identify areas

of interest and subsequently steer particles.

Most of the previous approaches to creating pen and ink style renderings for

implicit surfaces fully automate identification and visualisation of the object [Akl98a,

RRS97, FJW+05, SH05]. The user has control over the orientation of short interior

(general surface) strokes in [FJW+05] and can direct the placement of new particles

to speed up identification of feature outlines.

One of the motivations for the research presented in this research is to provide

the user with alternative rendering techniques. These techniques include automatic

feature outline identification and tracing, and placement of general surface strokes
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that cover the entire surface, as seen in the work by Foster et al [FJW+05]. They

also include new methods of giving the user some control over where, how and how

many strokes are placed, i.e. the position, direction and density of general surface

strokes. The user indicates the position and direction of strokes, without having to

draw each individual stroke, which can be very time consuming. A combination of

automatic techniques and user direction allows a great deal of flexibility in creating

an illustration.

1.2 Contributions

The research presented in this thesis constitutes solutions to the problems identified

in previous particle-based systems. The contributions, therefore, are:

1. Management System:

(a) Organises agents to collectively explore an implicit surface environment

and visualise object data using NPR styles.

(b) Analyses the object space to identify potential locations of feature out-

lines.

(c) Interprets user requests to create appropriate tasks.

(d) Prioritises tasks to be processed based on workload and workdone esti-

mates.

(e) Uses polygonisation for initial positions and voxel data thereby identify-

ing feature outline locations faster than the previous methods [FJW+05,

JWS06].
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2. Smarticles:

(a) Object space, agent-based method. Most previous object space methods

are based on particle systems and most agent based methods are based in

image space.

(b) The Dual Tracking algorithm, which identifies and traces feature outlines

due to discontinuities in the field or abrupt blends between primitives.

(c) Apply steering and flocking behaviours to agents to both sample and

render an implicit surface.

(d) Create stipples from the Wander steering behaviour.

(e) Allow the user to specify arbitrary stroke directions (not constrained by

scene, view, or surface properties, such as principal directions of curvature

or contour).

3. Mixed Rendering:

(a) Supports the creation of shading for areas of an implicit surface relative

to an individual or group of primitives.

(b) Make available concept art styles of rendering for complex implicit sur-

faces: pen and ink style short and long strokes, stipples and colouring

relative to surface feature outlines.
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1.3 Overview of System Development and Design Motiva-

tion

Current techniques for NPR style rendering of complex implicit surfaces identify two

main areas of improvement. The first involves increasing performance so that the

time to create a rendering is decreased. Second, alternative rendering techniques can

be provided to improve the palette of available styles and techniques.

In order to improve efficiency, field function evaluations should be reduced. The

implicit model is evaluated (by the particle system) with every step that a particles

takes. This information is not stored or evaluated, other than to identify if a feature

outline has been crossed and requires tracing. Storing and evaluating this data with

respect to local neighbouring samples can be used to predict (assume) the local

behaviour of the surface. This would move the emphasis of the particle system to a

more goal directed approach (find and trace feature outlines).

Particles as entities simply contain data about their properties, such as position

and velocity. The particle system calculates the forces that act upon individual en-

tities to alter these properties, for example to move them. In the context of this

research, entities require additional capabilities that will enable them to perform

tasks and achieve goals. A good solution to this general problem has been iden-

tified with the use of agents in a MAS. Instead of “blind” particles being used as

data repositories, agents have a degree of autonomy that allows them to evaluate

their situation and decide upon an action to perform. Agents can assume a great

deal of responsibility of performing tasks (such as outline tracing). Spreading the

workload in this way is one way of improving efficiency. Ultimately, agents can also
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be distributed across a network or onto different processors, which would also show

improvements.

Previous particle systems rely solely on automatic techniques for rendering, where

the user may only have control over the orientation of general surface strokes and the

appearance of feature outlines. Pen-and-ink rendering styles have more scope and

depth. Although automatic techniques are highly desirable, providing the user with

an added level of control over the image was identified to be a requirement. This

would enable a user to create renderings with different appearances, for example

using a more “sketchy” style to user directed focus of attention using varying levels

of detail. This was designed to be independent of the methods to improve efficiency,

although in this thesis they are presented in one system.

The system presented in this thesis was designed to implement and test these

techniques. The design included a progressive approach that initially determined

the feasibility. System development was, therefore, achieved in three steps:

1. Enhance particles to use behaviours to create new rendering and sampling

methods, i.e. develop smart particles or smarticles.

2. Use smarticles information to examine the surface from a higher level (not

limited to a smarticle’s local) point of view to identify areas of interest, i.e.

develop a basic manager to store and analyse data from smarticle exploration.

3. Further development of the smarticles and manager to be a MAS, which is

capable of improving performance and providing a larger palette of rendering

styles.
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Initially, particles were given a new behaviour to identify and trace surface fea-

ture outlines due to discontinuities or abrupt blends [FJW+05], known as the Dual

Tracking Algorithm. Particles were then given new steering and flocking behaviours

to facilitate new methods of sampling the space and rendering images. The particle

system was also enhanced to use a basic manager that analysed smarticle data to

identify feature outlines. Smarticle data was organised using a voxel grid that repre-

sented the model in object space [JWS06]. The next step was to take advantage of

techniques in distributed computing and use a Multi-Agent System (MAS) in place

of the traditional particle system and the basic management scheme.

In creating the MAS, particles were developed into agents that have control over

themselves with locomotion, awareness, analytical and communication capabilities.

This gives agents self direction and autonomy and, in conjunction with the manager,

allows them to actively seek out areas of interest in a goal directed manner. The

manager interprets user requests to create tasks for agents. Agent data is stored by

the manager in voxels and analysed to identify features and Prioritise tasks.

This is, therefore, a more sophisticated approach to representing, understand-

ing and analysing the object space than traditional particle based systems. The

final system achieves a faster distribution and, consequently, faster feature outline

identification for complex models than the previous particle based methods.

An illustration is more effective with suitable cues, such as feature outlines and

general surface strokes. Faster surface visualisation, however, comes at the cost of

surface detail information. As a pre-processing step the MAS manager performs a

low resolution polygonisation. This provides a good initial coverage of the surface

and fast identification of potential features. A low resolution polygonisation is faster
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than distributing particles across a complex implicit surface.

Feature outlines can easily remain undetected if a particle placement is sparse or

a polygonisation resolution is too rough. There is no general method of guaranteeing

that sampling rates (particle or agent step sizes, or polygonal voxel grid resolution)

are appropriate for all details on the surface. More information about the surface

is necessary to define an adequate sampling rate. For example the Nyquist theorem

for sampling identifies that the sampling frequency must be equal to or greater

than twice the highest frequency component of the analogue signal [Wei], i.e. the

maximum frequency of the signal must be known. Similarly, a Lipschitz constant

represents the maximum rate of change of a function in its domain [Wei]. Therefore,

further knowledge about the behaviour of the function, or surface it represents, is

required to guarantee an accurate sampling rate/level.

Smarticles offer a method of sampling the object space in variable user-selected

Levels Of Detail (LOD) to identify features that are not found by the initial polygo-

nisation. This means that limitations identified in [SIJ+07] regarding the assumption

that the base mesh captures the functional surface topology do not apply here. This

control allows the user to change the sampling rate without being expected to know

the size of details on the surface.

In most pen-and-ink style renderers, the direction of strokes is calculated using

principal directions of curvature [Elb98, BH98, FJW+05], contours [FJW+05], axes-

aligned planar slices [Ric73] or using a function designed to steer particles to cover the

surface [Akl98a]. In this research, strokes can also be placed using a random wander

technique, or in directions specifically identified by the user (their orientation is not

determined by surface details).
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The system presented in this thesis also makes use of the polygonal data for

hidden line removal and to create colour accents and highlights in a style reminiscent

of concept art. Concept art is a term that has been used to identify a form of

illustration that is used to convey a preliminary visual representation of an object.

It is also known as visual development in traditional animation; the term has been

used since the 1930s and, more recently, popularised in the automobile and video

games industry. Shading, or colouring, of objects is limited to highlights or accents

on limited parts of the surface. Shading, in this research, is calculated around a line,

or from individual or groups of primitives. In the context of tree-like data structures,

such as the BlobTree, any sub-tree can be visualised using this method. The method

is extendable to other types of modelling systems that allow attribute values to be

associated with points, primitives or subtrees.

Fine tuning the appearance of strokes and therefore the final image can be

achieved using a number of parameters. The number of parameters, however may

introduce a level of confusion and obfuscation for the user. Therefore, it is impor-

tant to consider the number and presentation of parameters. The system presented

in this thesis was designed to reduce the number of parameters in relation to the

previous work presented in [FJW+05] and [JWS06], while facilitating varying levels

of user control over the image.

1.4 Organization

In Chapter 2 a summary of the previous work related to implicit surface modelling

(ISM), Non-Photorealistic Rendering (NPR), particle and agent based systems, and
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Multi-Agent Systems (MAS) are presented.

The MAS management scheme is presented in Chapter 3 with an introduction

to the concepts of user requests and agent tasks. The mechanism of creating priority

ratings for these tasks and assigning them to agents is also discussed. The structure

and organisation of the blackboard data repository, which is an abstraction of the

implicit object is also included here.

In Chapter 4 the agents, known as smarticles, are introduced. They are de-

scribed in terms of performing the tasks assigned by the manager. This includes a

description of their environment, the situations they can be in, the actions they can

perform, their internal data values, their decision function and teams they can be

associated with2.

Chapter 5 describes the effect of behaviours on the steering direction of smar-

ticles and consequently the paths they take. Smarticles have behaviours to process

polygons, steering and flocking to create paths for sampling or strokes, and finding

and tracing feature outlines.

In Chapter 6 the rendering techniques used to position strokes from smarticle’s

paths and colour polygons are presented. Strokes can be long or short, dotted lines

or stipples and can be subject to density and lighting calculations. Polygons can

be coloured relative to a single point, feature outline or user placed line, or can be

related to a specific primitive of the model.

Chapter 7 brings together the techniques presented in previous chapters to illus-

trate the various results achieved using a number of different models. This chapter

also includes a discussion and future work.

2”This is the sort of English up with which I will not put.” Winston Churchill.



Chapter 2

Related Work

Figure 2.1: Train Modelled using the BlobTree Implicit Surface Modelling system
by Callum Galbraith.

2.1 Introduction

This chapter contains a summary of the previous work1 that is related to the research

presented in this thesis. Section 2.2 introduces the field of Implicit Surface Modelling

(ISM) with a description of data structures commonly used in modelling and ren-

dering stages and includes some of the methods previously used to find and render

discontinuities of algebraic surfaces. Particle and agent-based systems are outlined

1“... a group of French monks and their involvement with sheep rearing helped to give the
modern world the computer...” James Burke, Connections.

12
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in Section 2.4, with the focus on: sampling and rendering of implicit surfaces using

the Witkin-Heckbert model, and systems that use smart particles or agents. An ex-

tension to particle systems to include steering and flocking behaviours is outlined in

Section 2.5. Finally in Section 2.6 Multi-Agent systems are defined and the concepts

relevant to the research presented in this thesis are described.

2.2 Implicit Surface Modelling (ISM)

In 1973 A. Ricci published the seminal paper “A constructive geometry for computer

graphics” [Ric73]. In this paper Ricci presented a general approach to the defini-

tion of complex 3D objects constructed from simpler primitives using boolean set

operations.

Solid modelling operations are dependant on volume information, they are not

practical using surface information alone. Surface based techniques generally use a

collection of patches with connectivity information to maintain continuity and avoid

unwanted discontinuities or creases. For example, when using surface based tech-

niques to model a human hand, it is important to avoid obvious joins or unwanted

artifacts between the fingers [BBB+97]. Contrast this to using solid modelling tech-

niques where each finger can be blended with the hand to create a smoothly branching

surface.

2.2.1 Implicit Surfaces

In [Sab68] Sabin introduced using Potential Surfaces, which use scalar functions, to

describe machined components for arbitrary but fair surfaces (with only essential
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features). The potential surface is described as the locus of points at which a scalar

function of position p is zero f(p) = 0. Essentially, this is an offset surface that uses

a base surface to calculate the potential scalar function value.

Whilst visualising electron density fields in the early 1980’s, Jim Blinn presented

modelling with iso-surfaces in a scalar field [Bli82]. An iso-surface is a two-manifold

that exists in three-dimensional space. Blinn introduced this as Blobby Modelling.

Later techniques were Metaballs [NHK+85], which used ray tracing, and Soft Objects

[GWW86] introduced a method to create a polygonisation.

All of the above methods use algebraic distance rather than Euclidean, and each

method uses a different distribution function2 to describe the field. Implicit Surfaces

is the current most commonly used general term for such modelling techniques and

is the one used in this thesis.

The functions used in implicit modelling define a volume around a point in space.

The extent or range of the volume is defined by the Radius of influence, R. The iso-

surface is a contour found at a certain distance from the originating point, where the

field function results in some particular value.

Definition: An Implicit surface [BBB+97] S, is composed of the set of points derived

from a field function f(p) as follows:

S = {p ∈ ℜ3 : f(p) = iso} (2.1)

where iso is a constant value defining the iso-surface and p = (x, y, z). f(p) is known

as the Implicit Function (or the field function).

2The terms potential, distribution and field function are used interchangeably in the literature.
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Figure 2.2: Objects generated from skeletal elements: a point produces a sphere, a
line a cylinder and a circle skeleton produces a torus.

The primitives introduced by Blinn [Bli82] are defined by a single point that

creates a spherical surface. Other primitives can be generated using different base

shapes, or skeletons [BBB+97]. For example a line skeleton creates a cylinder and

a circle skeleton creates a torus, see Figure 2.2. In this research, a primitive has a

maximum function value of one exactly at the centre and smoothly drops to zero at

R.

When discussing volume, it should be noted that there is the volume defined by

the implicit function which extends to the Radius of influence, and there is also the

volume associated with the visualised object, which is enclosed by the iso-surface.

These volumes are termed function related volume and primitive related volume for

clarity [Gal05].

The volume associated with a function is described as the set of points where the

field function value is greater than zero.

V f = {p ∈ ℜ3 : f(p) > 0} (2.2)

Outside of the radius of influence R the field function value is zero.
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The volume associated with a primitive is described as the set of points where

the field function value is equal to (on the surface) and greater than (inside) the

iso-surface value iso.

V p = {p ∈ ℜ3 : f(p) ≥ iso} (2.3)

2.2.2 Blending

Complex implicit models can be constructed by combining several simple primitives

using smooth blending or set operations. This differs from parametric methods where

the surface is shaped by interaction with control points [BBB+97]. With Implicit

Surface Modelling (ISM) the volume of the object is important, not simply the

surface. Information describing the volume of all contributing objects are used in

the calculations of the final shape.

Figure 2.3: A symmetric function.

Methods of combining primitives are broadly characterised in this thesis as blends

resulting in smooth surfaces or blends resulting in surfaces with discontinuities.

Smooth blending involves summation of field function values from contributing prim-
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itives. Such smooth blends characterise implicit surfaces and identify them as being

particularly well suited to modelling complex organic objects. Discontinuities in the

field, and therefore on the surface, result from blends such as boolean set operations

which are used in Constructive Solid Geometry (CSG), see below. Adding CSG to

the set of blend operations allows the construction of more complex objects, such as

those common in CAD applications [BBB+97].

Figure 2.4: When two implicit spheres are close together the Radii of influence
overlap and their iso-surfaces is a blend of the two. This iso-surface value is (from
left to right) Left: iso = 0.1, Centre: iso = 0.5, Right: iso = 0.9

The field function and consequently the value of iso used to define primitives is

chosen to reflect certain blending characteristics, for example iso = 0.5 in a symmet-

ric function (Figure 2.3) [GWW86] . If the value of iso is changed different blending

characteristics are observed, see Figure 2.4.
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Smooth Blends

Smooth blending of several primitives involves the summation of their field function

values [BBB+97]:

F (p) =
n−1
∑

i=0

fi(p) (2.4)

Where n is the number of primitives and p is the point in space being queried.

Two key advantages of modelling with implicit surfaces relate to blending charac-

teristics. The first is the ease with which smooth or discontinuous blends of implicit

models are achieved using simple functional compositions (relating to the component

primitives used in the object construction fi(p)). The second advantage is derived

from the fact that Equation 2.1 is easily modified to define an object volume: instead

of an equality to denote a point being on the surface, we use f(x) < iso to identify

a point as being outside of the surface or f(x) > iso for inside.

Constructive Solid Geometry

Smooth blending properties of implicit surfaces mean they are well suited to creating

complex, organic and branching objects. CSG is used to create more defined, or

sharp, features.

In [Ric73] the concepts known as CSG were introduced. These are straightforward

methods of using simple geometric primitives in boolean set operations to create

more complex 3D objects. Sharp features resulting from CSG operations identify

discontinuities in the resulting field. A bottom up binary tree evaluation is detailed in

Ricci’s paper, where leaf nodes are the geometric primitives and non-terminal nodes

are boolean set-theoretic operations known as union and intersection, see Figure 2.5.

Early systems combining implicit surface modelling and CSG were developed by
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Figure 2.5: (a) The union surface of two point primitives. (b) The resulting inter-
section. (c) Difference.

Wyvill and Trotman [WT90], Wyvill and van Overveld [WvO95] and Pasko [PS94].

Note that in the original Ricci paper there was no mention of the difference operator.

This can, however, be expressed as the union of one object with the negation of the

second [WGG99], see Fig 2.5. The union, intersection and difference operators are

expressed as:

fU(P ) = max(f1(P ), ..., fn(P )) (2.5)

f I(P ) = min(f1(P ), ..., fn(P )) (2.6)

fD(P ) = max(f1(P ), (1− f2(P ))) (2.7)

2.2.3 Data Structures

Efficient data structures are essential for handling complex implicit models. A com-

plex model can involve a large number of primitives and operations, for example the

train model in Fig 2.1 has more than 700 nodes in its tree. There are, therefore,
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a number of important considerations when developing effective and efficient data

structures. In the context of this thesis, they are grouped into two distinct categories.

The first is the representation of the model itself: how to organise and evaluate the

primitives and the blend operations. Secondly, the actual visualisation of the model

considering rendering strategies.

Modelling

Implicit Surface Modelling (ISM) systems often employ a tree-like data structure for

the model representation [WGG99], [PA02], [SWG05], [AGCA06].

In [WGG99], Wyvill et al. propose a structure called the BlobTree, which is a

hierarchical tree-based method that allows arbitrary compositions of models using

blending, warping and boolean operations. A primitive is described as the shape

defined by a skeletal element with its associated volume defined by the scalar field

function. Primitives are represented as leaf nodes, while combination operations are

non-terminal nodes. The BlobTree was extended for animating implicit surfaces in

[GNW02].

In [PA02], Pasko describes a function representation modelling system known as

FRep. Pasko developed a unified representation of definitions of primitives using

continuous real-valued field functions (as above) and including discrete-value volume

information. FRep also extends the method to include multi-dimensional shapes (for

example: as could be used in animation with time as the fourth dimension).

In [AGCA06], the authors present another hybrid modelling framework for con-

structing complex objects from simpler primitives called the HybridTree. The Hy-

bridTree is an extended CSG tree that assembles primitives, triangle meshes and
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point set models in a coherent manner. Allègre et al. exploit the relative abilities of

implicit models and polygonal meshes for editing operations. They use the implicit

formulation for combining shapes with smooth blending and CSG operations; and

the polygonal mesh for Free Form Deformation (FFD) and fast visualisation.

Calculating the field function value for any point in space involves traversing

the defining tree (and its subtrees). Field function evaluations are often the main

bottleneck of ISM systems. Speeding up this stage can be achieved using hierarchical

spatial caching [SWG05]. Hierarchical spatial caching introduces the concept of a

caching node inserted into the tree structure. This node stores the exact field function

value at nodes of a voxel grid and uses tri-linear and tri-quadratic reconstruction

filters to locally approximate the field value of a sub tree.

Another method used to speed up this stage uses a discrete voxel grid represen-

tation [GH91, FCG00]. The values at voxel corners are incremented according to

any operations performed. This inherently changes the nature of the implicit object

from being a continuous representation to a discrete one. The voxel grid in both

systems are used for both modelling and rendering.

Rendering

A secondary data structure is often required to render an implicit surface. Generally,

such a data structure is independent of the one used to store the description of the

model [BBB+97]. The most accurate method of rendering an implicit surface is to

use ray tracing [KB89]. The object’s defining functions are used in ray intersection

tests and a data structure stores the values of resulting pixels for the final image.

Particle systems can also be used for visualisation of the surface, they query the
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model definition and use their own data structure for the rendering [WH94].

Voxels are the most commonly used elements in data structures for polygonisation

of implicit surfaces [GWW86, Blo88, SWG05, SIJ+07]. They are used to subdivide

space and calculate polygons to approximate the part of the surface they contain.

There are four types of voxels, which are identifiable by field function values. There

are:

1. voxels that contain surface intersections, which are identified as contain-

ing points that are evaluated as being:

• inside the surface (f(p) > iso)

• on the surface (f(p) = iso)

• outside the surface(f(p) < iso)

these are known as surface voxels.

2. voxels completely inside the surface, therefore, every point will have

f(p) > iso.

3. voxels outside the surface but have some field function contribution as they

are still within the Radius of influence R, these have points with f(p) < iso

and f(p) >= 0.

4. external voxels that are wholly outside the surface and the Radius of influence

R, all points in such voxels have f(p) = 0.

In most circumstances, voxels containing part of the surface are the most useful.

These voxels are easily identified by examining field function values at the corners
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(assuming the voxel dimensions are appropriate for sampling details on the surface).

There are two general methods for finding the surface and associating it with

voxels. The first converges on the surface and thus creates the voxels. The second

uses the abstract notion of a 3D voxel grid where the surface voxels have to be

identified.

Convergence. In [Blo88], a hierarchical space partitioning is used to converge

upon the object. The initial voxel bounds the surface and converges using subdi-

vision. Voxels are recursively subdivided when they contain a surface intersection,

until a specified depth of recursion has been reached.

Continuation algorithm. The continuation algorithm works by first identifying

a voxel in the grid that contains a surface intersection, also known as a seed voxel.

The rest of the surface is tracked by examining neighbouring voxels across shared

edges [GWW86].

Surface Voxels. When using voxels for polygonisation, there are a compara-

tively small number that contain surface intersections. It is unnecessary to implement

the voxel grid as a three-dimensional data structure when it is only the surface voxels

that are required. In [Blo88] (convergence method), Bloomenthal uses an octree to

store only the voxels with surface intersections. In [GWW86] (continuation method)

a hash table is used to store the surface voxels. The hash address is calculated from

the integer value index of the voxel, i.e. the vertex of lowest (x, y, z) or left back

bottom.

Surface Polygonisation. Surface voxels are examined, and polygons are gen-

erated according to the pattern of corners identified to be either inside or outside the

surface [GWW86], [Blo88]. Surface intersection points must be found for each edge
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that has one vertex identified as inside and the other outside the surface. Where

speed is more important than accuracy, linear interpolation can be used. Linear in-

terpolation, however, can result in unreliable approximations because the variation

in the field function is not linear. Although, as noted in [GWW86], if the grid has

a high enough resolution the approximation is a reasonable one. Where accuracy is

more important than speed, the intersection point should be found using the exact

field function value. The pattern of intersections are then matched to a polygon

generating algorithm or a pattern look up table [GWW86].

Sampling Considerations. Finding and illustrating features or small scale de-

tails on a surface is dependent on the level of sampling. Surface details will only be

identified where the sampling level is small enough to identify the feature. Guaran-

teeing feature identification requires additional information about the surface being

rendered, Kalra and Barr discuss sampling for implicit surfaces in [KB89]. The

Nyquist theorem states that the maximum frequency of the signal must be known in

order to define a sampling rate that is greater than or equal to twice this value [Wei].

Lipschitz constants also require information about the maximum rate of change of

the function [Wei]. Therefore, in order to guarantee that all details are identified, the

distance between samples should be related to the size of the smallest surface fea-

ture. Although too many samples will have a considerable time overhead [vOW04].

A balance between speed and accuracy is important. As mentioned above, surface

voxels are identified where at least one corner (and at most seven) is inside the sur-

face. If the voxel grid is not fine enough, a detail may be overlooked, for example in

Figure 2.6, the resolution of the voxel is 10 units cubed and the radius of a feature

is 4 units, the feature is identified only if it is located at a corner of the voxel.
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Figure 2.6: (a) If the resolution of the voxel grid is larger than a detail on the surface
it can be missed. (b) If the detail is coincident with a corner of the voxel it will be
found. (c) Is a step size between two samples is too large a detail can be missed.
(d) A smaller step size will find the feature.

2.2.4 A Black-Box view of the Implicit Function

A distinction should be made between the requirements of the function to generate an

object and those to visualise it. The functional description is necessary for definition

of the shape and blending of component primitives. Visualising the result, however,

has less strict functional requirements. The functional description may be necessary

for techniques such as such as Precise Contact Modelling (PCM) [BBB+97], or (in

some cases) finding the intersections of surfaces [SZ89]. Alternatively, for rendering,

the defining implicit function (and related operations) can be treated as a black-box.

This means that the visualisation method is general and can apply to any implicit

model definition where the gradient is computable everywhere (although it does not

have to be continuous, [FJW+05]). For a black-box method the only requirement is

that given a point in space the field function value and the gradient are provided.

This information can be used to calculate curvature, principal directions of curvature

[Ebe99], contour directions and many other useful properties of the surface and its

related volume.
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2.2.5 Finding and Displaying Discontinuities and Singularities

In [RRS97], Rosch et al present two methods for interactive visualisation of implicit

surfaces with singularities. The methods are physically based sampling using particle

systems and polygonisation with mesh improvements. Simple implicit surfaces are

used along with the Kumar family of algebraic surfaces to illustrate these methods.

The particle system is based on the Witkin-Heckbert (WH) model [WH94], which

tends to repel particles more at singularities. In order to achieve a more uniform

distribution of particles a number of heuristics are proposed. The first method

modifies the energy function to allow the particles to intersect one another at a

singularity. The second method applies an adaptive repulsion radius for each particle.

The adaptive factor is chosen depending on either the curvature of the surface or the

proximity to a singularity.

The algorithm presented in [SZ89] deals with scan line display of algebraic sur-

faces. It can correctly display any singularities (of any complexity) by using the

underlying definition of the surface. The algorithm finds the intersection curve of

two surfaces by using the resultant and discriminant of the implicit equations that

describe the model. The resultant eliminates the variable z from the equations and is

a two dimensional curve. The discriminant is found from the resultant of the surface

and its polar. The polar surface is defined as the surface that results from the dot

product of the eye vector with the normal of a point on the surface. For example

the silhouette is defined where this dot product equals zero. This polar surface is a

plane that intersects the shape and is perpendicular to the view direction.

An early system, [Wei66] uses the underlying mathematical surface definition
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to render silhouettes and curves of intersection. It also introduces orthographic

projection as a theorem for visibility.

The stochastic sampling method (SSM) proposed in [TSYK01] can detect inter-

sections of implicit surfaces using the surface definitions. This technique generates

uniform sampling points on a complex implicit surface. It also uses a generalised

stochastic differential equation where the solutions can satisfy plural constraint con-

ditions simultaneously. This generalization is the means by which the intersections

can be viewed.

In [JBS03] a point based rendering technique is used in conjunction with iterated

function systems (IFS) to render both parametric and implicit surfaces with non-

manifold features and singularities. Only evaluations of the surface functions and

gradients are used to render an image. For arbitrary implicit surfaces, rather than

using iterative solutions of differential equations, points are distributed directly over

the surface. It is a brute force method and is therefore slow.

In [BPK98] Belyaev et. al derive formulas to detect creases on a surface in implicit

form. They state an intuitive definition of a surface crease as “curves on a surface

along which the surface bends sharply”. These ridges and ravines are mathematically

described as the extrema of the principal directions of curvature along the curvature

lines. Ridges are the local positive maxima and ravines are the local negative minima.

They rely on the defining functions for derivation of the crease.
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2.3 Pen and Ink Rendering

Pen-and-ink has been explored significantly in NPR, including 2D image-based tech-

niques [SWHS97, DHvOS00, SGS05] (which calculate the final rendering using a

2D viewing plane), and 3D object space methods, which either apply stroke tex-

tures [WS94, PHWF01] or procedurally generate strokes on surfaces [DS00, HZ00,

SFWS03, PFS03]. Relatively few papers have been devoted to pen-and-ink for im-

plicit surfaces [BH98, Elb98, Ric73].

In one of the earliest works on implicit surfaces, Ricci used line drawings to

visualize constructive solid models [Ric73]. His system traces lines following the

intersection of planar cross-sections of the surface and also performs Hidden Line

Removal (HLR).

Bremer and Hughes presented an approach for rendering implicit surfaces in a

pen-and-ink style [BH98]. This method finds silhouettes by first intersecting random

rays with the implicit model, then uses numerical integration to step from successful

intersections toward the silhouette. Once the silhouette is found, it is traced using a

second numerical integration. This method uses ray intersection tests for positioning

short interior (general surface) strokes at successful intersection points and for per-

forming HLR. There are few options for stylization and the dependence on random

rays does not support specific interior stroke placement. Furthermore, the silhouette

tracing algorithm requires a smooth surface. This method is not guaranteed for more

complex implicit surfaces which contain abrupt blends and constructive solid geom-

etry (CSG). The techniques presented by Bremer and Hughes are the inspiration

for the approach presented in [FJW+05] and the silhouette tracing method in this
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research.

Elber presented a particle based method for rendering implicit surfaces in a pen-

and-ink style [Elb98]. In this method long flowing strokes are traced and stylized

along the interior of the implicit model or along silhouette lines. Tracing of the

strokes uses either the principal directions of curvature, or lines of constant angle

between the surface normal and the view vector.

Akleman described a method for creating painterly renderings of implicit sur-

faces [Akl98a, Akl98b]. In this technique particles trace the surface leaving a paint

stroke in their path. Paint is simulated by considering the interaction of a paint

brush with paper. This method creates expressive effects by allowing the particles to

move off the surface. Although this gives an impression of a line drawing, it offers no

pen-and-ink stylization. In [Akl98a] Akleman describes implicit models built using

CSG operations. The rendering is directly related to the set-operations that define

the underlying surface. This means that the junction is not traced but computed

directly from the model definition.

In [GIHL00] the authors present a psychologically based argument for using prin-

cipal directions of curvature to perceive shape. This pen-and-ink style rendering

technique can be applied to polygonal models or 3D volume data.

2.3.1 The Non-PhotoRealistic BlobTree (NPR-BT

In [FJW+05] we attempt to improve the quality of rendering results by implement-

ing pen-and-ink style rendering for complex implicit surfaces. We draw on point

relaxation concepts of Pastor et al. [PFS03] which use particles attached to a polyg-

onal mesh and a point hierarchy to create frame-coherent stipples. We also use
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shape-measure/threshold concepts to create and stylize strokes [WS94, PHWF01,

SFWS03]. Concepts of curvature-oriented hatching [RKS00] are also used. The

method of identifying and tracing feature outlines due to discontinuities or abrupt

blends is known as the Dual Tracking Algorithm. This is a novel technique and has

been adapted in this research to be achieved using smarticle behaviours (see Chapter

5.7.1, this was my main contribution to this publication).

To create short directional strokes over the surface, a two-step process is used.

First, the system calculates the stroke direction. Then, it can then optionally curve

the stroke based on the amount of surface curvature in the stroke direction.

Figure 2.7: Left: To create a straight stroke, a line is created between two endpoints
projected out from the particle’s position. Right: A curved stroke is created by
extruding 4 points from each particle applying them to a Bzier function.

To create strokes, our system projects two points g0 and g1 from each particle’s

position in the stroke direction as illustrated in Figure 2.7, left. The length of this

line can be controlled by surface curvature or by the user. When this length is kept

short, the system can produce reasonable output. Unfortunately, straight strokes

with longer lengths do not adequately describe the surface. To allow for longer

strokes, we curve strokes to follow the surface. The amount that a stroke bends is

directly related to the curvature so that straight strokes are drawn in areas of little

curvature, while curved strokes appear in convex/concave areas (Figure 2.7). To
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accomplish this, the system draws a Bézier curve with four control-points, c1, c2, c3, c4

defined as follows:

c1 = g0 − (∇f(x) ∗ scl ∗ γ(xi)) (2.8)

c4 = g1 − (∇f(x) ∗ scl ∗ γ(xi)) (2.9)

c2 = g0 + (∇f(x) ∗ scl ∗ γ(xi)) (2.10)

c3 = g1 + (∇f(x) ∗ scl ∗ γ(xi)) (2.11)

where scl is the distance between g0 and g1 multiplied by a user selected scalar and

γ(x) is the surface curvature.

2.4 Particle and Agent Based Systems

Particles used in physically based modelling [WBK97] can be used as individual

entities, such as elements of fireworks or sparks [Ree83], or as a single “monolith”

when considered as a group, for example cloth, fire, smoke or liquids [Tur91, SF95,

Sta99]. They can be susceptible to physical forces such as gravity and viscous drag, or

have constraints applied to them, such as the springs that connect particles to create

a cloth simulation. Furthermore, particles can also be used for collision detection

and particle dynamics are also used as a basis for rigid body simulations. Particle

systems are, therefore, versatile and can be used in a variety of manners, they can

be based on anything from physical laws to artificial rules and anything in between.

A particle is an object that can be described as having a few basic attributes such

as a position and a velocity, they can have associated behaviours such as responding
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to forces. These behaviours are not, however, calculated by the particle, they are

applied to each in turn by the particle system. The particle system examines all the

forces that are exerted upon a particle and references each particle’s data to calculate

the effect of these forces. This results in new values, such as the new position and

velocity.

In “Depicting Fire and Other Gaseous Phenomena” [SF95] Stam uses particle

systems and allows the user to define velocity fields that are used to visualise flow

fields. Stam uses a similar technique to update a velocity field that is dynamically

animated to simulate fluid flows in “Stable Fluids” [Sta99].

In “Generating textures on arbitrary surfaces using reaction-diffusion” [Tur91],

Turk presents a method for creating a regularly spaced mesh that is used to calculate

reaction-diffusion texture patters. This method involves placing points randomly on

a model’s surface and then distributes them using a repulsion force. A polygonisation

is used to determine initial positions for points. The relaxation method used for

distribution uses a repulsion radius determined by the area of the surface and the

number of points. Points are always corrected to lie on the plane defined by the local

polygon

In “Reaction-diffusion textures” [WK91], Witkin and Kass develop a method that

adapts traditional reaction-diffusion approaches to allow anisotropic and spatially

non-uniform diffusion. This also includes multiple competing directions of diffusion

and as such was a precursor for Witkin’s particle system research [WH94] (presented

in the following Section).

A particle system is used for dynamic path planning for groups of characters in

“Continuum Crowds” [TCP06]. A per-particle energy minimisation approach using
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continuum dynamics is used for individual characters’ motion. Forces that act upon

each character are calculated assuming that each character has a dynamic or motion

based goal.

In “Organic labyrinths and mazes” [PS06] Pedersen and Singh use the point

distribution techniques developed by Turk in [Tur91]. Labyrinths and mazes are

represented as configurations of a set of piecewise linear curves that evolve using an

iterative algorithm similar to Turk’s repulsion method.

2.4.1 Witkin-Heckbert Style Particle Systems for Implicit Surfaces

Witkin and Heckbert [WH94] presented one of the seminal particle system frame-

works for sampling and controlling implicit surfaces. They were motivated to improve

the time taken to sample and render an implicit surface; to provide a visualisation

method that would work in real-time.

Many other particle systems for implicit surfaces are based on the principles

described in [WH94]. There are two main forces, or constraints, that dictate the

movement of the particles. These are an attractor force that constrains the particle to

the implicit surface, and a repulsion force that spaces the particles from one another.

The repulsion force acts locally to distribute the particles across the surface. The

repulsion force is also used to control density, birth and death of particles. Attraction

and repulsion are fundamental forces that are used in many later systems.

The attractor force A represents the orthogonal projection of the particle’s posi-

tion onto the surface’s tangent plane:

A =
∆F i(p) · vi

∆F ip · ∆F i(p)
F i

p (2.12)
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where vi is the velocity of particle i; and ∆F i
p is the gradient evaluated at position

pi.

The repulsion force is a Gaussian energy function based on the distance between

particles. It defines a particle’s energy E as:

Eij = α exp

(

−
|uij|

2

2(ρi)2

)

(2.13)

where uij = pi − pj is the vector between particles, α is a global repulsion amplitude

parameter and ρ is the local repulsion radius or standard deviation of the Gaussian

function.

The repulsion force is therefore negatively proportional to the gradient of energy

with respect to a particle’s position:

Ri = (ρi)2
n
∑

j=1

(

uij

(ρi)2
Eij +

uij

(ρj)2
Eji

)

(2.14)

The repulsion force has been modified in later research to take account of prop-

erties of the surface, such as curvature.

In [RRS97], Rosch et. al use a Witkin Heckbert (WH) based particle system

to illustrate implicit surfaces with singularities, cusp points and self intersections.

Their aim was to achieve a uniform sampling that would ultimately be used for

polygonisation. The authors modify the WH repulsion energy force (Equation 2.14)

to avoid particle interference or repulsion near a self intersection, and to to take into

account surface curvature and proximity to a singularity.

Another direct modification of the WH model is described in [CA97]. Crossno et

al modify the repulsion force to be based on local curvature of the surface. Curvature
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is also used in birth and death calculations, more particles appear in regions of high

curvature and less in low curvature. Ultimately the particles are used to create a

polygonal representation.

In [SH05] Su and Hart use a WH style particle system and extend it to use

behaviours, attributes and shaders to sense, extract and render surface information.

This method incorporates the techniques from [RRS97] and [CA97]. The definition

of behaviours in [SH05] refers to the forces applied to the particles, which includes

the attractor and repulsion forces, the integration step, and the birth and death

of particles as in the WH model. The main difference from the WH approach is

the method of decomposition of these forces. There are also behaviours that cause

particles to move towards silhouettes or singularities. The singularity behaviour is

based on the assumption that the gradient vanishes at a singularity and therefore

moves particles towards it when the magnitude falls below a preset threshold or

when the direction changes faster than the preset threshold. The silhouette adhesion

behaviour uses gradient descent search to move particles in the opposite direction of

the gradient of the squared magnitude of the silhouette function.

The Non-PhotoRealistic BlobTree (NPR-BT)

In [FJW+05] a WH based particle system was used to render complex hierarchical

skeletal implicit models in several pen-and-ink styles. The system uses the BlobTree

and is called the Non-PhotoRealistic BlobTree (NPR-BT). Particles identify interest-

ing areas of the surface and features using local surface properties. Interesting areas

include silhouette outlines and lines following local shape features, such as those

caused by CSG junctions. Local surface properties include examining the curvature
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of the surface at each particle’s position. The mean curvature γi is computed at each

particle position as follows:

δi = 1 −
γi

γmax

(2.15)

where γmax is the maximum of all γi, with γi defined by the Hessian h(x) of the

potential function. γi is defined as :

γi =
1

2

(

trace(h(xi))

‖∇f(xi)‖
−

∇f(xi)h(xi)∇f(xi)

‖∇f(xi)3‖

)

(2.16)

.

The Hessian is the 3 by 3 matrix of second partial derivatives of the potential

function, which are calculated numerically from the gradient. Additionally, trace()

defines the vector created from the principal diagonal of the matrix. The Hessian is

used to trace the principal directions of curvature [Ebe99].

The silhouette curve for an implicit surface is defined in terms of the view vector

V̄ , which for a point in space x is defined as:

V̄ =
(x − xeye)

‖(x − xeye)‖
(2.17)

A complete continuous silhouette curve c(t) exists on an implicit surface S if c(t) ∈ S

and the tangent plane to the surface at c(t) contains V̄ where x = c(t) for all t [BH98].

These conditions translate to:

f(c(t)) = iso, ∀t (2.18)

∇f(c(t)) • V̄ = 0, ∀t (2.19)

To trace silhouettes, the numerical integration from Bremer and Hughes [BH98] is

used. Unlike their technique, tracing begins by identifying particles Pi that lie near
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the silhouette using the following inequality:

|V̄ • ∇f(xi)| < κthreshold (2.20)

where κthreshold is user defined (we use 0.05).

Once silhouette particles have been identified, Equation. 2.18 and 2.19 are used

to to step along the silhouette using a predictor/corrector method. For a given point

x on the silhouette (obtained from the list of silhouette particles), an estimate of the

silhouette direction Ū is defined as follows:

Ū = κstep

∇f(x) × V̄

‖∇f(x) × V̄ ‖
(2.21)

where κstep is a user defined step size. This estimate is used to step along the

silhouette to a new point x′ = x + Ū . To ensure that the stroke trace remains on

track, two correction vectors are used. The first correction Usurface, corrects in the

direction of the surface as follows:

Ūsurface = κsurface∇f(x′)(iso− f(x′)) (2.22)

where κsurface is a user defined scalar value (we use κsurface = 0.5). This equation

uses the field value to scale the size of the surface corrector, as in:

Āi = (f(xi) − iso)∇f(xi). (2.23)

The second correction Ūsil, is used to ensure that integration follows the silhouette:

Ūsil = κsil(Ū ×∇f(x′)(V̄ • ∇f(x′))) (2.24)

where κsil is a user defined scalar value. As x′ moves off the silhouette, the magnitude

of Ūsil increases, thus pulling the stroke back toward silhouette. A new silhouette
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point x′′ is then defined as follows:

x′′ = x′ + Ūsil + Ūsurface (2.25)

Subsequent iterations repeat this procedure (Equations 2.21 to 2.25).

As points are calculated, their positions are saved into a fine spatial grid, denoting

that a silhouette has been found in that position. This is used to prevent multiple

silhouettes from being traced, and to determine when a silhouette loops.

Linking Silhouettes: Silhouette tracing will generate looping and non-looping

silhouettes. Looping silhouettes are identified when the silhouette trace enters a

grid cell where (1) its starting point exists and where (2) the angle between the

direction towards the starting point and the Ū is less than a threshold. A non-

looping silhouette is created when Ūsil enters a cell where another silhouette already

exists or when Ūsil enters an area of an abrupt blend or a CSG junction. In both

of these cases, the system returns to the original silhouette point and traces in the

other direction. After all silhouettes have been traced, we link the endpoints from

any two silhouette chains that are within a certain distance of one other. If there are

still incomplete silhouettes after this step, the K step sizes are lowered, and tracing

is attempted again.

We trace short interior strokes directly at particle positions. Selection of the

particles that are used to draw strokes is accomplished by evaluating the following

particle measures: depth, angle from the silhouette, mean curvature and lighting. A

brief summary of lighting and silhouette angle measures is now provided.

Lighting: We simulate point lights in our system. These are evaluated as:

lighti =
xi − light

‖xi − light‖
•

∇f(xi)

‖∇f(xi)‖
(2.26)
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where light is the light position.

Angle from Silhouette: The angle from the silhouette creates a measure which

is the same as a point-light at the eye position in the scene. It is calculated as the

angle between the gradient to the view direction:

silAnglei =
xi − xeye

‖xi − xeye‖
•

∇f(xi)

‖∇f(xi)‖
(2.27)

Notice that to gain efficiency, we only calculate particle measures for front-facing

particles as back-facing particles will not be visible when rendered. A particle is

back-facing if (xi − xeye) • ∇f(xi) > 0.

Figure 2.8: Comparing different values for ut and lt: the blue dotted line denotes
ut and the red dotted line denotes lt. Left: a large difference between ut and lt
creates a smooth blend between areas with strokes and those without. Right: close
ut and lt values creates a sharper transition.

Applying Measures to Select Particles: Our system allows the user to select two

values, an upper-threshold ut and a lower threshold lt, which define shape-measure

areas (Figure 2.8). Any particle whose measure, et is less than lt is removed and

any particle whose measure is greater than ut is used to create a stroke. Particles

between these two values are blended for inclusion (Figure 2.8). The system must

blend particles in a way that appears to be random, but does not create flickering
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as the scene is redrawn. To do this, we use the particle’s index i into the particle set

P to create:

et =
i

n
∗ (ut− lt) + lt (2.28)

where n is the number of particles. To create a blended effect between ut and lt,

particles are included for rendering when the shape measure for particle i is greater

than lt.

We provide two methods for implicit model hidden line removal: an efficient ap-

proximation using surfels [PZvBG00] with z-buffer occlusion and a more computa-

tionally expensive exact approach using raytracing [BH98]. Only the surfel technique

is presented here, see [FJW+05] for more details.

2.4.2 Smart Particle and Agent Based Systems

The motivation for the smart particles or sparts introduced by Pang and Smith in

[PS93] is to provide a programmable tool for visualisation of scientific data. They

are used in the context of virtual spray cans, which are user controlled and are

filled with different types of sparts that perform different tasks. Spray rendering can

render arbitrary data sets in various styles and allows progressive refinement of the

image. Characteristics can be assigned to the sparts such as surface seeking, volume

penetrating, flow tracking, and meta-sparts. They allow the user to visualise a data

set by interacting with it using a collection of specific-task sparts, or spray cans. The

sparts system provides certain structured behaviours, such as surface seeking, but

aims to provide the user with a mechanism of defining behaviours for themselves.

This requires an understanding of the underlying data and the potential behaviours

that could be created to visualise it. For example, sparts can be used to highlight
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data values themselves or relationships between data values, “a spart may be defined

to manifest itself only if the wind speed is between 12 and 30 knots”. Sparts can be

thought of as small spherical balls or light emitting points. The individual sparts

may, however, be rendered in a variety of styles and shapes, for example each spart

can be shaped like a leaf and the group of sparts is “thrown” into the wind to visualise

the direction of the wind.

The techniques presented in [FJW+05] identified shortcomings in terms of the

time taken to distribute particles across a surface to illustrate feature outlines. In

[JWS06] the system was enhanced to use a data structure that represented the Blob-

Tree object. Analysis of this data structure identified potential locations of surface

features and areas that had been under sampled. Smarticles presented in [JWS06]

used steering and flocking behaviours to seek out interesting areas of the surface

and achieve variations in stroke appearance. The basic management system was the

first step and proof of concept in creating the management system and smarticles

presented in this thesis.

A method that operates in image space is [SOD04]. User collaboration with an

artificial ant colony progressively transforms photographs into stylised pictures. The

user is not responsible for positioning strokes, the ants create the strokes in response

to navigation and stroke parameters set by the user. Ants are autonomous agents

that use only local information and can navigate edges, fill and hatch regions, and

smudge regions of the image. There is no communication or cooperative concepts

applied to them. They have a shared memory in terms of the image to be created

and user interaction sets navigation and mark (stroke) parameters.

In [MDC04] an agent based system is presented to help artists express ideas. The
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semi-autonomous agents represent graphical elements that are combined through

rules provided by an artist working with an algorithm. The authors aim to find a

balance between artistic expression and algorithmic support. Coalition forming is

used to create larger elements that an artist can manipulate: “Instead of dealing

with masses of tiny elements the artist can deal with a smaller number of coalitions

(groups) of elements.” Creating an image involves training the agents about the

conditions under which they should form coalitions.

RenderBots [SGS05] are autonomous agents that represent one stroke in one style.

There are a number of different styles of strokes and so a number of RenderBots

are used to create an image. The RenderBots can draw edges, shade an image

using hatching and stippling, and use styles such as mosaic or painting. The main

contribution is a unified approach to stoke based rendering, where many styles can

be created using the same framework. The agent space consists of a source image and

possibly additional G-buffers. These are layered to create a RenderBot’s universe.

This is an image space method with the focus on a 2D environment, rather than

3D object space. Although 3D information may be available in terms of information

from G-buffers, it is not made available to the RenderBots when generating an image.

2.5 Flocking and Steering Behaviours

Craig Reynolds introduced flocking [Rey87] and steering [Rey99] behaviours to give

autonomous characters more life-like actions. The behaviours are independent of the

visual representation of the characters and describe their interaction with each other

and their environment.
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Steering behaviours are applied at the individual level and flocking behaviours are

applied to groups. Steering applies to how individuals navigate their environment.

Whereas flocking creates effects that are dependent on other individuals in the flock.

Individuals are referred to as boids in Reynold’s work.

Figure 2.9: The red arrows indicate the steering directions central particles should
apply to adhere to the relevant flocking behaviour. Left Alignment. Centre Sepa-
ration. Right Cohesion. (Images courtesy of Craig Reynolds.)

2.5.1 Flocking Behaviours

In [Rey87], Reynolds presents a generalisation of a particle system that is used to

simulate group behaviour, i.e. flocks, herds or schools. The individual members

of the group are modelled as above, with the group behaviour emerging from the

application of straightforward interaction rules. There are three main flocking be-

haviours: collision avoidance (or separation), velocity matching (or cohesion) and

flock centring (or alignment), see Figure 2.9. In [Rey87] the flocking behaviours and

related neighbourhoods are used to simulate flocks of birds, shoals of fish or swarms

of insects.

All three flocking behaviours rely on finding local flockmates (others in the same

flock). The neighbourhood may include a few flockmates, or can be large enough to

include all of the members of the flock.
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Alignment with local flockmates causes all relevant members of the flock to

follow similar direction headings. An individual’s velocity is progressively altered to

match those of local flockmates. The alignment steering vector is calculated from

the difference between the current individual’s velocity and the average velocity of

neighbours:

a =
va

| va |
− v (2.29)

where v is the current velocity and

va =
n
∑

i=0

vi (2.30)

vi refers to a neighbour’s velocity and n is the number of flockmates in the neigh-

bourhood.

Separation from local flockmates eliminates overcrowding and can be used for

collision avoidance. A repulsive steering force is calculated that moves an individual

away from local neighbouring flockmates. The separation force is calculated from the

relative positions of neighbours, which is normalised and weighted. The weights use

the difference in position between the character and the flockmate being considered:

s =
n
∑

i=0

(

1

| p− pi |2
∗

p− pi

| p− pi |

)

(2.31)

where p is the current individual’s position and pi is a neighbouring flockmate’s

position.

Cohesion steers the characters into a group. The steering force is calculated as

the difference between the vehicle’s current position and the average position of the

local flockmates.
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c = pa − p (2.32)

where pa is the average position of local flockmates: pa = Σn
i=0p

i.

The three flocking behaviours define three forces that are combined to create a

single steering (flocking) force. Each force is given a weight that assigns how much

influence that behaviour will have on the final steering direction. The values of the

weights are dependant on the desired effect.

fi = ωs f s
i + ωa fa

i + ωc fc
i (2.33)

where ωs, ωa and ωc are the weights for separation alignment and cohesion respec-

tively.

2.5.2 Steering Behaviours

In [Rey99], the term behaviour refers to ”the improvisational and life-like actions of

an autonomous character”; in contrast to a scripted set of actions. Combination of

steering behaviours determine the total steering force, which can generate complex

behavioural patterns. The method of combination is typically linear, and is achieved

by associating weights with each of the steering direction vectors. A boid is a simple

point mass approximation with a position, mass, velocity and orientation. Boids

have a visual representation that requires an orientable local coordinate frame. This

basis is in terms of its local origin and local forward, side and up vectors. This

frame is incrementally rotated to maintain coherency in orientation throughout the

simulation.
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Figure 2.10: Behaviours. (Top Row:) (Left) Seek. (Centre) Arrival. (Right)
Wander. (Bottom Row:) (Left) Path following. (Centre) Flow field following.
(Right) Containment. (Images courtesy of Craig Reynolds)

The seek behaviour steers the boid towards a specified position in space, see

Figure 2.10 (Top Left). The boid’s velocity is incrementally adjusted at each step

so that it is aligned towards the target. The desired velocity is therefore in the

direction from the boid to the target.

The arrival behaviour is identical to seek until the boid reaches within a certain

distance of its target, see Figure 2.10 (Top Centre). As the boid approaches its

target it slows down and finally stops when it has reached it.

The wander behaviour (Figure 2.10(Top Right)) calculates a random vector

that is used with some constraints to ensure the path is not too erratic. A sphere

is positioned close to the front of the vehicle with the radius equal to the maximum

wander strength (Figure 2.10 (Top Right): large circle). The steering force is

constrained to the surface of this sphere. The new steering force is calculated using

a random displacement with a maximum length equal to the wander rate (Figure
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2.10 (Top Right): small circle). This displacement is added to the previous steering

force before being constrained to the surface of the larger sphere. In this way, the

steering direction will not be in the opposite direction regardless of the orientation

of the randomly generated displacement, which means the path is less erratic.

Path following (Figure 2.10 (Bottom Left) describes an overall behaviour that

provides a pre-determined steering path for an individual. The path is not defined

as rigidly as rails for a train, it is more akin to a corridor or footpath. This enables

a certain amount of freedom of movement without the path being too prescriptive

and restricted.

Flow field following (Figure 2.10 (Bottom Centre)) is a subset of Path

following where the path is defined using a flow field vector that is dependant on

either user requirements or environmental specifications.

Containment (Figure 2.10 (Bottom Right)) is another sub set of path fol-

lowing and is used to constrain an individual within a particular region. Contain-

ment generally describes a steer-to-avoid strategy that alters the steering force of

the particle to ensure that the path does not take the particle outwith the specified

containment region.

2.6 Multi Agent Systems (MAS)

A Multi Agent System (MAS) usually consists of a group of computing elements

(known as agents) in an environment. Agents have a method of collaboration that

defines them as being part of a system rather than unrelated individuals. One of the

main goals of a MAS is synergy [Den99]: although a single agent may be capable
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of autonomous problem-solving behaviour, a collection of agents is often recognised

as having a better chance of achieving a higher quality solution. The collection of

agents is used to examine a problem space and work towards finding possible solu-

tions. Collaboration (co-operation or competition) between agents should increase

the effectiveness, efficiency and quality of a solution. An important consideration,

however, is that the level of collaboration does not create prohibitively large volumes

of communication.

2.6.1 An agent

There are many definitions of an agent and a MAS, it is a much debated topic.

Wooldridge’s [Woo02] definition is:

“An Agent is a computer system that is situated in some environment,

and that is capable of autonomous action in this environment in order to

meet its design objectives.“

An accepted generalisation is that an agent is defined by a 4-tuple consisting of

situations, actions, internal data and decision functions [Den99]. The situations are

those in which an agent may find itself. The internal data is the set of possible values

the data areas can have. The set of actions are those that the agent can perform.

And finally, the decision function is what connects the situation and relevant action.

This definition of an agent is therefore:

Definition: Agent

Ag = (Sit, Act,Dat, fAg)

where:
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Ag: the agent.

Sit: the set of situations Ag can be in.

Act: the set of actions Ag can perform.

Dat: Ag’s internal data (set of all possible values).

fAg: Ag’s decision function (Sit * Data = Act).

The decision function can be represented using a decision network framework,

which is a generalisation of Bayesian networks. Probability theory is used along with

graph theory to represent uncertain knowledge in a probabilistic graphical model

[YT07].

The notion of an intelligent agent is as difficult to define as the concept of in-

telligence itself. In [WJ95] the authors list a number of capabilities that may be

expected of an intelligent agent, these are: reactivity, where agents should be able

to perceive and respond to changes in their environment; pro-activeness in terms

of using some initiative for goal directed behaviour; and an agent’s social ability

in terms of communicating with other agents (and potentially users).

2.6.2 A Multi-Agent System

As with most human systems, fundamental properties of a MAS are organisation

and collaboration [Den99]. Organisation is required to take a group from a set of

individuals to a system of agents. The organisational structure identifies the roles

of agents in the system. An organisation requires a communication protocol and

a reporting structure for the group of agents. Collaboration can be in the form of

co-operation or competition.
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2.6.3 Organisation

It has been stated that one of the main goals of an MAS is synergy; where the whole

is greater than the sum of its parts [Den99]. A group of agents can be used to solve

problems that may be beyond the ability of one individual [DLC89]. The group may

also provide a better, faster or more appropriate solution. An organisational struc-

ture is, therefore, required for the collection of agents to function as a system. This

organisation will deal with task identification and assignment as well as the method

of agent collaboration. As mentioned above, agent collaboration can be in the form

of competition or co-operation [Den99], [Woo02]. Whatever the collaboration style

of an agent, the ultimate aim of the system is to find a solution.

In order to find a solution a control strategy is required. A control strategy

addresses the problem of deciding upon appropriate actions to perform in particular

situations during the tasks of the problem solving process [HR85]. The control

strategy is, therefore, related to an agent’s decision function.

There are a number of tasks associated with creating an organisation of co-

operative problem solving agents. First, the tasks and subtasks should be well de-

fined, created and distributed. Knowing how to organise (and identify or categorise)

both task and subtasks is very important and can be a very difficult process. Next,

agents are assigned to work on and solve the tasks. And finally, the achievements

of the agents should be collated, examined and communicated to other (relevant)

agents. This process is repeated until a satisfying solution to the problem is achieved

[Den99]. Note, however, after a few system iterations, the definition of the problem

or task may be quite different from the original description.
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2.6.4 Communication

In order for agents to co-operate, they must communicate. Communication between

agents should be designed in such a way as to maximise useful information sharing

whilst minimising unnecessary data flow [Den99]. Communication can, therefore, be

described as an action that is undertaken to influence other agents [Woo02].

In order to have effective communication between any two entities, be they agents

in a system or human beings in situations, a method of communication must be

agreed upon. This method includes both the language to be used and the form of

the communication itself.

Two basic communication protocols used in MAS are through message passing or

via shared memory. Message passing is one-to-one communication between agents.

This communication usually has a clearly defined and agreed upon structure which

is turn based and forms a dialogue between the agents involved [Wer88]. Shared

memory, alternatively, is a common area, or database, where both reading and writ-

ing are permitted. This is also known as a blackboard [HR85]. An agent can choose

to ignore it or act upon any information being communicated to it.

In a traditional blackboard system a central control unit known as a scheduler

is an integral element. The scheduler creates control strategies which dictate the

state, availability and accessibility of agents and information, and also compiles a

strategy to solve the problem at hand [HR85]. In [Cra93], Craig introduces a new

interpretation of the blackboard metaphor where control is more distributed. The

blackboard is still used as a central repository of information, but the agents them-

selves decide which information to make available. The agents, therefore, maintain
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control of their information, state, history, status, strategy and also have knowledge

of other agents. Agents are, however, required to maintain communication with the

blackboard regarding agreed upon topics. The blackboard can then inform other

agents of state changes or any other information that is relevant.

2.6.5 Co-operative Concepts

Durfee et al [DLC89] identify four general goals of co-operation. These are:

1. Increase the task completion rate through parallelism.

2. Increase the set or scope of achievable tasks by sharing resources (information,

expertise, physical devices, etc.).

3. Increase the likelihood of completing tasks (reliably) by undertaking duplicate

tasks, possibly using different methods to perform those tasks.

4. Decrease the interference between tasks by avoiding harmful interactions.

The authors note that the importance of each of these goals is very much dependent

on the system being created.

Organisations often employ several concepts for co-operative problem solving.

Amalgamation of these concepts allow different tasks to be assigned to the most

relevant concept. Two examples of concepts are co-operation by making (selected)

information available and master-slave relationships.

Sharing useful information (via a blackboard or message passing) can help agents

achieve better or faster solutions. Deciding what is “useful”, however, can be a time
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consuming task. It is important to consider that many agents engaging in high vol-

umes of communication can create a great deal confusion. It is extremely desirable

therefore to properly filter this information and reduce the volume of communica-

tion. In [DF99] filters, or referees are used to help clarify the situation and the

communication between agents.

2.6.6 The Vigo Multi-Agent System

Vigo is a framework for simulating and visualizing three dimensional scenes [Bur].

It is being developed as a research tool at the ESD Group.

Vigo was originally created as a platform for modelling dynamic systems of in-

teracting agents. As agents move through three dimensional space they perceive

(“see”) objects and other agents in their neighbourhood. Agents decide how to act

based on their own internal data and information from the environment, i.e. what

they perceive.

Vigo combines all of the physical components of the simulation into a scene. The

scene then assumes responsibility for agent dynamics in the simulation. A developer

derives agents from the vigo::space::Node class and tailors them to the requirements

of the simulation. The scene is used to control the simulation and therefore the

agents.

2.6.7 Applied MAS techniques

“Artificial Fishes: physics, locomotion, perception, behaviour” presented by [TT94]

uses Reynold’s flocking and steering behaviours in a MAS that simulates fish in

an environment that simulates certain natural ecosystems. One of the aims of the
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framework was to provide realistic appearance, movement and behaviour of indi-

vidual fish as well as model complex group behaviours. The fish have behaviours

that rely on their perception of their dynamic environment. They have three mental

states: hunger, libido and fear. An intention generator checks sensory information

and mental states to decide on an appropriate intention. Control is then passed to a

behaviour routine that will satisfy the intention. Any relevant perceptual informa-

tion is also passed to the behaviour routine.

In “Improv: a system for scripting interactive actors in virtual worlds” [PG96],

Perlin and Goldberg describe actors in a manner akin to agents that have real-time

behaviour based actions in terms of their individual physical movements and their

group behaviours. Actors, or agents, directly represent the character being displayed

and animated. Characters have a behaviour engine that maintains an internal model

of the character (similar to Internal Data Values (IDV)) and makes decisions about

the appropriate action to be performed in particular situations (related to the Deci-

sion Function). Co-ordination of multiple actors involves using a blackboard. When

actors interact, they can alter the contents of each others IDV. The blackboard is

distributed along with each actor if multi-processing or network implementations are

used.

In “Planning cooperative motion for distributed mobile agents” [FS96], autonomous

distributed mobile robots co-operative to to create a map of an environment. Robots

are of different sizes and therefore have access to different areas. They communicate

with one another to resolve problems, such as requesting a smaller robot access a

small region.

Yu and Terzopoulos present an agent based framework for advanced behavioural
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animation in virtual humans in “A decision network framework for the behavioral

animation of virtual humans” [YT07]. The paper deals with decision making that

selects appropriate actions for the agents’ perceived environment. The actions are

chosen even though their interpretation of the environment may be imprecise, which

results in more realistic simulations. The authors use a combination of techniques

from decision networks, probability and graph theories for complex behaviour mod-

elling and intelligent action selection.

In “Autonomous Robots and Agents” [MG07] techniques are presented for col-

laborating autonomous agents used for techniques such as motion planning and map

making. Methods presented include techniques for autonomous agents to create, for

example, cognitive maps of environments, and special trajectories for mobile robots.



Chapter 3

The Management Scheme

Figure 3.1: The manager: initialises the data structure, which is the repository
known as a blackboard; queries the implicit surface modelling system on behalf of
the smarticles (organised into teams); and interfaces with the user to create the
priority lists.

Previous approaches to pen-and-ink rendering of implicit surfaces are, in gen-

eral, based on particle systems. Particles are distributed across a surface and can

identify feature outlines when they are close to them. Particles know only their

position, velocity, acceleration, and other attributes (in some systems). Smarticles

are agents (in a MAS) that have been developed from traditional particles (WH

style) to include behaviours, which allow them to semi-autonomously explore their

environment. Smarticles are described in full in the following chapter (Chapter 4).

They are used to overcome some of the shortcomings associated with the feature

proximity requirement of previous systems. The development of smarticles alone,

however, does not address all of the problems identified with previous particle-based

56
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approaches.

A particle system is described as a “monolith” [WBK97], which means that de-

spite having many component parts, it acts as a single entity designed to perform a

particular task.

In the context of implicit surfaces many of the previous approaches used particles

to visualise a surface by adhering to it and distributing across it. The particle

system calculates and assigns attribute values, such as position and velocity, for

each individual particle. Particles do not have any control over their locomotion

or changes in attribute values, they simply store the data that represents them.

Particles also do not have any autonomy or inter-particle communication or co-

operation. All calculations involving the particles are done at the particle system

level.

Smarticles develop WH style particles to include agent-based techniques. The

management system interprets user requirements and creates tasks that are assigned

to the smarticles. For example, if the user requests that a silhouette outline is traced,

the manager initialises a smarticle and instructs it to perform the task. Other tasks

include feature outline tracing, exploring a region and creating paths for strokes, see

Section 3.2 for details.

The management system was developed to complete tasks in a flexible manner.

The order of completion is not predefined and consistent, it changes every time

the system is used in accordance with the user’s specifications. Although there is a

certain set of tasks the manager can assign and smarticles can perform, the ways and

means of completing these tasks vary according to the user’s requirements. To avoid

ambiguity, user specifications and requirements are called requests and smarticles are
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assigned Tasks to fulfil these requests.

The user (e.g. an illustrator) has an overall view (either mental or physical) of

how an object should be represented when creating an image. The illustrator may

choose certain areas of the image for focus of attention or to be rendered in a higher

(or lower) Level Of Detail (LOD). The illustration being created is viewed as a single

object that is created piecewise, where the whole is greater than the sum of its parts.

The manager was therefore designed to represent this holistic view. The manager

assigns task and collects and co-ordinates the results of smarticle explorations. The

management and smarticle scheme combines the benefits of local, distributed compo-

nents, such as agents or particles, with an overall view of the object. For this reason,

wholly autonomous agents are not appropriate, and the manager (necessarily) acts

as a central controller.

Manager and smarticle development are modelled on the rough-to-detail process

many illustrators use. In early stages of an illustration, rough outlines are used to

suggest the shape and form of an object. The illustrator decides which parts of the

model should be drawn with more (and how much) detail. Smarticles were, therefore,

developed as a tool rather than being wholly automatic. Smarticles can automate

tasks where relevant, such as feature finding, but the overall direction remains with

the user. The manager interprets the user’s requests. The user can direct the smar-

ticles to any region of the surface and specify what should be performed with the

manager taking care of the details of how it will be performed.

The contributions of this chapter are the method of organising agents to explore

an implicit model; the method of organising the object space to identify potential

locations of features and outlines; interpreting user requests to create tasks; and
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prioritising tasks and areas of the surface to identify features and trace the outlines.

3.1 Introduction

The concepts of tasks are central to the understanding of the working of the manager.

Tasks include tracing feature outlines, positioning stroke samples, shading around an

outline or a single primitive, exploring a region (identifying features), see Section 3.3.

The manager interprets user requests to create a list of tasks, illustrated in Figure 3.2.

Smarticles are initialised with relevant task information i.e. initial position, velocity,

steering direction calculation method, maximum step length and termination criteria,

before being instructed to perform their assigned tasks, (see Chapter 4 for a full

description of smarticles). Upon completion of the task the voxel-based public data

repository known as the blackboard and the task list are updated. The manager

accesses the Implicit Surface Modelling (ISM) system on behalf of the smarticles for

information about the model.

This chapter is organised as follows: first an overview of the management scheme

framework is given, which is followed by an explanation of task identification from

user requests, and subsequently the method of assigning tasks to smarticles. Task

prioritisation is then described in terms of workload, workdone and the resulting

priority ratings. Finally, the blackboard data structure, communication pipelines

and initialisation are described.

Note, a smarticle’s movement is described by its path, which is constructed from

steps taken at each system iteration. The direction of the steps is dependant on

the task, e.g. to explore a region a constrained random wander steering behaviour
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Figure 3.2: The manager interprets user requests to create tasks that are assigned
for smarticles to complete. The dotted lines show the process flow and the solid lines
show data flow.

(direction) is used with the length of the vector, or the size of the step, related to

the level of detail. For a full discussion of smarticle’s behaviours creating paths see

Chapter 4.

3.2 Management Scheme Framework

The manager is central to the system operation and has several components (Figure

3.1). During the initialisation stage a low resolution polygonisation of the model is

created, which provides initial data for the voxel based data structure known as the

blackboard and smarticles, see Section 3.6. After system initialisation, the user can

specify where and how they would like smarticle activity to be concentrated. The

manager interprets the user’s requests (Section 3.3) and references the blackboard to
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generate a list of prioritised tasks. This list is then used to create smarticles, assign

their relevant data values, initiate their performance of the tasks, and finally collect,

collate and analyse the resulting data in the blackboard.

The prioritised task list is based on estimates of the workload (the perceived

amount of work to be undertaken) and workdone (the amount of work completed).

Note that both workload and workdone are estimates that are also dependent on the

level of detail specified by the user.

An overview of a typical run of the system to identify and complete tasks is:

CompleteTasks()

Initialise(blackboard) � data structure (see Section 3.6.4)

IdentifyTasks(user, blackboard) � (see Section 3.3)

Prioritise(tasks) � (see Section 3.5)

Assign(tasks, smarticles) � (see Section 3.4)

Initiate(smarticles) � complete tasks (see Section 3.4.1)

Collatesmarticledata � (see Section 3.6)

3.3 User Requests and Task Identification

Table 3.1 describes the relationship between user requests and smarticle tasks. The

user makes requests and the manager identifies the corresponding smarticle task. A

single user request can fire multiple tasks. For example, if the user selects to create

more detail in a region, the manager will use a team of smarticles to explore the

region, which will also identify and trace any feature outlines found.
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User requests Smarticle tasks

Trace feature outlines Trace feature outlines (Section 5.7)
Create a single line or stroke sample Position a stroke sample

(Sections 5.7 and 5.4)
Place stroke samples Position stroke samples

(Section 5.4 and 5.5)
Shade around an outline or line Shade around an outline or line

(Chapter 6.3.1)
Shade a single primitive Shade a single primitive

(Chapter 6.3.2)
Find features in a region Explore a region (Section 5.4)

Identify features or points on a
feature outline (Section 5.6)

Table 3.1: User requests and their associated smarticle tasks.

User requests include identification of parts of the object or object space to define

the region of interest:

• point: the user directly specifies the coordinates, (x, y, z), of a point

• neighbourhood: the number of voxels neighbouring the current voxel, e.g. 1:

all voxels within 1 < i, j, k > (integer-value voxel dimension) of current voxel

• region: a region is an area of the surface (or volume) that is identified by a

smarticles through examination of values at each path step point. A region is

defined by the user as follows:

• The angle between the gradient at the first point on the path and the cur-

rent point. The region is identified to contain all path points where this

gradient comparison is less than the specified angle. For example, in Fig-

ure 3.3 (b) the silhouette outline is drawn in the region where the angle

between the gradient at the user specified point (blue square) and the
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gradient at each path step point is less than 90 degrees. The extent of the

region is reached and the path is terminated when this angle comparison

exceeds the user-specified value.

• The number of steps in the path. This identifies a region that will have a

size and shape dependent on the local properties of the surface. Smarticles

take smaller step sizes in areas of high curvature, so a region delineated

by 100 steps, for example, will be smaller in area on a curved part of the

surface versus a relatively flat part.

• If the curvature sign changes, e.g. from concave to convex or vice versa.

Using curvature change in this way smarticle paths can be limited to

concave areas of a surface, for example smarticle paths could be limited

to the concave region that represents the bite from the pear in Figure 3.7.

• level of detail: dictates the size of the steps the smarticle should take.

In the absence of specific user requests, the manager can, to a certain extent,

automate task identification using statistics from system initialisation. In such a

case task identification is restricted to tracing feature outlines.

In the remainder of this section, the manager’s responsibilities in terms of task

information is explained. The related smarticle operations are covered in Chapters

4 and 5.

3.3.1 Feature Outline Tracing

The user can request silhouettes and discontinuities tracing. Unless a region is spec-

ified, a feature outline is traced until it is no longer discernible or until it loops (the
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end of the path meets the beginning). Not all feature outlines are guaranteed to be

identified at any point in time, so the system can only trace those that are identified

when the user made the selection. The types of feature outline identification are to

trace:

1. all feature outlines of all types to completion (see Figure 3.3 d): this

is accomplished by selecting “Trace all identified feature outlines” in the User

Interface (UI). The manager automatically looks at all of the surface voxel data

where feature outlines have been identified and systematically traces each to

completion.

2. all outlines of a particular type to completion (e.g. silhouette or dis-

continuity): the UI allows the user to select tracing of all currently identified

silhouettes, discontinuities or curvature change regions.

3. all outlines in a region (regardless of type): e.g. (Figure 3.3 (b)) the user

identifies a region by specifying a 3D point in object space and termination

criteria, as described above, in this example the angle was chosen to be 90

degrees. The region can be used to identify where tracing starts (user iden-

tified point) and stops (termination criteria), or where it starts with outlines

being traced to completion (looping or lost) by not specifying any termination

conditions.

4. a single feature outline: the user identifies a point in the object space (as

above) and selects the “Trace closest feature outline” option. As above, the

region constraint (termination criteria) can be set to limit the length of the
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Figure 3.3: (a) The outlines from the initialisation of the tooth model in red. (b)
The user identifies the silhouette (the blue square) and the region inside which it is
traced. (c) The same silhouette has been traced to completion. (d) All silhouettes
traced.

trace.

For full details of how smarticles trace specific feature outlines see Chapter 5.7.

3.3.2 Stroke samples

Creating stroke samples includes specification of where the stroke samples are to

start, the direction they should take and where (or under what conditions) they

should stop. Stroke samples are initiated:

• from existing outlines, such as silhouettes or discontinuities

• in particular regions (such as concave or convex areas)

• in a region around a user specified point

• at random positions on the surface, using polygon vertices with random offsets.
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The user can identify outlines and regions using the UI. The user also selects

the direction for stroke samples. Directions relate to the behaviours described in

Chapter 5.

The user can identify a region on the surface by specifying the centre point and

termination criteria. The user can specify further constraints, such as the density of

stroke samples.

3.3.3 Shading

The user can request certain areas of the surface to be shaded as an indication of the

importance of an outline or region. The shading is not intended to be a complete

and accurate method, rather, it is used as a way of drawing attention to a region of

the surface or indicating colour, shape or detail. Full details of rendering around an

outline or a single primitive are covered in Chapter 6.

The user selects a feature outline using the UI (as above), specifies the voxel

neighbourhood, and selects a colour using the colour selection tool. Upon selecting

“Shade around feature outline” the shaded triangles are calculated and displayed,

see Chapter 6.3.1 for full details.

Alternatively, where the user wishes to shade a particular primitive, they select

it by positioning a point in the viewing space or selecting an attribute value, see

Chapter 6.3.2 for full details. The colour is chosen in the same manner as above and

the shading is calculated upon selecting the “Shade a single primitive” option.
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Figure 3.4: The jug on the left has outlines traced at a low level of detail (LOD =
1). Whereas the jug on the right has a higher level of detail for the tracing (LOD =
10).

3.3.4 Explore a region

Smarticles can be given tasks that relate to finding out more information about a

region. This is usually done under one of two circumstances: where surface voxels

have not been identified by the initial polygonisation, or where feature outlines have

not yet been identified.

Sample voxel space

When a smarticle is given the task of sampling voxel space, its movements are con-

strained to lie within that voxel. Sampling is also the general term for evaluating
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the field function value and the gradient at a particular point. Sampling voxel space

can have two distinct purposes: ensuring voxel corner and edge data is evaluated

and processed; and also to explore the space inside the voxel, potentially identifying

a feature or surface detail.

Evaluation and processing of corners and edge-surface intersections usually occurs

where a surface voxel has not been identified by the initial polygonisation (due to a

small scale detail and large voxel size, see discussion on sampling in Section 2.2.3)

or where a neighbourhood voxel is newly sampled and does not contain a part of the

surface. This evaluation step provides the manager with the basic information to be

used in calculation of statistics. Corner sampling is carried out as a first step when

new voxels are identified.

A smarticle can steer (using wander, Section 5.4.1) inside a voxel and examine

field function and gradient information at each of its steps. Relevant sample and

curvature information is stored by the smarticles for the manager to calculate voxels’

processing priorities. This can be carried out on any voxel that has previously had

its corner information evaluated.

Sample a neighbourhood

Sampling a neighbourhood is similar to sampling a voxel. Different measurements

are used, however, to describe the region (rather than using a voxel). The smarticle

is given steering behaviours that direct it, and termination criteria to identify the

region. The constraints are the same as above and those outlined for smarticle

containment in Chapter 5.4.
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3.4 Assigning Tasks

Assigning tasks to smarticles involves creating either an individual smarticle or a

team, initialising Internal Data Values (IDV), initiating actual performance of the

task, and collecting and storing any relevant information from the smarticles in the

blackboard.

Smarticles were designed to complete tasks semi-autonomously with the aim of

multi-threading the tasks where relevant. This would allow the smarticle to perform

certain tasks independently and in parallel. The places where this would not be the

case would be where they were constrained by density calculations or some other

situation where a conflict in accessing the blackboard would arise. Multi-threading

was not fully implemented, however, due to constraints with the MAS engine Vigo.

In this section, the life-cycle of a smarticle is explained, from the point of view of

the manager and completing assigned tasks. Teams of smarticles are also introduced,

before describing an example of assigning tasks from user requests.

3.4.1 The Life Cycle of a Smarticle.

A smarticle is created by the manager when it is needed, see Figure 3.5. It is given

initial values depending on the task it should perform, for example if the smarticle

is to trace a silhouette, the initial position and sample values will be provided by a

point identified from the pre-processor to be on or close to a silhouette.

The following Algorithm outlines the managers method of initialising smarticles:

InitialiseSmarticles()

WHILE tasks
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CreateTeam(numberSmarticles, task)

FORALL smarticles � in team

SetInitialPosition()

SetInitialV elocity()

SetSteeringDirectionCalculationMethod()

SetMaximumSpeed()

SetTerminationCriteria()

ENDFOR

ENDWHILE

Figure 3.5: A smarticle is created by the manager in initialise smarticle and then
performs actions to complete the assigned task. Upon completion of the task the
smarticle reports any relevant information to the manager to update the Blackboard
and informs the manager that the task has been completed. Blue circles represent
manager processes and red ones represent smarticle processes. Dotted lines represent
process flow, solid lines represent data.

The initial point is determined according to the request made by the user. It

can be the point identified by the user, a point on a user selected outline, or a point

identified to approximate a feature, from the initial polygonisation.
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The initial velocity is also related to the specific task. It is calculated as part of the

relevant initial steering direction. The steering direction is related to the behaviours

(see Chapter 5 for full details and examples). Therefore, as the steering direction

calculation method is set, the initial velocity is calculated using this method.

The maximum speed is directly related to the detail level requested by the user.

This value is between 1 and 10 for user selection, which is normalised (0:1) for use in

scaling the steering direction vector when calculating a smarticle’s acceleration (see

Chapter 4 for details).

The smarticle’s termination criteria is set directly in accordance with the values

specified by the user, as described above.

Once a smarticle has been assigned a task and its internal data is initialised,

it performs the actions necessary to complete the task. The action it performs is

dependant on the situation the smarticle is in. The situation is defined by information

such as environmental and internal data (for details see Section 4.2).

When a smarticle has finished its assigned task it reports to the manager with

any relevant information to be updated in the blackboard. The manager then places

the smarticle on a free-smarticle list. Members of the list can be re-assigned to tasks

where and when relevant, rather than having to create a new one each time. The free

smarticles list was created in anticipation of multi-threading and parallel processing.

Potentially, each smarticle could be associated with a processor, which would be

assigned a new task without requiring new creation and association overheads.
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3.4.2 Teams of smarticles.

The manager is responsible for forming teams that will perform particular tasks.

Smarticles can be organised into teams that can achieve successful results more

readily than individuals working alone. Teams are often described as behaving like

one single agent, or smarticle, with more abilities, resources and better efficiency. A

team is used to trace a discontinuity-based feature outline, (Section 5.7.1) which is

not possible using a single smarticle. Teams can also be treated as flocks to create

variations on the effects of basic steering behaviours (Section 5.5). The user can

select the number of members of a team using the UI. Alternatively, where the user

makes no such request the manager assumes a default value that corresponds to the

minimum number of smarticles required to complete a task.

Team members do not necessarily all have the same behaviours or tasks. For

example, the first team formed processes the polygonal mesh: one smarticle analyses

the information for silhouette crossings, another for discontinuities, and a third for

changes in sign of curvature.

Team mates (other members of the same team) communicate with each other

through the manager. The manager can identify and communicate where other team

members are and what they are doing. Team mates’ position and velocity are used to

calculate the flocking behaviours mentioned above, see Chapter 5.5. Teams do not,

however, communicate with other teams, the manager takes care of co-ordination of

tasks and team assignment. As smarticles update and query voxels in the blackboard

with sample and path information they become aware of the exploration results of

other smarticles not in their team.
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A team is disbanded when it has completed the task it was assigned. Members of

the team are then placed on the free-smarticle list, awaiting re-assignment. Although

the team is initiated and dissolved by the manager it does not control it; the actions

of member smarticles define the overall outcome.

3.4.3 An Example of Assigning Tasks

The user has requested that silhouettes are traced followed by sharp junctions (or

discontinuities). The manager uses the number of available agents on the free smar-

ticles list, e.g. ten. First the manager assigns each smarticle to trace a silhouette.

When a smarticle detects that it has looped, met another silhouette, or the silhou-

ette is no longer traceable, its task is finished. It reports back to the manager and is

removed from the active agent list and placed on the free agent list. For the second

task on the priority list, two smarticles are needed to trace each feature outline (a

sharp junction). The manager, therefore, creates teams of two smarticles to trace

the outline. As smarticles become available teams of two are formed. Where only

one smarticle is available, a new one will be created to form the team. Both of the

smarticles are associated with their team and any relevant internal data is initialised.

When the teams identify that the tracing has looped or been lost, their task is com-

plete. The team is then dissolved and the two smarticles are placed on the free agent

list.
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3.5 Task Priorities

Priority lists are compiled when more than one task is to be performed, or where one

task is made up of many sub-tasks (such as trace all feature outlines in a region).

They are calculated from user requests and data from voxels. New prioritised task

lists are calculated whenever the set of current tasks is complete, or when the user

changes their requests or makes a new one. User interaction identifies the regions of

interest, and therefore the voxels to be considered. The data from the voxels provides

estimates of the workload and workdone from voxel statistics, which are then used

to calculate the priority rating for tasks. The current priority list is then used to

assign appropriate tasks and perform them in the correct order.

The algorithm to create priority lists is:

CalculatePriorityList()

FORALL VoxelsInNeighbourhood

CalculateWorkload()

CalculateWorkdone()

CalculatePriorityRating()

ENDFOR

CreatePrioritisedTaskList()

This algorithm is used in the Prioritise(tasks) function used in the CompleteTasks

algorithm in Section 3.2.

Statistical analysis is primarily concerned with variations in the data stored in the

voxels. These variations give the manager an indication of the nature of the surface
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inside the voxel: how large the surface area is, how flat it is, and if there are any

features or details. The statistics also show how well a voxel has been sampled and

the likelihood that all features have been found. Note that workload and workdone

are estimates, the behaviour of the surface inside a voxel is subject to the limitations

of sampling. It is not possible to guarantee that all features of a surface are found

by sampling alone, unless other information such as a Lipschitz constant is known

for the surface. The system allows the user to change the sampling rate by changing

the detail level, which adjusts the step sizes smarticles take to make their paths.

The algorithm for CompleteTasks() shows where the priority list is used in the

context of identifying tasks.

3.5.1 Workload

The workload estimate is composed of several parts that are combined to create an

overall value. Maximum values for a neighbourhood (or for the entire object space)

are also calculated to normalise the data. A neighbourhood refers to adjacent voxels

within a particular region.

Work estimate calculations use two main sources: the potential area of surface

inside the voxel; and the likely behaviour of this surface, such as high curvature,

changes in curvature (such as from concave to convex) or any features that may

be present. The calculations are updated as more information becomes available,

through smarticle exploration.
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Figure 3.6: Voxel corners are identified to be inside (red) or outside (blue) of the
surface (iso = 0.5). Including field function and gradient information can identify,
for example: (a) a small portion of the surface in the voxel. (b) a large area of the
surface in the voxel. (c) a smaller portion of the surface is present. (d) there is a
discontinuity or small scale detail on the surface in the voxel.

Corners inside

Each corner of a voxel is identified as being inside, outside or on the surface. The

number of corners identified as inside can provide valuable information about the

surface. For example, if one corner is identified as being inside (or on) the surface

and its field function value is very close (or equal) to iso then it can be assumed a

relatively small portion of the surface is contained in this voxel (Figure 3.6 (a)). If

four corners are identified as being inside and the other four outside the assumption
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is that the voxel contains a relatively large part of the surface (Figure 3.6 b, c and

d). More information is required to learn about the behaviour of the surface in

such a voxel. The number of corners inside, therefore, provides the first estimate

of workload ψc for this voxel (see Table 3.2). There are only four discrete possible

values, therefore, the normalised workload values represent this. The number of

corners inside is chosen because situations may arise where the only information

that is available about a voxel is the field function and gradient information at the

corners. The perceived behaviour of the surface in the voxel is, therefore, the second

means of estimating work load.

corners inside workload ψc

1 or 7 0.25
2 or 6 0.50
3 or 5 0.75

4 1.00

Table 3.2: Workload estimate from the number of corners inside the surface

Gradient Information

In a similar manner, gradient values at corners and on surface intersection points

identify much about the behaviour of the surface within the voxel (Figure 3.6 (b),

(c) and (d)). If the angle between the gradients is relatively small then it can be

assumed the part of the surface in the voxel is relatively flat (Figure 3.6 (b) and (c)).

Where the angle between the gradients is divergent (Figure 3.6 (d)), this identifies a

potential feature or detailed part of the surface in the voxel. Again, initial data may

not identify all surface details within voxels. As more information becomes available

a better understanding of the nature of the surface in the voxel emerges. The second
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estimate of workload is therefore calculated using gradient information:

ψg =

(

θi

Θmax

)

(3.1)

where ψg is the normalised workload estimate due to the gradient, θi is the maximum

angle between gradients in voxel i, and Θmax is the maximum angle between gradients

(in all neighbourhood voxels).

Level of Detail

Another important piece of information is the current level of detail (LOD). The

system process mimics the rough-to-detail and piecewise approach many illustrators

use, therefore there must be a concept of the current local LOD. The LOD identifies

the level to which voxels are sampled. Where the user identifies a particular region

to be rendered in more detail, this level is local and does not apply to the whole

model. For example, smarticle path step sizes will be smaller in a region with a

higher LOD. The local normalised LOD information is stored in each voxel.

The user can specify the level of detail, therefore, the last measurement of work-

load is related to the level of detail. The levels are normalised so that 0 ≤ ψd ≤ 1.

Total Workload Estimate

All of these workload estimates are summed to provide the total workload estimate

ψi for each voxel:

ψi =

(

ψc
i + ψg

i + ψd
i

ψc
max + ψg

max + ψd
max

)

(3.2)

where ψc is the number of corners inside and ψc
max is the maximum number of

corners inside. ψg is the workload estimate due to the angle between the gradients
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and ψg
max the maximum divergence of the gradients. ψd

i and ψd
max are the current

and maximum levels of detail, respectively. All maximum values are calculated for

the user specified neighbourhood.

3.5.2 Workdone

The estimate of workdone is re-evaluated as more information about the contents

of the voxels are collected. Much of this information is in the form of tallies, which

record the number of smarticles; smarticles’ steps (or samples); and feature points

identified.

The statistics can identify whether a voxel has been sufficiently sampled or if it

requires further investigation. For example, a voxel has four corners identified to be

inside the surface and the gradient values indicate a possible feature, yet only four

samples or path steps have been taken inside the voxel, and no feature has been

traced. This voxel would be identified as being insufficiently sampled.

Information about the maximum and minimum tallies are recorded for contex-

tualising single voxel information. For example, the maximum number of smarticle

steps or samples in single voxels and over all voxels are recorded. This is used to

calculate the context of workdone and ultimately priority. Consider a voxel that has

been identified through user request and has ten surface samples. Without informa-

tion about the other selected voxels, there is no context to determine whether this

is a poor or a well sampled voxel. If the other voxels have an average of two surface

samples then the voxel is relatively well sampled. Conversely, if the other voxels

have an average of two hundred surface samples then the voxel is poorly sampled.

The workdone sample-estimate σi is normalised for the neighbourhood:
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σi =
σ

′

i

σmax

(3.3)

where σ
′

i is the un-normalised workdone estimate and σmax is the maximum value in

the neighbourhood.

An important piece of information is whether a feature has been identified in

the relevant voxel. In order to calculate the workdone for each feature found the

following heuristic is used:

σg =

(

ψg
i

2µi

)

(3.4)

where µi is the number of feature points in the voxel i.

This is used to modify the results from Equation 3.2, so that:

ψ
′

i =

(

ψc
i + σg + ψd

i

ψc
max + ψg

max + ψd
max

)

(3.5)

.

The situation where no features are identified from the initial polygonisation is

extremely rare, in tests this situation has not occurred. In such a case, however, (and

in the absence of user direction) the manager will create a feature outline tracing

priority list based on the gradient information statistics from polygonal data.

3.5.3 Priorities

Tasks are prioritised to identify the order in which they will be performed. The

workload must be offset against the workdone to avoid repeatedly recomputing the

same information, or examining the same voxel.
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Priorities are dependent on user requirements and subsequent voxel data popula-

tion. The management scheme does, however, have a general priority scheme, which

is used in the absence of user interaction:

1. possible feature outlines:

a silhouettes,

b sharp junctions (discontinuities or change in curvature);

2. not enough sample information.

Priorities Φ are created by looking at the difference of workloads ψi compared

with the tallies that estimate workdone:

Φi = ψi − (ψ
′

i ∗ σi) (3.6)

where σi is the number of smarticle samples in voxel i from equation 3.3.

In Figure 3.7 the priorities of voxels are illustrated. The priorities are calculated

per voxel and as such, each triangle in the voxel is the same colour. The darker the

colour the higher the priority. In (a) the priorities are calculated before any tracing

has occurred. In (b) the priorities are recalculated after tracing the discontinuous

region around the bite of the pear.

3.5.4 Numerical Examples

The data compiled in Table 3.3 relates to the example images shown in Figure 3.7.

The orange box outlines the first voxel used in these examples, the red box shows the

second. This numerical example presents a detailed view of calculating the priority
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Figure 3.7: The user identifies a point (blue square) around which the voxel priorities
are calculated. The higher the priority of the voxel the darker the colour of its
polygons. In relation to Section 3.5.4: the orange box is example 1, and the red box
is example 2. (a) The priority before tracing. (b) The priority is different after the
feature has been traced. (c) Before tracing side view. (d) After tracing side view.

rating for each of these voxels. The workload and workdone estimates are calculated

using the above methods and the values shown in the table. There are two sets

of values that represent the workload, workdone and priority ratings for each voxel

before and after the discontinuity has been traced. The resolution of the initial

polygonisation was 203. The neighbourhood was set to 3 voxels in each direction

around the currently identified voxel, therefore the total number of voxels in the

neighbourhood was 99.

Before the trace the voxel identified by the orange box has four corners inside the

surface so it is assumed that it contains a relatively large part of the surface. The

divergence of the gradients is about half that of the maximum value identified in the



83

neighbourhood. The workdone estimate identifies that this voxel has the maximum

number of samples in the neighbourhood, so the workdone estimate is is high.

The voxel identified by the red square has only two corners inside and an average

gradient divergence, which amounts to a slightly lower priority rating than the voxel

identified by the orange box. The workdone estimate is slightly lower than for the

orange because there have been fewer samples taken in the voxel identified by the

red box.

The priority rating for the orange box before the tracing was calculated to be

Φi = 0 because of the workdone estimate being at the relative maximum.

After the feature outline has been traced, the priority ratings are reversed (rel-

ative to one another) because of the number of samples taken in each voxel. The

voxel identified by the orange box has half the number of samples as the red, which

incidentally has the maximum number of samples in the neighbourhood. In Figure

3.7 you can see that the voxel identified by the red box has a larger part of the

feature tracing than the voxel identified by the orange box.

3.6 Data repository: Blackboard.

A blackboard is a public database [HR85] (Section 2.6.4), which is an abstraction of

the smarticles’ environment (Section 4.3.2) that contains the results of the smarticles’

exploration. The information stored in it is accessible for reading and writing through

the manager. This abstraction is in the form of a collection of voxels, which organise

data in a coherent and useful manner. The voxels are updated by the manager with

information provided by smarticles.
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Orange Red
Trace before after before after

Number of corners inside
max corners inside 4 4 4 4
corners inside 4 4 2 2
ψc 1.0 1.0 0.5 0.5
Gradient divergence
max in n’hood 1.239 1.239 1.239 1.239
max in voxel 0.789 0.789 0.861 0.861
feature pts IDd (#steps) 0 7 0 9
ψg 0.637 0.005 0.695 0.005
Level of detail
max 1.0 1.0 1.0 1.0
in voxel 0.5 0.5 0.5 0.5
ψd 0.5 0.5 0.5 0.5
Total Workload estimate —
ψi 0.712 0.335 0.565 0.335
Workdone estimates:
Number of samples
maximum number 6 149 6 149
number in voxel 6 70 4 149
σi: 1 0.470 0.667 1.0

Priority
Φi 0 0.157 0.565 0

Table 3.3: Numerical example of priority ratings

Subdividing the space into voxels allows for varying levels of detail across the

image, and it can be used to meaningfully isolate regions that require more (or less)

attention. As with pen-and-ink illustrations, not every area needs to be rendered to

the same level of detail. In order to provide similar functionality, the voxels allow

local levels of detail and local estimations of workload and workdone. Also, not all

of the contents of a voxel need be at the same LOD. Changes in LOD are graded

to achieve a smooth blend so as to avoid a detectable change, see Chapter 6 for
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examples. Alternatively LOD are applied at the smarticle path level (in the form of

step sizes and accuracy) so are naturally coded into the sub-path information that

each voxel contains.

3.6.1 Voxel Organisation.

The granularity of the voxel grid is the same as that of the initial polygonisation.

This is purely for convenience as the content is continually updated with information

from smarticles’ movement.

Most smarticles are located in regions close to the surface, which means that there

is a large portion of the object space that is not generally sampled or used. For this

reason a hash function with buckets [GWW86] is used to store the relevant voxels.

A voxel is identified from either its identifier or by a point that is contained within

it. The identifier is a real value triple (i, j, k) that identifies the voxels position in the

object space, with the back bottom left corner of the voxel space identified as (0, 0, 0).

The blackboard can also identify a voxel from a point in space by determining in

which voxel the point lies. Once the voxel identifier has been found, this is used in

the hash function (Chapter 2.2.3) to identify a voxel-buckets list, see Figure 3.8. A

pointer to the actual voxel data is stored in one of these buckets. Typically there is

only one voxel bucket pointing to one single voxel. There is, however, no guarantee

that this is a unique identifier and it is not uncommon for there to be more than one

voxel bucket present.

The algorithm for finding the voxel is:

FindVoxel()
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Figure 3.8: Accessing a voxel in the blackboard. A voxel can be identified directly
or from a point contained within it. The voxel ID is then used in a hash function
to identify the list of voxel-buckets that will contain the address of the actual voxel
data.

voxelID = GetV oxelID(Path[LastPoint].xyz)

V oxelBucketList = Hash(voxelID)

V oxelFound = false

F ind(voxelID, V oxelBucketList)

Update(V oxelID, PathInfo)

Note: not all voxels in the data structure are guaranteed to contain parts of the

surface. Smarticles that explore regions (without being constrained to the surface)

may stray into a voxel that does not have a part of the surface, but neighbours a

voxel that does. Also, only voxels identified by the initial polygonisation or smarticle

exploration will be on the initial list, which means that sampling levels can lead to

small scale details being missed (see Chapter 2.2.3). Voxels that are missed in the

initialisation stage can be identified through smarticle exploration and automatically

added to the list. A complete list of surface voxels can not always be guaranteed.
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Where the list is incomplete after initialisation smarticles must explore regions to

identify new surface voxels.

3.6.2 Voxel information.

Initially, data in the voxel is provided by the polygoniser, i.e. the number of polygons

and pointers to their vertex positions and gradient values. Each of the identified

surface voxels are examined to compile statistics that estimate the behaviour of the

surface inside the voxel. As a smarticle moves along its path it samples the implicit

object at each step, the data in the voxels is updated with this information. The

statistics are periodically re-calculated when a set of tasks have been completed.

Voxels contain a list of the triangles generated from the polygonisation process.

The polygon data includes the number of polygons, and the position and gradient

information for each vertex.

Smarticle step information is also stored; this includes the number of smarticles

located in the voxel at any point in time and the total number of samples inside the

voxel.

The information stored in each voxel is:

• voxel ID: integer value triple [i,j,k]

• voxel position: real value back bottom left corner co-ordinate (x,y,z)

• sample data for:

* voxel corners

* polygon vertices
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* smarticle sub-path steps (including feature traces)

• number of corners inside (i.e. indicate a surface voxel)

• voxel corner, polygon vertex and path-step sample statistics (field function

value and gradient) for priority rating:

- average

- range

- standard deviation.

Note: sample data is field function value, gradient, mean and Gaussian curvature,

and the principal directions of curvature. Also, for easy identification of voxels that

contain parts of the surface, the number of voxels corners inside the surface are

stored.

Smarticles have private information which they do not always post to voxels,

for example the length of their entire path or the number of voxels visited. It is

not necessary to have all information publicly available. Note, however, that when

smarticles complete their assigned task their private data is discarded. Any data

that is relevant to the system is, therefore, communicated to the voxels.

Note that assumptions made about the contents of a voxel, and therefore about

the behaviour of the surface in that region in earlier stages can not be guaranteed, a

small scale detail may be missed. As more information is accumulated from smarticle

samples, assumptions about voxel contents are updated and refined using newly

calculated statistics. More information means better sampling which gives a better

likelihood of identifying small scale details.
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3.6.3 Communication Pipelines.

The manager is responsible for communication with the user, and between smarticles

and the ISM system.

Figure 3.9: The user creates the illustration by specifying their requirements, such
as areas to explore or feature outlines to trace, in a chosen level of detail.

The Manager and the User.

The user’s interaction with the system directly affects the progress and process of

the sampling and rendering. User requirements are interpreted by the manager to

identify the tasks smarticles will perform. One of the main purposes of the manage-

ment scheme is to co-ordinate completion of these tasks without overburdening the

user, for example, the user can identify a particular feature outline to be traced in

more detail without being concerned about how this is achieved. In Section 3.3 user

requests are related to smarticle tasks.

Figure 3.10: The manager obtains field function values and gradients for any point
in space from the Implicit Surface Modelling (ISM) system.
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The Manager and Implicit Surface Modelling System.

Field function and gradient information is fundamental to all aspects of the system.

It is used to identify the surface, calculate steering forces and find features.

The manager communicates queries between smarticles and the implicit surface

modelling system. This single line of communication means the Implicit Surface

Modelling (ISM) system can be treated as a black box, i.e. the only requirement is:

given a point in space, a field function value and gradient is returned.

As mentioned in Chapter 2.4.1 (WH style particle systems) one of the reasons

for developing particle systems for implicit surfaces was for fast visualisation. Field

function and gradient evaluations are costly and constitute a bottleneck in the system

[BBB+97].

Introducing the manager as a central controller does not, therefore, create a new

bottleneck. In contrast, the manager organises smarticle sampling so as to reduce

the number of times that field function values and gradients are evaluated while

identifying and tracing as many feature outlines as possible. The workload and

workload estimates identify voxels that have been sampled avoiding unnecessary

recalculation.

3.6.4 Initialising the System.

As a pre-processing step the manager creates a rough polygonisation of the object

(Figure 3.11 a). Using the polygon vertices as initial positions for smarticles (Figure

3.11 b) provides a sufficient coverage of smarticles, both in terms of area and density

(adding a random vector reduces the regularity of the initial placement).

The list of voxels that contain surface intersections is not guaranteed to be com-
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plete at initialisation. It does, however, identify locations of many of the features, or

areas that require exploration. The manager assigns a team of smarticles to analyse

the polygonal data, to identify features and surface details. Each voxel and its asso-

ciated polygons are examined to provide a rough approximation to the features on

the surface (Figure 3.11 c and Section 5.3), and a preliminary set of voxel statistics.

Figure 3.11: (a) The initial rough polygonisation of the pear. (b) The polygon ver-
tices can be used as the starting points for smarticles. (c) The rough approximations
of the feature lines. (d) The final traced, higher quality feature lines.

This pre-processing step provides a great deal of information for these voxels.

Each voxel has corner, edge and polygonal surface intersection details. The polygo-

nisation is, in general, not fine enough to guarantee that all features are found; as

in Figure 3.11 a to c where the stalk of the pear has not been identified or polygo-

nised. Neither does it provide enough information about the voxels to be a definitive

representation of the model; for example in Figure 3.11 b and c where the bite from

the pear, or discontinuous region is not accurately illustrated. Figure 3.11 d shows
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a high level of detail tracing of the feature outlines for comparison.

Features that are not identified from the polygonisation step, such as the stalk

of the pear in Figure 3.11 are identified and traced through smarticle exploration.

Using an initial rough polygonisation is a faster method of achieving a good

coverage of smarticles than using a Witkin-Heckbert style attractor-repulsion method

(see Chapter 2.4.1). Figure 3.12 shows the train model after initialisation of a WH

style particle system and the manager and smarticles system.

The WH style particle system initialises (loads the object, places 1000 initial

particles and starts the distribution process). Figure 3.12 a shows the result after

initialisation, which takes approximately ten seconds, Figure b shows the progression

after sixty seconds. These times include the time taken to query the BlobTree.

Figure 3.12 c and d shows the results of initialisation of the manager and smarticle

system. The manager has polygonised the object with a grid resolution of 153 and

the first team of (three) smarticles have processed the mesh to identify potential

feature outlines (red lines are silhouettes, blue lines are discontinuous regions and

purple lines are changes from positive to negative curvature). Initialisation took 10

seconds.

Referencing the results from Figure 3.12 identifies the results after initialisation

when both systems take approximately ten seconds. Figures c and d show that the

management and smarticle system identifies many more features that the NPR-BT

system, shown in Figure a. In fact, even when left to run for sixty seconds (Figure b)

the NPR-BT system has not identified as many feature outlines as the management

and smarticle system.

Note that the train model has 723 nodes. For models with significantly fewer



93

nodes initialisation times are similar. For example the pear has six nodes, using the

WH style particle system a good coverage of particles is achieved and the silhouette

and discontinuity is identified in four seconds. Using the smarticle system initial-

isation also takes four seconds and the silhouette and discontinuity are identified,

although in a low LOD.

Figure 3.12: (a) The WH-style particle system after initialisation and using 1000
particles. (b) The WH method after 60 seconds. (c) The smarticles method with no
HLR, after system initialisation which took 10 seconds. (d) The smarticles method
with polygons drawn white for HLR.

3.7 An Example of User Guided Illustration Creation

Figure 3.13 shows the creation of an illustration. The pre-processing stage used a

polygonisation grid resolution of ten. This results in a few rough details that show

the basic shape of the engine without any details (Figure 3.13 (a), the red lines



94

Figure 3.13: An Example of a user guided illustration creation, see Section 3.7.

are the silhouette approximations, blue lines are the rapid changes in gradient, and

purple lines are the changes in sign of curvature). Figure 3.13 (b) shows the initial

approximations with the results from the first outline tracings. In image (c) the user

has specified attention to be concentrated in the region around the blue square. The

brown lines are the result of a group of 100 smarticles using the wander behaviour

(not constrained to the surface) to explore and sample their local neighbourhood.
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Image (d) illustrates where some more surface features have been found (spokes of

the wheel), without the smarticles paths drawn. The user specified point is moved

and the smarticles find more feature outlines to trace, more of the engine and part of

another wheel is identified, (e). All of the back wheels are visible, the engine details,

the cattle guard and the front wheels, this is the user’s final image, and does not

necessarily capture every detail from the final model.

Note the initial polygonisation was used for Hidden Line Removal (HLR). The

polygons are offset slightly along the direction of their normal to the inside of the

model. This is not a robust or accurate method as it is only as reliable as the initial

polygonisation. It is used only as a means of achieving fast HLR. This method

means there are a number of places where overlapping lines are visible. A polygonal

subdivision method would create a more accurate approximation to the surface, and

voxel subdivision would create polygons where none exist in the model, this is an

important area of future work.

3.8 Conclusions and Discussion

In this chapter a management scheme has been presented that acts as a central

controller for a MAS. This approach is designed to address the shortcomings of

particle-based systems that rely on distributing particles over a surface and identify

features through proximity.

The manager uses teams of smarticles and priority ratings to automate relevant

tasks, such as feature outline tracing, whilst allowing the user overall control of

the rendering process. The manager represents a holistic view of the object which
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interprets user requests to create appropriate tasks to assign to smarticles. It then

collects, analyses and presents the findings of the smarticles, which is used to explore

the object space and create strokes. The management scheme, therefore, combines

the benefits of local, distributed components, such as smarticles, with an overall view

of the object. The manager facilitates co-operation and communication between

smarticles whilst not dictating their behaviour.

Using the combination of the manager and smarticles, features on complex models

are identified and traced faster than using the previous method [FJW+05]. The

polygonisation pre-processing step is useful in a number of ways. The smarticles have

a good distribution across the surface at system initialisation, with a higher density

of points in regions of higher curvature. Also, examining the triangles identifies more

features in a shorter space of time than using a Witkin-Heckbert style distribution

and proximity requirements, see Figure 3.12.

The issues raised by Pang and Smith in [PS93] about lack of management and

co-ordination are addressed by using the agent engine Vigo and the manager with the

blackboard, using the estimates of workload and workdone and the resulting priority

ratings. The Vigo agent engine takes care of neighbourhood considerations and the

blackboard tracks the relevant history of smarticles and facilitates inter-smarticle

communication.

The manager interfaces with Vigo by directly relating to the scene class, which is

responsible for agent dynamics. The manager creates smarticles which are inherited

from Vigo agents and registers them with the scene. Vigo is mainly used for scene

representation and neighbour identification.

One of the most needed additions to the management system is an effective user
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interface. The user interface is basic and parameter driven, which is not ideal. A

more direct user interface that would facilitate user investigation and exploration is

desirable. The number of parameters is useful in terms of the variety of results that

can be produced, but a better presentation of them, their control and the results of

their variance would benefit the system.

The concepts of workload and workdone are heuristics inspired from consideration

of load balancing problems. A formal analysis of the effectiveness of these techniques

to create priority lists that satisfy user requests would also be advantageous. This

would however, be partly dependant on a more direct user interface.

The contributions in this chapter are:

1. Organising agents to collectively explore an implicit surface environment and

visualise object data using NPR styles.

2. Analysing the object space to identify potential locations of features.

3. Interpreting user requests to create appropriate tasks.

4. Prioritising tasks to be processed based on workload and workdone estimates.

5. Using polygonisation for initial positions and voxel data thereby identifying

features faster than the previous method.



Chapter 4

Smarticles

Figure 4.1: Smarticles explore their environment using situations, actions, internal
data and a relating function.

In this chapter a new method for creating pen-and-ink illustrations by extending

current particle-based systems is presented. In this method particles are extended

to become agents, referred to as smarticles, or smart particles. These agents are

extensions to the smarticles described in [JWS06], which were particles in a particle

system. Previous methods rely on particle proximity or local surface properties to

identify feature outlines and explore the surface. Particle distribution can be very

time consuming for complex implicit objects and subsequent feature identification

98



99

is reliant on a good coverage of particles. In contrast smarticles complete these

tasks in a goal directed manner with no costly distribution method. A manager

(Chapter 3) assigns tasks to the smarticles, such as finding or tracing feature

outlines (Figure 4.1). A smarticle’s situation along with its internal data values,

which represent behaviours (covered in Chapter 5), are used to determine actions

that will accomplish the assigned task. Co-ordination, collection and analysis of data

from smarticles is carried out by the manager (Chapter 3).

In this chapter, a smarticle is defined in the context of an agent in a Multi Agent

System (MAS), with respect to performing tasks assigned by the manager. Chapter

5 describes the behaviours agents use (represented by internal data values, such as

the steering direction vector) to perform actions, which ultimately complete tasks.

4.1 Introduction

In previous work (Chapter 2.4.1), Witkin-Heckbert [WH94] style attractor-repulsion

based particle systems were used to sample and render implicit models. In these

systems particles identify features as they are being distributed across the surface.

Distribution is based on density of particles in a region, properties of the surface (such

as curvature), or with user direction. The main drawbacks with such techniques are

associated with the distribution method. Distributing the particles over a complex

surface to obtain a good coverage can be time consuming. A further consequence

of this is the time taken to identify features. Particles identify a feature by either

being moved across it or by using local surface properties to converge upon it[RRS97,

CA97, SH05]. In both cases particles are assumed to be in close proximity to the
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feature.

Smarticles are designed to use new methods to find, trace and illustrate surface

details. They investigate their environment in a goal directed attempt to find details,

rather than relying on proximity. The smarticles use the global view provided by the

manager (querying the ISM system and the blackboard abstraction of the model)

along with behaviours (such as seek and wander) to actively seek out areas of the

surface that contain features or details.

The contributions presented in this chapter relate to expanding the traditional

particle-based system to an agent-based system that uses behaviours to modify ac-

tions that are used to complete tasks.

In this chapter, first the smarticles are explained in terms of their development

and expansion to be agents in a Multi-Agent System. Next, the method of performing

tasks is described in the context of the smarticle’s environment, and therefore the

situation it is in, any team members it has, and how internal data values and its

decision function are used to determine the appropriate action.

4.2 From Particles to Smarticles

A Smarticle is an extension of a particle based on the models presented in phys-

ically based simulations [WBK97], (Section 2.4). Basic particles have attributes

for position and velocity, whereas smarticles also include behaviours and a history,

which can be used for data analysis. Smarticles have been developed as agents in

a Multi-Agent System (MAS). The addition of behaviours, a history and the global

view provided by the manager (using the blackboard and analysis of its contents)
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gives the smarticles more information about potential locations of surface features

and how to find and trace them. The reliance on simple proximity for identifying

a feature is removed. They use the field function value, gradient, curvature (mean

and Gaussian) and principal directions of curvature along with user specified stroke

direction preferences (such as horizontal, vertical or diagonal) for their investigation.

This information is used to determine the path that a smarticle takes through its

environment. A path is constructed from steps that the smarticle takes at each

iteration (time step) of the system. For clarification: path steps are those used to

construct the smarticle’s path (positional) and time steps are system iterations (tem-

poral). In most circumstances, each system time step would result in an additional

path step for a smarticle or terminate the path. The information in a smarticle’s

path is generated during a run of the system, during which a task is completed.

In Figure 4.2 a run of the system is depicted from the point of view of a smarticle.

Smarticle level processes are depicted by pink circles and rectangular data storage

areas. First the manager assigns a task by initialising relevant internal data values

(IDV). Next, the potential new position is evaluated for termination criteria, if the

path is not to be terminated, then the move action is performed. When termination

conditions have been met all relevant information is updated with the manager, i.e.

the report action is performed. Each smarticle’s path is represented in its history,

which is updated as each action is performed and is referenced when performing

and evaluating the result of actions or reporting back to the manager. Note that

environment data passed from the manager to the smarticle is field function and

gradient information from the ISM system.

The fact that smarticles are defined as agents in an MAS (as outlined in Chapter
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Figure 4.2: A smarticle’s view of a run of the system (smarticle processes and data
storage are denoted by pink circles and rectangles respectively). Data flows are black
lines with arrows representing the direction of data flow and system operation flows
are depicted as dotted lines with green text.

2.6) implies they are framed in the context of an agent acting in an environment,

having a decision function which relates the sets of valid situations, actions and

internal data values Ag = (Sit, Act,Dat, fAg) (Chapter 2.6.1).

Smarticles are assigned tasks and relevant attribute values from the manager.

Current attribute values or IDV represent part of a smarticle’s knowledge about its

assigned task. This knowledge is used together with the smarticle’s situation for the

Decision Function (DF) to determine the action it should take, see Section 4.3.7.

Smarticles are semi-autonomous, they are assigned a general task from the man-

ager but actual performance of the task is carried out either on their own or as

part of a team. Smarticles can be described as social because of their group be-

haviours and their co-operative approach to problem solving and task completion.

They can also be described as reactive, or behavioural, as they are closely linked to
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the representation of their environment, see Section 4.3.2.

The abstraction of the environment, although based on a static model, is con-

tinually evolving in direct response to the actions of the smarticles. As smarticles

investigate the environment the abstraction progressively contains more accurate and

useful information, see Section 4.3.2.

Tasks, or subtasks, are carried out by performing actions, which are defined, in

part, by information associated with behaviours. The five actions a smarticle can

perform are move, stop, report (or update), communicate and identify feature points,

covered in Section 4.3.5. There are four behaviours related to the move action, which

are known as polygon processing, steering, flocking and feature line tracing (covered

in detail in Chapter 5).

A smarticle’s initial position is determined either from vertices of a polygon (see

Chapter 5.3) or by sample points identified by other smarticles or the user. As a

smarticle moves it creates a path, which is made up of a series of steps. The size of

the steps are dependant on the level of detail requested by the user. The length of

the path is determined by constraints to regions, which vary according to the task

assigned to the smarticle. In this research a region is defined by the curvature of

the surface, a volume (possibly a voxel), or a distance from an existing feature line,

see Chapter 5.4.4.

4.3 Performing Tasks

Tasks are identified and assigned by the manager based on user requirements (Chap-

ter 3.3 and 3.4). The manager assigns a task by activating a smarticle and providing
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relevant data, such as the initial position, steering direction and path termination

criteria. This data is stored in the smarticle’s IDV.

A smarticle carries out a task by examining its environment (and other team

members) to assess its situation before using a Decision Function (DF) to find an

appropriate action. The values of internal data are provided, in part, by the be-

haviours and are used as properties, or modifiers, of the action.

A task is completed when certain conditions are met or path termination criteria

are fulfilled. For example, where the task is to initialise the blackboard, the task

is completed when the polygonisation has been performed, the data is stored and

analysed, and initial features are identified (as far as possible).

Tasks assigned to smarticles are (from Chapter 3.4):

• initialise the blackboard data structure (Section 3.6) using the polygon pro-

cessing behaviour (Section 5.3) and voxel statistics (Section 3.5)

• investigate a region (or explore the environment), e.g., using the wander be-

haviour (Chapter 5.4.1)

• identify features (or points on a feature) (Chapter 5.6)

• trace feature outlines(Chapter 5.7)

• position stroke samples, using steering behaviours (Chapter 5.4)

• report relevant information at appropriate times, such as when a smarticle

changes voxel or completes its task.

In this section smarticles are described in terms of what is required to complete

their assigned task. First, an overview example is given, which explains how a
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smarticle carries out a task. Then, the smarticles are described in the context of the

environment and their view of it, their team-mates (if any), and how the DF and

IDV are used to decide upon actions.

Completion of tasks is dependent on communication, either between smarticles

or with the manager. Smarticles report information to the manager (Section 3.6),

which is used to gain a better understanding of the environment. Where teams are

used to complete tasks, members also communicate with one another to share data

(see Chapter 3.4.2 and Section 4.3.4).

4.3.1 An Example

Figure 4.3 illustrates the process and data flow of performing a task: the processes

involved in the decision function and the relevant actions that are performed. For

example, where a smarticle is assigned the task of tracing a silhouette its initial task

data includes a starting point on the silhouette. The steering direction and initial

velocity are calculated using the cross product of the surface gradient and the view

vector, which is a good approximation to the direction of the silhouette. This data

is stored in the smarticle’s IDV.

When the signal to start processing is received from the manager the smarticle

evaluates its situation, i.e. it references the IDV that identifies how to calculate the

steering direction, calculates the potential new position and asks the manager what

the gradient is at this point in space.

The smarticle then uses the decision function to evaluate if the move action is

appropriate. This evaluation checks to see if the step will satisfy any of the termina-

tion criteria to end the path. If the termination criteria have not been satisfied, the
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Figure 4.3: Left: Details of the processes involved in the decision function. Right:
The actions that are evoked as results of the decision function.

smarticle confirms the move action and adds the current step to its path history.

Next, the smarticle evaluates if in the current step it has changed voxel from the

previous step, if it has the segment of the path that is contained in the previously

identified voxel is reported to the manager for inclusion in the blackboard.

The smarticle’s history is also updated to identify that the smarticle has changed

voxel, so a new path segment reference is created. The path segment references allow

communication of only the relevant segment of the path to the correct voxel.

This process continues until one of the termination criteria are fulfilled, i.e. the

silhouette loops or is lost. In which case, the smarticle flags the IDV to identify the
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path is complete, without inclusion of the current path step, and communicates the

(unreported) path information to the manager for inclusion in the blackboard.

4.3.2 The Environment

The agents’ environment is made up of information about the object and the abstract

view of the object, i.e. the Blackboard. A smarticle’s view of its environment is

provided via the manager.

Smarticles collectively develop the abstract view of their environment from the

ISM system queries. This abstraction is in the form of a Blackboard (Chapter 2.6.4

[Cra93]). The blackboard is a voxel-based public repository of information that holds

the data from smarticles exploration (Chapter 3.6). Although the 3D model does not

change (the model is static), the abstract data structure representing it is continually

updated. Smarticles use relevant information from their investigations to update the

abstraction (by updating the relevant voxels), and therefore their interpretation of

the environment. For example, as a smarticle takes steps along its path the sample

(field function and gradient) and curvature information is periodically updated and

stored in the relevant voxels. The information individual smarticles store about their

environment is local, it is limited to the path. Sharing this information provides a

better understanding of the environment on a global scale. The blackboard is used

to collect this information and is subsequently used to examine the environment. As

each smarticle investigates and updates the blackboard, more information is available

to all smarticles for interpretation of the object.

Although the 3D object is not discrete, the abstraction of the environment (the

Blackboard) can be seen as having a set Env of k possible abstraction states:
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Env = {env0, env1, . . . , envk}. (4.1)

A smarticle’s path is represented in its history, at each step more is known about

the environment. Adding smarticle data from a system run (up to time n) produces

the sequence (env0, env1, . . . , envn) with envi ∈ Env and 0 ≤ i ≤ n.

The view of the environment is the information available about it at a partic-

ular point in time. The view at envn is therefore more detailed than at env0. As

more information becomes available more accurate estimates, priority ratings and

interpretations of the environment can be made.

For example, at env0 the blackboard voxels contain nothing, at env1 the voxels

contain the results of the initial polygonisation, at env2 the voxels also contain

the results of the initial smarticles’ examination of the polygonal data to identify

potential silhouettes and other feature outlines. At envn the user has traced feature

outlines and shaded regions around them, so the relevant voxels also have smarticle

path information, colour details for relevant polygons and other associated data and

statistics.

4.3.3 Situations

A situation is defined by task related environmental information available at any

time step. There are two considerations for a situation: what a smarticle sees, in

terms of its environment; and who a smarticle can see, in terms of team members.

A smarticle’s environment includes information, such as the number of samples in

the voxel, from any voxel its path intersects, and any direct neighbours.

The set of all possible situations Sit a smarticle can be in is:
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Sit = {sit0, sit1, . . . , sitl}. (4.2)

A situation siti is dependant on the view of, or the information available about,

the environment envi at each time step i and the current team teamj (if any):

siti = view(envi, teamj). (4.3)

The sequence of smarticle situations from a run is (sit0, sit1, . . . , sitn) where

siti ∈ Sit for 0 ≤ i ≤ n.

For example, a team of 100 smarticles have been assigned the task of creating

stroke samples on a region of the surface, at time step i = 0, sit0 identifies that a

smarticle has its IDV initialised and knows that it has 99 team members. At i = 1,

sit1, the smarticles have all taken their first step, so each knows one more piece of

information about their environment (from the sample information at the path step)

and can communicate with any team members for any relevant information they

might have, such as their position and velocity.

4.3.4 Teams

Teams of smarticles are required to complete certain tasks. These tasks are initial,

low Level of Detail (LOD) identification of feature outlines, (Section 5.3) tracing

feature outlines (Section 5.7), and groups of stroke samples that are created using

flocking behaviours (Section 5.5).

Initial identification of feature outlines does not require inter-smarticle communi-

cation, the group is used to complete a task that is actually a collection of sub-tasks
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(i.e. examining the initial polygonisation involves examining each polygon edge for

crossing a silhouette, a discontinuity and a change in curvature), which could be

completed by individuals working alone. A team is used in this context for speed of

results.

Smarticles communicate with other team members through the manager. Com-

munication is generally used to orient themselves relative to one another by sharing

position and velocity information. Processing of this information is carried out at the

individual smarticle level. For example, where flocking behaviours are to be applied,

smarticles ask the manager where their local flockmates are (their positions) and

what are their current velocities. The individual smarticles use this information to

calculate the steering direction vectors due to the flocking behaviours. See Chapter

5.5 for full details and examples of using the flocking behaviours.

4.3.5 Actions

The action a smarticle will perform depends on the situation it is in and any be-

haviours that have been assigned to it. Actions a smarticle can perform are:

• move

• stop

• update, report

• communicate

• identify feature point
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Behaviours provide IDV that are used for performing actions. For example, where

a smarticle’s action is to take a step, the direction, size and success of that step is

dependant upon the behaviours. A path following, flow field following or wander

behaviour determines the direction and the detail level specifies the size of the step,

and the constrained or containment behaviour determines whether the step is to

be included in the smarticle’s path (or the path is terminated). Furthermore, the

smarticle can examine the IDV from each path step to see if a feature outline has been

crossed. The behaviours are described in more detail in Section 5.2. The method of

examining the smarticle’s path is covered in Section 5.6.

A smarticle’s action can also be to update the blackboard. This action is triggered

in response to certain situations. When a smarticle moves from one voxel to another,

the previous voxel is updated with the path information of the entire subsection of the

path that is contained within it. Other information that is updated relates directly

to the steps of the smarticle’s path, such as the history of sample and curvature

information. This update also occurs when a smarticle has finished its assigned task.

The communication action is activated in group situations where a smarticle

requires information about its team members, such as when flocking behaviours are

used (Section 5.5)

The set of potential actions Act that a smarticle can perform is composed of all

m actions available to it:

Act = {act0, act1, . . . , actm}. (4.4)

During a run of the system a smarticle produces the sequence of actions

(act0, act1, . . . , actn) with acti ∈ Act for 0 ≤ i ≤ n.
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The move, stop and identify feature point actions are motivated by behaviours,

which are explained in Chapter 5.

In the example in Section 4.3.1 above, the smarticle performed the move, stop

and report actions.

4.3.6 Internal Data

A smarticle’s internal data values (IDV) includes its assigned behaviour attributes,

history, and identification of both the team it belongs to (if any) and the task it has

been assigned. The manager sets the smarticle a task, which provides the starting

position, velocity, and the appropriate behaviour information, which is in the form

of IDV values, such as steering direction and termination criteria. Behaviours define

the way in which actions are to be carried out. Identification of the team is necessary

because certain actions are performed at the group level.

A smarticle collects data from investigations of its environment. This data in-

cludes field function value, gradient, mean and Gaussian curvature values and prin-

cipal directions of curvature. As a smarticle moves through its environment it stores

this information for all path steps.

The set of all possible IDV due to performing tasks is therefore:

Dat = {dat0, dat1, . . . , datm}. (4.5)

The current value of a smarticle’s IDV dati at time step i reflects the task it has

been assigned:

dati = {taskj, teamj , historyi, behavioursi}. (4.6)
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The sequence of IDV resulting from a system run are (dat0, dat1, . . . , datn) where

dati ∈ Dat and 0 ≤ i ≤ n. The task and team information does not change over

time, rather it is dependant on the current task assignment from the manager.

A smarticle’s history represents unique knowledge about its interaction with the

environment, in the form of sample information taken at each step in it’s path. Any

data that is useful or relevant to other smarticles is periodically communicated to

the manager for inclusion in the blackboard. For example, all path information is

communicated from the smarticles IDV back to the manager for inclusion in the

blackboard when the smarticles path changes voxel or when the task is complete.

Other information the IDV store include the steering direction calculation method,

or behaviour, (e.g. one of the principal directions of curvature, see Chapter 5.4 for

a full list of the different steering directions available to smarticles); the number of

steps in the smarticle’s complete path; and the maximum step size, or detail level;

4.3.7 The Decision Function

The decision function (DF) relates the situation and IDV to the action that should

be performed. The DF looks at the smarticle’s situation and references relevant

IDV and provides the necessary information to perform the action. If the action is

to move (change the particles position and velocity) then the DF will provide the

parameters for the movement. If the action is to report to the blackboard (through

the manager) the function will identify the information to be reported.

An example of using the DF to identify an action would be where the smarticle’s

path is restricted to be within a certain range of its initial position. The distance

from the initial path step position to the current one is calculated. If the distance
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is within the specified range the smarticle should perform the action defined by the

behaviour that guides its movement, i.e. take the next step. Whereas, if the distance

is outside this range the action to be performed is to terminate the stroke and update

the data structure. A full explanation of the termination criteria is discussed in the

constrained behaviour Section 5.4.

The DF, fAg, relates the situation to the appropriate action:

acti = fAg(sit
i, dati) (4.7)

The example in Section 4.3.1 above illustrates how the decision function works

by evaluating the smarticle’s current situation and the proposed path step validity

before initiating the relevant actions. For example the move action is taken when

the proposed step has been identified not to satisfy any termination criteria. The

stop action is dependant on the termination criteria, which also performs a report

action. The report action is also instigated after a voxel change has been identified.

4.4 Conclusions and Discussion

Previous approaches to pen and ink rendering of implicit surfaces generally use par-

ticle based systems. The main drawback with such approaches is the requirement

of proximity to a feature to identify it. Particles are, in general, unaware of their

environment or each other, all particle calculations are carried out by the particle

system. In this chapter, smarticles were presented as semi-autonomous agents that

not only are aware of their surroundings but are also capable of exploring them and

identifying feature outlines or interesting areas of the surface. The manager pre-
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sented in the previous chapter (Chapter 3) interprets user requests to create tasks

that are assigned to smarticles for completion. Tasks are carried out using smarti-

cle assigned behaviours in the form of internal data values, covered in the following

chapter (Chapter 5).

Smarticles benefit from being semi-autonomous agents in that they control their

movements and store their results. It is up to the smarticle to decide what in-

formation should be reported back to the manager for inclusion in the blackboard

(common data structure representing the environment). Future work could be aimed

at providing smarticles with learning behaviours. This could identify further uses

for the data collected by smarticles’ exploration, and alter the selection of data that

is deemed relevant.

One of the benefits of such a distributed approach is the potential to operate in

a multi-processing environment. Although the smarticles were designed with this

in mind, the agent engine Vigo does not have these capabilities. It would be an

interesting avenue of future research to develop a multi-processing environment for

the smarticles to operate in.

The contributions presented in this Chapter relate to the development of particles

into agents that operate in object space and are motivated by goals to complete tasks.



Chapter 5

Behaviours

In this chapter the behaviours that smarticles (presented in Chapter 4) use to per-

form actions are described. Behaviours are introduced as a method of creating goal

directed agents, or smarticles, which actively seek out features or interesting areas of

the surface. The costly distribution method used in previous approaches is replaced

with the method of using the initial low level of detail polygonisation to calculate

initial surface positions. The information gained from the polygonisation identifies

potential features or areas of interest that should be explored further.

In the previous chapter smarticles were introduced as agents in a MAS. Smarticles

use behaviours to modify actions, and respectively their parameters, in order to

complete tasks assigned by the manager. The behaviours are used to identify regions

of interest, trace feature outlines and position smarticle paths (Note that the final

appearance of strokes from smarticle paths is covered later in the rendering chapter

(Chapter 6).

5.1 Introduction

Smarticles are based on particles, with the addition of behaviours, and framed in the

context of a MAS. Smarticles investigate their environment using these behaviours

to define forces for steering and to analyse their paths. Behaviours are dependant on

sampling the 3D object space. Sampling, in this context, is the process of determining

116
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Task Behaviours
Initialise the Blackboard ⇒ Polygon processing

Investigate the environment / Create Smarticle Paths ⇒ Steering and flocking
Trace feature outlines ⇒ Trace features

Table 5.1: Relationship between tasks and behaviours.

the field function value and gradient for a particular point in space. Examination of

the samples is used to identify interesting regions of the surface, i.e. where there are

feature outlines or other details.

There are two types of samples referred to in this research. The first are surface

samples, that have field function values close to the value of iso. The second type

are more general and are called object space samples. These samples determine

information about a particular region of space and do not necessarily adhere to the

surface.

There are two contributions presented in this chapter. The first is a method for

applying steering and flocking behaviours to agents to both generate stroke positions

for and sample a 3D implicit model. The second is feature outline identification and

tracing sharp junctions or discontinuities.

5.2 Behaviours and Actions

Agents’ actions are defined, in part, by a set of behaviours, several of which can be

active at any one time. Behaviours are part of a smarticle’s IDV and are used as

modifiers of actions, such as the steering direction when moving.

Behaviours are used to perform actions that relate to a smarticle’s assigned task, see

Table 5.1.
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Behaviours are applied to individual smarticles and also to teams. Those ap-

plied at the individual level are: processing; steering; and feature outline tracing

behaviours. Some tasks require more than one smarticle, or a team. Teams are

used for flocking and sharp junction feature outline tracing. Feature line tracing

requires both individuals and teams, silhouette tracing requires only a single smar-

ticle, whereas sharp junction or discontinuity tracing requires a team. Similarly,

the feature point identification action uses individuals for silhouettes and teams for

identifying discontinuities. Teams are also used to create groups of strokes, in this

case the user decides the number of members in the team.

During the pre-processing stage, the object is roughly polygonised using a contin-

uation method (Chapter 2.2.3 [GWW86]). Polygon processing behaviours are then

used to initialise the data structure and provide a low resolution illustration of the

surface feature outlines.

5.3 Polygon Processing

As identified in Chapter 4, previous methods of distributing particles across a surface

can be time consuming. High resolution polygonisation can also be time consuming

for complex implicit surfaces, in many cases in order to correctly identify surface fea-

tures ray tracing must be used [Gal05, SWG05]. This research, therefore, uses a low

resolution polygonisation to provide an initial distribution of points on the surface.

This is a faster method of obtaining a good coverage of the surface than relying on

a WH distribution method. Smarticle initial positions are provided by the vertices
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of triangles produced from the polygonisation. The vertices also provide initial data

about the smarticle’s environment such as gradient and curvature information. The

data from polygon vertices identifies (to a certain extent) the behaviour of the sur-

face inside the voxel. This information is used by the manager to make assumptions

about the workload associated with processing the voxel.

A continuation method is used (Chapter 2.2.3) which also uses a voxel-based data

structure, so the vertices are already associated with voxels. All of the data from the

polygonisation is transferred to the blackboard which provides a good initial view of

the environment.

After the rough polygonisation is performed a team of smarticles processes the

resulting mesh to identify feature outlines such as silhouettes, changes in curvature,

and discontinuities. Smarticles process the mesh by examining each polygon and

the sample and curvature information for each vertex, similar to the method in

[SWS05]. These smarticles use individual behaviours, they are treated as a team

simply to complete the task.

5.3.1 Finding silhouette approximations

In this research the definition of a silhouette outline is where the dot product of the

surface normal (normalised gradient) and the view vector is equal to zero:

n · v = 0 (5.1)

A smarticle computes this dot product for each of the polygon’s vertices. Once

calculated, the values are stored to avoid re-calculation. Similar to the method in

[SIJ+07] the vertices are examined in pairs that represent polygon edges (Figure 5.1).
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Figure 5.1: When triangle vertices identify a silhouette cross or a change in sign of
curvature, linear interpolation can be used to approximate the point on the silhouette
or where the curvature changes.

If a dot product for one vertex is negative and another is positive, this identifies that

a silhouette edge has been crossed. The dot products at each of the vertices are used

in an initial linear interpolation to evaluate the value of the interpolation coefficient,

α:

α =
0 − n0 · v

n1 · v − n0 · v
(5.2)

where n0 and n1 are the surface normals at vertices v0 and v1 respectively. The value

of 0 is used as the silhouette is found where n.v = 0 as per Equation 5.1.

The interpolation coefficient, α, is then used in a second linear interpolation to

approximate the position of the silhouette point, p:

p = (1 − α)V0 + α V1 (5.3)

This rough approximation to the actual silhouette outline is used for low levels of

detail. As higher levels of detail are required smarticles will trace the feature outline,
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producing a more accurate silhouette.

5.3.2 Finding changes in sign of curvature

In the same manner as silhouette outlines are found, triangle vertices are examined

for the possibility of identifying a change in the mean H or Gaussian K curvature of

the surface. A change in sign indicates the change from a convex to a concave region

of the surface (or vice versa). In the same manner as above, linear interpolation

is used to identify the point of change across a polygon’s edge. Equations 5.2 is

changed to:

α =
0 −H0

H1 −H0
(5.4)

where: H and K are interchangeable.

Equation 5.3 is still used, instead the resulting point p is the approximation to

the point where the curvature changes.

In some circumstances changes in curvature can be treated as discontinuities. The

change in sign of the curvature is checked using the following method to determine

if it also identifies a discontinuity. If there is a discontinuity present in the field then

the points are treated as such rather than curvature change points.

5.3.3 Finding Discontinuities and Sharp Junctions.

Discontinuities or sharp junctions can be identified by the information from pairs of

vertices of the triangles, or edges. If a large angle between the gradients is identified

the vertices are used to find a point on the edge that corresponds to the discontinuity,

see Section 5.7.
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5.4 Steering

Steering behaviours affect a smarticle in two ways: how it moves and how it stops.

The movement stage uses concepts from Reynold’s wander, flow field following and

path following behaviours [Rey99]. Stopping a smarticle, or terminating its paths, is

inspired in part by Reynold’s concepts of containment and arrival behaviours [Rey99].

Steering behaviours are used to determine a steering force that produces a change

in direction of a smarticle. The steering force is part of a smarticle’s IDV, and the

change of position is a result of the move action. Steering behaviours can be used

individually or combined. The steering force is used as the acceleration because all

smarticles in the system currently have equal mass (m = 1). The steering force si is

used to update the smarticle’s velocity vi:

vi+1 = vi + si (5.5)

where vi+1 is the new velocity and vi the current velocity, note that 0 ≤ v ≤ vmax

where vmax is the maximum velocity of the smarticle, which is related to the level

of detail. Higher levels of detail have lower maximum velocities to specify shorter

steps, and vice versa.

The velocity is used to update its position pi:

pi+1 = pi + vi (5.6)

where pi+1 is the next position and pi is the current position.
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5.4.1 The Wander behaviour

The wander behaviour can be used for a smarticle to take steps in (slightly con-

strained) random directions, see Section 2.5.2. At each path step the steering force

has a truncated random vector added to it. Adding a truncated random vector

ensures that the changes in the steering force are incremental rather than poten-

tially being a completely different direction at each path step. This produces a more

smooth path avoiding erratic direction changes. The initial steering direction can be

determined from a random vector or it can use any of the flow field following or path

following behaviours mentioned below.

In Figure 5.2 smarticles were given initial positions provided by the silhouette and

initial steering directions use a horizontal path combined with a random component.

Subsequent steering directions were obtained by adding a truncated random vector.

Two smarticles start from each initial position on the silhouette and trace their paths

in both directions, ME on the front, or visible, side of the surface and the back.

Although both are shown here for illustration, it is not necessary to calculate them

for parts of the surface that aren’t visible. The paths in this image were constrained

so that the surface normals of the initial and current path step are within sixty

degrees of each other (for constraint details see Section 5.4.4).

5.4.2 The Flow Field Following behaviour

Flow field following is used to calculate the steering behaviour through definition

of a vector field. A flow field is a region of space where direction vectors can be

evaluated according to some property of the environment. For example, the first

principal direction of curvature can define a flow field, see Figure 5.3. At any point



124

Figure 5.2: The wander behaviour. (a) The first step in the smarticles’ paths. (b)
Step three. (c) Step six. (d) The smarticles paths completed.

in space a smarticle can determine the first principal direction of curvature and use

it as the steering direction. As with the previous example (wander Figure 5.2) the

paths start from the silhouette with two smarticles each tracing the front and the

back of the object. The paths are again constrained to be within sixty degrees of

the initial positions. Note also that a smarticle’s path is terminated in regions where

paths already exist, in Figure 5.3 (d) not all paths are of the same length.

The steering force s is calculated using the flow field vector d and the velocity

vector v:

s = d − v (5.7)

The flow field vector d is defined according to the effect desired by the user. The
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Figure 5.3: The flow field following behaviour using the first principal direction of
curvature. (a) The first step in the smarticles’ paths. (b) Step three. (c) Step six.
(d) The smarticles paths completed.

flow field can be in the direction of either of the principal directions of curvature or

the contour direction.

Changes in the flow field are typically small or smooth enough that no constraints

are necessary to ensure a smooth path. Discontinuities in the implicit field are the

main areas where the flow field changes may not produce a smooth (or desirable)

path.
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5.4.3 The Path Following behaviour

The path following behaviour is primarily used to define globally oriented vertical

horizontal and diagonal steering forces. This path is called a steering path to avoid

ambiguity with the smarticle’s path. A (horizontal, vertical or diagonal) plane is

defined (Figure 5.4 (a)) using the smarticle’s initial path position, or starting point.

The normal to this plane n is defined using the steering direction s and the view

vector v to ensure that it is correctly oriented in terms of the user:

n = v × s (5.8)

The steering path is then defined as the intersection of this plane and the surface

(Figure 5.4 (b)). The smarticle’s path is then constrained to be within some tolerance

region τ of this steering path (Figure 5.4 (c)). If the smarticle’s next step is estimated

to be outside of this region, then the smarticle’s position is corrected to keep the

smarticle’s path within the tolerance range. This is achieved by applying a force c

that is equivalent to projecting the point back into the region, p
′′

i :

c = ((n · u) − τ)n (5.9)

where u = pi+1 − p0, pi+1 is the current uncorrected position and p0 is the initial

position on the smarticle’s path. τ is the radius around the path that represents the

tolerance region, which is dependent on the level of detail.

Diagonal paths are created using a combination of the horizontal and vertical

steering directions. Similar conditions and constraints were applied as for Figures

5.2 and 5.3. Note that in the figure the diagonal path can result in some interesting
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Figure 5.4: (a) The intersection of a diagonal plane (blue rectangle) and the surface
(pear) defines the smarticle’s path (red curve). (b) the smarticle’s path seen from a
different angle. (c) If the smarticle’s path strays outside the tolerance region τ it is
corrected.

results when the image is viewed from an angle other than the one the path was

defined for.

5.4.4 The Constrained Behaviour

A new constrained behaviour pattern has been developed for this research. It

uses concepts from Reynolds original arrival and containment behaviours [Rey99],

to constrain a smarticle, or a group, within a particular region.
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Figure 5.5: The path following behaviour using the intersection of a horizontal plane
and the surface as the path. (a) The first step. (b) Step three. (c) Step six. (d)
The completed path

At any path step, the smarticle’s current position can be used to evaluate surface

properties for constraints. If there is a change in the relevant property then the

path will not include the current step. Where the smarticle is constrained to lie



129

in a convex or concave region, the Gaussian and mean curvature of the surface is

calculated; if the sign changes (indicating a change in the convexity or concavity),

the path is terminated. Similarly, if a discontinuity in the field is detected the path

is terminated.

The path can also be constrained by the curvature from its starting point. The

surface gradient at the smarticle’s current position is compared with the gradient

at its initial position. If the angle between the two vectors is greater than desired

then the path is terminated without inclusion of the next step. Similarly, if the

containment refers to a region around a feature line, the distance between the initial

point on the feature line and the current position is the measurement; where the

distance is measured by the lengths (or the number) of the steps. The choice of

containment is generally left to the user.

In Figures 5.2, 5.3 and 5.4 above, all of the smarticle paths are constrained so

that the angle between the surface normal at the initial position and the normal

at the current position are within sixty degrees. The smarticle paths are simply

terminated when they come into contact with an unknown or undesirable feature or

element, rather than using a steer to avoid strategy.

Where a smarticle’s next step is identified as leaving a region, the result is smaller

step sizes rather than a change in steering direction. A smaller step size allows

the final path step to more closely approach the actual change in region. This is

analogous to Reynolds arrival behaviour [Rey99], where a particle slows down as

it approaches its goal. In the context of smarticles it is achieved by using a binary

subdivision method. Where the next point is identified as being outside of the

region, a binary subdivision of the step is performed until a point inside the region



130

is obtained. This process is repeated until an acceptable level of detail is achieved

or a number of subdivisions has been performed. In Figure 5.6, the smarticle’s next

position pi+1 is determined to be outside of the valid region. The first level of binary

subdivision of the vector results in point p
′

i+1 (which is corrected to the surface).

This point is within the region but the level of detail has not yet been reached. The

second level results in point p
′′

i+1 which also satisfies the level of detail measurement.

This subdivision is not guaranteed to converge on the feature outline, rather it is

used to obtain a closer approximation than merely terminating the stroke sample.

It is also only used where a higher level of detail is required.

Figure 5.6: When the smarticle’s next position is outside the region, binary subdi-
vision of this step is performed to more closely approximate the edge of the region.

Where a smarticle is constrained to lie on the surface its position must be cor-

rected to lie on the surface (using the general surface correction method, see Equation

2.23 (Fi = (f(xi) − iso)∇f(xi))).
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5.4.5 The Seek behaviour

The seek behaviour is used to create a stroke in an orientation requested by the user,

rather than using any of the methods outlined above. To create a user defined stoke

orientation the user specifies two points, a start and a target point and uses the seek

behaviour to create a path between the two points. This path can be in any direction

the user wishes, the only constraint is that the path remains on the surface.

The user can also create a group of strokes from two traced seek paths. For exam-

ple, in Figure 5.7 (centre) the user created both of the upper (red) and lower (blue)

strokes using the seek behaviour. With both of these selected the user requested

to “Create strokes between” them. In Figure 6.12 (top), the train has a group of

strokes drawn on the engine.

Figure 5.7: (Left) A group of strokes is created using user placed paths. (Centre)
Close up of the user created paths (red) and (blue). (Right) A second set of strokes
created inside the bite of the pear.
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5.5 Flocking

Flocking behaviours are applied to a group of smarticles. The effects are calculated

using information about other members of the group. The results, however, vary for

each individual. These behaviours are: separation, where flockmates steer to avoid

each other; alignment, where flockmates align their velocities to stay in formation;

and cohesion, where flockmates steer to stay together as a group.

Flockmates are defined by a neighbourhood. In this research, the neighbourhood

is defined as either a geographical, spatial region (as with Reynolds work in [Rey87]),

or as an area of the surface that is delimited by surface details, such as changes in

curvature or distance from the initiating point.

The concept of a neighbourhood is an important one when dealing with flocks.

The neighbourhood as defined by Vigo (see Section 2.6.6) uses a hierarchical spatial

partitioning method. This identifies the region around any individual where valid

neighbours are found. This reduces the range of a search for flockmates, so that an

exhaustive search of all individuals to determine proximity is not required.

As with the steering behaviours, a final surface correction step is applied to the

result of the flocking behaviours to ensure that the smarticle’s paths remain on the

surface, where appropriate.

Applying both steering and flocking behaviours is carried out in two stages. First,

the steering behaviours calculate an interim position and velocity. Next, the flocking

behaviours are calculated using the interim position and velocity information for all

relevant smarticles. This results in the final position and velocity for the next step

in the smarticles path.



133

5.5.1 Separation

The separation behaviour uses the positions of neighbours to create a force that

moves the smarticle in the opposite direction, or away from, its neighbours.

The separation behaviour f s
i for smarticle i is calculated as:

f s
i =

n,j 6=i
∑

j=0

pi − pj

|pi − pj|2
(5.10)

where n is the number of smarticles in the neighbourhood, pi and pj are the ith

and jth smarticles’ positions after both have had their individual steering behaviours

been applied.

5.5.2 Alignment

The alignment behaviour calculates the average velocity of flockmates and uses this

force to move the smarticle so that ultimately all flockmates velocities are the same.

The alignment behaviour fa
i for smarticle i is calculated as:

fa
i =

∑n,j 6=i

j=0 vj

n
(5.11)

5.5.3 Cohesion

The cohesion behaviour calculates the average position of the flockmates and moves

the smarticle closer to them.

The cohesion behaviour fc
i for smarticle i is calculated as:

fc
i =

∑n,j 6=i
j=0 pj

n
(5.12)
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5.5.4 Flocking

The final flocking vector is calculated using the separation f s
i , alignment fa

i and

cohesion fc
i behaviours as:

fi = ωs f s
i + ωa fa

i + ωc fc
i (5.13)

where ωs, ωa and ωc are the weights for separation alignment and cohesion respec-

tively.

The following images have been created to illustrate the effects of the flocking

behaviours on smarticle paths. In each of the images a group of twenty five smarticles

were created (using triangle vertices from the polygonisation stage) around a user

identified point (illustrated as a blue square in the images). Note that a low level of

detail has been used in all of the images. A low level of detail means that the step

sizes are relatively large. The density of smarticle paths in a region is calculated

using distances of step positions to one another.

Using the separation behaviour (Figure 5.8) the smarticles’ paths spread out and

move away from one another. The smarticle’s initial velocity uses the separation

vector calculated for the initial positions. The behaviour weights are ωs = 1.0,

ωa = 0.0 and ωc = 0.0 to illustrate the singular effect of separation. Note that some

smarticles’ paths are terminated in dense regions, whereas others start to spread over

the surface. This behaviour is useful for examining a region of the surface that was

missed by the low level of detail polygonisation.

With the alignment behaviour (Figure 5.9) the smarticles’ velocities are altered,

over the course of their path, so that they are all the same. In this example the initial
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Figure 5.8: The separation behaviour causes smarticles to move away from each
other. (b) Step three. (c) Step six. (d) The completed path

velocities were provided using a horizontal path on the front side of the pear moving

from the starting point towards the centre of the object. The behaviour weights are

ωs = 0.0, ωa = 1.0 and ωc = 0.0

In Figure 5.10 the effects of the cohesion behaviour are illustrated. Using this

behaviour all of the smarticles converge on the same, central, position. The initial

velocities are provided using the cohesion behaviour on the initial positions. The

behaviour weights are ωs = 0.0, ωa = 0.0 and ωc = 1.0. Only six steps were required

to show the effects of this behaviour, as the smarticles’ paths are terminated when

a region is too densely populated.

The effects of these behaviours on strokes are illustrated in Figure 5.11. For each

of these images a small flock of size six was chosen where there was no communication

between the current flock (black lines emphasised with red) and neighbouring flocks

(grey lines). In Figure 5.11 (a) no flocking behaviours were applied, the lines result
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Figure 5.9: The alignment behaviour causes all smarticles to come into alignment
with each other. (b) Step three. (c) Step six. (d) The completed path

from the individual steering direction, which was defined to start on the silhouette

and proceed in a horizontal direction. Here you can see that although the steer-

ing direction of each stroke is the same, qualities of the surface, such as curvature,

introduce minor variations in the stroke sample. In Figure 5.11 (b) the alignment

behaviour was given full influence on the strokes, with no weighting given to sepa-

ration or cohesion. Although the difference between this and the image in (a) with

no flocking is small there is notable change due to the alignment of the smarticle’s

velocity. Figure 5.11 (c) illustrates the effect when the separation behaviour is used

to the exclusion of the others. As the smarticles progress their paths move apart and

create a spreading effect. Similarly, in 5.11 (d) the cohesion behaviour is dominant

and the smarticle’s paths ultimately converge.

Note that the initial velocities are provided by the path following behaviour with
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Figure 5.10: The cohesion behaviour causes all smarticles to move towards each
other. (b) Step three. (c) Step six, which is also the completed path.

a horizontal path. The subsequent positions, however, are not constrained by the

path, as this would terminate the strokes when they leave the allowed path region.

5.6 Finding Feature Outline Points

A smarticle’s IDV are used to create a better understanding of its environment.

The information from the smarticle’s path can be used to identify missed voxels or

untraced feature outlines (or details), that were not found by the low level polygo-

nisation.

Rough polygonisation can miss small scale details in the field, see the sampling

discussion in Chapter 2.2.3. Smarticles sample at a more refined rate than the initial

polygonisation, and as such can identify details or features of the object that were
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Figure 5.11: (a) No flocking: The smarticle’s paths as they appear from only individ-
ual steering behaviours. (b) Alignment: The weighting for the alignment behaviour
is set to one and the others are set to zero. (c) Separation: The paths tend to move
apart from one another. (d) Cohesion: The paths tend to move together.

previously missed. A smarticle can find itself in a voxel that has not been identified

to contain part of the surface. When this situation occurs the voxel is processed and

flagged as containing part of the surface, see Chapter 3.

At each step of a smarticle’s path, the sample and curvature data is examined to

identify if a feature outline, such as a silhouette or sharp junction, is encountered.

When a feature point is identified it is compared to other feature points in the vicinity

to ascertain if this feature has been identified before. If it has not, then the outline

is traced using the behaviours described in Section 5.7.

5.6.1 Identifying Silhouette Points

A smarticle uses gradient information to determine whether a triangle crosses a

silhouette outline. A point on a silhouette outline has (n.v) = 0 (Equation 5.1).

At each point in a smarticle’s path the value of the dot product is calculated. If

this value changes sign, then the path step has crossed a silhouette. The current
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path step is then used to identify if a new silhouette has been found. First, a copy

of the current path step is constrained to lie on the silhouette using Equation 2.24

from Chapter 2.4.1. The silhouette will then be traced if it has not been previously

identified.

5.6.2 Identifying Points on a Discontinuity or Sharp Junction

Many feature outlines of the surface are defined as areas where the surface is not

smooth. This means that there is a discontinuity in the implicit definition of the

model. Discontinuities in implicit fields imply that the gradient is not continuous or

everywhere differentiable. Therefore, this algorithm uses surface samples that strad-

dle the junction, which avoids problems that can occur precisely on the discontinuity.

The straddle points are kept close to the discontinuity and the resulting points are

thus described merely as approximations.

For each step of a smarticle’s path, the positions before and after the step are

tested using a straddle function t(pi, p
′
i). The straddling function uses a disparity

in the angle between the gradients at the two points to identify if points straddle

a discontinuity. Where this test identifies straddling points, the two positions are

saved pleft and pright (the assignment of left and right is arbitrary).

A variation of the CSG junction finding method [WvO97] for approximating the

intersection of two implicit contours is used. The straddling function identifies points

where the angle between their gradients is larger than some threshold (see Figure 5.12

Left). The threshold is determined as being a potential limit of the gradient disparity

that would be expected from a smoothly blended surface (as with the angle between

the gradients at points pleft and pf0 in Figure 5.12 Centre). First, the midpoint of
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Figure 5.12: Left: pleft and pright have a large angle between their respective normals,
identifying a discontinuity or abrupt blend between their positions. Centre: Straddle
points are used to converge on it. Right: The process is continued until a certain
level of accuracy is reached.

these two points is found p′ = 1/2(pleft + pright) and corrected to lie on the surface

pf0. The angle between the gradients at points pleft and pf0 are consistent with a

smoothly blended surface. The angle between the gradients at points pf0 and pright

identify that the feature lines in between these two points. Points pf0 and pright

are used as the straddling points and the process is repeated until a certain level of

accuracy is reached and a point on the feature outline can be approximated.

Ultimately pf approaches the discontinuity. Note that in the BlobTree the gradi-

ent is computable everywhere, although discontinuous. If the gradient is undefined,

the level of accuracy is the means of achieving a close approximation to the discon-

tinuity.

5.7 Tracing Feature Outlines

Guptill, in his book Rendering in pen and ink [Gup76], states “actual objects have

no true outlines, no definite edges or profiles bounding them that appear as lines”, he

points out that outlines appear due to differences in aspects such as colour, texture

and lighting. The human perceptual system, however, finds it very easy to per-
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ceive objects as if they did indeed have such outlines. These outlines are, therefore,

instrumental to conveying shape and form.

Feature outlines like silhouettes are view dependant, others are aspects of a model

that delineate where there is a change in colour, texture, curvature or shape. The

feature outline tracing behaviour described in this section traces feature lines due to

abrupt changes in curvature or shape of the model, these can also be described as

sharp junctions.

An initial set of points identify a part of an outline. The feature is then traced

to produce an outline that will be used for rendering. The silhouette tracing be-

haviour is based on the method of extracting silhouettes from [BH98] and [FJW+05].

The dual tracking algorithm introduced in [FJW+05], as part of this research is

used to trace lines following certain view-independent features on the surface. Fea-

ture lines are determined through the use of a straddling function t(pleft, pright),

which returns true if points pleft and pright are on opposite sides of a feature and

false otherwise.

5.7.1 The Dual Tracking Algorithm

As mentioned in Section 5.6.2, straddle points are used to find a point that closely

approximates a discontinuity. Feature lines are constructed by tracking the discon-

tinuity with these straddle points. This means that the feature line that is traced

will not be guaranteed to lie precisely on the discontinuity but is an approximation

of it. The closeness of the straddling points means that the approximation is good

enough for renderings of this style.

The dual tracking algorithm consists of two parts. The first is concerned with
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finding the approximation to a single point on the discontinuity or sharp junction,

which is covered in Section 5.6.2. This determines a point pf on, or close to, the

feature. Initial straddle points can be identified by the pre-processing stage, or from

smarticles’ paths as they explore the model. The second part tracks the feature to

create a chain of points that can represent the outline.

Tracking the feature line

After finding an initial approximation point for the discontinuity, the entire feature

is traced. This involves estimating the direction of the feature and stepping in that

direction before performing the surface corrections and ensuring that the straddle

points are kept within a reasonable distance of the discontinuity, see Figure 5.13.

Figure 5.13: Left: The direction of the feature is estimated and the straddle points
are stepped in that direction. In order to counteract the racetrack problem, after
each step the straddle points are constrained to lie on a plane perpendicular to the
feature line estimation. Right: The resulting stepped straddle points.
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An estimate of the feature line direction is defined as the cross product of gradi-

ents at points (pleft and pright):

D̄ = ∇f(pleft) ×∇f(pright) (5.14)

New straddle points are found by moving in direction D̄ and then correcting the

points back onto the surface using Equation. 2.7. In addition to this, a straddle-

corrector W̄ is used to keep the straddle points close to the feature line. W̄ defines

a correction back towards the feature line as:

W̄ =
pf − pside

‖pf − pside‖
∗ (‖pf − pside‖ − κdist) (5.15)

where side is left or right and κdist is the desired distance from the feature point.

New points p′side are then calculated with:

p′side = pside + D̄ + W̄ + Ūsurface (5.16)

The Racetrack Problem

In general, D̄ is a good approximation to the direction of the feature line. Where

the feature line is curved, however, a problem can occur. This problem is analogous

to the situation on a racetrack where lanes on the inside are shorter than lanes on

the outside. To overcome this problem, one straddle point is corrected to lie in the

plane defined by the vector D̄ Figure 5.13 and the other straddle point. This means

that the straddle points are always on a plane perpendicular to the direction of the

discontinuity, they will not be out of step, i.e. where one smarticle is ahead of the

other.
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Maintain Straddle Points

A second problem that may arise is where the displacement D̄ can result in one of

the straddle points crossing the feature line (detected using t(pside, p
′
side))(see Fig-

ure 5.14). This means that both straddle points would be on the same side of the

feature rather than straddling it. In this case, the point p′side is corrected back to

the original side using the vector defined by d = ±(pleft−pright), where the direction

used is dependent upon whether the left or right smarticle has crossed the feature

line.

Figure 5.14: Left: The step direction takes one of the straddle points to the opposite
side of the feature. Centre: The straddle points are constrained to the plane per-
pendicular to the feature line approximation. Right: The resulting straddle points.

In both of these situations, smarticles are corrected to lie on the surface using

equation 2.23 and to be close to the feature line as a final step, using Equation 5.16.

As points on the feature line pf are calculated, their positions are chained to create

the feature line.
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5.7.2 The Silhouette Extraction Behaviour

Initial points can be identified through the polygon pre-processing stage or through

analysis of a smarticle’s path. The method of extracting a silhouette presented in

[FJW+05] is used here to trace a silhouette, see Chapter 2.4.1. The steering direction

is determined using Equation 2.21 which estimates the direction of the silhouette.

Constraints are applied in the form of the surface and silhouette correctors Equations

2.22 and 2.24 respectively. The path is terminated when the silhouette is lost or where

it loops.

5.8 Conclusions and Discussion

The introduction of smarticle behaviours was inspired by one of the drawbacks of

previous particle based systems: achieving an adequate coverage of particles to detect

features. Features (in particle systems) are detected through particle movement and

proximity, for example crossing a silhouette. Steering behaviours were introduced to

encourage the smarticles to actively seek out an area of interest. With the help of

the manager (Chapter 3) smarticles can also identify surface voxels that need to be

sampled further in order to determine if a feature is present.

The dual tracking algorithm does not specifically look for junctions or corners. In

practice, most junctions are found and traced through separate smarticles identifying

parts of the feature outline.

There are potentially a number of other methods of deriving steering directions

to direct particles towards features that could be advantageous. An investigation

into such potential steering direction calculation methods would be an interesting
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area of further research.

The contributions of this chapter are:

1. Identify and trace feature outlines due to discontinuities in the field or abrupt

blends between primitives.

2. Applying steering and flocking behaviours to agents to both sample and render

the implicit surface.

3. Creating stipples from wander behaviour.

4. User created stoke directions (not constrained by surface properties, such as

principal directions of curvature or contour).
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Chapter 6

Mixed Rendering

Figure 6.1: (Top Left:) Jennifer Garner from ”Animated Alias”. (Top Right:)
Medical illustration from http://www.prostatitis.org/. (Bottom Left:) Cour-
tesy of Adrian Bruce (http://www.artandtechnology.com.au/index.html). (Bottom
Right:) Briefcase Bike (http://www.coroflot.com/.

6.1 Introduction

In many fields such as design, engineering and medical illustration mixed styles of

rendering are commonly used for various purposes. Smarticles can be used to render

surfaces using a combination of styles such as short and long strokes, stipples, and

using colour accents (or highlights). Using strokes or stipples for rendering produces

images in a pen-and-ink or sketching style, when colour is introduced the results are

148
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reminiscent of concept art, see Figure 6.1.

In this chapter, the methods and results of using smarticles to create strokes,

stipples or coloured polygons are presented. The adaptation of the techniques from

[FJW+05] for use with smarticles to produce short strokes, are discussed in Section

6.2. This also includes the method of creating stipples from the wander behaviour,

Section 6.2.2. The methods of shading polygons from feature outlines and primitives

are described in Section 6.3. Some results combining the two methods are presented

in Figure 6.12 and in Chapter 7.

6.2 Stroke Rendering

A smarticle’s path can be used to render strokes with the various steering and flocking

behaviours providing the different orientations. The paths can be rendered in various

ways: as lines connecting each path step (creating long strokes), by drawing only the

step points (for dotted lines or stipple effects), or using the step point to position a

short stroke.

6.2.1 Smarticle Paths

Smarticle’s paths, described in Chapter 5, can be rendered completely (i.e. connect-

ing every path step), which is usually the choice for feature lines, user requested

specific strokes, or where conveying a more rough “sketchy” appearance. For ex-

ample in Figure 6.2 (a) the silhouette outlines of an Egyptian dyed are drawn as

a continuous lines. In (b) the red lines are created by the user (no features are

identified at these positions). (c) shows a sketchy version of the dyed with regular
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horizontal smarticle paths creating strokes. Image (d) introduces some randomness

in the termination point of the path steps.

Figure 6.2: An Egyptian Dyed (a) The silhouette outlines are traced. (b) The user
creates strokes (red lines) where no features are illustrated. (c) some regular strokes
from horizontal smarticle paths drawn on the surface. (d) includes some more strokes
and introduces a random termination value .

6.2.2 Stipples from the wander behaviour

Stippling effects can be produced by drawing only the step points from particle

paths. Most of the paths are very regular (by nature) and appear as dotted lines,

see Figure 6.3 (a), except for paths created using the wander behaviour. Using the
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wander behaviour the actual path is indiscernible, instead, a random stippling effect

is created, see Fig 6.3 (b). The strokes start from the silhouette and their paths

are constrained so as the gradient at each path step is within sixty degrees of the

gradient at the originating point.

Figure 6.3: (a) The horizontal strokes from Figure 6.2 are rendered as dotted lines.
(b) Smarticle paths use the wander behaviour, the path steps are used to place
stipples.

6.2.3 Short strokes from paths

There are two ways that short strokes can be drawn at path steps. The first involves

drawing subsets of the path, e.g. every nth path step is used with m steps on either
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side comprising the stroke, see Figure 6.4 (a).

Figure 6.4: (a) Short strokes drawn using path steps directly. (b) The dyed rendered
using curved strokes.

The second way is to use the method outlined in Chapter 2.4.1 where a centre

point and direction vector are used to calculate the position and direction of the

stroke, the degree of curvature of the surface is also used to curve it. The stroke

is calculated as a Bézier curve with four control points defined using the path step

and direction vector. Figure 6.4 (c) shows the dyed with curved strokes using the

smarticle paths from Figure 6.2. Curved strokes are also used in the image in Figure

6.7 (b).

6.2.4 Short strokes from polygons

The style of results presented in most particle-based pen-and-ink renderers includes

short strokes positioned anywhere on the surface, relative to particle positions. In
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Figure 6.5 smarticles have placed short strokes all over the surface using the polygons

from the initial polygonisation, the length of strokes is related to the curvature of

the surface.

Figure 6.5: (a) Short strokes are placed at the centroids of the polygons and strokes
in the first and second directions of curvature are drawn. (b) Longer strokes and
lighting calculations.

The centroid, c, of the triangle is calculated from the vertices V n using barycentric

co-ordinates:

c = αV 0 + βV 1 + γV 2 (6.1)

where:

α = β = γ =
1

3
(6.2)



154

and:

α+ β + γ = 1.0. (6.3)

The position of the centre point for the stroke can be changed using different

values for α, β and γ, as long as equation 6.3 holds. This ensures that the resulting

point is within the convex hull of the original polygon.

6.2.5 Stroke Density

All of the above methods of visualising the stroke samples are enhanced using a

density parameter. Where the path steps are used to create a dotted line, the

number of path steps can be changed to achieve variations in the results, see Figure

6.6 (a). Where the path steps are used to create short strokes, drawing a stroke at

each path step may produce either a solid line or too many strokes (visual clutter).

In such a case a subset of these steps can be illustrated using every nth step, Figure

6.6 (b). To avoid too much regularity, the step counter is chosen to be a random

number (associated with each stroke so it is not calculated each time the display is

refreshed).

Short strokes drawn near the silhouette outline can have the unwanted appearance

of having greater density than strokes on forward facing parts of the surface. This

is because the method is object-spaced rather than image spaced. The dot product

of the gradient and the view vector (used to identify the silhouette region) can be

used along with a stochastic probability to prune strokes in regions where the result

is close to zero.
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Figure 6.6: (a) The smarticle paths are drawn starting from the silhouette. (b) The
paths start a short distance away from the silhouette to avoid visual clutter.

6.2.6 Lighting Calculations

Visibility of strokes due to lighting and shading is based on the method presented in

Chapter 2.4.1. The concepts of upper and lower thresholding values, ut and lt, are

used to define the blend region between light and shade. The thresholding values

reference the dot product of the normal at the smarticle’s position and the light

direction.

In regions that are in shadow all strokes are drawn (subject to density calcula-

tions). In the blend region between the upper and lower threshold, strokes are chosen

for rendering using a random element, see below. The dot product of the surface
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Figure 6.7: (a) ut = 0.0 and lt = 1.0, with straight strokes. (b) ut = 0.25 and
lt = 0.75, with curved strokes.

normal at the smarticle’s path step with the normalised direction of the light source

is compared with a random value between ut and lt, if the value is less than the

randomly generated value then the stroke remains visible, see Figure 6.7. Also only

front facing strokes are drawn by ensuring that the dot product of the view vector

with the surface normal at the path point is greater than zero. The algorithm for

calculating the visibility of the stroke due to lighting is:

ωlight = point.normal • lightDir

ωrand = rand(lt, ut)

point.ndotv = point.normal • viewV ector

IF((ωlight < lt OR ωlight < ωrand)

AND point.ndotv > 0)
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drawStroke(point.position)

ENDIF

where rand(lt, ut) uses Vigo’s Mersenne Twister random number generator to gen-

erate a number between lt and ut.

6.2.7 Hidden Line Removal

Hidden Line Removal (HLR) is accomplished using the original polygonisation cre-

ated at system initialisation. The polygons are slightly displaced in the opposite

direction of the gradient, so that they are drawn just inside the iso-surface being

visualised. This is a fast method, but it has drawbacks associated with the poly-

gonisation being an approximation to the surface. There are places where the low

resolution polygonisation does not approximate the surface very well, or at all, so

there can be regions where there appears to be no HLR and outlines overlap, see

the wheels of the train in Figure 6.12. Also, the polygonisation is not guaranteed to

be inside the convex hull of the implicit surface, consequently feature outlines and

strokes on the surface can be occluded, see the silhouette outline occlusion on the

stalk of the pear in 6.11.

6.3 Polygonal Rendering

Illustrations and concept drawings often use colour as a means of accentuating,

highlighting or focusing attention on a particular area. This suggestion of colour

is, therefore, not necessarily intended to be realistic (e.g. medical illustrations) or

complete (e.g. concept art), see Figure 6.1 for some examples. The manager and
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smarticle colouring technique was inspired by such methods. The initial polygo-

nisation (Chapter 3.6.4) is used to create colour accents or highlights, see Figure

6.8.

Figure 6.8: (a) The silhouette of the pear has been shaded and the user has drawn
a single line. (b) The neighbourhood around the user drawn line is also coloured.

There are two ways for a user to select areas of the surface for colouring. The first

is where the colour is calculated in the neighbourhood of a feature line or smarticle

path, Section 6.3.1. The second method calculates colour in relation to selected

primitives, Section 6.3.2.

The method of calculating the colour of the polygons was designed to be used

in a multi-processing environment. A single smarticle processes a single voxel, with

a variable number of smarticles active at any one time, each smarticle processes

one voxel at a time. Additional voxels to be processed are assigned to smarticles
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after they complete their current task, until all voxels have been examined. The

colour is calculated according to an identified smarticle path, a copy of which is

made available to each smarticle/voxel. This architecture is also suited to a single

smarticle examining all of the voxels and calculating the colour values for all polygons

in the neighbourhood.

Voxels, and their related polygons can be included in the neighbourhood of more

than one colour calculation. In this case the average value of the colours is calculated.

6.3.1 Colour around a line

Any point, feature line or stroke sample can be used to identify the centre, or skeleton,

of an area to be coloured. The skeleton is either a single point or a path of connected

steps. The colour of the voxels in the neighbourhood is calculated as a measure of the

distance to a point on this skeleton. In Figure 6.9, a user-selected colour is associated

with the skeleton point (back dot) and smoothly blends to the background colour

(white) as the distance increases.

Figure 6.9: The red shaded line represents the colour polygons are shaded, which
are blended with the background colour (white). The black dot indicates where the
skeleton point is. The blue lines is used as a reference to the location of the surface.

The extent of the shading is defined by the voxel neighbourhood, which identifies
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the distance at which the colour should be fully blended into the background. For

example, if the neighbourhood is identified to include three adjacent voxels, the

colour is smoothly blended to white before it reaches the farthest extent of the third

voxel, see Figure 6.9. The voxel neighbourhood extends in three dimensions, which

means that the maximum distance is calculated as the smallest edge dimension for

the number of voxels (all voxels are evenly sized although the x, y and z dimensions

may be different):

dist2max = (numV oxels ∗ dimmin)2

Note that this distance does not describe the maximum distance from the centre of

the voxel containing the skeleton point to the farthest edge of the last neighbourhood

voxel. If the skeleton is in the centre of the original voxel this distance will extend to

the centre of the last neighbour, see Figure 6.9. This guarantees that the polygons

will be blended to the background colour at the edge of the last voxel.

The blend from highlight to background colour uses a Euclidean linear interpo-

lation based on the distance dist2max:

colour = (1 − α) ∗ skeleton.colour + α ∗ background.colour

where the interpolation coefficient α is calculated as the distance from each of the

triangle’s vertices to the closest point on the skeleton:

α = DISTSQD(skeletonP t,vertex)
dist2max

When the user selects “Colour neighbourhood” the manager creates a team of

smarticles to process the voxels. The smarticles examine each voxel in the neigh-

bourhood to identify which polygons will be coloured and what the colour values

will be.

The algorithm to calculate the colour of triangle vertices therefore is:
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FORALL triangles in voxel

FORALL vertices of triangles

dist2point = FindClosestP tOnFeature(vertex, feature)

α =
dist2point

dist2max

vertex.colour = (1.0 − α) ∗ user.colour + α ∗ user.colour

ENDFOR

ENDFOR

Note that the distance squared is used in calculations to avoid unnecessary square

root evaluations.

As mentioned above, any point, line or stroke sample can be used as the skeleton

for colour value calculations. Figure 6.8 shows examples of using an existing feature

line, i.e. the silhouette, and a single stroke sample positioned by the user specifically

to identify a region for colouring. The user created stroke is the black line in Figure

6.8 (a) and is shown with the shaded polygons in (b).

6.3.2 Colour a single primitive

The user can also select to colour an area of the surface relative to an individual

or group of primitives that are used to construct a model. For example, in Figure

6.10 a single primitive is shaded where the colour is either limited to the individual

primitive (a), or smoothly blended to match the background when the neighbouring

primitive is encountered (b).

To accomplish specific primitive colouring an extension to the ISM system com-

munication pipeline is necessary. This breaks the simple “black-box” approach to the
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Figure 6.10: The user has identified a single primitive to be coloured. (a) Identifying
the primitive with a point. (b) Identifying the primitive by it’s attribute value.

ISM system using only field function and gradient information (as outlined in Chap-

ter 2.2.4) but accomplishes it using simple attribute values that are also available

with many other ISM systems and with much volume data.

In the context of the BlobTree, the person creating the model is required to create

attribute values that uniquely identify each primitive, or group of primitives, at the

modelling stage. For example, when the model in Figure 6.10 was created, each

primitive was identified by the order in which it was added to the model, i.e. “one”

(bottom), “two” (middle) and “three” (top, right), the coloured primitive. Note

that numbers were used as attribute identifiers for simplicity only, these values are

arbitrary, e.g. the parts of the train in Figure 6.12 were identified by “cabin” and

“engine”. The attribute values can be used to represent any group of primitives or
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subtree that makes up the object.

The user positions a point in the object space (it does not have to be on the

surface) and the manager queries the ISM system to identify the largest contributing

primitive at that point. When the user selects “Colour single primitive” the manager

queries the ISM system to identify the primitive and then assigns smarticles to

examine the voxels in the neighbourhood (as above). The smarticles query the

triangles in each of the voxels to determine those that identify the selected primitive

as the largest contributer, these vertices have the user selected colour associated with

them.

The algorithm to calculate the shading relative to a particular primitive is:

FORALL triangles in voxel

FORALL vertices of triangle

αcolour = GetShadeV alue(vertex, attribuser)

vertex.colour = (1.0 − αcolour) ∗ user.colour + (αcolour) ∗ user.colour)

ENDFOR

ENDFOR

Where GetShadeV alue(vertex, attribuser) is:

contributionmax = CalculateMaxContributingV alue(vertex, primitives)

FORALL contributing primitives

IF (attribuser == primcurrent.attrib)

primuser = SetContributingPrimitive(primcurr)

contributionthis = GetContribution(vertex, primuser)
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αcolour = contributionthis

contributionmax

ENDIF

ENDFOR

returnαcolour

and CalculateMaxContributingV alue(vertex, primitives) is:

FORALL primitives

contributionthis = GetContribution(vertex, primcurr)

IF (contributionthis > contributionmax)

contributionmax = contributionthis

ENDIF

ENDFOR

returncontributionmax

There are some situations where large differences in the sizes of primitives can

have an unintended influence on the colour calculation method. In situations where

an identified primitive is much smaller than a neighbouring one, the primitive identi-

fied by the user does not necessarily correspond to the largest contributing primitive.

For example, Figure 6.11, the user has identified a point on the stalk of the pear. The

neighbouring primitive is, however, much larger and, therefore, contributes more. In

this situation a secondary method of identifying the primitive is necessary. In such a

case the user must know the attribute value of the primitive they wish to illustrate.

This can be selected in the UI and the colour is calculated relative to the identified

primitive rather than the one with the largest contribution, in Fig 6.11 the stalk is

primitive “four”.
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Figure 6.11: The stalk of the pear has been coloured. (a) The primitive attribute
was required to colour the stalk. (b) A close up of the stalk.

This also affects the outcome of the colouring. In Figure 6.10 (a) where the user

has selected the primitive with a point, the primitive can be explicitly recognised

so the region and colour can be more accurately calculated, i.e. the colour stops

where the identified primitive is no longer the largest contributing one. In Figure

6.10 (b) the primitive has been identified by it’s attribute value, so the colour values

are calculated from the contribution values.

The colour is blended in relation to the contributions of the primitives. As

the selected primitive contribution becomes weaker and an adjacent ones becomes

stronger the colour blends to be the same as the background, see Fig 6.10. The

maximum contribution value in the neighbourhood is calculated to normalise the
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individual values from the primitives. In this way some of the effects due to different

sized primitives and different real-value contributions can be overcome allowing the

colour selected by the user to be the colour used where the contribution is maximum.

6.4 Conclusions and Discussion

In this chapter, the methods the smarticle and manager system uses to render implicit

objects are presented. Short or long strokes, or stipple type patterns can be created

by visualising all or parts of the smarticles’ paths. The smarticles can also be used

to colour polygons created by the initial polygonisation in a simple concept art style,

which is intended to give a colour accent or highlight.

The methods of drawing strokes presented here is based on using OpenGL lines

of varying thicknesses. The appearance of strokes is therefore somewhat limited by

the nature of GL-Lines. Using GL-Quads or a stroke texture would greatly enhance

the visual quality of the strokes themselves. Likewise, using density thresholds for

variability of stroke width and appearance related to the viewing angle in densely

populated areas would enhance the visualisation, as in [ZISS04] and [WS94].

It would also be interesting to implement distances calculated according to sur-

face measurements rather than using Euclidean distance. The differences, strengths

and weaknesses of the various results could be evaluated in the context of concept

drawings.

Using the polygons from the initial polygonisation for colouring has a couple

of drawbacks. The first is related to the level of detail of the polygonisation and

therefore the closeness of the approximation to the actual object. In Figure 6.11 the
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triangles that approximate the stalk of the pear are coloured. The polygonisation

is of a low resolution and therefore the approximation may not be close enough

for the desired effect. In such situations more polygons should be created in a

neighbourhood, which would result in a more accurate approximation of the surface.

The second drawback of this method of using the polygons from the initial poly-

gonisation comes arises where voxels do not have polygons associated with them,

even where they contain parts of the surface. The polygons that approximate the

surface need to be found, this would require subdivision of the voxel identified to

contain part of the surface (but no polygons). Each of these sub-voxels is used to

generate polygons, in the same way as the original voxels were processed to generate

the original triangles.

The presented method of identifying the primitive to be coloured has its flaws

when considering large variances in primitive size, as mentioned in Section 6.3.2.

A better way of identifying primitive rather than relying on the user to know the

attribute ID value would be beneficial. There’s no guarantee that the user has

knowledge or access to the attribute values from the construction of the model.

The primitive colouring method can also be used to shade groups of primitives of

subtrees of the tree that represents the object. IT is possible to extend this method

to identify regions to be shaded using nodes such as the controlled blend node in the

BlobTree [Gal05].

The contributions of this chapter are:

1. Shading areas of an implicit surface relative to an individual or group of prim-

itives.
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2. Concept style art for implicit surfaces: pen and ink style short and long strokes,

stipples and colouring relative to surface feature outlines.
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Figure 6.12: Colouring a group of primitives. (Top) The train’s cab is shaded along
with a user specified line to indicate the colour of the engine. there is also a group
of user placed strokes on the engine. (Middle) Short strokes from polygons using
lighting calculations. (Bottom) Both the train’s cab and engine are shaded using
different colours.



Chapter 7

Results and Conclusions

Figure 7.1: Automatic feature outline illustration. (a): NPRBT after initialisation
12 seconds. (b): NPRBT after 3 minutes. (c): NPRBT after 5 minutes. (d):
Manager and Smarticles after initialisation 1 minute. (e): Manager and Smarticles
after 3 minutes. (f): Manager and Smarticles after 5 minutes.
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7.1 Results

The main drawbacks of using particle systems for rendering complex implicit surfaces

are associated with the distribution method. The time taken to identify features

and trace outlines is dependant upon the time taken to achieve a good coverage of

particles.

There are two distinct areas of contribution from the research presented in this

thesis. The first is increased efficiency of identification of features on a complex

implicit surface. The second is the introduction of alternative rendering methods.

In this section these two main areas of contributions are discussed with refer-

ence to actual examples from the system presented in this thesis and the previous

system, the NPRBT. The contributions are listed in the following section and sum-

marised specifically in relation to the management system, the smarticles and mixed

rendering.

7.1.1 Increased Efficiency

Previous particle based systems were effective in creating pen-and-ink style render-

ings for simple implicit surfaces. Complex models, however, required a significant

amount of time to identify surface features and create a rendering.

In this research, a MAS comprised of the management system and smarticles is

used to improve efficiency. Automatic identification and tracing of feature outlines

is achieved faster than with previous particle based systems. Furthermore, a combi-

nation of automatic techniques and user direction provides a great deal of flexibility

in creating an illustration.
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The shell images in Figure 7.1 illustrate the increase in speed of automatic identi-

fication of feature outlines. In the top row are the images from the NPRBT system,

the bottom row are the images from the system presented in this thesis. The images

in (a) and (d) are generated after system initialisation. In the case of the NPRBT

(a) that is 12 seconds, for the manager and smarticle system (d), that is approx-

imately one minute. Images (b) and (e) were both taken after approximately 3

minutes, and images (c) and (f) were taken at around six minutes. After 6 minutes

the manager and smarticle method had completed all automatic tracing of initially

identified feature outline locations. Note that these times are total time that include

initialisation.

Both systems require user interaction to identify the remaining outlines within

an acceptable time. Neither the NPRBT nor the manager and smarticle system can

guarantee that all feature outlines will be found. Using the NPRBT, there are a

number of ways the user can improve the time taken and identify more features.

First, the number of particles on the surface can be increased, this is achieved ei-

ther by automatic placement (using random rays from the camera position to the

centre of the object) or allowing the user to identify a region where new particles

should be created. Alternatively, the user can increase the particles’ velocity, which

conversely decreases the level of sampling detail, i.e. the particles take larger steps,

and consequently are less likely to identify feature outlines. The manager and smar-

ticle method allows the user to position a point around which a team of smarticles

are created that autonomously explore the volume to identify locations of feature

outlines.

Figure 7.2 illustrates the difference in time taken to trace the train’s feature
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Figure 7.2: (a): The NPRBT train after initialisation: 11 seconds. (b) NPRBT
after 2 minutes. (c) NPRBT after 4 minutes. (d) The management and smarticle
system after initialisation: 53 seconds. (e) Manager and Smarticle after 2 minutes.
(f) Manager and Smarticle method after 4 minutes.

outlines. There was no user involvement in the NPRBT method (Figure 7.2 (a) to

(c)), and no extra particles were added, 1000 particles is the default value. In Figure

7.2 (d) to (f), the smarticle and manager method is used. The user selected “Trace

All Feature Outlines” and used 10 smarticles, there was no other user interaction.

Image (c) represents the result after five minutes using the NPRBT system. Image

(f) took less than four minutes.

Figure 7.3 illustrates the heart model rendered with the NPRBT, and the man-

ager and smarticle system in comparative times. Images (a) and (c) show the results

after initialisation, 9 and 17 seconds respectively. Images (b) and (d) show the re-

sults after 5 minutes. In both cases user interaction was used to more fully identify

the feature outlines. In (b) the user increased the number of particles from 1000

(the default value) to approx 2700, allowing automatic placement of new particles.

Using the manager and smarticle approach in (d) the user directed smarticles to

regions that required exploration to trace the outlines. In particular, the veins are

difficult to trace as they are not constructed using simple smooth cylinders. Using
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Figure 7.3: (a): NPRBT after initialisation 9 seconds. (b): NPRBT after 5 minutes.
(c): Manager and Smarticles after initialisation 17 seconds. (d): Manager and
Smarticles after 5 minutes.

both systems many particles or agents were required to trace parts of the outline in

limited regions using short strokes. Neither system was able to trace the veins using

a single particle or agent.

Table 7.1 lists the number of BlobTree nodes in each of the three main models

used to illustrate efficiency results in this chapter: the shell, the train and the heart.

Examination of the numbers of system iterations, after the initialisation stage,

identifies that although a single system iteration may take longer using the manager

and smarticle approach, the movements are more directed and therefore result in
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model BlobTree nodes

shell 1497
train 723
heart 76

Table 7.1: Number of BlobTree nodes in model.

identification and tracing of more feature outlines. The time for one system iteration

is generally longer because of the analysis and reporting elements.

The following tables list the number of system iterations that produce the above

images. The main difference to note in calculating the system iterations concerns

the method of tracing feature outlines. In the NPRBT, when an outline has to be

traced, the particle immediately traces it to completion (either loop or lost) in the

same system iteration. The management and smarticle system, however, traces them

by taking one step with each system iteration.

The final images in each sequence were created in equal lengths of time, including

the initialisation stage. In most cases a single system iteration takes longer with the

manager and smarticle system, but because these are goal directed movements rather

than based on a simple repelling function, more features are identified.

Initialisation of the NPRBT uses 1000 particles randomly placed using a ray trac-

ing method. Initialisation of the management and smarticle system involves a team

of three smarticles processing the polygonal mesh for edges that cross silhouettes,

discontinuities and changes in sign of curvature. Initialisation of the man anger

and smarticle system takes longer and involves more steps, but identifies more fea-

tures. Another important distinction to make is that with the manager and smarticle

system, the count of system iterations starts from zero after initialisation. This is
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Shell Initialisation 3 minutes 5 minutes

NPRBT 5 233 495
Mgr & Sm 2366 189 317

Table 7.2: Number of system iterations for the shell model. The Manager and
Smarticles method uses more evaluations for initialisation (which takes longer than
the NPRBT), but identifies more features. In general system runs, the number
of iterations is slightly smaller for the Manager and Smarticle system (i.e. one
iteration takes longer) but more features are identified. After 5 minutes (including
initialisation) the manager and smarticle method identifies and traces more features
than the NPRBT, see Figure 7.1

because the smarticles’ tasks are very different between the initialisation and ex-

ploration stages. This also gives a better indication of system iterations involved

in exploring the space and creating the images. The number of iterations after the

initialisation stage is cumulative. The final times, are also cumulative, including the

initialisation stage for both systems.

In Table 7.2 the results are shown for rendering the shell images in Figure 7.1.

Although only 5 NPRBT system iteration steps have been taken, some particles have

also traced features, i.e. the silhouette outlines. Therefore, most particles have only

taken 5 steps, but a few of them have taken more. The manager and smarticle system

uses the team of 3 smarticles, which amounts to 2366 examinations of polygon edges

to identify feature outline crossings. The resolution of the polygonisation grid was

253.

Although there are more particles and (slightly) more system iterations for the

NPRBT system, most of these evaluations are for general surface strokes and do not

necessarily identify features. For the cost of performing the initial polygonisation to

identify potential locations, and the cost of the manager examining the data from the
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Train Initialisation 2 minutes 4 minutes

NPRBT 3 249 403
Mgr & Sm 1640 233 481

Table 7.3: Number of system iterations for the train model. After 4 minutes the
Manager and smarticle method has identified more features.

heart Initialisation 5 minutes

NPRBT 15 298
Mgr & Sm 860 184

Table 7.4: Number of system iterations for the heart model.

blackboard, more features are identified using the manager and smarticle method.

In Table 7.3 the results of both systems rendering the train in Figure 7.2 are

shown. The resolution for the manager and smarticle system was 153. The results

show that a much larger number of smarticle operations are necessary for examining

the polygonal model. Overall, the number of system iterations for exploration are

similar, although the smarticles are more directed towards areas where potential

feature outlines are identified.

Although the shell and the train have a large variance in the number of BlobTree

nodes, the number of polygon edge examinations are closer than would be expected.

The train has a lower number of BlobTree nodes than the shell, but most of the

train’s primitives are identified from the initial polygonisation. This is not the case

for the shell, many of the nodes construct features that have not been identified by

the low resolution polygonisation, i.e. the spikes.

The manager and smarticle resolution of the heart model in Figure 7.3 was 203,

the results of the comparison are in Table 7.4. The same pattern as the shell and
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train models is continued: a larger number of operations in the preprocessing stage,

and fewer iterations for exploration and tracing, which results in greater feature

identification.

Examination of the numbers of system iterations, after the initialisation stage,

identifies that although a single system iteration may take longer using the manager

and smarticle approach, the movements are more directed and therefore result in

identification and tracing of more feature outlines. The time for one system iteration

is generally longer because of the analysis and reporting elements.

7.1.2 Alternative Rendering

The second major contribution of the work presented in this thesis, is in the area of

mixed rendering. Alternative rendering techniques are provided in the form of new

methods of placing strokes, stipples and creating colour highlights.

The heart model shown in Figure 7.4 has been created by tracing the feature

outlines (a); shading the right auricle and atrium (subtree or group of primitives

from the BlobTree) using stipples from the wander behaviour (b); shading the poly-

gons (c); and using the same polygonal shading and adding short strokes and using

lighting calculations (d).

One of the drawbacks to using the original polygonisation for shading with colour

is the visibility of the polygonal edges, as can be seen in the images in Figure 7.4 on

the bottom row. A higher resolution polygonisation (through adaptive subdivision)

in these visible transition areas would be desirable.
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Figure 7.4: (a): A heart model with the main feature outlines traced. (b): The
heart model with the right atrium and auricle shaded using a stipple pattern. (c):
The heart model with the atrium and auricle polygons shaded red. (d): The heart
model with the auricle and atrium shaded red and short strokes.

7.2 Conclusions

In this section, the list of contributions from the introduction is reproduced with a

discussion of the results, strengths and weaknesses of the approach.

7.2.1 Contributions

1. The Management System:
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a Organises agents to collectively explore an implicit surface en-

vironment and visualise object data using NPR styles.

Most previous systems use a particle based approach to NPR for implicit

surfaces, and most previous agent-based systems are restricted to image

space. The only other object-space agent-based method presented by

Pang et. al. [PS93] (used to visualise scientific data) identifies that prob-

lem areas are related to agent control and co-ordination. The manager

presented in this thesis addresses these concerns by organising inter-agent

communication and co-operation, and controls the overall system.

In the research presented in this thesis, the majority of feature outlines

are identified by processing an initial low resolution polygonisation. This

can not, however, guarantee that all outlines are identified. Features can

be missed due to sampling disparities between the size of voxels used in

the polygonisation and the size of details on the surface. Feature iden-

tification and tracing is not, however, tied to the LOD provided by the

polygonal representation as in [SIJ+07]. Features not identified by pro-

cessing the polygonisation can be identified and traced through smarticle

exploration, although identification of all features can not be guaranteed.

b Analyses the object space to identify potential locations of fea-

tures.

The workload estimation method presented in Chapter 3.5.1 can iden-

tify voxels that are likely to contain feature outlines. The measure of

workdone (Chapter 3.5.2) identifies the likelihood that any features in

the voxel have already been traced. This identifies potential locations
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directly rather than relying on the distribution method. A suitable data

structure is required to facilitate data collection and analysis. The voxel

based shared memory known as the blackboard is used for this.

c Interprets user requests to create appropriate tasks.

An assumption of the research in this thesis is that the user is involved

in image creation to a greater extent than simply deciding the orientation

of short internal strokes and lighting effects. Chapter 3.3 describes the

method of interpreting user requests to create tasks for agents. Agents are

designed to complete tasks that are directly related to user requirements.

The specification of user requests and related tasks, shift reliance from

solely automatic measures to include the user more in creating the image.

These tasks are assigned by the manager and smarticles do not have to

be managed individually or directly.

d Prioritises tasks to be processed based on workload and work-

done estimates.

The user identifies regions or neighbourhoods for performing the tasks.

Voxels with potential feature outlines or where not enough information is

known are processed before voxels with traced outlines or a large number

of sample data from smarticle paths, see Chapter 3.5.4

e Uses polygonisation for initial positions and voxel data thereby

identifying feature outline locations faster than the previous

method.

Figures 7.1 (a) and (d) (the NPRBT and the manager method after sys-
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tem initialisation) illustrate that the manager and smarticles method of

using a low resolution polygonisation for system initialisation can iden-

tify feature outlines faster than relying on the Witkin-Heckbert (WH)

method [WH94] (for complex implicit surfaces). The NPRBT has traced

a few outlines whereas the management system has identified the presence

of more of the features (not yet traced). These results can be seen clearly

in Figure 7.2 where Image (d) illustrates the features that are identified

after system initialisation. Compare this with the results after system

initialisation with the NPRBT in Image (a).

Upon system initialisation, the surface can immediately be covered with

sort strokes. They are placed on the surface using the polygonal informa-

tion; barycentric combinations of vertices define the centre point of the

stroke rather than particle positions, as in [FJW+05].

2. Smarticles:

a Object space, agent-based method.

Smarticles operate and create renderings in object space, rather than im-

age space as in [SOD04, MDC04, SGS05]. Most object space methods

use a particle system approach. Smarticles approach the task in a more

goal directed way than particle systems. They have a history which al-

lows further analysis of the space, unlike particle based systems which

generally store only current positions of particles (with their associated

properties) and locations of previously identified feature outlines. This

means that information gained from smarticles’ movements and queries



183

about the behaviour of the surface are retained and used as a valuable

asset in examining the surface and finding features.

b The Dual Tracking Algorithm, which identifies and traces feature

outlines due to discontinuities in the field or abrupt blends between prim-

itives.

The method presented in Chapter 5.7.1 uses a black-box approach to the

ISM system to identify and trace a feature due to a discontinuity or abrupt

blend, see Figures 5.7, 3.12, 7.1 and 7.4.

c Apply steering and flocking behaviours to agents to both sample

and render the implicit surface.

In Chapter 5 examples are given of using flocking and steering behaviours

to both sample the object space and direct smarticle paths. Previous

methods have used silhouette edge ([BH98, FJW+05]), principal direc-

tions of curvature ([Elb98, BH98, FJW+05]), contour ([FJW+05]) and

planar slices for stroke directions ([Ric73]). The long strokes presented

in this research are similar to streamlines created in [ZISS04, HZ00], but

do not require pre-processing. The paths can be created individually, or

using flocking behaviours (which require teams) to create variations in the

appearance of strokes.

d Create stipples from wander behaviour.

Stipples are normally created relative to particle positions [FJW+05], or in

image space using voronoi diagrams [DHvOS00] or graph based relaxation

algorithms [PS04]. Using the wander behaviour is a novel approach to
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creating stippling patterns (see Figures 6.3 and 7.4 for examples).

e Allow the user to specify arbitrary stroke directions (not con-

strained by surface properties, such as principal directions of curvature or

contour).

The user can create strokes in any orientation they choose, using the seek

behaviour 5.4.5, see Figures 6.2, 6.8 and 6.12 (a). The user can also use

two such strokes as guides and have the system create strokes in between

these guidelines, see Figure 5.7 and 6.12 (a).

3. Mixed Rendering:

a Supports creation of shading for areas of an implicit surface rel-

ative to an individual or group of primitives.

The method presented in 6.3.2 is a novel method of selecting individual

or groups of primitives for rendering in a particular style. Models with

a tree-like data structure can have any subtrees rendered (for examples

see Figures 6.12 and 7.4). The object, or parts of it can be rendered by

colouring some of the polygons. Colours are calculated using the original

polygonisation, which is limited to the original LOD. Subdividing relevant

voxels and polygons would give a better approximation to the actual sur-

face where it is needed. Colour calculations are made relative to a feature

line or a single primitive (or a group). Identifying a primitive breaks the

“black-box” approach to the ISM system by using an attribute value for

each primitive (or group). This is the most general and straightforward

way of achieving such an effect whilst maintaining a “black-box” approach
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to the ISM system.

b Make available concept art styles of rendering for complex im-

plicit surfaces: pen and ink style short and long strokes, stipples

and colouring relative to surface feature outlines.

Previous systems have rendered implicit surfaces in pen-and-ink styles

[Elb98, Akl98a, Akl98b, FJW+05]. The current system makes use of

many rendering techniques, i.e. strokes related to feature outlines, strokes

placed by the user for effect, short general surface strokes and includes

shaded polygons, to create an image (see Figures 6.12 and 7.4).

7.2.2 Discussion

If the WH style distribution method were to accept polygon vertices as initial po-

sitions for particles it would require alterations. The method is based on repulsion

radii around each particle and aims to reach equilibrium in particle placement. Using

polygon vertices the placement is already close to equilibrium, which is why some

techniques use the final particle placement to create a polygonal model.

Identifying and tracing all feature outlines of a complex model, used in this

research, requires user interaction. It is assumed that the user will request more detail

in regions they are interested in, rather than expect the manager to automatically

identify and explore all areas. For example, all of the hearts in Figure 7.4 took less

than 15 minutes to create using an iterative user-directed approach. The session

was not scripted and there was no particular desired outcome, some of this time

was spent making decisions about appearance and which features to trace and in

how much detail. The resolution of the heart model was increased to 100 voxels



186

cubed to achieve a better visual representation of the polygons that are shaded.

The atrium/auricle region was also identified by its attribute number rather than

positioning a point in space, as the neighbouring primitives are much larger and

contribute more. This means that all of the voxels must be examined to determine

if the selected primitives have a contribution. The method would benefit from a

polygonal subdivision method which would allow the initial surface to be processed

at a lower resolution, thereby making it faster. Also this would mean that less voxels

would have to be examined to determine primitive contributions. Another useful

optimisation strategy would be to limit the number of voxels examined by using a

method analogous to the continuation method. In which case, the voxels examined

could be extended to include those that do not contain parts of the surface. It is

possible that there are groups of primitives where the visible surface areas are not

contiguous, but are connected internally, or the connection is not visible.

If the polygonisation doesn’t identify all feature outline locations, those outlines

will only be found by the user identifying where they ought to be. Which means

that although the user does not need to understand the underlying data they need

to be aware of the object being represented. The user directs a team of smarticles to

a neighbourhood to explore the region. The smarticles then identify whether they

can find any features at the specified location.

7.3 Future Work

Smarticles were designed to operate in a multi-processing environment, but unfortu-

nately, the MAS engine Vigo [Bur] was not capable of this. An important direction
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of future work would be to develop the smarticle and management system to operate

in a multi-processing environment.

The smarticle and management system was developed with an aim of moving

away from purely automated tools to encouraging exploration of the object space.

The user interface is basic and is not currently conducive to this type of exploration.

A more appropriate user interface would be a great asset and could also be used to

help explore the parameter space.

The smarticle locomotion method has been deliberately designed with the aim of

easily adding new behaviours. Behaviours being developed include tracing suggestive

contours, regions of curvature ign change and exploring ridges and ravines.

Although the method is object-space based, it has been developed with the aim of

producing a single image. A valuable addition would be to maintain coherency when

changing the view of the object. There are also many avenues of interest in dealing

with animation or changing topologies. The agents could be used to sample regions

of the surface that change over time, concentrating in areas that are identified as not

being well sampled. Or, alternatively agents could be assigned to specific voxels and

spawn exploratory teams when the surface changes and requires further investigation.

Shading polygons relative to particular lines has given some promising results.

The method, however, is limited due to the reliance on the original resolution of

the polygonisation. A better method of subdividing the voxels and polygons, and

creating polygons where none have been identified would improve the results. This

would also improve the HLR, as the polygons would more closely approximate the

surface and would be less likely to occlude feature outlines. Another way to achieve

better accuracy relative to individual outlines or primitives would be to change the
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shading method so that it does not use linear interpolation to calculate the colour.

The interpolation across a triangle, relative to its vertices can sometimes create a

different gradient in adjacent triangles. The primitive identification method could

easily be extended to include restriction of areas to be rendered using techniques

similar to a bounded blend [Gal05].

One of the most exciting avenues to pursue as future work is to apply the method

to other modelling systems and object data. Especially real-time or interactive mod-

elling systems such as ShapeShop presented in [SWSJ05]. The basic NPRBT system

was adapted to an earlier version of ShapeShop and some results were presented in

[WFJ+05]. There is also considerable scope for applying the manager and smarticle

method to point based graphics.

Point Based Graphics (PBG) are used to overcome problems associated with

rendering models with a high level of polygonal complexity.

Algorithms take unstructured point clouds as input and create a visually contin-

uous surface for rendering. Implicit surface fitting and particle simulations are two

techniques commonly used to reconstruct surfaces from irregular point samples.

Point Based Graphics (PBG) are used to overcome problems associated with

rendering models with a high level of polygonal complexity. Algorithms take un-

structured point clouds as input and create a continuous surface for rendering. Im-

plicit surface fitting, particularly Radial Basis Functions (RBF), are commonly used

to reconstruct surfaces from irregular point samples. The manager and smarticle

method could be used to analyse samples and estimate the behaviour of the surface.

A common problem with PBG is related to reconstruction of sharp edges. The Dual

Tracking Algorithm could be adapted to identify and trace feature outlines due to
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discontinuities or creases in the model.

PBG also often use techniques such as particle simulations to create suitable

surface reconstructions, which can then be used to create a mesh that is a good ap-

proximation of the surface. Such techniques rely on distribution methods and energy

minimisation techniques that are fundamental in particle systems. The management

and smarticle system could be adapted to perform energy minimisation on compo-

nent surface samples, or indeed any capabilities offered with particle systems. The

power of agents in a MAS comes with their additional capabilities in terms of a more

cognizant approach to problem solving than most particle systems.
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