
Original Articles 

Three-dimensional 
reconstruction of 
geoscientific objects 
from serial sections 

M a l c o l m  J. H e r b e r t  1,,, C h r i s t o p h e r  
B. Jones  2, D o u g l a s  S. T u d h o p e  2 

1Department of Infomatics, University of Wales, 
Lampeter, Dyfed, Wales SA48 7ED, United Kingdom 
2 Department of Computer Studies, University of 
Glamorgan, Pontypridd, Mid Glamorgan, Wales, 
CF37 1DL, United Kingdom 

Serial section reconstruction is widely 
used for visualising complex three-dimen- 
sional objects, but little research has been 
applied to modelling geoscientific applica- 
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from geoscientific data. We propose an 
automatic solution to the correspondence 
problem, based on a minimum-spanning- 
tree algorithm. The improved results stem 
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1 Introduction 

A three-dimensional object is commonly sampled 
by a set of parallel planar sections, in which closed 
contour loops define the intersection between 
these sections and both the internal and external 
features of the object. Examples of section data 
can be provided by computer-assisted tomogra- 
phy (CAT) in medical imaging (Marko et al. 1990; 
Rhodes 1990), geophysical surveys in subsurface 
exploration (Dabek et al. 1988) and serial grinding 
techniques in palaeontology (Ager 1965). 
Although much work has been done in develop- 
ing computer-based reconstruction techniques for 
medical imaging [for example, Gershon (1991) 
and Stytz and Freider (1991)], only a limited 
number of specialised applications in the geo- 
sciences have been created (for example, Johnson 
and Moore 1993; Karonen 1985; Ohasi 1990; 
Tipper 1977). The main reason for reconstruction 
of serial sections is to enable computer-based 
three-dimensional visualisation that includes views 
of the internal features. This is important when 
dealing with geoscientific information, as frequently 
such images cannot be provided by any other 
means. There is without doubt potential for further 
work in geoscientific fields, such as palaeontology, 
sedimentology and orebody/reservoir modelling. 
These latter disciplines require modifications to 
existing reconstruction techniques, mainly due to 
the nature of the data. The work presented in this 
paper is primarily concerned with the recon- 
struction of invertebrate fossils, specifically 
Brachiopoda. However, it is intended to be ap- 
plicable to other types of three-dimensional geo- 
scientific data, and a set of contour data from 
a sand-shingle coastal spit is processed to demon- 
strate the versatility of the method. 
The section drawings of palaeontological samples 
are vector in nature, lending themselves to sur- 
face-based reconstruction methods, such as the 
ones proposed in this paper. These types of tech- 
niques have seen a large amount of development 
in the last 20 years, but their usage in other ap- 
plication areas, especially in medical imaging, is 
now limited, with current trends towards volume- 
based approaches. Whilst data from medical 
imaging is generally better suited for reconstruc- 
tion using this type of method, the sparse samp- 
ling of most geoscientific data renders the 
volume-based techniques less relevant. 
The structure of the paper is as follows. In Sect. 2 
we give an overview of serial section reconstruction, 
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Fig. 1. Serial section reconstruction 
subproblems 

and briefly review previous work. Section 3 
discusses geoscientific reconstruction and outlines 
a new approach, highlighting a solution to the 
correspondence problem, one that uses a variety 
of spatial information. Other stages of the process 
are also discussed, including an automatic 
method to resolve complex branching situations. 
Results are presented in Sect. 4, and Sect. 5 is then 
used to discuss some of the problems encountered 
and highlight the directions for future research. 

are not equal. This causes problems for 
standard tiling algorithms. One solution is to 
decompose the problem into a one-to-one 
connection so that the tiling algorithm can be 
used. The surface then needs to be completed 
with further triangulations. 
the surface fittin 9 problem is concerned with 
fitting a smooth surface to the resulting tiling 
triangulation and therefore facilitating visual 
inspection of the reconstructed object. 

2 Review of serial section 
reconstruction techniques 

Overview 

The process of serial section reconstruction can be 
broken down into a number of subproblems, as 
outlined by Meyers et al. (1992) (Fig. 1). 

- the correspondence problem is concerned with 
specifying the connectivity between contours in 
adjacent sections and therefore the underlying 
topology of the whole object. A solution to this 
subprobtem can then be used to direct the other 
parts of the reconstruction process. 

- the tiltin9 problem consists of finding the best 
set of triangulated facets to define the surface 
between a pair of connected contours in adjac- 
ent sections. 

- the branchin9 problem occurs when the num- 
bers of contours on a pair of adjacent sections 

2.2 Correspondence solutions 

Automated solutions to the correspondence prob- 
lem have so far received limited attention. This 
may be due to the fact that the problem arises 
largely as a consequence of inadequate data 
sampling, and is therefore of less significance in 
areas such as medical imaging. High sampling 
rates tend to result in relatively small changes to 
size, shape and position between contours in 
adjacent sections. Therefore the topology of the 
object has been relatively easy to derive, either 
manually by the user or automatically by using 
simple metrics (Ekoule et al. 1991). 
A number of graph-based methods have been 
used to identify the correspondence between 
neighbouring contours. These graphs have been 
generated in a number of ways, ranging from user 
definition (Giertsen et al. 1990) to the use of a 
minimum-spanning tree (MST) (Meyers et al. 
1992) or a Reeb graph (Shinagawa and Kunii 
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1991). A rule-based system using generalised con- 
es has also been proposed (Soroka 1981; Meyers 
et al. 1992), which creates cylinders from the set of 
contours to ascertain the correspondence. 
These methods all provide automated solutions to 
the correspondence problem, but there are limita- 
tions that restrict their use. They tend to look for 
an object consisting of only a single component, 
one that progresses at right angles through the set 
of sections. Most algorithms make connectivity 
decisions based upon the information provided by 
just a single pair of sections. Such methods have 
difficulty in dealing with cyclic components such 
as toruses and spirals and usually require user 
assistance. 
To achieve better results, the automatic approach 
that we propose increases the range of informa- 
tion that can be used. In particular we employ 
information based on topological relationships, 
shape difference and positional change between 
contours in adjacent sections. The technique is 
presented in detail in Sect. 3. 

2. 3 Tiling algorithms 

There have been a large number of proposals for 
the resolution of the tiling problem. Initial graph 
solutions Fuchs et al. (1977) and Keppel (1975) 
used an optimal approach, based on graph theory, 
and gave the triangulation that best met a given 
criterion. For example, the algorithm of Fuchs 
et al. (1977) attempts to minimise the surface area 
of a polygon it is reconstructing. Refinements to 
this approach, to improve upon performance, 
have been suggested by Sloan and Painter (1988). 
These methods do give good results, but have 
a computational overhead in comparison with 
heuristic approaches. The 'shortest span' method 
(Christiansen and Sederberg 1978) is one such 
heuristic, which looks for the shortest of two pos- 
sible edges between vertices in adjacent contours 
to create a triangular mesh. Other heuristic algo- 
rithms have been proposed by Cook et al. (1981) 
and Ganapathy and Dennehy (1982), the latter 
being based on the relative position of vertices on 
a contour rather than the actual distance. The 
heuristic algorithms require pairs of contours 
that are aligned and similar in shape to work 
successfully. 

Alternative tiling methods include three-dimen- 
sional volume triangulation (Boissonnat 1988), 
which, rather than decomposing the problem to 
the contour level, processes the whole section si- 
multaneously. This method provides a general 
tiling solution for both one-to-one and one-to- 
many branching situations, but is not very flex- 
ible, as it cannot easily be combined with a 
graph-based solution to the correspondence 
problem. Recent improvements to the original 
algorithm (Geiger 1993) have increased the range 
of complex samples that can be reconstructed. 
In previous work (Herbert 1993), a change was 
made to the algorithm, so that the user could 
guide the reconstruction process with a corres- 
pondence graph. The implementation of this ap- 
proach found that the graph could only limit the 
polyhedra constructed by the algorithm between 
neighbouring contours, and was not able to force 
contours to be connected. 

2.4 Branching algorithms 

Most reconstruction algorithms require a special 
solution to build triangulated surfaces when there 
is not a one-to-one connection between adjacent 
contours. A solution for simple cases was pro- 
posed by inserting intermediate vertices at a level 
half-way between the two sections and making it 
a single contour (Christiansen and Sederberg 
1978). More complex situations demand that 
a polygon or 'canyon' patch be inserted between 
the multiple contours to complete the surface 
(Ekoule et al. 1991, Meyers et al. 1992). Other 
solutions include those suggested by Shantz 
(1981) and Zyda et al. (1987), which interpolate 
new contours to decompose the problem to 
a series of one-to-one correspondences. Many-to- 
many branching situations usually require addi- 
tional data sampling to simplify the problem, with 
insertion of new sections. 
The approach adopted for geoscientific recon- 
struction is similar to the method of Meyers et al. 
(1992), which is able to deal with complex branch- 
ing situations. The improvements to the algo- 
rithm that have been proposed mean that, for 
a large number of cases, the process is completely 
automated. The algorithm is presented in more 
detail in Sect. 3. 
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2.5 Surface fitting 

The facets produced by the tiling algorithm pro- 
vide the basis for fitting a smooth surface to the 
reconstruction. This can be done by fitting a 
spline surface, based on the triangulation obtain- 
ed from the tiling algorithm or using computer 
graphic shading techniques, such as Gouraud 
shading, to simulate a smoother surface. These 
techniques result in more acceptable images for 
visualisation. Where the sampling data has been 
sparse or nonuniform, the surface-fitting stage is 
vital to produce an image that is comprehensible 
to the user. 

3 Modelling with geoscientific 
information 

3. 1 Introduction 

When applying reconstruction techniques to geo- 
scientific information, a number of factors, not 
necessarily encountered in other disciplines, have 
to be considered: 

- For geoscientific information, the data samp- 
ling process tends to be more complex and time 
consuming, as well as being specifically de- 
signed for a single data set. As a result, the data 
collection costs can make up a large part of the 
total modelling costs. 

- The sampling process is not necessarily ex- 
haustive or complete, resulting in data that is 
sparse and for which the underlying topology is 
therefore difficult to understand. 

- There can also be a lack of knowledge about 
the detailed form of the three-dimensional ob- 
ject prior to reconstruction, with only limited 
preconceptions about shape or form, so that 
little human interactive assistance can be pro- 
vided to the modelling process at a low level. 

Programs developed for use with geoscientific in- 
formation must place a greater emphasis on an 
automated solution to the correspondence prob- 
lem. This is not only because of the time involved 
in any user definition of contour correspondence, 
but also because of the complexity of the problem. 
The sampling rate is the major factor, as geoscien- 
tific objects can be difficult to comprehend from 

their two-dimensional sections. The other stages 
in the reconstruction process also have to be 
adapted, to cope with the more complex sections, 
but to a lesser extent. The tiling solution must be 
able to handle extremely concave contours, whilst 
the branching solution must handle a variety of 
one-to-many contour connections and possibly 
many-to-many connections. 

3.2 GeoSect methods and implementation 

3.2. 1 Introduction 

GeoSect is composed of a number of modules, 
each of which addresses one of the reconstruction 
subproblems. One module is the prototype of an 
automatic correspondence solution that employs 
a variety of spatial and geometric information, 
while the other modules cover the tiling, branch- 
ing and surface-fitting algorithms. By building 
GeoSect in this way, it has been possible to devel- 
op the components incrementally and to experi- 
ment with various methods for each subproblem. 
The aim of GeoSect is to apply current techniques 
for serial section reconstruction to geoscientific 
data sets, with a number of enhancements to en- 
able their reconstruction. 
The modules have been developed in C for a 
UNIX workstation, and have used PHIGS/  
PHIGS + graphics routines (Gaskins 1991; Hop- 
good et al. 1992) for visualisation purposes. 

3.2.2 The correspondence solution 

Introduction. This module is being used to devel- 
op an automatic solution to the correspondence 
problem. The current solution consists of three 
stages. 

1. Pre-processing. A candidate graph is set up 
and edges are removed from it if they are regarded 
as invalid. 
2. Processing. The graph is then reduced by 
a minimum spanning tree (MST) algorithm to 
provide a set of suitable edges for the correspond- 
ence solution. 
3. Post-processing. Edges are removed from the 
MST to divide the graph into the individual com- 
ponents that make up the object. 

346 



The advantage of this approach over previous 
methods is the use of additional spatial informa- 
tion to derive a solution. The correspondence 
solution proposed uses three forms of spatial 
information. 

1. Relative Position. The location of the pair of 
contours on adjacent sections, i and j, given by the 
contour centroids, (x~, Yi) and (x~, y j). 
2. Shape. This information is provided by the 
major and minor axes for each of the contours Ai 
and Bi, Aj and Bj. 
3. Topological Relations. The relationship be- 
tween a contour and the other contours on the 
same section is used to validate the existence of 
possible surfaces between contours on neighbour- 
ing sections. There are three types of relation, 
Inside, Contains and Disjoint, that can exist be- 
tween a pair of contours on the same section. 
Inside and Contains are simply the converse of 
each other. 

Position and shape information are represented in 
the edge metric, with the topological information 
being calculated for each section separately and 
used in the preprocessing stage. 
The aim is to find a correspondence solution for 
a naturally occurring object and to do this by 
moving away from results derived by essentially 
geometric algorithms. The proposed algorithm 
builds upon the work of Meyers et al. (1992), but is 
concerned with making use of the topological 
information to derive the correspondence of 
objects, which may consist of more than one 
component. 

3.2.2. 1 Proprocossing 
The first step is to build a candidate undirected 
graph G = (V,E), where V is the set of contours 
and E is the set of possible surfaces between con- 
tours in adjacent sections. For each edge e in set 
E, a weight is determined by the following metric: 

e ( i , j )  = ( x i  - -  2 + ( Y i  - -  y j)2 

+ ( A ,  - -  + ( B ,  - 

where (x, y, A, B) are the centroid coordinates and 
the length of the major and minor axes (Tough 
1988) for the pair of contours (i,j) in adjacent 

section (the lower the value of the weight, the 
more suitable the edge). The metric used combines 
a comparison of both the position and shape 
information for each pair of neighbouring con- 
tours (Meyers et al. 1992). This metric is suitable 
for objects with components that experience only 
gradual change in shape and that tend to progress 
at right angles to the sectioning. It therefore has 
its limitations when dealing with features like 
spires and concentric components. The low rates 
of sampling in many geoscientific objects will have 
a detrimental effect on the metric values for the 
edges, and the performance of the correspondence 
algorithm will be affected. 
In the candidate correspondence graph there are 
no edges between contours in the same section. It 
is assumed that a cyclic component in an object is 
not intersected twice or more in a section without 
being sampled at least once in both of the neigh- 
bouring sections. 
This stage of the correspondence process is differ- 
ent from previous graph-based solutions, as it 
uses topological relationships to eliminate edges 
that are invalid (Fig. 2). Haig et al. (1991) used this 
method to deduce connectivity solutions coupled 
with an overlap metric, rather than an MST. 
With our proposed method, each contour is de- 
fined in relation to other contours in the section, 
using the three types of relation, Inside, Contains 
and Disjoint (Fig. 3b). For example, when contour 
B lies completely within another contour A, an 
Inside relationship is said to exist from B to A and 
a Contains relationship from A to B. A Disjoint 
relationship exists when there is no overlap be- 
tween two contours in the same section. From the 
set of relationships for a section, a relationship 
tree can be built. (Fig. 3c). The first level of the tree 
includes all those contours that are not contained 
in another contour. This means that they are also 
disjoint from other contours on this level of the 
tree. 
The relationship trees of adjacent sections are 
then used to check the edges in the candidate 
correspondence graph and to remove those that 
are invalid. A valid edge exists between pairs of 
adjacent contours when both of the contours are 
at the same level in their respective relationship 
trees (Fig. 2a). In most cases, an edge in the graph 
is invalid when the contours are at different 
levels in their relationship tree (Fig. 2b). A valid 
edge is possible between contours at different 
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Fig. 2a-e .  Topologically valid and invalid edges: a valid surfaces; b invalid surfaces; e valid surfaces 

Fig. 3a-e .  Topological information for a section: a section i; b topological relationships (for contours A and B only); c relationship 
tree 

Fig. 4a, b. Component  with an internal component  

relationship levels when there is a branching situ- 
ation (Fig. 2c), and such an edge is not marked as 
invalid by the preprocessor. 
Removing invalid edges before calculating the 
MST is important.  Although, in some cases a true 
MST of the original graph may now not be cal- 
culated from the remaining candidate graph 
edges, it means that the MST process cannot now 
include invalid edges in the graph, which pre- 
viously may have meant the exclusion of valid 

edges that had higher weight values. It also allows 
more than one component  to exist in the object, 
where they are contained by other components. 
Figure 4 demonstrates the problems that can oc- 
cur when topologically invalid edges are not elim- 
inated prior to using the other forms of spatial 
information to calculate the graph. The distance 
between adjacent centroids (xi, yj) and (xj,,yj,), 
and centroids (x j, y~) and (x~,, Yi,) is less than that 
of the correct contour matching i to i' and j to j'. 
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Fig. 5. MST (thicker lines) from a candidate 
correspondence graph 

The difference in size and shape of the contours 
also affects the metric, but possibly not enough to 
prevent the lower weight value being given to 
a topologically incorrect edge, i to j' or j to i'. 

3.2.2.2 Calculate minimum spanning tree (MST) 
The MST (Fig. 5) of the candidate graph is com- 
puted using Kruskal's method (Corman et al. 
1989). An MST of a graph gives a basic geometric 
structure, which has only one component and is 
acyclic in nature. 
This method can be seen as global, as it examines 
edges from all over the model, not just from a lo- 
cal situation between a single pair of sections. It 
constructs the edges that have a greater certainty 
of inclusion in the component first, before trying 
to add the less likely ones. This approach does not 
concentrate on building one component of the 
object at a time, but processes the weaker edges 
with the higher weights last, so that the edge that 
completes the MST is the most likely to be re- 
moved by the postprocessing stage. 
This implementation, due to the topological pre- 
processing, does not necessarily result in a single 
tree, but in a set of disjoint trees, each representing 
separate components. The complete list of sorted 
edges can be traversed by the algorithm with the 
MST remaining incomplete. 

3.2.2.3 Postprocessing stage 
The earlier stage has separated those components 
that are topologically inside other components, or 
ones that contain other components. For an ob- 
ject with more than one component, the MST 
calculation always makes erroneous connections 
between topologically disjoint components. The 

postprocessing stage presented here isolates each 
separate component by removing edges from the 
current graph to give a final correspondence 
graph. 
To carry this out (Fig. 6), each branching situ- 
ation in the current graph is examined. It is at 
these points that incorrect edges have been added 
by the MST process. To eliminate these edges, the 
postprocessor checks the edges between each pair 
of sections. If the number of edges is greater than 
half the number of contours in the two adjacent 
sections, then an edge included in error may exist. 
The next step is to examine each of the edges 
between the two sections. The edges are sorted in 
order of ascending weight and are then examined, 
starting with the edge with the lowest weight. The 
next edge in the list is compared to the current 
edge and the difference in weight values cal- 
culated. If this difference is greater than a thre- 
shold value, then all edges with weights greater 
than the current edge are removed. 
This method of reducing the edges to locate sepa- 
rate components from the single MST is only 
valid in a limited number of situations. Where the 
branch forks evenly, in a V shape, it is valid, as 
both edges have similar weights. If it is an uneven 
branch, with one edge continuing as the main 
component and the other edge branching at 
a large angle, there is a noticeable difference in 
weight and one will be removed by the post- 
processing due to its higher value (Fig. 7). 
Using this edge weight metric, the postprocessing 
also favours branching, instead of edge removal, 
when the change in shape of the contours is small 
(Fig. 8). With geoscientific data sets, which may 
include ambiguous situations due to the under- 
sampling, branching is unlikely to be always in 
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Fig. 6a,  b. Removing edges during 
postprocessing: a before postproces- 
sing - examine connections between 
section i and section i + 1 ; b remove 
edge 2-6, as increase in weight from 
edge 2-5 is too great 

Fig. 7. Vsbapeand uneven shape 
branching 

Fig. 8. Detecting different 
branching situations 

a format that the postprocessor can understand 
easily. 

Discussion of correspondence techniques. By being 
able to deduce the correspondence of an object 
that may contain a number of components, the 
algorithm that has been presented here 
improves upon previous methods. This has 
been achieved by combining spatial information, 
especially topological, with geometric methods, 
such as the MST algorithm, to derive the final 
solution. 
However, the MST algorithm is currently unable 
to find cycles or loops in the correspondence 

graph. The solution to this lies in either improving 
the pre- and postprocessing stages to make them 
more exhaustive and capable of adding edges to 
the MST or using a method other than the MST 
to find the basic graph and hence the major com- 
ponents. Leaving the detection of branching situ- 
ations completely to a postprocessing stage is 
unsatisfactory. At least part of this process should 
be carried out during the main processing and 
should use the information that is available at 
that time. Whilst the algorithm has attempted to 
take into account topological information, further 
development is required. This is discussed in more 
detail in Sect. 5. 
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Fig. 9a-fo Tiling algorithm: a align the pair of contours; b construct the convex hull and project points onto the hull; c find the start 
pair for the triangulation; d using the heuristic, begin surface triangulation; e complete the triangulation; f move the contours to their 
original positions 

Fig. lOa-d. Classification of branching situations: a enclosed; h mixed; c overlap; d disjoint. A single contour in the section is shaded 

3.2.3 The tiling module 

The tiling module can be used to build a three- 
dimensional triangulation in all situations identi- 
fied in the correspondence graph in which a 
contour is connected to a single contour in the 
adjoining section. The algorithm is based on the 
'shortest span' heuristic proposed by Christiansen 
and Sederberg (1978) and has been developed to 
be able to handle extremely concave contours. It 
is also fairly robust in that it can cope with 
contours that are somewhat dissimilar in shape, 
position and size. 
The method (Fig. 9) starts by aligning the con- 
tours, using translations based on the contour 

centroids. For each of the pair of contours, a con- 
vex hull is calculated and all vertices of the con- 
tour not lying on the hull, are projected onto it 
(Ekoule et al. 1991). For the heuristic calculations, 
the convex hull vertices are used, but the original 
concave contour points are connected and are 
used as the basis for the surface. The algorithm 
starts by finding the closest pair of vertices and 
uses them as a start point from which to 'stitch' 
together the contours. The algorithm then moves 
round the contour pair, connecting the vertices 
together by using a 'shortest span' heuristic until 
the starting vertices are reached. This produces 
a series of triangular facets, to give a tiled surface. 
The process finishes by translating the contours 
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Fig. l l a - e .  Branching algorithm: a identification of a branching situation 
from the correspondence graph; b for each vertex on the single contour, 
find the closest vertex on a multiple contour. The canyon points are found 
where the multiple contour changes; e mark the canyonpoints and use 
them to construct the new single contour around the multiple contours; 
d tile the surface between the two single contours; e complete the surface 
by triangulating the canyon area 

Fig. 12a, b. Samples of various branching scenarios 

back to their original positions. The algorithm is 
not a new solution to the problem and although 
a satisfactory surface is provided for the majority 
of cases, it has served to highlight problems that 
can be encountered (see Sect. 52). 

3.2.4 The branching module 

Branching scenarios are automatically detected 
from the final correspondence graph. The algo- 
rithm aims at reducing the problem to a one-to- 
one-contour situation, thus allowing the tiling 

algorithm to produce a triangulation. The simple- 
st case occurs when a single contour connects to 
two contours in the subsequent section. There are 
a number of ways in which this situation can 
occur, some of which can be complex due to the 
change in position of the contours on the neigh- 
bouring sections. These are classified according to 
the position of the matching contours on their 
sections in Fig. 10. In the most straightforward 
case, the perimeter of the single contour, contains 
the multiple contours and this is classed as 
Enclosed. Where there is some overlap between 
the contours, this is either an Overlap or Mixed 
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situation. The Disjoint situation covers those 
matching contours that have a large change in 
contour position between the neighbouring sec- 
tions and no overlap. Any solution to the branch- 
ing problem must provide a satisfactory result for 
as many of these situations as possible. 
The aim of the proposed solution is to make a new 
single contour that encompasses the multiple con- 
tours. This 'concave hull' can then be tiled to the 
adjacent single contour (Fig. 11). The algorithm 
commences by matching each contour vertex with 
the nearest vertex of the multiple contours in the 
adjacent section. When the multiple contour that 
contains the nearest vertex changes, the last vertex 
and the current vertex are marked as canyon start 
and end points. For example, when there are two 
multiple contours (a bifurcation), there are two 
canyon start and end points, one of each type on 
a contour. Using these points, new single contour 
is constructed around the multiple contours. 
A surface between this contour and the single 
contour in the adjacent section is tiled. 
The canyon patch (the area in the new single 
contour that is not enclosed by one of the original 
multiple contours) is then tiled with the use of 
a constrained Delaunay triangulation (CDT) 
(De Floriani and Puppo 1988), to complete the 
surface. This algorithm is a dynamic, two-phase 
method for producing a CDT. These first stage 
constructs a conventional, unconstrained De- 
launay triangulation from the canyon vertices, 
with the second stage iteratively inserting the con- 
straining features, in this case, the canyon edges. 
After each insertion, a new CDT is produced. 
The approach used with this algorithm is not new 
(Meyers et al. 1992), but it does contain improve- 
ments that mean, in the majority of cases, no user 
intervention is required to mark the start and end 
points of what can be complex canyon regions. 
The method proposed provides good results for 
some one-to-many situations, but does not, how- 
ever, provide surfaces for many-to-many scen- 
arios. Referring to the various types of one-to-two 
branching in Fig. 10, the algorithm can handle all 
Enclosed (Fig. 10a) situations along with most 
Mixed and Overlap situations (Figs. 10b and 10c). 
The Disjoint (Fig. 10d) case is most likely to fail 
during the detection of the canyon start and end 
points due to the large possible canyon area lying 
between the multiple contours. It then becomes 
necessary for the user to identify the points. 

Figure 12 shows results from the algorithm for 
a number of test samples, all constructed without 
user intervention. 

3.2.5 The surface fitting module 

No surface fitting is currently carried out with 
GeoSect, but the visualisation is enhanced by us- 
ing Gouraud shading when displaying the surface 
triangulations. Conventional lambertian shading 
may however be more appropriate when examin- 
ing specific parts of the reconstruction, ~ since 
Gouraud shading may obscure the structure of 
the triangulation. 

4 Reconstruction of geoscientific 
samples 

4. 1 Introduction 

Four samples are presented, each having different 
characteristics. They were provided by the Na- 
tional Museum of Wales, Cardiff; the Natural 
History Museum, London and the Countryside 
Council for Wales (CCW), Bangor. The brachio- 
pod samples (samples 1, 2 and 3), were obtained 
with serial grinding techniques. Cellulose peels 
were taken at various depths, from which the 
section drawings were made. These were then 
digitised to provide the data for the reconstruc- 
tion. The sand-shingle spit (sample 4) was 
digitised from surveys made by the CCW. 

4.2 Sample 1 

This is a fairly complex brachiopod sample 
(Fig. 13), from which the first 14 sections were 
digitised from drawings that contained no 
alignment marks. The user aligned the sections 
visually, using a computer-based tool. The 
correspondence graph (Fig. 14) found six separate 
components, the pedicle and brachial valves and 
the two holes that appear in each of them. The 
triangulation was produced with the use of the 
tiling algorithm only, as there were no branching 
situations (Fig. 15). The postprocessing stage of 
the correspondence module successfully removed 
the illegal branching edges left from the MST stage. 
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Fig. 13. Sections of sample 1 

Fig. 14. Correspondence graph for sample 1 

Fig. 15. Reconstruction of sample 1 

Fig. 16. Sections of sample 2 16 

4.3 Sample 2 

The 19 sections of this brachiopod sample were 
digitised from existing drawings (Fig. 16). The 
preprocessing eliminated 122 edges that were 

topologically invalid from the candidate graph 
(Fig. 17). The final correspondence graph has 
successfully located both main valves of the 
brachiopod, as well as the main internal features. 
Whilst correct branching situations were located 
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for the sample, some incorrect branching edges 
were not removed by the postprocessing. 

4.4 Sample 3 
The sections of this sample were digitised from 
a set of drawings (Fig. 18), each of which con- 

2O 

Fig. 17, Correspondence graph for sample 2 
Fig. 18. Sections of sample 2 
Fig. 19. Correspondence graph for sample 3 
Fig. 20. Reconstruction of sample 3 

rained alignment marks. These were in the form of 
four drill holes through the resin block that held 
the sample. Although the correspondence solu- 
tion identified the two main valves, it was unable 
to cope with the large change in detail that occur- 
red in some sections (numbers 25-31) and thus 
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Fig. 21. Reconstruction of sample 4 

was unable to pick out some branching scenarios 
clearly (Fig. 19). The lack of success is also due to 
the presence of cyclic features in these sections 
(the lophophore of the brachiopod). We produced 
the final model using both the tiling and branch- 
ing modules (Fig. 20). However, as a result of the 
problems in deducing the underlying topology, 
some of the surfaces were omitted. 

4.5 Sample 4 

This sample, of a sand-shingle coastal spit in 
North Wales, has contours of a simpler nature 
than those encountered with the brachiopods. 
Here the underlying topology only consists of 
one-to-one connections, though one-to-many 
connections could exist if there were saddles and 
peaks. The correspondence is easy to resolve, and 
the tiling algorithm successfully produces a sur- 
face triangulation (Fig. 21). Surveys of this area 
have been made at yearly intervals since 1981. 
This sample was reconstructed as part of a longer 
term project, which is examining serial section 
reconstruction techniques as a way of carrying out 
temporal modelling for environmental monitoring. 

4.6 Discussion 

The samples have shown the potential for serial 
section reconstruction with geoscientific infor- 

mation. The correspondence of sample 1 was 
correctly identified, with each of the separate 
components being located. The major compo- 
nents of sample 2 and sample 3 were connected 
successfully by the Correspondence Algorithm, 
whilst there were no real problems with Sample 4. 
The tiling and branching algorithms are capable 
of handling most of the situations presented in 
these samples. 
However, there are problems, especially with 
those objects not adequately sampled (such as in 
the later sections in sample 3). Although there are 
some difficulties in the reconstruction of these 
data sets with the tiling and branching algorithms, 
the main problem lies with the correct identifica- 
tion of the object components by an automatic 
correspondence algorithm. Thus, the problem of 
contour connectivity is the area most in need of 
improvement to build a successful geoscientific 
reconstruction system. 

5 Further work 

5. 1 Deriving the correspondence graph 

Algorithms that derive the correspondence graph 
from an MST, based only on edge weights from 
a simple metric, appear unlikely to cope with 
highly complex natural objects. These objects can 
contain features such as multiple branching, loops 
and have a variable number of components, all 
coupled with the problem of under sampling. 
Whilst the preprocessing stage of the correspond- 
ence solution proposed in this paper is able to 
introduce additional spatial information, it is only 
restricting geometric decision-making, rather 
than guiding it. 
One way to improve the preprocessing stage of 
the correspondence process is to consider sets of 
sections, not just the two adjacent pairs. The algo- 
rithm will then be able to look at trends and 
changes in the connectivity, rather than just phys- 
ical measurements. 
Additional geometric information could be 
incorporated into MST calculation to improve 
results and reduce the likelihood of incorrect 
inclusion of edges. This could be carried out by 
having several weight values for an edge in the 
graph, each based on a different spatial character- 
istic. Examples might be measurements of 
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changes in parameters such as area or distance 
between centroids. Alternatively these values could 
reflect shape characteristics of the object, such as 
the number of times it has branched as well as its 
topological relationship with other components. 
More significantly, the reconstruction process 
would be improved by using prior knowledge of 
the class of object being modelled, such as the 
number of components and the features that they 
may contain. This could be achieved by labelling 
components and defining as a set of parameters 
the relationships that exist between various com- 
ponents. This form of high-level user input would 
not be concerned with individual connections in 
the correspondence graph, but with specifying the 
underlying structure of the class of object being 
modelled with the use of either a text-based or 
diagrammatic notation. This high-level know- 
ledge could then be used to guide the reconstruc- 
tion process, resolving local conflicts and forming 
the basis of provisional hypotheses. 

5.2 Tiling extremely concave contours 

Some tiling metrics fail when contours change 
significantly between a pair of sections (Christian- 
sen and Sederberg 1978). The solutions that have 
been proposed (Ekoule et al. 1991) and the algo- 
rithm proposed for GeoSect have problems with 
some triangulations between two highly concave 
contours. These tend to be skewed or twisted and 
do not model the original surface very well. This is 
because of the way the points are put onto the 
convex hull, based upon their distance from the 
last contour point that is also on the convex hull. 
A new solution is required. 
One approach is to investigate the zonation of the 
contour into a series of curves, hence decompos- 
ing the triangulation on the basis of contour 
features. This is done in Keppel's (1975) optimal 
method and in other subsequent methods 
(Sinclair et al. 1989). This would enable parts of 
matching contours to be tiled together separately 
and, hopefully, more accurately. 
In severe cases, in which the change in shape is 
very large, it is impossible to construct a surface 
between two neighbouring contours (Gitlin et al. 
1994) and none of the tiling approaches men- 
tioned wilt be successful. It is necessary for any 
solution to recognise such cases and make cha- 

nges to the data, possibly by inserting extra 
vertices on the neighbouring contours. As has 
already been mentioned, with geoscientific data 
sets it is highly unlikely that additional intermedi- 
ate contours can be sampled to help with surface 
reconstruction. 

5.3 Classification of branching scenarios 

Branching scenarios have usually been classified 
by the number of contours in each section: one-to- 
one, one-to-many and many-to-many situations. 
To deal with complex objects successfully, a more 
sophisticated classification may be necessary, 
which would allow the application of 
different branching algorithms depending on the 
situation (see Fig. 10). The classification could 
incorporate the amount of overlap or similarity of 
the contour sets. The type of scenario would then 
dictate which branching algorithm, from an avail- 
able suite of solutions, would be used. 

5.4 Interpretation of the section drawings 

The majority of computer-based palaeontological 
and geoscientific reconstructions are made from 
existing drawings. Converting them to digital 
form presents some problems. Each of the 
drawings, if recorded in detail, requires expert 
knowledge to convert the often discontinuous 
lines into the closed contour loops, which will 
provide true three-dimensional surfaces on recon- 
struction. The way in which the drawings are 
interpreted can greatly affect the final three-di- 
mensional reconstruction. 

5.5 Alignment of sections 

The alignment of sections presents problems, as in 
most cases there are no indicators or marks on 
each of the section drawings. When preparing new 
samples, there are methods by which registration 
marks can be put into the resin block being 
ground (Baker 1978), and this is vital for accurate 
computer reconstructions. The user can align 
non-marked sections visually, using a computer- 
based tool. Here the user matches prominent 
features in each section by using various trans- 
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formations, such as rotation and translation. This 
has been carried out on some palaeontological 
samples (as with Sample 1) with some success. The 
method depends on having some expert know- 
ledge about the sample being reconstructed. 

5.6 Temporal modelling 

Some applications generate a set of samples that 
have been recorded over a period of time. This 
may occur with the environmental monitoring of 
coastal features, for example, where surveying has 
taken place at regular intervals. Serial section 
reconstruction can be used with the contours of 
each section to produce a three-dimensional im- 
age, and the techniques can be extended to carry 
out temporal interpolation between each sample 
(Herbert and Kidner 1993). This would allow the 
creation of intermediate samples and the possible 
animation of changes to the model. There are 
possibilities of expanding on a number of the 
tiling and branching algorithms to produce 'surfa- 
ces' through time. Here the correspondence prob- 
lem will continue to play a part in connecting 
time-adjacent three-dimensional surfaces. 

6 Conclusion 

There is little doubt that computer-based serial 
section reconstruction has great potential when 
dealing with geoscientific information. There are 
some occasions where existing algorithms can be 
directly transferred to geoscientific applications. 
However, in a majority of cases, refinements and 
enhancements need to be made to these tech- 
niques, due to the complex nature and inadequate 
sampling of geoscientific data. 
The serial section reconstruction technique de- 
scribed in this paper has been applied to various 
geoscientific data sets with some success, and the 
MST appears to provide a promising basis for 
flexible automatic solutions to the correspon- 
dence problem. Current limitations with the algo- 
rithm stem from its restriction to purely local 
information when considering connectivity be- 
tween two adjacent sections. 
To improve the performance of correspondence 
procedures, future work will have to combine 
global information on the form of the object with 
local information at the section level. It is antici- 

pated that future work will maintain a stereo- 
typical model of the object, so that when the 
correspondence between adjacent sections is being 
considered, a wide range of prior information 
relevant to the specimen is available to help guide 
the correspondence decisions being made at the 
local level. Present research is following this line 
of approach. 
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