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defined on parallel planes is a fundamental problem in com-
puter graphics with wide applications including modeling
anatomical structures. Typically the problem is simplified so
that the 2D curves partition each plane into only two ma-
terials (e.g., air versus tissue). Here we consider the gen-
eral problem where each plane is partitioned by a curve net-
work into multiple materials (e.g., air, cortex, cerebellum,
etc.). We present a novel method that automatically con-
structs a surface network from curve networks with arbi-
trary topology and partitioning an arbitrary number of ma-
terials. The surface network exactly interpolates the curve
network on each plane and is guaranteed to be free of gaps
or self-intersections. In addition, our method provides a flex-
ible framework for user interaction so that the surface topol-
ogy can be modified conveniently when necessary. As an ap-
plication, we applied the method to build a high-resolution
3D model of the mouse brain from 2D anatomical bound-
aries defined on 350 tissue sections. The surface network
accurately models the partitioning of the brain into 17 abut-
ting anatomical regions with complex topology.
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interpolation

1 Introduction

A typical way of building a 3D surface model is by inter-
polating curves defined on parallel 2D planes. For example,
in computer-aided design, a common way of creating a 3D
object is by interpolating its cross-sectional curves. In ge-
ology, the surface of the terrain is often created by interpo-
lating planar contours of the terrain at different heights. In
these applications, each 2D plane contains a set of simple
closed curves that partitions the plane into two materials: air
and solid (or outside and inside). The resulting surface con-
nects the curves on successive planes to form the boundary
between volumes associated with the two materials. There
have been tremendous amount of work in developing tech-
niques for building such surfaces from simple planar curves,
many of which have been successfully employed in CAD
and geology applications (see extended review in Section 2).
In some bio-medical applications, however, we are con-
fronted with a more demanding task. To build a 3D model of
an anatomical structure, we often start from a stack of 2D tis-
sue sections. For complex structures such as the brain, each
section is annotated with various anatomical regions (e.g.,
cortex, cerebellum, etc.) partitioned by a network of anatom-
ical boundaries. Figures 1 (a,b) show two annotated sections
of a mouse brain where the anatomical regions are repre-
sented by colors. The goal is to connect the boundary curves
on each section to form a network of surfaces in 3D, such as
the one shown in Figure 1 (c), which models the partition-
ing of the structure into anatomical regions in space. Surface
networks of this type can serve as 3D atlases of anatomical
structures that often play key roles in understanding biolog-
ical functions and interpreting bio-chemical data. For exam-
ple, in a previous work [18] the authors have utilized a 2D
atlas represented as curve networks for studying gene ex-
pression patterns over the mouse brain.
Problem statement Motivated by the biological applica-
tion, we are interested in the following problem: Given a set
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Fig. 1 Constructing a surface network from curve networks: two parallel tissue sections of the mouse brain partitioned into anatomical regions
by curve networks (a,b); a surface network that interpolates the curve networks on the two sections (c).

of non-intersecting curve networks partitioning a series of
parallel planes into multiple materials (e.g., anatomical re-
gions), generate a surface network with the following prop-
erties:

Interpolation The surface network should exactly interpo-
late the curve networks on each plane.
Geometric correctness The surface network should parti-

tion space into disjoint volumes, each bounded by a closed

mesh without self-intersections or gaps.

Topological correctness The topology of surface network
should agree with the topology of the original object
from which the curve networks are created.

Challenges Developing an efficient and robust method for
building surface networks is a non-trivial task, especially
given curve networks with complex shapes and topology
(such as anatomical boundaries). In particular, direct appli-
cation of existing methods for building surfaces from simple
planar curves - by constructing one surface for each mate-
rial partitioned by the curve network [13] - often leads to in-
valid geometry. For example, each of the two sections shown
in Figures 2 (a,b) contains three materials representing air
and two anatomical regions. Building surfaces separately for
the green region and the purple region will result in self-
intersecting geometry as shown in Figure 2 (c).

Moreover, given curve networks on two parallel planes,
there usually exist multiple geometrically correct, yet topo-
logically distinct surface networks. For example, Figures 2
(d,e,f) show three topologically different surface networks
connecting the curve networks in Figures 2 (a,b). Since it
is impossible to infer the topology of the original surface
solely from the curve networks defined on the two planes,
manual adjustment is often the only way to produce a valid
reconstruction. Unfortunately, most existing algorithms do
not provide mechanisms for user interaction (see Section
2), while the few exceptions are restricted to handle simple
closed curves, instead of curve networks, on each parallel
plane.

Contributions In this paper, we present a novel method for
building a surface network from arbitrary curve networks de-
fined on parallel planes. Instead of directly connecting the
curves to form surfaces, which may result in invalid geom-
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Fig. 2 Curve networks on two neighboring sections (a,b), an invalid
surface network with self-intersecting geometry (c), and three geomet-
rically correct surface networks with various topology (d,e,f).

etry, the key is to consider how 2D regions of the same ma-
terial on successive planes are connected to form 3D vol-
umes. We represent these volumes in space using an abstract
graph structure, called the volume graph, which provides di-
rect and convenient control over the topology of the result-
ing surface network. By adapting a multi-material contour-
ing method [17], we are able to create a geometrically cor-
rect surface network given the topology of the volume graph.
Using this method we can

— Automatically construct a geometrically correct surface
network that interpolates arbitrary curve networks on par-
allel planes.

— Allow convenient user interaction to modify the topol-
ogy of the automatically reconstructed surface network.
Using the volume graph, the user can create a variety of
surface topology without losing geometric correctness.

Some results of our method are shown in Figure 1 (c) and
Figures 2 (d,e,f). As an application, we use this method to
construct a high-resolution model of the adult mouse brain.
The model is created automatically from 350 brain sections
followed by user-guided topology adjustment, and the re-
sulting surface network accurately models the partitioning
of the brain into 17 anatomical regions with complex shapes
and topology.
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2 Previous work

Building surfaces from curves on parallel planes has been
studied extensively in the past three decades, and numerous
methods have been proposed. In many fields the problem is
also known as contour interpolation or contour tiling, where
the curves on each plane are referred to as contour lines [19].
Here we attempt only to provide a brief review of some of
these methods, and we refer interested readers to excellent
surveys by Hagen [14] and by Sloan and Painter [24].

With few exceptions [26], previous methods are designed
to build a surface from simple contour lines that partition
each plane into only two materials (e.g., air and solid). Early
approaches attempt to find a triangular tiling that connects
the contour lines on the neighboring planes while optimiz-
ing a quality measure, such as the minimum surface area
criteria in the work of Fuchs et al. [12]. While Fuchs’ and
later approaches [9,21] produce fairly good looking surfaces
connecting simple contour lines, the techniques may gener-
ate surfaces with either self-intersections or gaps between
planes containing multiple and nested contours.

Recent work on surface reconstruction from simple pla-
nar curves focuses on robust handling of curves with arbi-
trary topology and geometry. Boissonnat presents a method
based on Delaunay triangulations [6], which is refined by
Geiger [13]. Cheng et al. [8] improve Boissonnat’s method
further to generate surfaces without having to compute 3D
Delaunay triangulations. Several researchers have used im-
plicit functions to interpolate between planar curves, such as
the method of Herman et al. [15] and Csebfalvi et al. [10].
The variational approach of Turk et al. [25] combines the
two steps of building and interpolating implicit functions.
Generating smooth surfaces by solving Partial Differential
Equations (PDE) has also been considered by Bloor ef al.[5]
and later by Chai et al. [7], who further studied smooth con-
nections of neighboring surfaces sharing a common curve.
Finally, a group of researchers ( [2-4,20,23]) have devel-
oped methods based on computing orthogonal projections
of two neighboring planes in order to construct surfaces with
correct geometry and reasonable topology. In particular, the
methods of Oliva ef al. [23] and Barequet et al. [3] com-
pute the areas of differences on the projected plane and tri-
angulate these areas using Voronoi diagrams [23] or Straight
Skeletons [3].

To the best of our knowledge, the only method for han-
dling curve networks that partition each underlying plane
into multiple materials is the recent work by Weinstein [26].
Using a volumetric approach, Weinstein first voxelizes each
plane onto a uniform grid, where each grid point is associ-
ated with a material type. Next, the surfaces between vol-
umes of different materials are generated using contouring
on the voxel grid. Weinstein’s approach produces geomet-
rically correct surface network for curve networks of arbi-
trary topology. However, due to the use of regular voxels,
the surface network produced by Weinstein’s approach only
approximates rather than interpolates the curve network on
each plane.

Most existing algorithms (including the work by Wein-
stein [26]) are designed to completely automate surface re-
construction, leaving little room for the user to adjust the
topology of the resulting surface network. The few excep-
tions include the method of Christiansen and Sederberg [9],
where user interaction is required to guide the triangulation
in cases of excessive ambiguity. Software packages, such as
SURFdriver [22], allow a limited degree of user interaction
during surface reconstruction, such as capping and connect-
ing regions. However, these mechanisms for user interaction
are restricted to simple closed curves on each plane, and can
be hard to extend to curve networks due to the increased
complexity of surface topology.

3 Algorithm overview

Like most other methods for building surfaces from curves
on parallel planes, our method computes a layer of surface
network between every two neighboring planes and concate-
nates successive layers to form a complete model. Given
curve networks defined on two neighboring planes (Figures
3 (a,b)), our method proceeds in three steps:

1. Projection: Project the curve networks from each plane
orthogonally onto a common plane. A wedge is defined
as a cylindrical space between the two planes projecting
onto a partitioned region on the common plane (Figure 3
(c)).

2. Topology creation: Create a volume graph that describes
how each wedge is decomposed orthogonally into layers
of materials, and how layers of the same material be-
tween neighboring wedges are connected to form vol-
umes (Figure 3 (d)).

3. Polygonalization: Construct the surface network by polyg-
onalizing the interfaces between neighboring volumes in
the volume graph (Figure 3 (f)).

The key step in our method is creating the volume graph,
which describes how the space between the two planes is
partitioned into volumes of various materials. Representing
each layer as a node, the volume graph expresses the parti-
tioning in an intuitive manner: connected nodes of the same
material in the graph represent a continuous volume, while
connected nodes of different materials represent an interface
between neighboring volumes (Figure 3 (d)). As a result, the
surface network corresponds to only edges on the graph ex-
hibiting a material change.

Given a set of planar curve networks, the three steps are
performed automatically by creating and using an initial vol-
ume graph (such as Figure 3 (d)). However, one can iterate
step 2 and 3 by modifying the volume graph (manually) and
regenerating the surface geometry (automatically). For ex-
ample, Figure 3 (e) shows a modified volume graph from
the default graph in (d), and the resulting surface is shown
in (g). Note that the polygonalization step guarantees to cre-
ate a geometrically correct surface given any valid volume
graph.
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Fig. 3 Surface generation: curve networks on two neighboring planes
(a,b), orthogonal projections of the curves on a common plane with the
partitioned wedges (c), the initial volume graph (d) and the polygonal-
ized surface network (f), a modified volume graph (e) and the resulting
surface network (g). The surfaces correspond to the dotted edges in the
volume graph.

Next we shall discuss the three steps of our method in de-
tail, followed by an application of the method to build a sur-
face network representing the mouse brain for bio-medical
studies.

4 Projection

Given two neighboring planes, we compute a decomposi-
tion of the space between the planes into wedges using the
orthogonal projection of the curve networks. To do so, we
first compute intersections of the projected curves from two
planes onto a common plane. The projections of these inter-
section points are added back into the curve networks on
each plane. To maintain topological connectivity between
surface networks generated between successive planes, it is
important that the curves on each plane are augmented with
projections of the intersection points with curves from its
two neighboring planes. In this way, the polygons generated
on the two sides of the plane will share common vertices.

Second, the partitioned regions (such as the labeled re-
gions in Figure 3 (c)) are identified on the common plane by
tracing closed boundary cycles in the projected curve net-
work (a region may be bounded by multiple boundary cy-
cles, which can be detected using a scan-line based algo-
rithm [11]). Each partitioned region then corresponds to a
wedge of space bounded between the two planes that projects
onto the region.

5 Topology creation

The key idea behind our method is to consider how the space
between two planes is partitioned into volumes of various
materials. Since this space is already divided into wedges,
we further decompose each wedge into layers stacked in the
orthogonal direction from the bottom plane to the top plane.
Each layer is an atomic element of the space filled with a
single material, and a continuous volume is formed by layers
of a same material between neighboring wedges. We create
a graph (called the volume graph) to describe this formation
of volumes:

— A node in the graph represents a layer of a wedge and is
associated with the layer’s material.

— An edge in the graph connects neighboring layers within
a wedge or between neighboring wedges.

The volume graph in Figure 3 (d) is automatically cre-
ated from the two planes in (a,b), where the top (bottom)
nodes of each wedge are associated with the correspond-
ing materials on the top (bottom) plane and are connected
by edges between neighboring wedges. Note that the white
nodes are created to represent the “outside” material. To aid
visualization, the nodes representing layers of a same wedge
are organized along a vertical line. Observe that the structure
of the graph defines the topology of the volumes as well as
that of the resulting surface network:

— Each connected component of nodes of the same mate-
rial (connected by solid lines in Figure 3 (d)) represents
a continuous volume.

— Each edge between nodes of different materials (shown
as dotted lines in Figure 3 (d)) represents a boundary
surface between two neighboring volumes.

For example, the volume graph in Figure 3 (d) contains
three connected components of nodes associated with ma-
terials white, purple and green, corresponding to the three
volumes partitioned by the resulting surface network in Fig-
ure 3 (f). On the other hand, the edge connecting the two
nodes of wedge C in Figure 3 (d) corresponds to the bound-
ary between the green and purple volumes in the middle of
Figure 3 (f).

5.1 Graph variation

The initial volume graph created automatically can be al-
tered to yield various surface topology in several ways:

Adding nodes and edges Inserting new nodes between the
top and bottom nodes of each wedge will effectively build
intermediate layers of structures. Since the corresponding
volumes on the resulting surface network are inherently dis-
joint, intersecting edges are prohibited in the volume graph.
That is, let the nodes of each wedge be indexed from bottom
to top with increasing indices, if two edges connect the ith
and jth node of one wedge to the kth and /th node of a neigh-
boring wedge, we require (i — j) * (k — 1) > 0. In addition,
to avoid introducing dangling structures, we further require
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Fig. 4 Topology modification through wedge splitting: two planes
containing non-overlapping regions of the same material (a,b), their or-
thogonal projections before (c) and after (d) wedge splitting, the initial
volume graph (e) and after wedge splitting (f) and further modification
(g), the resulting surface network before (h) and after (i) modification.

that each newly inserted node must be connected by edges
to existing nodes of that material on neighboring wedges.

For example, we can insert a white node to wedge C in

the graph of Figure 3 (d) and connect the new node to the
two white nodes in neighboring wedges B and D, as shown
in Figure 3 (e). While the purple and green volumes share a
common boundary in the original graph (d), they are sepa-
rated by a continuous volume of white material in the mod-
ified graph (e), as reflected in the resulting surface network
in (g).
Splitting wedges When adding nodes and edges is not suf-
ficient to create surface network with a desired topology, we
may split an existing wedge into smaller wedges. Accord-
ingly, the volume graph is populated to include nodes and
edges representing the split wedges. This is often useful, for
example, in creating tubular structures that connect distant
features on the two planes.

As an example, the curves shown in Figures 4 (a,b) result
in two pieces of surfaces, shown in (h), since the projections
of the two curves, shown in (c), do not overlap. To create a
single tube that connects the two curves, we divide wedge
A in (c) into two smaller wedges, D and E, shown in (d),
and create a populated graph (f) by duplicating the nodes
and edges of wedge A in the original graph (e) for the two
new wedges. Then, we can modify the populated graph by
adding nodes and edges, as shown in (g), to form a continu-
ous volume with a tubular surface, as shown in (i).

6 Polygonalization

Once the topology of the surface network is defined by the
volume graph, our final task is to create the actual geometry.
Based on our observation in the previous section, we shall
construct polygons that correspond to edges on the volume
graph connecting nodes of different materials. However, the
abstract structure of the volume graph does not permit direct
creation of polygonal surfaces. Our strategy is to turn the
volume graph into a concrete volumetric grid from which
polygons (e.g., triangles and quads) can be extracted using
contouring methods.

6.1 Planar triangulation

We consider the orthogonal projections of the wedges on the
common plane in Figure 3 (c). By applying 2D triangulation
for each region on the plane, as shown in Figure 5 (a), we
effectively split each 3D wedge into triangular prisms. Us-
ing the wedge splitting technique discussed in the previous
section, the initial and the modified volume graph in Fig-
ures 3 (d,e) are populated to form volume grids, a portion
of which is shown in Figures 5 (b,d) corresponding to the
shaded prisms in Figure 5 (a). Note that the nodes and edges
of each prism are inherited from the original wedges in the
volume graph to which the prisms belong.

In our implementation, we used the Straight Skeleton tri-
angulation method proposed by Aichholzer and Aurenham-
mer [1] and adopted by Barequet et al. [3] for contour inter-
polation. Note that we do not need to triangulate wedge A in
Figure 5 (a) since it does not contain an edge on the volume
graph and hence will not contribute to the surface network.

6.2 Multi-material contouring

To extract polygons corresponding to edges on the volume

grid exhibiting a material change, we consider the multi-

material Dual Contouring (DC) method of Ju et al. [17] for

voxel grids. Given a voxel grid consisting of cubic cells where
every grid point is associated with a material, the DC method

constructs a surface network in two steps:

1. Create one vertex for each grid cell.

2. Create one polygon for each grid edge exhibiting a mate-
rial change by connecting the vertices of the cells sharing
that edge.

The DC method guarantees to partition the grid into disjoint
volumes of different materials in the presence of an arbitrary
number of materials on the grid, and can be easily extended
to an adaptive voxel grid, such as an octree.

To adapt the DC method to our volume grid that has no
voxelized structure, we need to first define three more topol-
ogy elements on the volume grid: columns, faces and cells.
First, each portion of grids shown in Figures 5 (b,d) is called
a column, which consists of nodes for all prisms sharing a
common edge. Each column is centered at a vertex on the
common plane shared by the triangular projections of the
prisms. A column is surrounded by grid faces, each being a
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Fig. 5 Surface polygonalization: A triangulation of the projected regions on the common plane (a), portions of the volume grids (b,d) corre-
sponding to the shared triangles in (a) created from the initial and modified volume graph from Figure 3, and the surface generated on the grids

(c,e).

closed cycle of grid edges between two neighboring prisms.
For example, the columns in Figures 5 (b,d) are surrounded
by 7 and 11 faces respectively. A column is also partitioned
vertically into cells by rings of edges connecting nodes of
the same material. For example, the columns in Figures 5
(b,d) contain one and two cells respectively. In addition, the
cells in a same column are indexed vertically from bottom
to top. To ensure unique indexing, we require the ith cell
and the (¢ 4 1)st cell share a ring of edges that completely
surrounds the column, such as the ring of edges connecting
white nodes between the two cells in the column of Figure 5
(d).

Given the definitions of the topology elements, we are
now in place to describe the surface generation algorithm.
Assuming the top and bottom planes on which the curve net-
works lie are at z = 0 and z = 1 and the common plane onto
which the curve networks projected is at z = 0.5, the algo-
rithm proceeds in two simple steps,

1. Create one vertex for each cell on the volume grid.
The ith cell (z = 1,...,n) on the grid column centered
at the vertex {z,y,0.5} on the common plane have co-
ordinates {x,y,(2¢ — 1)/2n}. In addition, we create a
pair of pseudo vertices at {x,y,0} and {z,y, 1} for each
column.

2. Create one polygon for each edge on the volume grid
that exhibits a material change. The polygon connects
the vertices of the grid cells sharing that edge. For an
edge at the top (bottom) of a grid column, a quadrilat-
eral is formed by connecting the vertices of the two cells
sharing the edge and the top (bottom) pseudo vertices of
the two columns sharing the edge.

Figures 5 (c,e) show the surfaces generated on the grid
columns in (b,d) using this method. Observe that since ver-
tices within a same grid column differ only in their Z coor-
dinates, the polygons on the 3D surface project exactly onto
the triangles in the 2D triangulation shown in Figure 5 (a).
In this sense, the 3D surface is created by lifting the 2D tri-
angles in space (a similar mechanism was originally used
by Barequet [3] yet restricted to only simple closed curves
on each plane). Next we discuss the two important proper-

ties of the surface network that we desire to have as outlined
Section 1:

Interpolating curve networks To show that the surface net-
work created by our method interpolates the curve networks
on the top and bottom plane, we first note that the vertices
of the curve networks (including the intersection points aug-
mented during projection) is a subset of the pseudo vertices.
Our surface network is connected to the top (bottom) plane
only at edges of quadrilaterals connecting pseudo vertices
lying on the boundary of different materials, which are the
segments of the curve networks on that plane.

Geometric correctness Observe from Figures 5 (c,e) that
each grid edge exhibiting a material change corresponds to
a polygon on the surface, while each grid face exhibiting a
material change corresponds to an edge on the surface. The
duality results in a gap-free surface network that partitions
the space into disjoint volumes corresponding to connected
components of grid points of a same material.

To show that the polygonal surface is also free of self-
intersections, we first observe that the only possible self-
intersection is between two triangles on the surface project-
ing onto the same triangle on the common plane. Yet this
will not take place: suppose such two triangles are dual to
the ith and jth edge (indexed from bottom to top) of a same
prism on the volume grid with ¢ < j. In every column that
contains the two edges, the grid cells containing edge ¢ will
always have a lower or same index as the cells containing
edge j. As aresult, a vertex in the triangle dual to edge : al-
ways has a lower or same Z coordinate with the vertex (with
the same X, Y coordinates) in the triangle dual to edge j.

6.3 Surface smoothing

The algorithm in the previous section produces vertices with
uniform spacing in the Z direction, which may result in a
jagged appearance where polygons meet at right angles as
seen in Figures 5 (c,e). To achieve a smoother-looking sur-
face while maintaining geometric correctness, we apply a
simple Laplacian smoothing operator along the Z direction
for every non-pseudo vertex v:

or = Y2y 2 weN() Ws
£2 2[|N(v)]]
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Fig. 6 First 20 cross-sections of the mouse brain (only showing a few) (a), the reconstructed surface network (b), the surface bounding Cortex
(c) and Olfactory bulb (d) (the distances between successive cross-sections have been exaggerated for better visualization).

where v, denotes the Z coordinate of vertex v and N (v) de-
notes the set of edge-adjacent neighbors v. Note that smooth-

344 minutes and 45 seconds, averaging 59 seconds between
two neighboring sections (see Section 8 for more discussion

ing the Z-coordinates of vertices will not cause self-intersectionsn performance).

on the smoothed surface so long as the monotonicity of cell
ordering is maintained: the Z coordinate of the vertex of the
ith cell in each grid column is strictly larger than that of the
(i — 1)st cell in the same column.

We can further increase the surface smoothness by re-
ducing the number of quadrilaterals that connect the sur-
face network to the curve networks at pseudo vertices. These
quadrilaterals always lie perpendicular to the input planes

and their orientations are not affected by the Laplacian smooth-

ing in the Z direction. An effective strategy that we found
is to move the first (last) vertex in each grid column to lie
on the bottom (top) plane whenever possible, so that the
majority of the quadrilaterals will degenerate to a line and
will not contribute to the surface geometry. The final surface
networks corresponding to the default and modified volume
graph in Figures 3 (d,e) after quad removing and Laplacian
smoothing are shown in Figures 3 (f,g).

7 Results

Here we present the result of applying the proposed method
to our motivating application for building a high-resolution
3D model of the mouse brain. A stack of 350 tissue sections
of the mouse brain was collected in Dr. Eichele’s lab at Bay-
lor College of Medicine, each annotated with a subset of 17
major anatomical regions . Figures 1 (a,b) show two neigh-
boring sections in this stack.

The input curve networks contain 200404 vertices on
350 sections, and these curve networks define 18 materials
(17 anatomical regions plus one empty space) in total. The
output surface contains 1132731 polygons and 590902 ver-
tices. The algorithm is implemented in Mathematica (ver-
sion 4.0), a numerical and symbolic computation environ-
ment [27], for robust handling of numerical calculations us-
ing arbitrary precision numbers. The total reconstruction took

! The annotated regions are: Cortex, Cerebellum, Striatum, Basal
Forebrain, Amygdala, Hippocampus, Hypothalamus, Thalamus, OI-
factory Bulb, Midbrain, Pons, Medulla, Ventral Striatum, Globus Pal-
lidus, Septum, Fibers, and Ventricles.

Figure 6 shows the result of automatically reconstructing
the first 20 sections of the mouse brain. Observe in (a) that
the interaction between Cortex (colored red) and Olfactory
Bulb (colored green) changes dramatically from the top to
bottom. The reconstructed surface network shown in (b,c,d)
accurately models these complex anatomical regions as well
as their adjacency relations.

Figures 7 (a,b) show the side and bottom views of the
surface network automatically constructed using our method
for the entire stack. The surface network partitions space into
anatomical regions whose cross-sections coincide with the
annotation on each of the 2D sections. To better illustrate
this partitioning, we isolate a complex anatomical region,
Fiber Tracks, in Figure 7 (c). As an advantage of the surface
network representation, we can color the surface of the Fiber
Tracks using its abutting anatomical regions. The coloring
reveals the 3D adjacency relation between Fiber tracks and
its neighboring anatomy. We believe that this high-resolution
model represented as surface networks will be helpful for
anatomists and brain researchers.

Due to the small distance between adjacent 2D sections
in the mouse brain (i.e. 25um), the automatically constructed
surface network possesses the correct topology in most places.
However, the reconstructed surface fails to produce desired
topology occasionally when there is a large migration of
anatomical features between successive sections. For exam-
ple, Figure 8 (a) shows a tubular portion of Ventricles that
is broken into separate pieces after automatic reconstruction
due to a large displacement of corresponding anatomical re-
gions on successive sections (again, the surface is colored
by its abutting anatomical structures). The surface was cor-
rected using the wedge splitting technique discussed in Sec-
tion 5.1, and the regenerated surface, shown in Figure 8 (b),
models a continuous tubular structure. In another example,
Figure 9 (a) shows a sheet-like portion of Ventricles contain-
ing a “hole” (like one in a torus) after automatic reconstruc-
tion. A continuous sheet is recovered in Figure 9 (b) as a
result of addition of nodes and edges on the volume graph
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Fig. 7 Surface reconstruction of the entire mouse brain viewed from side (a) and bottom (b), and the reconstructed Fiber Tracks (c) colored

using its neighboring anatomical regions.

7

(a) (b)

Fig. 8 Broken pieces of Ventricle resulting from automatic construc-
tion (a) and after manual adjustment (b).

(@) (b)

Fig. 9 Disrupted sheet of Ventricle resulting from automatic construc-
tion (a) and after manual adjustment (b).

as discussed in Section 5.1. We made 11 such topological
changes on the mouse brain model, and the amount of hu-
man intervention time is less than one hour in total.

8 Discussion

In this paper we present a novel technique for building sur-
face networks from planar curve networks that often arise
in bio-medical modeling applications. While previous meth-
ods often result in invalid surface geometry or fail to provide
interaction mechanisms, the presented method is capable of
creating a geometrically correct surface network automati-
cally from arbitrary curve networks on parallel planes, and
providing easy, flexible means for user-guided modifications
to produce desirable surface topology. As an example, we
show how the method is applied to build a high resolution
model of the mouse brain from annotated 2D tissue sections.

One drawback of the method is that the users have to
manually check and correct invalid topologies of the recon-

structed surface. A major direction for future research is
therefore to automate this process by enforcing certain rules
on the structure of the volume graph. A simple example
would be to always connect a particular material (e.g. a blood
vessel) on successive planes. More complicated examples
includes tracking feature points (e.g. points where three or
more materials meet) on successive curve networks.

While the method is implemented in Mathematica for
numerical robustness, we plan to port the program to C/C++
for a significant improvement in efficiency and for ease of
distribution. To solve the potential problem of numerical in-
stability, we plan to adopt a technique similar to that in [16]
by discretizing the vertices in the input curve networks on
a fine integer grid and to use Separating Axis theorem for
intersection tests.

Finally, while most current meshing processing techniques
are designed exclusively for simple closed surfaces, we plan
to investigate the extension of these methods onto a surface
network. For example, as shown in Figure 7, the surface net-
work exhibits ripples due to the distortions in the input tissue
sections induced by the physical sectioning process. More-
over, the size of the mesh is too large for many applications.
We shall consider as the next step adapting existing mesh
fairing and simplification methods from simple surfaces to
surface networks. In addition, tetrahedralization of the sur-
face network is also a potential topic of research.
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