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ABSTRACT

Molecular visualisation algorithms present simplified views
of molecules, which allow chemists to gain insight into their
structure and function. Many such algorithms are currently
in use, including the ribbon diagrams by Richardson [12],
which were developed specifically for viewing proteins. None
are customised to the visualisation of carbohydrates — in par-
ticular, the rings of atoms formed within them. We present
two novel algorithms (PaperChain and Twister) for this pur-
pose. Both algorithms identify these ring structures, and
attempt to convey a variety of their properties. We have
implemented a molecular viewer which displays carbohy-
drates using the two novel algorithms, as well as the con-
ventional ball-and-stick view. The system permitted com-
parative tests of the three algorithms by research chemists,
as well as evaluation of the effectiveness of a number of ren-
dering options.

1. INTRODUCTION

The field of molecular visualisation is concerned with pre-
senting abstractions of molecules which convey selected as-
pects of their structure. Such information can be interpreted
by chemists to provide information about their chemical
properties and function. Despite the many molecular vi-
sualisation algorithms in use, none cater specifically to the
visualisation of carbohydrates.

We present two novel algorithms to address this shortcom-
ing. The algorithms are intended to convey information
about the layout, orientation and shape of the ring sub-
structures found within carbohydrates. The PaperChain al-
gorithm focuses on depicting the conformation of individual
rings, while the Twister algorithm attempts to depict the
differences in orientation between connected rings. The al-

gorithms have been implemented in a customised molecular
viewer, which uses OpenGL to display molecules using the
novel algorithms as well as the more traditional ball-and-
stick algorithm. The system includes a number of rendering
options, such as texture mapping, a custom lighting model
and silhouette edges. We evaluate the effectiveness of the
novel algorithms, with and without these features.

2. BACKGROUND

The prior knowledge required for the design and implemen-
tation of the system can be divided into three areas: vi-
sualisation, the structure of carbohydrates and rendering
features.

2.1 Visualisation

2.1.1 \Visualisation principles

Visualisation of data is achieved by representing it as a col-
lection of marks [13]. A mark is a graphical primitive such
as a point, line or area. The information to be conveyed is
encoded in various properties of marks, which can be divided
into three categories. Positional properties include position,
size and orientation. Temporal properties affect the changes
of other properties over time. Retinal properties include all
other properties detectible by the human visual system, and
include colour, texture and shading. This rigorous classi-
fication of the elements of a visualisation algorithm allows
the application of rules to increase an algorithm'’s effective-
ness at conveying the intended information. These rules are
typically formulated as a result of tests with users, and take
the form of statements such as “Transparency allows areas
of high interest to be spotted quickly by looking through
areas of low interest” [13].

2.1.2 Molecular visualisation

Well-known molecular visualisation algorithms include the
ball-and-stick and CPK models. Ball-and-stick simply mod-
els each atom as a small sphere, with the bonds between
atoms represented as “sticks”, typically thin cylinders. CPK
models each atom as a sphere, whose radius is the atom’s
van der Waals radius. This can be useful in predicting the
nature of interactions between molecules.

Both the CPK and the ball-and-stick models have the prob-
lem that the structure of the molecule is not readily appar-
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Figure 1: An illustration of the ball-and-stick model,
clearly showing the difficulty in discerning detail
when viewing large molecules.

ent; explicit representation of all atoms results in an image
that is cluttered and difficult to interpret, especially for large
molecules (see Figure 1, generated in the popular molecular
dynamics package, VMD [9]). The hand-drawn ribbon dia-
grams invented by Richardson [12], later extended to make
use of computer graphics by Carson and Bugg [6, 5], alleviate
this problem by producing more abstract views of molecules.
Only the backbone of the molecule is represented, allowing
important structural features to be clearly seen.

2.2 Carbohydrate structure

A significant feature of carbohydrate polymers are the con-
nected rings of atoms from which they are formed. The
rings are not planar, instead assuming various non-planar
conformations dependent on their energy state, e.g. “chair”
or “boat” conformations. The carbon atoms of the rings are
numbered sequentially according to a convention maintained
by the International Union of Pure and Applied Chemistry
[10]. This numbering allows the definition of a “top” and
“bottom” side of each ring, resulting in a consistent way of
defining a ring’s orientation.

2.3 Rendering features
2.3.1 Technical lighting model

The objective of molecular visualisation is not realistic rep-
resentation, but rather the indication of the conformation
of the molecule. This means that it is more important for a
visualisation algorithm to indicate all of the features of the
visualised molecule clearly than to have a realistic lighting
model. In fact, a realistic lighting model could be detrimen-
tal to an algorithm, as shadows can hide important details.

The technical lighting model proposed by Gooch, et al. at-
tempts to preserve the geometric detail of objects in shadow
[8]. Where traditional lighting shades using a luminance
scale, using light and dark shades to suggest illumination,
their technique partially replaces the luminance scale with
a tonal scale, using cool colours for dark areas, and warm
colours for lighter ones. By avoiding the use of extremely
dark or light colours, parts of objects that would otherwise

be obscured by shadows or highlights remain visible. This
also leaves black free for use in rendering silhouettes.

2.3.2 Silhouette rendering

Research in cognitive psychology suggests that the presence
of an object’s silhouette in an image is important in de-
termining the shape of the object [3]. Previous work in
rendering silhouettes includes Buchanan and Sousa’s edge
buffer [4], in which a data structure stores a collection of
bits for each edge in a polygon mesh. As faces are rendered,
different bits for each of their edges are toggled between 0
and 1 depending on the orientation of the face relative to
the viewer. The end result is a classification of each edge,
allowing a decision to be made on whether to render it or
not.

Raskar and Cohen propose an image-space approach to ren-
dering silhouettes [11]. While less flexible than the edge
buffer (only silhouette edges are rendered), the technique
does not rely on manipulation of potentially large data struc-
tures. Using the fact that silhouette edges are defined as the
intersection of front and back faces, their solution overwrites
the front faces of objects with the back faces, but only at
pixels whose depth values for the two types of polygon are
the same. The back faces are rendered in the desired silhou-
ette colour.

3. APPROACH

3.1 Molecular files

The first stage in developing the system was the loading
and interpretation of molecular definition files, to produce
an in-memory graph structure representing a molecule. The
Protein Data Bank file format [2] was chosen, as it is widely
used and well documented. The minimum required input is
a list of atoms with their atomic symbols and rectangular co-
ordinates in Angstroms (metres™'°). If atomic connectivity
information is present, it is used to construct bonds between
nodes (atoms) in the graph. The system infers missing con-
nectivity information by finding pairs of atoms whose dis-
tance from one another is less than the sum of their van der
Waals radii. Each atom is bonded to the closest neighbour
satisfying this requirement, until it has the correct num-
ber of bonds. Comparison of the resulting structure with
the same molecule viewed in VMD suggested that this tech-
nique was an acceptable compromise (see Figure 2 for an
example). The completed graph structure was passed to
the visualisation modules for processing.

Figure 2: A carbohydrate whose file contained no
connectivity information, as loaded by CarboHydra
(left) and VMD (right).



3.2 The PaperChain algorithm

The PaperChain algorithm has been designed to show the
conformation of each ring in a carbohydrate. It accomplishes
this by constructing a non-planar polygonal approximation
to the ring, whose vertices are located at the positions of the
atoms in the ring. It depicts the linkages between rings by
thin cylinders, placing small pipes at the endpoints of each
as approximate normal vectors of the rings it joins.

The algorithm starts by finding cycles in the molecule graph,
interpreting them as rings. The search algorithm starts at
an arbitrary atom, and recursively explores each of its bonds
in a depth-first fashion, maintaining a list of visited atoms
and bonds. When an atom is visited for the second time,
the composition of the cycle is recorded as a ring.

The linkages between rings are also identified using a depth-
first approach. A search is started at each atom on each
ring, and terminates when it finds an atom on any other
ring. The search is not permitted to explore different atoms
in the originating ring, simplifying the identification of the
endpoints of the linkage.

The geometry for a ring is constructed by calculating its
centroid, along with an approximate normal vector using
Newell’s method [14]. The centroid is offset in both direc-
tions along this normal, and the offset points are joined to
points at the ring atoms’ locations to form triangular faces
on both the top and bottom sides of the ring. The resulting
closed object preserves the original locations of the atoms
in the ring. The oxygen atom in the ring is depicted as a
small sphere, to assist in identifying the ring orientation.

The linkages between rings are depicted as thin cylinders.
The cross product of an arbitrary vector with the vector
between the endpoints yields a third vector, orthogonal to
both. Care is taken to ensure that the initial two vectors
are not parallel. Using the coordinate frame defined in this
way, a circular profile is placed at opposite ends of the vec-
tor joining the rings, and orthogonal to it. Corresponding
sample points on the profiles are connected appropriately to
form triangular faces. Similar, shorter cylinders are gener-
ated at the linkage endpoints. These point in the direction
of the approximate ring normals, and depict the difference
in orientation between the rings at each end of the linkage.
The geometry is completed by assigning colours, normal vec-
tors and texture coordinates to each vertex. An example of
the PaperChain algorithm, including the use of the technical
lighting model and the “silhouette-only” rendering option,
is given in Figure 3.

3.3 The Twister algorithm

The Twister algorithm has been designed to highlight the
relative orientation of rings. It does so by depicting each ring
as a thin cylinder. The top and bottom circular faces of the
cylinders are assigned two different colours, to allow them to
be distinguished. The linkages between rings are represented
as ribbons with rectangular cross sections. Their top and
bottom sides are coloured in the same way as the cylinders,
and they twist through space to align each endpoint with
its respective cylinder.

The algorithm limits itself to searching for rings which con-

Figure 3: The PaperChain algorithm. The left im-
age uses the technical lighting model. The middle
image uses Phong lighting. The right image illus-
trates the “silhouette-only” rendering option.

tain an oxygen atom. It traverses the list of atoms in the
molecule, stopping at each oxygen found. If the atom is
bonded to two carbon atoms, it is potentially a member of a
ring, and a breadth-first search is initiated at one of the car-
bons, with the other as its destination. Breadth-first search
was chosen for its guarantee to find the shortest cycle first.
The limited number of branches at each node, and the ex-
istence of a maximum practical ring size of 20 atoms both
serve to reduce the normally high space requirement for this
search type. If the search is successful, a cycle has been
identified, and the composition of the ring is recorded. The
list of ring atoms is reversed, if necessary, to make traversal
of each ring consistent with the IUPAC definition of ring
orientation.

Once all of the rings have been found, the algorithm searches
for linkages between rings. A limited breadth-first search is
started at each atom on each ring, stopping once it finds an
atom from another ring. The search is not permitted to ex-
plore different atoms in the originating ring, simplifying the
identification of the endpoints of the linkage and reducing
the number of nodes explored.

Construction of the cylinder for a ring begins in the same
way as for the PaperChain algorithm, with the calculation of
the centroid, as well as an approximate normal vector using
Newell’s method. These form the basis for a coordinate
frame, in which a circular profile is sampled and translated
in both directions along the normal to produce the circular
faces of the cylinder, which are divided into triangles for
rendering. The cylinder is completed by constructing the
side faces and assigning colours, normal vectors and texture
coordinates.

Each ribbon is constructed by calculating a cubic Hermite
spline between its endpoints. The spline is sampled at uni-
form intervals, with a coordinate frame calculated at each
sample point. The initial frame is defined by the starting
point, spline tangent and the normal vector to the starting
disk. Each successive frame is calculated using the rotation-



minimising approach detailed by Bloomenthal [7], in which
the previous frame derives the new one by being rotated
about an axis defined by the cross product of their respec-
tive tangent vectors. This approach was chosen to avoid the
problems with the Frenet frame, which ceases to exist at
points of zero curvature. Each frame is rotated about its
tangent by an amount proportional to its distance along the
spline, in order to align the final frame with the terminal
disk. Triangular faces are constructed between consecutive
frames, and assigned colours, normal vectors and texture
coordinates. The output of the visualisation modules is sent
on to the GUI for rendering. User-specifiable parameters
allowed a “pure ribbon” form of the algorithm, in which
cylinders were not generated, and separate ribbons met at
the ring centroids. Figure 4 provides some examples of the
Twister algorithm, using the technical lighting model and
“silhouette-only” mode (described in the next section).

o

Figure 4: The Twister algorithm. The top image
uses the technical lighting model. The middle image
uses Phong lighting. The bottom image illustrates
the “silhouette-only” rendering option.

3.4 Rendering

The GUI was implemented in the portable, free FOX GUI
toolkit [15]. A multiple document interface (MDI) format
was implemented, to allow visual comparisons between the
output of different algorithms by loading the same molecule
multiple times. The interface for manipulation of molecules
follows the virtual trackball paradigm [1], with rotation,
scaling and translation all accomplished using simple mouse
movements.

The interface allows control over the use of texture map-
ping, technical lighting, silhouettes and the choice of visual-
isation algorithm. In addition, a translucent ball-and-stick
model can be toggled on and off when using one of the two
novel algorithms. A “silhouette-only” mode was also imple-
mented, in which the back faces of objects were rendered
in thick black lines, with front faces rendered over them in
the background colour of the scene. All of this functionality
facilitated testing of the algorithms and rendering options.

The technical lighting model was implemented using the ap-
proximation suggested by Gooch, et al. [8]. The approxi-

mation uses two standard OpenGL lights, one each for the
warm and cool colours, and allows the technique to be imple-
mented without the need for programmable graphics hard-
ware.

The silhouette edge rendering was accomplished by render-
ing the back faces of polygons as thick black wireframes,
and rendering the front faces over them. The silhouettes
are visible beyond the edges of the front faces. This tech-
nique deviates from the one presented by Raskar and Cohen,
in which the thickness of the silhouettes is achieved by al-
tering the depth values of polygons in the z-buffer, either
“pulling” back faces closer or “pushing” front faces further
from the viewer. This functionality is achievable in OpenGL
using polygon offset. Having been initially implemented,
this approach was discarded when it was discovered that no
single set of parameters for polygon offset yielded acceptable
results across all three visualisation algorithms, producing
either near-invisible silhouettes or z-fighting artefacts in thin
geometry.

4. RESULTS

The system was tested with research chemists according to
the “expert evaluation” paradigm, in which users conversant
with the problem domain — in this case, molecular visual-
isation — are asked to evaluate and provide feedback on a
system. Four subjects were tested, and while this is not a
large enough group to establish statistical significance, this
was deemed relatively unimportant, as the objective was a
qualitative estimate of whether further work on the novel
algorithms is justified.

Subjects were given a demonstration of the system, and then
encouraged to interact with it, filling in a questionnaire as
they did so. The questionnaire asked them to rate the vi-
sualisation algorithms and the rendering options for each of
a number of sample molecules. Subsequent questions asked
which algorithm they preferred for viewing large and small
molecules, respectively, as well as which they would prefer
for producing images for publication.

Subjects’ responses were positive; the most significant result
was that both novel algorithms were preferred to the ball-
and-stick model.

e In general, subjects thought that PaperChain was bet-
ter at depicting small molecules, or zoomed-in parts of
larger ones, as it preserved the conformation of the
rings.

e Subjects said that Twister was better at depicting
large molecules, as it clearly showed the difference in
orientation between connected rings.

e A subject expanded on the preceding two comments
by saying that PaperChain depicted secondary struc-
ture well, while Twister conveyed tertiary structure.
Secondary structure refers to the significant groups
of atoms that form within a molecule, while tertiary
structure refers to the layout of these groups with re-
spect to one another.

e None of the subjects liked the technical lighting model.
Its tendency to distort the colours of objects rendered



the coding of different parts of objects by colour inef-
fective.

e Most subjects thought the silhouettes were effective at
making images clearer. The “silhouette-only” render-
ing option was deemed useful for producing images for
publication, as it looked similar to many sketch-type
drawings of molecules used in books.

e Most subjects thought the texture mapping was useful,
with one subject saying that it was essential to prop-
erly visualise the twisting of the ribbons in Twister.

e Most subjects thought that the ball-and-stick overlay
was a useful tool for providing context when viewing
a molecule using one of the novel algorithms.

e Several subjects indicated that the Twister algorithm

provided insufficient information about the rings — specif-

ically, that it was impossible to identify the bond points
of the linkages between rings.

e One subject thought that rendering silhouette edges
alone in Twister was insufficient to depict the twist in
the ribbons, suggesting that some internal edges also
be rendered.

e Several subjects suggested that the pipes indicating
normal vectors in the PaperChain algorithm be repre-
sented differently, as they looked too similar to atomic
bonds.

5. CONCLUSIONS

User testing has established that the PaperChain and T'wister
algorithms have merit, and that their continued develop-
ment is worth an investment in time. The manner in which
the PaperChain algorithm emphasises individual rings and
illustrates their conformation makes it useful as a tool for vi-
sualising secondary structure of carbohydrates. The Twister
algorithm’s ability to clearly depict changes in orientation
between connected rings has been deemed useful as a tool
for depicting tertiary structure.

Test subjects’ comments on the usefulness of seeing the sil-
houette edges of objects further validate previous research
on the subject. The technical lighting model unfortunately
did not live up to expectations, but might still find applica-
tion in situations in which the use of distinguishable colours
is not as important.

6. FUTURE WORK

The lack of context in the Twister algorithm might be ad-
dressed by colouring different regions of the cylinders ac-
cording to the atoms which constitute the underlying rings.
This is similar to the way in which many implementations
of the ribbon algorithm allow pieces of the ribbon to be
coloured by the particular amino acids at each point on a
protein backbone. This might require changes to the manner
in which the disks are sampled, as most popular graphics li-
braries, including OpenGL, allow colours to be specified only
at vertices, and so an accurate representation should place
vertices as closely as possible to ring atoms.

To make the “pure ribbon” form of the Twister algorithm
more aesthetically appealing, the endpoints of separate rib-
bons should join seamlessly. This might be accomplished

using “blobby” object techniques, with the Marching Cubes
algorithm generating the surfaces at the joins, although this
would complicate the assignment of colour and the texture
parameterisation at these points and in the regions sur-
rounding them.

The PaperChain algorithm does not visualise all useful in-
formation about a carbohydrate, such as information about
the side chains extending from the rings. While the ball-and-
stick overlay will depict these chains, there is space for work
on an algorithm that visualises information not included in
PaperChain in a novel way. This is not as much of a con-
cern for the Twister algorithm, whose primary function is
to provide high-level, tertiary information.

Having established the merit of the novel algorithms, one
of the main concerns is an improvement in efficiency. Rig-
orous analysis of the relative strengths and weaknesses of
the search techniques involved is necessary to improve exe-
cution times and space costs. Additional improvements can
be made in the generation of the geometry, such as gen-
eration of triangle strips and fans, which should accelerate
rendering performance.
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Figure 5: The Twister algorithm, illustrated on
a larger molecule. The right-hand image demon-
strates both the “silhouette-only” mode and the
“pure ribbon” form of Twister.
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Figure 6: The PaperChain algorithm, demonstrated
here on amylose (left) and celliobiose (right).
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Figure 7: Two views of the interface, showing dia-
logues for rendering options.



