
T

V

S
L
S

a

A
A
A

K
C
V
V
U
N

1

t
o
E
d
a
r
r
fi
a
e
[
u
i

m
c
t

h
1

Journal of Molecular Graphics and Modelling 50 (2014) 44–49

Contents lists available at ScienceDirect

Journal  of  Molecular  Graphics  and  Modelling

j ourna l h om epa ge: www.elsev ier .com/ locate /JMGM

opical  Perspectives

CMM:  A  visual  tool  for  continuum  molecular  modeling

hiyang  Bai,  Benzhuo  Lu ∗

SEC, Institute of Computational Mathematics and Scientific/Engineering Computing, Academy of Mathematics and Systems Science, Chinese Academy of
ciences, Beijing 100190, China

 r  t  i  c  l e  i  n  f  o

rticle history:
ccepted 8 March 2014
vailable online 28 March 2014

eywords:
ontinuum molecular modeling
isualization
isual analysis
nstructured mesh
umerical solvers

a  b  s  t  r  a  c  t

This paper  describes  the design  and function  of  a visualization  tool,  VCMM,  for visualizing  and  analyzing
data,  and  interfacing  solvers  for generic  continuum  molecular  modeling.  In particular,  an  emphasis  of
the  program  is  to  treat the  data  set  based  on unstructured  mesh  as used  in  finite/boundary  element
simulations,  which  largely  enhances  the  capabilities  of  current  visualization  tools  in this  area  that  only
support  structured  mesh.  VCMM  is segmented  into  molecular,  meshing  and  numerical  modules.  The
capabilities  of  molecular  module  include  molecular  visualization  and force  field  assignment.  Meshing
module  contains  mesh  generation,  analysis  and  visualization  tools.  Numerical  module  currently  provides
a  few  finite/boundary  element  solvers  of  continuum  molecular  modeling,  and  contains  several  common
visualization  tools  for the  numerical  result  such  as  line  and plane  interpolations,  surface  probing,  volume
rendering  and  stream  rendering.  Three  modules  can exchange  data  with  each  other  and  carry  out  a

complete  process  of modeling.  Interfaces  are  also  designed  in order  to  facilitate  usage  of  other  mesh
generation  tools  and  numerical  solvers.  We  develop  a technique  to accelerate  data  retrieval  and  have
combined  many  graphical  techniques  in  visualization.  VCMM  is highly  extensible,  and  users can  obtain
more  powerful  functions  by introducing  relevant  plug-ins.  VCMM  can  also be  useful  in other  fields  such
as  computational  quantum  chemistry,  image  processing,  and  material  science.

© 2014  Elsevier  Inc.  All  rights  reserved.
. Introduction

In biomolecular simulation studies, the explicit solvent methods
reat the solvent in full atomic detail, and the implicit solvent meth-
ds represent the solvent through its average effect on the solute.
xplicit solvent methods are demanding a large number of free-
om because they offer a very detailed description of the solvent
nd ions, whereas implicit solvent methods enjoy the advantage of
educed degrees of freedom. The Poisson–Boltzmann (PB) equation
epresents a typical implicit solvent model, and provides a simpli-
ed continuum description of the discrete particle (e.g., water, ion,
nd even protein molecule) distributions in solution, as well as the
lectrostatic interaction of a solvated system at equilibrium state
1–3]. The Poisson–Nernst–Planck (PNP) model provides a contin-
um description of the non-equilibrium electrodiffusion process of

on transport in solution [4].
Finite difference and finite volume methods dominate the
ethodologies used in PB solvers in biochemical and biophysical
ommunities. These solvers are based on structured meshes, and
he molecular surface is used to define the map  of the dielectric

∗ Corresponding author.Tel.: +86 1082541904.
E-mail addresses: baishiyang@lsec.cc.ac.cn (S. Bai), bzlu@lsec.cc.ac.cn (B. Lu).

ttp://dx.doi.org/10.1016/j.jmgm.2014.03.006
093-3263/© 2014 Elsevier Inc. All rights reserved.
function. However, the position of the molecular surface is usually
not precisely computed and constructed, and the normal direc-
tion of the molecular surface is not calculated, which leads to a
neglect of the continuity conditions on the solution. In recent years,
there are much research efforts on the boundary element meth-
ods (BEM) and finite element methods (FEM) (e.g., see [2,5–13]).
With the presence of surface mesh conforming to the molecular
boundary, the solutions of these methods automatically satisfy the
continuity conditions at the molecular boundary, hence leading
to more accurate results. Unlike finite difference methods using
structured grid, those methods are based on unstructured mesh,
which will lead to many new issues in visualization and data anal-
ysis/management.

Visual analysis is an important part of scientific computations.
There have been many tools for molecular visualization. Pymol
[14] and VMD  [15] are among the most popular ones nowadays.
GRASP is another program with particular emphasis on the display
and manipulation of the surfaces of molecules and their electro-
static properties [16]. However, these software packages lack the
capability of unstructured mesh management and visual analysis of

numerical results based on unstructured mesh. Furthermore, these
packages do not provide functions for BEM and FEM simulations.
Therefore, a molecular visualization tool with these functions is an
urgent need.

dx.doi.org/10.1016/j.jmgm.2014.03.006
http://www.sciencedirect.com/science/journal/10933263
http://www.elsevier.com/locate/JMGM
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jmgm.2014.03.006&domain=pdf
mailto:baishiyang@lsec.cc.ac.cn
mailto:bzlu@lsec.cc.ac.cn
dx.doi.org/10.1016/j.jmgm.2014.03.006
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Fig. 1. Schematic design of the VCMM architecture.

This paper will report a general visual tool, VCMM,  for contin-
um molecular modeling with focal applications of BEM and FEM.
e developed a mesh dividing technique based on molecular struc-

ure to manage the large molecular mesh, which enables VCMM
o have a high efficiency of handling molecular mesh. A variety of
isual analysis tools are designed for the numerical results of BEM
nd FEM solvers. To facilitate the simulation processes, VCMM has
ntegrated into a tool chain. The tool chain includes the following
arts:

 Molecular visualization and force field tools.
 Surface and volume mesh generation tools.
 Mesh visualization and analysis tools.
 BEM and FEM solvers.
 Numerical results visualization and analysis tools.

The organization of this article is as follows. The design and
verview of VCMM are introduced first, followed by a description
f the features of each module. We  then also give a demonstrating
xample including a whole process of molecular electrostatic mod-
ling. Finally, we discuss the future outlook, list the availability, and
nd up with acknowledgments.

. Design and overview

The frame of VCMM is written in Python and the cores are writ-
en in C++. VCMM is designed as a layered architecture as showned
n Fig. 1. The first layer contains a data manager and two  visual pack-
ges: visualization toolkit (VTK) [17] and Matplotlib (MPL) [18]. The
ata manager is designed to handle various types of data (e.g., PDB
19], PQR, OFF, MESH, and VTK.) and is used in each module and
isualization. The second layer is a logical layer, which can con-
rol the simulation process. This layer consists of three modules:

olecular module, meshing module and numerical module. More
etails of the three modules will be described later. The third layer is
he graphical user interface including user-computer interactions.
urrently, VCMM runs on Microsoft Windows and Linux systems.

The main interface window of VCMM is shown in Fig. 2. There

re several regions at the user interface including the Menu Bar on
he top, the Left Panel on the left side, the Status Bar at the bottom
nd the Render Area in the middle. These regions are described as
elow.
cs and Modelling 50 (2014) 44–49 45

• The Menu Bar: The menu bar provides access to functions such
as opening files, managing data, starting modules and invoking
plug-ins.

• Left Panel: The left panel is a data manager. A data list and several
buttons can be handled by users to manage memory.

• Render Area: The Render Area is where the 2D/3D representation
of the scene is rendered. Mouse and keyboard interactions are
provided in this area.

• Status Bar: There are some tips on the Status Bar including error
messages, help messages and other information.

3. Modules

3.1. Molecular module

Molecular visualization is a main part of the molecular module.
VCMM reads in a molecule coordinate file from the data manager
and interactively displays the molecule on the screen in a variety of
color schemes and molecule representations. VCMM supports most
of the common representations for molecular structures: ball-and-
stick, spheres, wire bonds, van der Walls surface and so on. When a
user selects the sphere style (Fig. 3(b)), VCMM will adaptively con-
trol the resolution of each atom if the molecule has a large number
of atoms. In this style, VCMM can display more than one million
atoms on a typical PC in 2013.

Continuum modeling requires accurate and complete structural
data as well as force field parameters such as atomic charges and
radii, which information can be saved in a so called PQR file. In
some cases, the molecular structure from PDB does not contain
hydrogen atoms, and may  even miss a fraction of the heavy atom
coordinates. PDB2PQR [20] can provide the force field parameters
and add the hydrogen atom and some heavy atoms missed in PDB.
VCMM integrates the PDB2PQR package and enriches the database
to handle some unusual amino acid types and ion species.

3.2. Meshing module

Meshing module includes mesh visualization, mesh generation
and mesh quality analysis. Molecular surface meshing and vol-
ume  meshing are useful in boundary/finite element modeling of
biomolecules. The commonly used meshes are surface triangular
mesh and volume tetrahedral mesh.

VCMM is able to render a given mesh in different styles as shown
in Fig. 4. A mesh can be displayed as a surface or wire-frame by
pressing the shortcut key like in Fig. 4(a) and (b). A surface mesh can
be displayed directly, but the interior regions of a 3D volume mesh
are difficult to render. In order to overcome this difficulty, VCMM
provides some mesh filters to get a part of the mesh as shown in
Fig. 4(c) and (d). Plane cutting is the most useful operation and it
maintains the integrity of each volume cell. Users are also able to
get a part of the mesh by selecting region marks as in Fig. 4(c).

If users have no molecular surface mesh file for input, VCMM
can be used to generate it with the integrated mesh generation
tools. VCMM contains a tool developed by our group, TMSmesh
[21,22], for surface meshing on a molecular Gaussian surface. A
Gaussian surface is defined as a level set of the summation of the
Gaussian kernel functions. TMSmesh has a linear time complex-
ity with respect to the number of atoms and is capable to handle
arbitrarily large molecules (like a virus with more than 1 million
atoms) of protein in PDB. In addition, MSMS [23] is another surface
mesh generation tool as a plug-in in VCMM.  MSMS  is widely used

for molecular surface triangulation for not huge molecules because
of its high efficiency and relatively good quality. Once a surface
mesh is obtained, a user can generate a volume mesh conform-
ing to the molecular surface. The volume mesh can be generated
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Fig. 2. VCMM main window.

Fig. 3. Molecular representations of VCMM. (a) Ball-and-stick model, (b) sphere style, (c) Van der Walls surface.

Fig. 4. Mesh conforming to an ion channel protein surface. (a) Surface mesh, (b) wire-frame of the volume mesh, (c) a cross section of the volume mesh with region marks.
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use AFMPB to solve the linear PBE. Firstly, we get a PDB file (PDB
code: 1MAG) and load it into VCMM.  VCMM will display the ball-
and-stick style in the render window. Users can click labels in the
left panel and select force field options on Molecular menu. Then,
Fig. 5. Example of ion density distribution from an ion channel simulatio

y using TetGen [24]. TetGen is a software package to generate
etrahedral meshes of 3D polyhedral domains. It generates exact
onstrained Delaunay tetrahedralizations, boundary conforming
elaunay meshes, and Voronoi partitions. VCMM help users run
etGen in the graphical interface and the resulted mesh can be
oaded into the data manager automatically.

Space management is the foundation of mesh management and
isualization. It is difficult to retrieve the data from a given point in
nstructured mesh directly. To find the cells around a given point,
e must build a tree to locate each cell in a mesh. The octree

nd KD-tree are two widely adopted methods to build the cell
ree. However, because a biomolecular object has a highly irregular
hape and boundary, octree method wastes a lot of memory and
he ordinary KD-tree method spends much time on pretreatment.

 recent work on molecular mesh generation employed a KD-tree
ethod to search atoms around a point [25]. Another fast and
emory efficient cell location celltree method as described in [26]

as been developed to manage unstructured mesh with general
rregular objects embedded. This method is adopted by VCMM.
owever, the method is not specifically designed for molecular
esh. We  improved the celltree method in VCMM by further taking

nto account the atomic position information. The molecular struc-
ure information is used to estimate the distribution of mesh point
n order to divide a large mesh into several sub-meshes. Several
op levels are constructed from the tertiary structure of proteins.
he technique will be further improved, which will be much useful
or speedup large molecular visualization, and offer VCMM a great
dvantage in space management.

.3. Numerical module

Numerical solvers and visual analysis of numerical results are
ther two key parts of VCMM.  An interface of numerical solvers
elps users add finite/boundary element solvers into VCMM.  VCMM
an display numerical results and enable visual analysis.

VCMM supports triangular surface mesh and tetrahedral vol-
me  mesh. A solver can be interfaced to VCMM if it is based on
hese two types of meshes. To interface a solver to VCMM, the
sers need to write a python interface file which includes the input
ata format and parameters for the solver. A solver developed by
ur group is preloaded in VCMM,  which is AFMPB, an adaptive fast
ultipole Poisson–Boltzmann solver for solving the linearized PB

quation. Because of using the boundary integral method, AFMPB
nly needs the PQR file and a surface mesh of a molecule. The sur-
ace meshes generated by TMSmesh or MSMS  are all accepted by
FMPB. Another solver ichannel [12] is under development, which
ses a parallel finite element method for solving the 3D PNP equa-

ions for the ion channel system. The modeled channel system can
onsist of protein, membrane surrounding it, and a simulation box.

Numerical solution results are usually displayed as colored 3D
bjects. Users can look up the value by a color bar. Because it is
 Line interpolation, (b) a cut plane, (c) contour line on molecular surface.

impossible to observe the data inside a 3D model directly, VCMM
visualizes the outside surface of the data set by default. A method
to watch inside a volume data set is rendering a sub-region. A list
of these sub-region renderings are illustrated as follows:

1 Interpolation on a straight line as shown in Fig. 5(a).
2 Interpolation on a plane as shown in Fig. 5(b).
3 Interpolation on a given surface as shown in Fig. 7.
4 Extraction contours and isosurface as show in Fig. 5(c).

Another method is volume rendering which has a set of tech-
niques used to display a 3D data set. In scientific visualization, the
technique of volume ray casting is the most popular one. VCMM
uses volume ray casting algorithms and yields a high image qual-
ity as shown in Fig. 6. However, to display an unstructured mesh,
volume ray casting is too slow for a usual computer. We  develop
an adaptive algorithm based on isosurface to describe a whole 3D
data set in VCMM.  The method is much faster than ray casting, but
the produced image is of relatively low quality. The method details
will be described in the manual or in future publications.

4. An example procedure to use VCMM

We select an ion channel protein gramicidin A (gA), which forms
aqueous pores in lipid bilayers that is selectively permeable to
monovalent cations. In order to calculate the surface electric poten-
tial of gA, we  use MSMS  to generate a molecular surface mesh and
Fig. 6. Volume rendering of electrostatic potential around a DNA fragment.



48 S. Bai, B. Lu / Journal of Molecular Graphi

F
o

a
P
i
p
m
t
g
s
(

o
i
a
i
u
m

M
C
E
h
c

A
r

5

t
a
M
V
o
d
l
v
u
t
c
m
p
t
o
c
t

[

[

[

[

[
[

[

ig. 7. Surface electric potential (in kcal/mol.e) resulted from the PB solver AFMPB
n a gA channel protein.

 PQR file can be produced from the PDB file by using the tool
DB2PQR and choosing one of four commonly used force fields
ntegrated in VCMM. Secondly, run the surface mesh generation
lug-in MSMS  and set the controlling parameters as “3, 1.4”, which
eans the mesh resolution is 3 elements per Å2 and the radius of

he probing ball is 1.4 Å. When MSMS  has been executed, a trian-
ular surface mesh will be generated. Thirdly, load the PQR file and
urface mesh into AFMPB and run the solver. The numerical result
surface potential) is displayed as in Fig. 7.

It is worth noting that VCMM enables a user to generate his/her
wn plug-ins. To this end, a user needs to create a Python script file
n the directory of plug-in. VCMM will identify the python scripts
nd list them in the plug-in menu. When the user selects a plug-
n, the plug-in script will be executed. The plug-in module grants
sers read and write access to the memory of VCMM.  There are
ore details and examples of plug-in on our website.
The molecular surface mesh shown in Fig. 7 generated by a

SMS  plug-in contains 4824 nodes and 9640 triangles. The total
PU time of this example is about 40 s on a Intel(R) Xeon(R) CPU
5620 2.4 GHz. With such a surface mesh, VCMM has rendered a
igh resolution surface electrostatic potential image which is cal-
ulated by AFMPB.

More details on the usage and performance of TMSmesh, MSMS,
FMPB and other possible plug-in software please refer to the cor-
esponding references.

. Discussion

This paper presents the design of VCMM,  a visual and analysis
ool written in Python. VCMM provides a graphical user interface
nd three modules to facilitate continuum molecular simulation.
eshing tools and numerical solvers can be invoked by VCMM.

CMM contains rich 3D scientific visualization tools for each part
f the simulation. A model-based method for mesh management is
eveloped, which can speed up the mesh indexing by using molecu-

ar structure. This method will enhance the capability of molecular
isualization tools to handle unstructured mesh which is wildly
sed in finite/boundary element methods. In addition, we  devote
o develop more efficient visualization methods for the numeri-
al results. The tools developed by our group, including VCMM,
eshing tools and solvers, will gradually form a visual computing

latform and provide facilities for finite/boundary element simula-

ions. We  are also developing solvers and plug-ins for PNP modeling
f ion channels and nanopores [12]. This plug-in is to provide
hannel property analysis tools for the study of ion transport in
he channel and nanopores. VCMM can also be useful in other

[

[
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fields such as computational quantum chemistry, material sciences,
image processing, computational geometry and design, fluid simu-
lation, and so on. Currently, VCMM only supports a few data formats
and only handle visualization of linear elements. We  will extend the
functions to support more data formats such as XML  and DX, and
other mesh types such as regular grid (finite difference), hexahe-
dral meshes, and high order element such as quadratic elements.
The functionality for molecular visualization, other solvers and data
analysis tools will be enriched as well in future releases.

6. Availability

VCMM is available free of charge for noncommercial use. Cur-
rently VCMM runs on Microsoft Windows and Linux systems. The
binaries and plug-ins of VCMM can be obtained by accessing our
web site https://www.continuummodel.org.
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