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Figure 1: Demonstration of our system capabilities from three different zooming levels (left to right). We showcase a scene
containing 106 diffusing and reacting molecules in real-time at 30 FPS.
Abstract
In this paper we propose a new type of a particle systems, tailored for illustrative visualization purposes, in particular for visualizing molecular reactions in biological networks. Previous visualizations of biochemical processes
were exploiting the results of agent-based modeling. Such modeling aims at reproducing accurately the stochastic
nature of molecular interactions. However, it is impossible to expect events of interest happening at a certain time
and location, which is impractical for storytelling. To obtain the means of controlling molecular interactions, we
propose to govern passive agents with an omniscient intelligence, instead of giving to the agents the freedom of
initiating reaction autonomously. This makes it possible to generate illustrative animated stories that communicate the functioning of the molecular machinery. The rendering performance delivers for interactive framerates
of massive amounts of data, based on the dynamic tessellation capabilities of modern graphics cards. Finally, we
report an informal expert feedback we obtained from the potential users.

1

Introduction

Biochemistry is difficult to understand without any visual
explanation. For this reason, processes, such as cell division,
DNA transcription, or DNA repair are often being communicated via animated movies. In comparison to static representations, animated movies allow explaining more efficiently how the physical appearance of molecules influences
the functioning of the process. To produce such movies, scientific illustrators employ 3D animation packages along with
c 2014 The Author(s)
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real scientific data. They are using structure descriptions to
design the visual aspect of molecular compounds. They also
have tools to ease the import, animation, and rendering of
those structures such as ePMV [JAG∗ 11] and MolecularMaya [mol13].
Although structural information is needed to explain the
form of a molecule, it does not convey explicit information about its function. This information has to be added
by the illustrator manually through complex tasks, such as
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key-frame animation. Consequently, the creation process of
animated content is time-consuming and expensive, taking
up to months or years.
Our goal is to improve visual communication in the
field of biochemistry by generating illustrative visualizations
of molecular reactions involved in biochemical processes.
Computational biology provides description of structural
and procedural models replicating the function of biological processes. We suggest to merge these two data sources
and to automatically produce visualizations communicating
both structure and function of the molecular machinery.
Current techniques in mesoscale visualization already
provide ways to visualize biochemical processes by exploiting the results of agent-based simulations. However, those
techniques are heavy to compute and challenging to represent at the level of individual molecules. Indeed, due to the
stochastic nature of the simulation and visual complexity,
it is challenging to keep track of the reactions describing a
biochemical process. The resulting visualizations manage to
show realistic views of a given process, but they do not really
succeed at communicating its function.
We propose a new procedural abstraction technique that
selectively distorts the reaction-diffusion process, to visualize the function and structural characteristics of the studied
metabolic system. In contrast to direct visualization of agentbased simulations, our technique shows reactions events directly in the viewport and composing explanatory animations sequences related to the visualized process. Just like
cutaways or exploded views visually abstract the structure to
convey how things look, our technique visually abstracts the
process to convey how things work. Below are the two main
contributions we present in this paper in order to achieve our
goal:
• A novel particle system approach using passive agents,
controlled by omniscient intelligence.
• A novel rendering technique for instant visualization of a
vast amount of molecules.

2

Related work

We structure the prior work review along our two contributions, namely the abstraction of processes and structure.
2.1

Visualization of Biological Networks

Visualization is essential for the analysis of metabolic networks as it provides a clear picture of relationships among
metabolites. It is often employed when e.g., depicting pathways, which are stored in the KEGG [KG00] database. Traditional visualization in the domain of biology is based on
graph representations. These allow for step-wise analysis of
a particular process, but also graph aspects such as centrality, cardinality, degree, etc. The visualization community has
contributed to enrich pathway visualizations by, for example,
defining requirements for pathway visualization [SND05]

and by depicting the pathway in the context of related information [LPK∗ 13].
Agent-based simulations provide the means of representing the dynamics of metabolic networks in their natural embedding of the 3D world. They compute the positions of
particles that are supposed to mimic a realistic behavior of
the metabolites. By exploiting the results of agent-based
simulation software, such as ChemCell [PS03] or Smoldyn [AB04], it is possible to produce videos or even realtime visualizations of metabolic processes. The output of
such visualizations, however, lacks any means for focusing
on events of interest.
Falk et al. [FKRE09] presented a tool which reads the results of an agent-based simulation and enables interactive
visual exploration of the results. The aim of their visualization is to describe the process of signal transduction on both
mesoscopic, and molecular level. The individual molecules
are represented in 3D space as spherical glyphs, and their
positions are updated over time according to the value stored
in the agent-based simulation. The tool also allows the user
to track specific particle inside a cell. The trajectory is represented as a trail in 3D space providing information about
directions and reactions.
The visualization of the raw agent-based simulation using
individual particles, however, suffers from high visual complexity. The large number of displayed particles and their
chaotic organization, due to diffusion motion, makes the understanding of the visualized processes difficult. To tackle
this issue, Falk et al. adopted a volume-based rendering approach [FKRE10], using aggregation to convert the particle
data into a density volume, which is then rendered via ray
casting. This visualization filters out the prevailing chaos and
offers a more intuitive representation of the general particle
motion.
A more recent work on visualization of agent-based simulations by de Heras Ciechomski et al. introduces a system for
designing and visualizing cellular models [dHCKMK13].
Their visualization framework aims at providing a biophysics research and exploration tool within a 3D computergame environment. The tool allows the user to render the results of an agent-based simulation with 3D representations
of the corresponding molecular structures employing raytracing. The rendering module, however, does not take any
advantage of GPU computing and does not achieve real-time
performances.
Reviewed approaches of individual-based visualization of
biological networks are all aimed at the same goal, which is
to give insight on how biological processes actually work.
Whether we see videos or real-time visualizations, the process is usually not, or only partially, understood because of
the stochastic nature of the simulation results. Even when
tracking single elements and bringing them into focus, there
is still no guarantee that interesting events will happen. One
can, for instance, use volumetric rendering to visualize the
c 2014 The Author(s)
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spatial distribution of particular molecular quantities, but
this does not provide enough details about the process itself, such as the key steps along a reaction chain, known as
pathway. We address this problem by providing automated
means for illustrative visualization of the molecular reactions involved in a given pathway.
2.2

Visualization of Molecular Structures

The second aspect we relate our work to is interactive molecular visualization. Visual and geometrical molecular representations are covered extensively in the scientific literature.
They are traditionally employed for analytical tasks, such
as binding site analysis, where surface-based representations
are utilized, e.g., solvent excluded surfaces [GB78], minimal
molecular surfaces [Ede99], or surfaces based on the summation of Gaussian densities [Bli82]. Nevertheless, these
representations are often difficult to compute and are tailored
towards the analysis of small molecular compounds. Instead,
we employ a representation that is frequently used by cellular modeling systems [FKE13], the so-called Van der Waals
(VdW) representation. It represents each atom of a molecule
as a set of spheres.
To speed up rendering of spheres, Tarini et al. presented
a real-time algorithm for visualizing molecules by means of
VdW representations [TCM06]. They employed 2D sphere
billboarding for rendering individual atoms of molecular
systems. Daae Lampe et al. [DVRH07] have introduced
an even faster rendering of VdW atoms by exploiting billboards of proteins. The molecules were generated utilizing
geometry shaders. In our approach, we go one step further
by exploiting the tessellation shader to generate the entire
molecule, not limited to the proteins as it was the case in the
technique proposed by Daae Lampe et al.
Most VdW molecular models refer to the original work
done by David Goodsell [Goo03], who has developed a
simplistic, but expressive style for representing molecules
through space filling. This illustration approach has been recently adopted by Falk et al. [FKE13] to depict large mesoscopic cellular models. Their scene is visualized via ray casting performed efficiently on the underlying grid structures.
Additionally, each molecule is stored in its own supporting
grid, which is then traversed in a level-of-detail (LOD) manner. The authors initially achieved at least 3.6 frames per
second (fps) for scenes with 25 × 109 atoms. The work of
Falk et al. has been a follow-up approach to a technique proposed by Lindow et al. [LBH12]. The ray casting was performed after the bounding boxes of all molecules were rendered. Again, a supporting grid storing the molecular atoms
is still required, leading to at least 3 fps for 109 atoms. We
employ an optimized approach using a straightforward LOD
scheme, but importantly, we are not bound to any grid-based
supporting structure. Our rendering technique forms visualization elements on the fly, which additionally allows us to
alter the positions of molecular atoms dynamically.
c 2014 The Author(s)
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Our aim is to provide an environment for creating automated illustrations, yet there are also studies in the literature, which address more scientifically oriented schemes for
solving and visualizing immersive molecular simulations.
A powerful framework for visualizing large-scale atomistic
simulations was presented by Reda et al. [RFK∗ 13]. They
employ a ball-and-stick model combined with volumetric
surfaces to convey the uncertainty in molecular boundaries.
Moreover, they utilize GPU-based ray-casting, implemented
in an immersive CAVE environment, providing the means to
render atomistic simulations of millions of atoms. Recently,
a CPU-based solution for visualization of large molecular simulations was proposed by Knoll et al. [KWN∗ 13].
Again, the ball-and-stick representation is combined with
volume data to provide a compound visualization. Moreover, an efficient preprocessing scheme allows to perform
fast ray-casting implementation on multicore CPUs. Stone
et al. [SVS13] introduce a visual system to analyze petascale molecular dynamic simulations. The system employs
GPU compute nodes and VMD scene data structure to visualize molecular surfaces obtained from very large biomolecular complexes. In comparison to these systems, our work is
realized through causal PCs with modern graphics card supporting tessellation shader capabilities. Moreover, our focus
lies on illustrative aspects while the actual simulation analysis is excluded.

3

Passive Agents and Omniscient Intelligence

Scientific illustrators are explaining biology through visual
storytelling, e.g., a sequence of events illustrating a reaction
chain along a metabolic pathway. In order to produce illustrative visualizations of metabolic processes, we would also
need to show reaction events in a story-structured manner.
So far the tools and techniques developed to visualize such
processes were solely based on agent-based models, and reactions are only initiated according to probabilities and collision events. Due to the stochastic nature of the reaction
events, we cannot predict the time nor the location of these
events, which is clearly impractical for storytelling. In this
section we describe how our system is capable of selectively
distorting the reaction-diffusion process, to convey the function and structural characteristics of the studied metabolic
system. A schematic overview of the system is also given in
Figure 2.
3.1

Overview

Instead of using agents as simulation entities, we propose
to use passive agents to reflect the dynamics of quantitative
simulations. According to the agent classification given by
Kubera et al. [KMP10], passive agents are entities that can
undergo actions, but not initiate them. In our system, passive
agents are unable to start reactions autonomously, they can
only receive reaction orders from an omniscient intelligence
(OI), which controls their behavior. Figure 3 shows a com-
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Figure 2: Overview of our system: A biological process is represented by a metabolic network model, which is numerically
simulated. The Omniscient Intelligence module routinely reads the results from the quantitative simulation, and dispatches
reaction events to the agents. The final stage of the pipeline represents elements with their structural models and renders the
entire scene at interactive framerates.

parison between a fully stochastic system, and a controllable
system.

Reaction A

The OI is tightly coupled with the quantitative simulation,
which runs in parallel. The simulation module reads and
simulates procedural descriptions of biological processes. Its
role is to provide information about the number of reaction
events for a given reaction type in real-time. These results
are then used by the OI, which is responsible for triggering
reaction orders of the passive agents. More details about the
quantitative simulation are given in Subsection 3.3.
Agent-based simulations result in motion of chemicals
that is hard to observe by viewer when displayed directly.
Either it is too fast to perceive it, or when the simulation is
slowed down to observable speed, the probability that the
viewpoint will display a reaction is extremely low. Therefore, we showcase a motion of molecular compounds which
does not represents the results of a simulation. Instead, we
employ an illustrative type of molecular motion that is perceivable by human observer, while showing a scene where
reactions are frequently happening.
When triggering a reaction, the OI chooses reaction partners according to their spatial vicinity and drives the reaction
using steering forces. The OI also chooses the reaction candidates to assure that reactions are well distributed in space.
We provide technical details concerning the OI in Section 4.
Additionally, when reactions occur, the random motion of
particles is blended with the reaction steering forces. This
prevents linear trajectories, which would otherwise result in
unnatural motion (Fig. 4).
We render our passive agents according to molecular
structure descriptions. Additionally to the structure, we assign to the molecules distinct colors in function of their
species type. We developed a custom rendering pipeline capable of displaying large amounts of structures at interactive
framerates, which we describe in details in Section 5. Addi-

Reaction A

Reaction C
Reaction C

Reaction B
Reaction B

(a)

(b)

Figure 3: Comparison between a fully stochastic system (a)
and our system (b). In a fully stochastic system we can observe reaction happening in the scene at random locations,
and without any follow-up according to the pathway. On the
other hand, in our system it is possible to visualize reaction
immediately and to build reactions sequences.

tionally, we highlight the reacting elements by increasing the
color intensity and also display text-based information about
the different actors of ongoing reactions in the focus.
3.2

Story Composition

At any time, the user may set focus on any molecule shown
in the scene. Once in focus, the camera starts following the
actor. Moreover, the actor is prioritized over other molecules
of the same type to undergo the next reaction. This gives
us the freedom to trigger a reaction at a desired location,
which we use to build molecular stories depicting chains of
reactions.
After the reaction of the focused element is completed, the
focus is automatically shifted to one of the products. This facilitates tracking of the reactions described in the pathway. It
happens often in biological networks that one reaction produces several products which are susceptible to take part in
c 2014 The Author(s)
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Figure 4: Description of the reaction motion, we blend a
random walk motion (left), with linear interpolation (middle) in order to get a consistent attraction motion (right).

reactions of different types. This results in forks in the reaction network. The same principle holds for species that are
involved in different types of reactions. In such case, the system will either assign a default choice, or requests a decision
from the user.
In addition to animations, reactions are also responsible
for creating/removing molecules. The reaction dispatching
guarantees that a correct number of elements is formed to
match with the quantitative simulation. Consistency is essential to preserve for visually communicating the pathway
of entire units such as mitochondria or E.coli, for instance.
There, the availability of molecular structures will affect
whether a reaction can be shown or if not enough chemical
elements are available to carry out the reaction.
3.3

Quantitative Simulation

The OI is tightly coupled with the quantitative simulation.
Our system uses COPASI API [HSG∗ 06] as simulation engine. The engine reads and simulates biological network files
stored in the SBML format [HFS∗ 03]. The SBML format is
a bioinformatics format based on XML syntax. It describes,
among many other properties, the type of molecular species
involved in the process, their initial concentrations, as well
as the different reactions which constitutes the process. Below are the reaction categories we show in our visualization
system:
1. 0 → A
2. A → B
3. A → B + C
4. A + B → C
5. A + B → C + D

6. A + E → B + E
7. A + E → B + C + E
8. A + B + E → C + E
9. A + B + E → C + D + E

where the zeroth order reaction (1) represents the injection of a new element into the system, unimolecular reactions (2, 3) involve one molecular entity, bimolecular reactions (4, 5) involve two molecular entities, enzymatic reactions (6 − 9) involve additional catalyzers.

4

Agent Computation

The OI executes two different routines, prior to the rendering, in order to compute the positions and orientations of the
passive agents. In this section we provide implementation
c 2014 The Author(s)
Computer Graphics Forum c 2014 The Eurographics Association and John Wiley & Sons Ltd.

145

details about these two routines, which we name respectively
reaction dispatching routine and agent updating routine. To
be able to handle a large number of elements, we perform the
computation in parallel on the GPU, using CUDA. The implementation of our particle system is inspired by the GPU
version of agent-based simulation from Dematte [Dem10],
where we adjusted his approach to be able to introduce the
omniscient intelligence. Large memory buffers are allocated
on the GPU memory and hold the individual properties of
the passive agents in an Array-of-Structure (AOS) manner.
Each passive agent is composed of the following properties: ID, Type, Position, Orientation, LinearVelocity,
AngularVelocity, ReactionID. The ID, is a unique ID given
to every single molecule, the Type describes the chemical compound, such as AT P for example. The Position,
Orientation, Linear and AngularVelocity are all physics
related properties, and the ReactionID is an ID, which is
unique for each reaction and assigned to all the participating structures. The ReactionID of a non-reaction element is
always null.
4.1

Reaction Dispatching

This routine ensures the communication between the simulation and the passive agents. At the beginning of the routine, prior to the first call, we uniformly populate the scene
space with molecules. The molecules are added according
to the initial concentrations defined in the model. The initial
concentrations will guarantee that enough potential reaction
partners are present in the scene before starting to initiate the
individual reactions. Then, on each call, the routine requests
the simulation engine to compute a new integration step and
dispatches the resulting reaction events to the passive agents.
In the case of a reaction of category (1) 0 → A, new
elements are simply inserted at the end of the buffers. All
buffers must be sorted prior to this step so that empty slots
are kept at the end of the buffers. Other categories of reactions (unimolecular, bimolecular and enzymatic), work on
a similar basis. Given a single reaction of category (4) A +
B → C, the modus operandi is the following: First, the OI
selects a candidate of type A from the scene. To select an
element of given type efficiently, the buffers are previously
sorted according to the type of the molecule. The sorting is
done using fast GPU sorting operations [BH11] and must
be repeated for each routine call. We also keep track of the
number of molecules of each type on the CPU. This allows
us to determine the parts of the sorted buffers, which only
contain elements of a given type. Since elements are randomly distributed in the scene, we consider any element of
the buffer to have a random location. Therefore we simply
select the first element of the section containing only elements of type A to undergo the reaction. Figure 5 represents
how CPU book-keeping allows us to select elements of a
given type from the GPU sorted buffers.
Once the first element of the reaction is selected, the scene
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Figure 5: Representation of the Array-of-Structure allocated on the GPU memory, each index value corresponds to
one molecule and can be used to access the properties form
the different buffer. On the CPU a book-keeping is constantly
maintained in order to access elements of a given type, when
the buffers are all sorted according to the molecule type

is traversed in order to find the closest element of type B.
When dealing with a large number of particles it is important to provide means for an efficient lookup into the scene.
In order to rapidly search across large scene of elements
we employ a GPU-based subdivision technique based on the
work of Le Grand [LG07], which was also employed by Dematte [Dem10]. The technique computes a uniform 3D grid
of the scene, where each grid cell contains a list of elements
located inside. The search is performed by browsing the surrounding cells for the closest partner element. The grid resolution is chosen according to the density of displayed elements. In case the partner search fails, we enlarge the searching radius in order to browse more surrounding cells, and
thus improve the chance to successfully find a reaction partner. Once the reaction partner has been found, elements A
and B will both have their reaction IDs set to the same ID,
and will no longer be available for reactions until their ongoing reaction is over.
4.2

Agent Updating

This routine is responsible for the motion of the agents
and must therefore be called every frame in order to guarantee smooth animations. It is also responsible for changing substrates into products at the end of a reaction. There
are two types of motion which can influence the trajectory of a given particle; the diffusion and the reaction motion. We apply motion to the agents using physical forces,
based on the rigid-body physics simulation scheme introduced by Baraff [Bar01]. Each particle carries attributes,
such as position, rotation, linear and angular velocity. The
current position and rotation values are integrated using the
Euler method.
The reaction motion consists of attraction forces represented as 3D vectors that point towards the direction of the
reaction partner. Since the buffers are constantly reorganized
due to the sorting operations of the first routine, we need an
easy way to group reaction partners in order to apply the
attraction forces. We use the reaction ID, common to each

partner of a reaction, to sort our buffers. During an ongoing
reaction the routine also checks for collision between reaction partners, using a simple collision detection scheme defined by Le Grand [LG07]. Once all the partners of a reaction
are in contact with each other, the routine starts a timeout. At
the end of the timeout the reactant types are either changed
into new ones (products), remain unchanged (enzymes), or
are removed entirely from the scene, depending on the type
of the reaction. In the aftermath, the reaction ID of the participants is reset, and they may again diffuse freely within
the scene and take part in other reactions.
The Brownian motion that brings the molecular machinery into chaotic motion, results from a constant bouncing
from the crowd of surrounded molecules. In order to mimic
its mechanics, we apply impulse forces in a stochastic manner. We generate random force vectors at regular intervals
using cuRAND, which we apply to the particles. This can be
efficiently performed in parallel since the diffusion motion
of each element is independent from the others. The magnitude of the random force and the size of the intervals can be
modified in order to tweak the resulting motion. Since forces
are simply represented by directional vectors, it is straightforward to minimize the linear steering motion by linear interpolation of two driving forces.

5

Rendering

Each molecule is visualized by means of the VdW representation, where atoms are defined as spheres of given radii.
Instead of having meshes of spheres, we use billboards rendered in the fragment shader. We additionally perform zbuffer correction [DVRH07]. This technique, as it has been
demonstrated previously [TCM06, PRV13], significantly increases performance as compared to tessellated primitives.
One of the challenging tasks is to render millions of dynamic atoms, O(106 ), molecules involving O(104 ) atoms at
interactive frame rates. One potential solution is to upload
all the atoms information for each frame to the GPU, which
would require a large CPU to GPU transfer bandwidth. In
our approach we generate a texture buffer containing all the
required atom positions, defined in the PDB file format.
We invoke the rendering of the molecules by using a single vertex as an input, i.e., the center of the molecules. This
point is accompanied with the rotational quaternion representing the current orientation of the molecule. The data is
obtained by reading from the CUDA buffers used by the OI
in Section 4, thus saving transfer cost from CPU to GPU. In
the next stage, we exploit tessellation and geometry shaders
to emit the individual atoms of the molecules. In an ideal
case, the total number of tessellation levels equals the number of atoms. Using this approach we are able to form maximally 4K atoms due to current hardware limitations. Therefore, we also utilize the capabilities of the geometry shader
that can produce another 64 atoms per output created by
the tessellation evaluation shader. As a result we are able to
produce up to 262144 atoms per one vertex call. In the tessellation control shader, we exploit isolines as patch primic 2014 The Author(s)
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tives. This requires to specify two outer tessellation√levels by
gl_TessLevelOuter[0] = gl_TessLevelOuter[1] = #atoms.
Then in the tessellation evaluation shader each atom id is
defined by a combination tessellation variables as follows:
id = gl_TessCoord.x × gl_TessLevelOuter[0] +
+gl_TessCoord.y × gl_TessLevelOuter[0] ×
×gl_TessLevelOuter[1].

Based on this id, the necessary atom is fetched from the
texture buffer holding the atom coordinates and the radius.
Afterward, each atom is processed via the geometry
shader to generate a billboard. In case when #atoms exceeds
4K, we specify #atoms = 4K and perform the generation of
the remaining atoms, multiplies of #atoms/4K in the geometry shader. For example, when we would like to form 12K
atoms, each geometry shader pass will produce three atoms,
i.e., three billboards, instead of one. We apply also a view
frustum culling in the vertex shader to avoid tessellating of
molecules outside the viewing frustum.
5.1

Level of Detail

#atoms= 3730

L

2488

1492

747

distance from the camera

H

Figure 6: An example of our molecular Level-of-Detail. With
increasing distance to the camera, more atoms are skipped.
The radii of the remaining atoms are scaled accordingly.
When rendering large molecular scenes, there is no need
to visualize all the molecules in full detail, i.e., with the fullatom count. Especially, this is evident when the screen space
area is occupied with molecules, which span over only few
image pixels. This is the case of molecules that are located
far away in the current view. We exploit the primary task of
tessellation shaders to lower the number of the tessellation
levels according to an increasing camera distance. The vertex shader decides on the number of atoms to be generated,
i.e., #atoms parameter in the tessellation control shader. This
is achieved by setting up two discrete boundaries, L and H,
where the number of atoms being created is interpolated between both boundaries (Fig. 6).
In order to achieve as smooth transition as possible between neighboring LODs, and as well to preserve the molecular structure close to the original form, we propose the following strategy. For each molecule, the atoms are sorted by
an increasing distance from the center of the bounding box
that encapsulates the molecule. Based on the molecular center and its position within [L, H], we decide on the number
of atoms to be skipped. When approaching the H boundary
c 2014 The Author(s)
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we skip more and more atoms, i.e., rendering only each nth atom. As a result of this procedure, we remove always
the same atoms from the molecule at a certain distance,
which keeps a scene view more persistent than when performing removal, for instance, stochastically. Still this can
be performed in a more elaborated way, e.g., ordering the
molecular atoms by a certain importance criterion, and removing atoms that are less important. Our method is simple
and straightforward, and produces visually pleasing results
(Fig. 7). In addition to the atom skipping, we scale the radius by a value k ∈ [1, max_scale], new_radius = radius ∗ k.
Value
k increases
linearly within [L, H], i.e., k = max_scale∗


depth−L
H−L

. This will close the gaps that can appear after the
removal of atoms.
5.2

Shading

Our shading model employs a set of visual effects that
enhance shape and depth information. The entire shading
scheme is inspired by the approach presented by David
Goodsell [Goo09]. We use his system of visual cues, i.e, constant shading, contour and depth enhancement, which he employs in molecular illustrations. We apply these visual cues
in the focus and context style, where the focus is represented
by a selected pathway. The reacting elements of the pathway
are visually enhanced by employing more saturated colors
(Fig. 8). On the other hand, the context molecules are displayed via pale colors.

6

Results

The visualization of described particle-based system is
showcased on two different molecular pathways. The first
pathway is a simplified version of the NAD pathway (Fig. 8).
Nicotinamide adenine dinucleotide (NAD) is found in all living cells, and has a number of important functions. It is well
known for its involvement in redox reactions, where it acts
as an electron carrier. In addition it is used as a substrate for
post translational modifications of proteins. When NAD is

Figure 7: An example of LOD application. The same scene
is rendered without (left, 43 948 997 atoms) and with LOD
(right, 7 227 817 atoms). Notice that for the molecules that
are further in the back (the closeups), only negligible differences are visible.
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Figure 8: Snapshots from the NAD pathway. The examples show four extracted frames from four reactions involved in NAD
pathway. We see four enzymes (yellow — NAMPT_ATP, blue — NMNAT1_NMN, green — NNMT, red — PARP1) that catalyze
these reactions. The camera follows metabolites that take part in reactions (small molecules). The navigation is done fully
automatically, where in a case that there are two reaction products a user can interactively select which one to follow.

Agents
20000
100000
200000
500000

NAD cycle [ms]
9.5
12
16
23

glyoxylate cycle [ms]
10
13
18
25

Table 1: Performance results of the agent computation (one
frame) for the NAD and TCA cycle with approximately 50
and 500 reactions triggered per second.

used as a substrate, it gets broken down into nicotinamide
(Nam) and ADP-ribose. ADP-ribose is used in various processes, while Nam enters the NAD salvage pathway to regenerate NAD.
The second one is the glyoxylate cycle. The glyoxylate
cycle is used by plants, bacteria and fungi to produce carbohydrates. Parts of the cycle overlap with the tricarboxylic
acid (TCA) cycle. The split between the two cycles happens when ICL converts isocitrate to glyoxylate and succinate in the glyoxylate cycle, while ICD converts isocitrate
to α-ketoglutarate in the TCA cycle. This cyclic pathway allows cells to obtain energy from fat.
6.1

Agent Computation Performance

We provide a performance analysis of the computation of the
particles, i.e., the OI routines. We demonstrate the interactive
performance of our system using the two different network
models, both showing different characteristics such as initial
quantities and reaction rates. In this analysis the two models
also showcase a different number of reactions triggered by
second (approximately 50 reactions per second for the NAD
cycle and 500 reaction per second for the glyoxylate cycle).
This number simply reflects the differences in reaction rates
between the reactions of the two networks. Since the two
OI routines are not running at the same pace, we provide
an average computation time, accounting for both routines,
for a given frame (see Table 1). The performance was mea-

sured on an Intel Core i7-3930 CPU 3.20 GHz coupled with
a GeForce GTX Titan GPU.
6.2

Rendering Performance

Just like many molecular rendering techniques, the performance strongly depends on the position and orientation of
the camera, the size and number of displayed elements, and
in our case, on the level-of-detail parameters. Therefore, we
limit the evaluation of our rendering to a stress rendering
test of a large data set, analogously to the evaluation method
as in Falk et al. [FKE13]. We set up a scene containing 4
million instances of large molecules, of four different types,
from 2000 up to 12000 atoms each. This gives us an effective
number of 30 billion (3 × 1010 ) of atoms for the dataset. The
molecules are populated randomly in space inside a spherical volume. We center the camera and ensure that the entire
scene fits into the screen. The size of the viewport for this
measure is 1920 × 1080 (HD). The testing hardware was
identical to performance analysis of our particle system. The
number of atoms emitted through the tessellation and geometry shaders is actually smaller than the amount of effective atoms in the scene, because of the dynamic level of detail. We render the scene with an average computation time
of 80 ms per frame. The rendering speed is approximately
10 fps for a scene containing 30 billions of effective atoms,
where 13092630 atoms were actually emitted by the rendering pipeline. When decreasing the number of molecules to 1
million, we achieve 30 fps (Fig. 1).

7

User Feedback

We have demonstrated the outcome of our framework to several experts in the area of biology education, dissemination
of biological research, and molecular illustration.
The molecular illustrator had specific reservations to the
outcome video we showed him. His critical remarks were directed towards an apparently direct motion of the particles;
there was according to him still lack of randomness in the
particle motion. This is a valid point, the main reason was to
c 2014 The Author(s)
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provide clarity when showing reactions, which would not be
case when using dense scenes. This critical point, however,
can be solved by giving higher prominence to the random
walk motion component than to the motion triggered by the
reaction event. We have increased the amount of randomness
in the accompanying video. The second critical point was related to the vast space our animation was depicting, i.e., the
molecular crowding was not present in the video sequence.
This can be partially solved by increasing the number of particles in the scene. However, as we at this point do not detect
collisions, in a very crowded scene the lack of collisions will
lead to visible artifacts in the animation. The collision detection thus will have to be integrated into our particle system
to support animations with molecular crowding.
The professor teaching molecular biology praised the entire framework for the provided interactivity. Still, she raised
several critical points. In order to be used for learning purposes, the environment could be more physically accurate.
Again, we were advised to increase the density of elements.
Additionally, we were suggested to perform zooming-in action when a binding event is happening, in order to achieve
better focus for the viewer. Another suggestion was to employ metadata, describing the current scene view, pathways,
and molecules, which should accompany the 3D view. The
major complaint was about the speed of the reactions. She
suggested to slow down the animation when a reaction is
happening. Many of the aforementioned ideas are very relevant suggestions, and we will consider these in follow-up
work on advanced visual guidance in molecular machineries.
The experts on dissemination of biology were on the other
hand very positive concerning the demonstration of our new
technology. Their current workflow is frame-based and the
output is a linear video. They have raised a strong interest in including our system in their workflow and expressed
several functionalities that would enable the integration into
their work processes. Experts imagine to employ our system
in visual communication of intracellular signaling cascades,
which are based on the interaction of two or more macromolecules. The most crucial functionality to them seems the
exporting feature of spatial and temporal subparts as well as
camera paths of the animation into common formats of 3D
modeling packages. While their workflow will still include
keyframe animation of major actors of a molecular story, our
system can demonstrate the contextual environment in which
the story is embedded in.

8

Conclusions and Future Work

We have developed a novel concept of particle system, tailored for creation of interactive molecular illustrations. The
concept integrates scientific data from structural and systems
biology. While autonomous agents do not allow us specifying the visualization intent, our method allows for directing
c 2014 The Author(s)
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the behavior of passive agents through the newly introduced
omniscient intelligence.
Based on the idea of representing the simulation quantitatively with a particle-based visualization, we have proposed
a new way to represent the form and the function of a given
biochemical process. The same concept could also be potentially translated to a larger family of dynamical systems
where visualization might be the right tool to explore and
analyze them, such as population dynamics, migration patterns, or crowd simulations.
Our visualization, however, does not allow to display
complex processes, such as protein transport, and assumes
that the reactions are solely taking place in a single compartment. To be able to explain biochemical process in their entirety we would firstly need to address this issue. Secondly,
the collision detection scheme we adopted is certainly too
trivial to showcase realistic animation of molecular crowding, which would require collision-detection at the levels of
single atoms.
Finally, current means that guide the viewer are based on
the simple approach of a camera following the actor and textbased description of the reaction participants. In future work,
we wish to integrate graph-based network visualization to
our system, in order to provide a deeper understanding of
the pathway of a process at the glance.
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