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Abstract— Several stochastic simulation tools have been de-
veloped recently for cell signaling. A comparative evaluation
of the stochastic simulation tools is needed to highlight the
current state of the development. In our study, we have chosen
to evaluate three stochastic simulation tools: Dizzy, Systems
Biology Toolbox, and Copasi, using our own MATLAB� imple-
mentation as a benchmark. The Gillespie stochastic simulation
algorithm is used in all tests. With all the tools, we are able to
simulate stochastically the behavior of the selected test case and
to produce similar results as our own MATLAB� implementa-
tion. However, it is not possible to use time-dependent inputs in
stochastic simulations in Systems Biology Toolbox and Copasi.
The present study is one of the first evaluations of stochastic
simulation tools for realistic signal transduction pathways.

Index Terms— Stochastic simulation tool, Gillespie stochastic
simulation algorithm, signal transduction pathway

I. INTRODUCTION

In recent years, the use of quantitative stochastic modeling
and simulation has increased in biology. There is more
and more evidence that deterministic approaches may not
be adequate for modeling the complex reaction-diffusion
systems often involving low numbers of signaling molecules
[1], [2], [3]. Several stochastic approaches for simulating
biochemical reactions have been developed over the last 30
years. The Gillespie stochastic simulation algorithm (SSA)
[4], [5], the StochSim algorithm [6], among others, represent
the discrete stochastic simulations. The chemical Langevin
equation [7] and the chemical Fokker-Planck equation [8],
for example, represent the continuous stochastic simulations.
To facilitate the implementation of deterministic and stochas-
tic approaches, many biochemical simulation approaches and
tools have been presented, e.g. in [1], [2], [9], [10], [11].

Due to the fast development of the research area, there is
a need for detailed comparative evaluation of the developed
stochastic simulation tools for cell signaling. In our study,
we have chosen to evaluate three stochastic simulation tools:
Dizzy [12], Systems Biology Toolbox [13], and Copasi [14],
and compare them to our own MATLAB� implementation,
in which the SSA is used.

II. METHODS

A. Test case of cell signaling

We have recently studied a model of the protein kinase
C (PKC) signal transduction pathway [10], [15], [16], [17]
obtained from [18], [19]. The PKC pathway has been found
to be important in several neuronal functions, including
synaptic long-term potentiation (LTP) and depression (LTD).
The signaling involved in LTP and LTD may form a bio-
chemical basis for memory and learning [18], [20].

The PKC pathway model (Fig. 1) is obtained from the
Database of Quantitative Cellular Signaling (DOQCS) [19].
The model describes the transformation of inactive PKC
(PKCi) to active PKC (PKCa). The model has been originally
presented for a hippocampal neuron [18] and it consists of
10 reversible reactions and 15 different interacting chemical
species, of which 11 are model variables. Three of the model
species correspond to second messengers and are used as
model inputs: calcium ion (Ca2+), arachidonic acid (AA),
and diacylglycerol (DAG). The model has six computational
intermediates which are summed as the output, PKCa.
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Fig. 1. Graphical design model of the protein kinase C pathway, originally
published in Bioinformatics by Oxford University Press [10]. The original
model is available in [19]. Reversible reactions R1 – R10 lead to formation
of PKCa. Chemical species marked with asterisks (∗) are computational
intermediates. Ca2+, AA, and DAG are used as model inputs.
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B. Gillespie stochastic simulation algorithm

The chemical master equation [4], [5] is often mathemat-
ically intractable. The well-established SSA is a systematic,
computer-oriented procedure in which Monte Carlo tech-
niques are employed to numerically simulate the discrete
Markov process that the master equation describes analyt-
ically [4]. There are five ways to implement the SSA: using
either the direct method [4], the first reaction method [4], the
next reaction method [21], the optimized direct method [22],
or the sorting direct method [23]. In the direct method [4],
a random number r2 is used to choose which reaction will
occur, and another random number r1 determines how long
the step will last. The chemical species are altered according
to the stoichiometry of the reaction νμ and the process is
repeated. This detailed stochastic simulation algorithm is
computationally expensive since only one reaction can take
place in one time interval. With two random numbers r1

and r2, uniformly distributed on the interval [0,1], the time
interval [t, t + τ) is determined by the equation

τ =
1
a0

ln
1
r1

, (1)

where a0 is the sum of the propensity functions aμ of each
reaction occurring relative to another, a0 = ∑n

μ=1 aμ , and the
reaction Rμ is determined by the equation

μ−1

∑
μ ′=1

aμ ′ < r2a0 ≤
μ

∑
μ ′=1

aμ ′ . (2)

The propensity functions aμ are obtained by multiplying
the rate constant of each reaction cμ by the numbers of
possible combinations of chemical species involved in each
reaction hμ , that is aμ = cμ hμ , where cμ is in units of 1/s.
For example, in the case of the reaction X1 + X2 → X3,
a1 = c1X1X2. The update of the system is then given by

X(t + τ) = X(t)+νμ , (3)

where X describes the numbers of chemical species.

III. STOCHASTIC SIMULATION TOOLS

Several stochastic simulation tools are available, e.g.
Basis [24], BioNetGen [25], Cellware [26], Copasi [14],
Dizzy [12], E-CELL [27], SimBiology [28], SmartCell [29],
StochSim [6], STOCKS [30], and Systems Biology Toolbox
[13]. In our study, we have chosen to evaluate three stochastic
simulation tools, Dizzy, Systems Biology Toolbox, and Co-
pasi, because both deterministic and stochastic simulations
are available in these tools. Next, the three tools are evaluated
according to their applicability, usability, and benefits and
drawbacks. Test simulations are performed and compared to
our own MATLAB� implementation. Our MATLAB� im-
plementation is very flexible, e.g. time-dependent functions
are possible as inputs and all data points can be saved as
well as plotted.

IV. RESULTS

A. Applicability

Dizzy (Version 1.11.2) [12] is a simulation software pack-
age written in Java. There are four different solvers to sim-
ulate models deterministically, and four separate algorithms
to simulate models stochastically: the two ways of the SSA
(the next reaction method and the direct method), and the
two types of Gillespie tau-leap algorithms, one for complex
models and the other for simple ones. Dizzy also supports the
Systems Biology Markup Language (SBML), and is capable
of displaying models graphically. Dizzy runs on Microsoft
Windows, UNIX, Linux, and Mac OS X platforms.

In Systems Biology Toolbox (Version 1.5) [13], the user
can choose between seven deterministic solvers, and three
stochastic algorithms: the SSA (the direct method), the bino-
mial tau-leap algorithm, and the Poisson tau-leap algorithm.
The toolbox supports the SBML and runs on Microsoft
Windows, UNIX, and Linux platforms. However, stochastic
simulation is only available on Microsoft Windows platform.

Copasi (Release Candidate 1, Build 17) has one solver
to simulate models deterministically and one algorithm, the
SSA (the direct method), to simulate models stochastically.
Copasi supports both the SBML and loading of Gepasi [31]
files. Copasi runs on Microsoft Windows, Linux, Mac OS X,
and Solaris platforms.

B. Usability

The syntax used in Dizzy is simple. The manual includes
step-by-step instructions how to get started with the software.
For example, first the user can simulate ready-made models
with very simple reactions and then extend the samples
towards one’s particular interest. In the implementation, the
numbers of species defined in chemical reactions are always
assumed to be dynamic. The inputs for chemical reactions
are defined using a specific symbol in the syntax. Simulated
responses can be plotted, listed as tables, or saved as csv-
files.

Systems Biology Toolbox for MATLAB� provides a
tutorial which is available in the Systems Biology Toolbox
webpage [13]. The use of the editors (SBedit and SBeditBC)
is uninformative, at least in the very beginning. The syntax
used in Systems Biology Toolbox is more limited in the
stochastic simulations than in the deterministic simulations.
Simulated responses can be plotted or stored in MATLAB�

structure arrays.
Copasi is used through a graphical user interface (GUI).

Even though Copasi is still in early developmental stage,
the GUI is very intuitive to use, especially if the user has
experience with Gepasi, the predecessor of Copasi. The
implementation of models is easy and straightforward, and
the user can easily set up different tasks. For example,
when the user sets up the reactions, Copasi automatically
determines the reactants from the reactions. Copasi provides
a simple tutorial and a manual, which cover most of the
features. The simulated responses can be plotted and also
saved as ASCII-files.
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Fig. 2. Realizations of PKCa using stochastic simulation tools. V is 10−17 m3 and initial number of PKCa is 120. (a) Own MATLAB� implementation.
(b) Dizzy. (c) Copasi. (d) Systems Biology Toolbox. With Systems Biology Toolbox and Copasi, it is not possible to use a time-dependent sine wave input.

C. Benefits and drawbacks

The installation of Dizzy is very easy even for beginners.
The error messages appearing during the implementation of
models and the output plots are uninformative. The output
plot contains no labels for the axes, no possibility to zoom
plots, and there are symbols plotted around the result points.
Furthermore, it is not possible to save all the data points into
a file from simulations. There are no parameter estimation
and sensitivity analysis available in Dizzy.

The installation of Systems Biology Toolbox is easy.
The more the user is used to use MATLAB� the easier
the use of the toolbox is. The error messages appearing
during the use of the editors are not very informative.
Furthermore, Model Parameters -object cannot include any
calculation at all, e.g. the user needs to take care of the unit
conversion. Furthermore, time-dependent functions cannot be
used in stochastic simulations as inputs. Parameter estimation
and parameter sensitivity analysis are available in Systems
Biology Toolbox.

The installation of Copasi is very easy. Copasi offers
several options in the model implementation, e.g. the user can
use either concentrations or numbers of species. However,
Copasi does not have a straightforward way of using inputs
in models. With deterministic simulations, one can at least
use a work-around solution similar to Gepasi [10], but with
stochastic simulations the utilization of such a solution is
not possible, at least to our knowledge. The error messages
are not very informative for the user. For plotting, Copasi
provides an useful output assistant. Furthermore, Copasi
provides a good selection of additional tools, e.g. parameter
estimation, sensitivity analysis, and stoichiometric analysis.

D. Simulation results

In the simulations, the Gillespie stochastic simulation
algorithm (the direct method) is used. We have chosen to
use a volume of 10−17 m3. Two kinds of inputs for Ca2+,
AA, and DAG are used. First, all three are kept constant,
i.e. the amounts of Ca2+, AA, and DAG are 60221 (10
μM), 301107 (50 μM), and 903321 (150 μM), respectively.
Second, the amounts of AA and DAG are kept as above, but
the Ca2+ input follows a sine wave (sin(2πt/50) + 1.1)×
6022.1415 ((sin(2πt/50) + 1.1) μM). It is not possible to
use time-dependent functions in stochastic simulations in
Systems Biology Toolbox and Copasi, and thus we show
only simulations where constant inputs are used.

In Fig. 2, we show one realization for each input set
for each simulation tool. The results show that realizations
simulated using our own MATLAB� implementation, Dizzy,
Systems Biology Toolbox, and Copasi quite accurately fol-
low each other. With Systems Biology Toolbox and Copasi,
it is only possible to use constant inputs in stochastic
simulations.

V. CONCLUSIONS

Several stochastic simulation tools with similar capabilities
have recently been developed. In order to guide the future
development of simulation tools towards more user-friendly
and versatile tools, a detailed comparative evaluation of
existing tools is necessary. In the beginning of our study, we
made a large survey of available stochastic simulation tools
and chose to examine Dizzy, Systems Biology Toolbox, and
Copasi in more detail.
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In this study, we evaluate the tools according to their
applicability, usability, documentation, analysis tools, and
simulation results. The simulation results are benchmarked
using our own MATLAB� implementation of the test case
related to signal transduction. Based on our studies, the
following issues can be concluded: 1) the usability of the
simulation tool is crucial for the user, e.g. Dizzy is very
easy to use even for beginners but Systems Biology Toolbox
requires experience in MATLAB�; 2) proper manuals and
analysis tools, as well as the possibility to easily exchange
models between tools, e.g. using SBML, will be a necessity
in the future; 3) the ability to utilize realistic external stimuli
is very important especially in the case of realistic models
(see also [10]), however, it is not possible in stochastic
simulations in Copasi and Systems Biology Toolbox; and
4) Dizzy, Systems Biology Toolbox, and Copasi produce
similar results as the benchmark. In summary, the present
comparison is one of the first evaluations of stochastic
simulation tools for realistic signal transduction pathways.
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