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ABSTRACT

Cellular Automata (CA) models are represented as a collection of
independent dynamical cells having some specific spatial relation-
ship to each other. These tessellation automata can have simple to
complex behaviors due to both individual cell behaviors as well as
their interactions. Code debugging, supported by advanced soft-
ware development tools, is needed for developing CAs owing their
complex dynamics to cells that have non-trivial event handling
and timing. As such, it is useful to debug models during simulation
through step-by-step examination of any number of cells using
rich control and visualization means. In this paper, we show the
CA-DEVS framework where cell and Cellular Automata models are
derived from atomic and coupled Parallel DEVS models. This frame-
work uniquely supports visualizations using run-time generation
of input, output, and state linear and superdense time trajectories
as well as run-time spatial animation with playback. Multi-modal
visualization capabilities allow examining behavior of any number
of cells independent of any other cell. We describe some key parts
of the architectural design of the CA-DEVS and highlight some
ongoing and future research.
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1 INTRODUCTION

It has become common to develop simulation models exhibiting
complex behaviors rooted in individual parts and their relationships.
This is in contrast to simulation models such as Game of Life that
are built from parts that have simple behavior and structure and yet
collectively reveal intricate dynamics. As such it is helpful to have
modeling and simulation methodologies that are not only strongly
grounded in mathematical theories, but also complemented with
expressive frameworks. Theory alone or a framework that treat
modeling and simulation as “software programs” is limited. Con-
sidering a prototypical lifecycle for developing simulation models
from concepts to execution and evaluation, it is understandable that
formal specification combined with advanced code development
frameworks such as Eclipse are necessary, but insufficient when
systems to be modeled, simulated, and evaluated are inherently
complex-i.e., hidden dynamics of simulations can be understood
through use of formal model specifications with accurate simulation
execution protocol, and configurable evaluation regimes including
run-time time-based trajectory views.

While there exist a variety of methods, frameworks, and tools
that very well support modeling and simulation of many kinds of
complex systems (e.g., Smart Supply-Chain Enterprises belonging
to Internet-of-Things), it is difficult to state the same for having
tools that systematically aid users to evaluate results. Specifically,
it is becoming necessary to “debug models” as opposed to “de-
bug programs”. That is, it is useful to have frameworks with tools
that can aid users inspect the dynamics of any part of a model
during simulation. Examining states, inputs, and outputs as time
trajectories of individual parts, or input/output interactions among
parts as animation, or dynamics of whole systems in a step-by-
step manner through playback can be useful. Such capabilities for
component-based, hierarchical DEVS models are already supported
in the DEVS-Suite Simulator [1, 7].

Given the continuing importance and use of Cellular Automata
(CA) models [19], it is beneficial to have tools that offer this kind
of multi-modal evaluation means. In this paper we describe the
rationale, approach, design, and development of visual means that
can be used to view and examine non-trivial dynamics of cells
and CAs. The concept and the kind of capabilities are developed in
DEVS-Suite simulator that go beyond those that are offered in other
frameworks and tools that are used in domain such as landscape
dynamics [10, 12] and system biology [14].
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2 BACKGROUND

The concepts, methods, and tools for Cellular Automata are well
established and extensively studied and are commonly used for
many application domains including social sciences, engineering,
and system biology. Given the scope and the research presented in
this paper, we briefly review Cellular Automata [22] and Discrete
EVent System Specification (DEVS) [25] concepts and methods
followed by highlighting some relevant aspects of Cell-DEVS, MA-
SON, and Mathematica supporting CA modeling, simulation, and
visualization.

2.1 Cellular Automata

The Cellular Automata [22] is one of the approaches for modeling
and simulating complex system in sciences, engineering, and the
arts. It is formed as a grid of cells, each of which has a finite number
of states. A model can have simple (e.g., on or off, 0 or 1) to complex
(e.g., a vehicle’s speed relative to other vehicles, geospatial location,
and direction) states. Inside the grid, each cell has a set of other cells
that define its neighborhood. The major two common patterns of the
cellular neighborhoods are von Neumann and Moore neighborhood
structures. The former consists of the four orthogonally adjacent
cells, and the latter covers von Neumann neighborhood as well as
four other immediate adjacent cells. In a homogeneous structure,
the sources of inputs to any cell are its neighbors; similarly every
cell can be the input source for all its neighbors. The state of each
cell changes in discrete steps (i.e., cell dynamics are defined using a
set of functions operating on the cell’s own (internal) state and the
states of its neighborhood cells).

Cellular Automata model can be advance in discrete time stepped
manner where any number of cells may under internal state change.
The evolution of CA simulation can lead to homogeneous state, sta-
ble or oscillating structures, chaotic manner, and complex patterns
with stable localized structures [22].

There exist a variety of CA tools that can model and simulate
behaviors of CA models in 1D, 2D, or 3D. For instance, Golly [17] is
an open source simulator software for exploring Conway’s Game
of Life and other cellular automata. JCASim [3] is another general-
purpose tool for simulating cellular automata written in Java. It
provides display for 1D, 2D (triangular, square, and hexagonal) and
3D grids, different neighborhoods, boundary conditions (periodic,
reflective, or constant), and can represent cells using colors, text, or
icons. CAME&L [11] named as “Cellular Automata Modelling Envi-
ronment & Library” is devised to create a universal and extensible
library for parallel and distributed computing. It uses Cellular Au-
tomata based computation experiment decomposition to complete
arbitrary tasks.

2.2 DEVS Approach

An approach for developing Cellular Automata is based on Dis-
crete Event System Specification (DEVS) [25]. This is a formalism
where arbitrary complex structures and behaviors of any discrete
system can be defined as modular atomic and hierarchical coupled
models. Modularity is a key aspect of this formalism - it requires
all interactions between model components to be strictly through
I/O ports. From model abstraction, this affords significant benefits
including encapsulation of a model’s state as well as distinguishing

C. Zhang and H. Sarjoughian

state changes to be due to internal or external events. Atomic and
coupled models are indistinguishable relative to one another from
their I/O. However, this strict modularity leads to high computa-
tional cost. Nonetheless, this cost can be significantly reduced at
the expense of relaxing I/O modularity.

A cell is a parallel atomic DEVS defined as a mathematical struc-
ture <Xb, S, Y? Sint. Sexts Sconf As ta> where X and Y are input and
output sets, S is the state set, §jn; : S — S is the internal transition
function, is the external transition function with Q being the set
of total states (Q = {(s, e),s€S, 0<e<ta(s)}), dconf : Q X xt 55
subject to Sconf (5, 0) = Sint is the confluent transition function for
simultaneous external and internal events, A : S — Y? is the output
function, and ta : S — Rar‘” is the time advance function.

A coupled model is also defined as the mathematical struc-
ture <X”, y?, D, {My,deD} , EIC, IC, EOC>. It is essentially a graph
where its nodes are atomic and other coupled models and edges
are couplings among input and output ports. This specification can
be constrained such that it satisfies the requirements of Cellular
Automata (e.g., rectangular mesh) which includes pre-defined re-
lationships among neighboring cells. The I/O couplings between
cells can be defined to be uniform and the structure to be non-
hierarchical with Moore or Von Newman type. It has input and
output sets which are X? and Y?, an index set D representing
names of atomic and coupled models it has, a set of atomic and
coupled models My, a set of external input couplings EIC for re-
ceiving inputs from X?, a set of external output couplings EOC
for sending outputs to Y?, and a set of internal couplings IC for
internal couplings between atomic/coupled models within M.

3 RELATED WORK

A vast amount of research has been devoted to cellular automata
modeling approaches, simulation techniques and protocols, and
visualization tools. In this paper, we restrict our discussion to two
classes of modeling approaches and simulation/visualization frame-
works. One of these is based on Agent-Based Modeling grounded
in software engineering methods and principles. Software com-
ponents (agents) are assigned to spatial grid models (e.g., 2D and
3D rectangular maps). Another is based on system-theoretic DEVS
modeling and simulation methodology where atomic models are
contained in coupled models that have strict structures (single
or multi-dimensional maps). We choose Mathematica [24], MA-
SON (8], and Cell-DEVS [20] methods and their respective tool
sets among numerous frameworks have been developed to support
CA modeling, simulation and visualization. These are intended to
represent pure Cellular Automata models as well as variants of
Agent-Based Modeling methodologies and frameworks.

3.1 Cell-DEVS

This approach is based on Cellular Automata and the Classic DEVS
formalism with explicit time delays [20]. Each individual cell is an
atomic DEVS model and the CA is a coupled model. In this approach,
timing delays are defined based on time advance function (ta(s)).
A cell is formalized as TDC = (X, Y, S, N, type, d, 7, Sint, Oext, A, D)
where X and Y are the set of external inputs and the set of external
outputs with S representing state set. A cell uses a set of input
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Figure 1: Cell-DEVS Animation Display [19]

values N to calculate its future state with the local computing
function 7. A delay is of inertial and transport type with duration
d is assigned to each cell. Other types of delay may be added. D is
the time advanced function ta (s). The remaining elements are the
same as those defined for the atomic DEVS model.

Akin to DEVS coupled model, Cell-DEVS coupled model is spec-
ified as GCC = (X, Y, I, Xjiss> Yiigts 15 {t1, - - s tn }» N, C, B, Z) where
X and Y are the set of external input/output events; Xj;;; and Yy
are the input/output coupling lists; I is the interface of the model;
n is the dimension size of the cell space; {t1,- - -, t,} defines the
number of cells in each dimension; N represents the neighborhood
set; C is the cell space; B is the set of border cells and Z is the trans-
lation function which defines the coupling of cells. The Cell-DEVS
approach is implemented in CD++ [18]. The DEVS Atomic models
can be programmed in C++, and CDL (cell description language)
was used to define Cell-DEVS models. The cell space size, influ-
ence, neighborhood and borders are defined in this specification
language. In addition, the local cell behavior is defined by a set of
rules. The CD++ can be used to simulate and visualize results in a
2D space as shown in Figure 1 [6]. Results can be stored in a log
file and then spatial CA data animated. Data can also be plotted as
basic linear time trajectories [18].

Although Cell-DEVS and CA-DEVS share a common basis (DEVS
formalism), they have some important differences in terms of their
modeling, simulation, and visualization concepts. In general, any
system that can be modeled in one can also be modeled in the
other; however, CA-DEVS supports parallel DEVS. For example, the
delay types can be modeled in CA-DEVS without any restrictions
(e.g., the inertial and transport delays are straightforward to specify
using existing abstractions in Parallel DEVS and the DEVS-Suite
simulator [1, 7, 16]). From framework perspective, they have differ-
ent architectures, designs, and visualizations. The CA-DEVS uses
Model-Facade-View-Control architecture. It uses run-time data for
spatial representations. Inputs, outputs, and states of any number
of cell components can also be selected and plotted at initialization
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Figure 2: MASON CA Game of Life Simulation [8]

and/or during simulation execution. A unique aspect is an ability to
model and simulate cells as parallel DEVS models as well as plotting
their time trajectories in superdense time in addition to linear time.
These visualization capabilities enable “model debugging” which is
useful for developing and evaluating cellular automata that have
complex dynamics.

3.2 MASON

An Agent-Based Modeling framework is MASON (Multi-Agent
Simulator Of Neighborhoods) [8]. It supports developing and visu-
alizing Cellular Automata models. As a discrete-event simulator,
model dynamics are governed using events instead of a counter.
The architecture of MASON can be viewed to consist of two layers.
One is a model layer and another is a visualization layer. In the
model layer, agents are defined by user to perform some activities
with step function. After that, the agents are assigned a schedule
which will call the step function once or repeatedly. The agents
running according to the schedule are shuffled. Meanwhile, the
fields should be defined for all the agents as the space and location
for the simulation. The user can also register the model to the vi-
sualization layer for animation. The visualization layer is written
in Java AWT/Swing. The visualization offers simple features, like
step, run, stop, pause functions as shown in Figure 2. An impor-
tant distinction between MASON and CA-DEVS (and Cell-DEVS)
is the concept of component. In the former strict modularity (i.e.,
interactions between cells are not subject to strict input/output
coupling) is not supported. Consequently, the speed of DEVS-based
CA simulations, unlike MASON, exponentially decreases as the
number of I/O ports and couplings linearly increase.

3.3 Mathematica

Mathematica is a powerful computational modeling tool supporting
Cellular Automata [23, 24]. Cellular Automata models have finite
number of dimensions and the cells have a finite number of states
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that generally behave in discrete steps. Users can define CA rules,
for example as mathematical functions, or use any of many existing
ones. Visualization features to load, control, execute, and observe
the dynamics of model evolution at run-time are supported as
shown in Figure 3. Mathematica can generate basic linear time
trajectories at run-time.

Cellular Automata models in Mathematica and CA-DEVS offer
similar, but also different, capabilities. In Mathematica, dynamics
are specified as rules without the concept of cells being compo-
nents and be composable. A CA model can be defined in terms of
mathematical equations representing uniform structures such as
multi-dimensional arrays and matrices. Numerous problems (e.g.,
traffic engineering [5]) can be modeled and efficiently simulated.
Unlike Mathematica, CA-DEVS is based on system theory where
CA is a collection of parallel atomic component models that are con-
nected to each other in specific spatial structures using input and
output ports and couplings. Mathematic and CA-DEVS also differ
in supporting time-series tracking of individual cell. CA model in
Mathematica are not as expressive as in CA-DEVS, in part, because
component modeling subsumes equation modeling. Furthermore,
basic linear time series (time trajectories) in Mathematica can be
generated using scripts (see Figure 3). However, the same cannot
be said about general-purpose time trajectories for cells that have
complex behaviors. In particular, both linear and superdense time
trajectories (time series) are supported in DEVS-Suite as such com-
plex behaviors of cells and CAs. For example, plots of receiving
and sending events at the same time can be key for debugging
non-trivial dynamics within and between neighboring cells.

4 CA-DEVS SIMULATOR FRAMEWORK

DEVS-Suite simulator supports model development, execution, ani-
mation, and tracking for component-based parallel DEVS models
[1, 7]. Although it can be used to define CA-DEVS models hav-
ing common structures (i.e., von Numen and Moore), it does not
provide built-in modeling constructs. The tracking environment
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consists of run-time hierarchal component animation (referred to as
simView), linear and superdense time trajectory plotting (referred
to as TimeView), and data storage for post processing [16]. How-
ever, component viewing (e.g., animation of input/output message
passing and display of states) are not suitable for CA models. We
have conceptualized a new animation for CA-DEVS simulation.
This is developed by extending both the modeling and tracking
modules of the DEVS-Suite. These new packages are highlighted
in Figure 4. It supports run-time 2D animation of DEVS-based Cel-
lular Automata model and independent TimeView tracking for any
number of selected cells. It also offers feature of playback for 2D
animations.

4.1 Architecture

The architecture of the DEVS-Suite is Model-Faade-View-Control
(MFVC) [15]. To shield the complexity of model (i.e., modeling and
simulation engines), the architecture uses Facade. The Controller
and View modules access the data in the Facade layer instead of
Model. This is fundamental for hiding the intertwined relationships
between modeling and simulation engines. The Facade supports
strong separation between simulation data to be displayed in dif-
ferent views. Based on this architecture, we have developed a CA
View (see Figure 4). The relationships between packages are not
shown for simplicity [15]. In this new environment, both Compo-
nent DEVS and CA-DEVS models are supported. Specifically, one
can use this new DEVS-Suite simulator to model and simulate these
two distinct classes of Parallel DEVS models where each is sup-
ported with its appropriate animation component view (simView)
and CA view CAView complemented with its separate TimeView.

The simulator can be launched in Component (Non-CA) and CA-
DEVS modes. In Component mode, one can choose simView and/or
Tracking. In CA mode, one can also chose to have CAView and/or
Tracking. In both Component-DEVS and CA-DEVS, simulation data
can be customized, stored, and viewed in the simulator’s console.
Although for managing Component-DEVS and CA-DEVS models,
separate packages (e.g., SimpArcMod and CAMod) can be declared.
Any Cellular Automata DEVS model consists of cell and coupled
models. In CA-DEVS, we define the cells as parallel atomic models.
The spatial aspect of these cells is defined as a parallel coupled DEVS
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Figure 5: UML Class Diagram for CA-DEVS Model Module

mode. Each cell has an assigned location index and coupled to its
immediate neighbors. For instance, the cell (1, 1) is coupled with cell
(0,0), cell (0, 1), cell (0, 2), cell (1,0), cell (1, 2), cell (2,0), cell (2,1),
and cell (2, 2) following the Moore neighborhood pattern. This
coupling is defined in the template model TwoDimCellSpace class,
and the individual cell atomic model is specified in TwoDimCell
class. These classes are derived from predefined ViewableAtomic and
ViewableDigraph classes, which are the base classes for Component-
DEVS. These two CA template classes are included in CAModels
package (see Figure 5).

The CASimulation package is defined inside the Simulation pack-
age of model module of the DEVS-Suite because the CA models
are the same as other DEVS coupled models with additional dimen-
sion information. The same simulation protocol is used for both
component and CA models.

For the CA-DEVS, two new Facade classes (i.e., FCACellModel
for additional location index and FCASpaceModel for storing extra
spatial size and dimension data) are defined. The FCACellModel and
FCASpaceModel classes inherit from the FAtomicModel and FCou-
pledModel classes, respectively (see Figure 6). The FCASimulator
class is extended from the FCoupledSimulator class. The FCASimula-
tor and FCoupledSimulator together are responsible for simulating
CA models.

The CAView (which animates state changes for all cells) is de-
veloped using JavaFX which is a successor to the Swing/AWT. The
CellView class is extended from JavaFX StackPane and the SpaceView
is the Scene of JavaFX. The new CA-DEVS Ul runs the animation
through data received from the Facade layer and controlled by the
main View layer (see Figure 7).
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Figure 7: UML Class Diagram for CA-DEVS View Module

The CA tracking environment is registered to the View layer.
Every time there is a control command to step simulation forward,
the data generated by the Model will be passed through the Facade
layer to the CA SpaceView and CellView. Some of the objects and
interactions are shown in Figure 8. The animation in the CAView
will play completely without interrupting the simulation, because
the JavaFX thread is separated from the Java main thread. Anima-
tion runs more efficiently than the simulation as the scale of CA
model increases. This means delay in CAView is due to simulation
handling large number of input/output messages.

Given the DEVS-Suite simulator’s facade, it is convenient to add
this CAView to it. The CATrackingControl registers the CATracker to
all the cells in the CA space. The CATracker and CATrackingControl
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Figure 9: UML Class Diagram for CAView and TimeView

# timeView

TimeView

classes are derived from the Component-DEVS TimeView’s Tracker
and TrackingControl classes. Thus, the CAView component can use
the same mechanism to control both the TrackingControl and the
CATrackingControl for CA TimeView and CAView as shown in
Figures 9 and 10. The TimeView is used for generating at run-time
plots from time-series data sets collected through tracking state
variables, input/output port and value pairs, and simulator’s last
and next event times [16].

4.2 Animation Playback

Since CA-DEVS models can have large dimensions, the data gener-
ated for all the steps of the animation can be very large. Considering
a lot of resources has been used to do the modeling and simulation
computation, we use a separate thread to record the history of the
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Figure 10: UML Sequence Diagram for CAView and
TimeView

animation. Running CA View as a separate thread without inter-
ruption speeds up both the simulation execution and displaying
CA animation. The animation data is now stored in memory thus
it can be played back efficiently.

5 CA-DEVS USER INTERFACE

The user interface for CA-DEVS called CAView has Tracking, Ani-
mation, Play, and Simulator Control parts (see Figures 11 and 12).
It also has 2D spatial and time trajectory visualization parts. The
2D representation of Cellular Automata can be visualized simulta-
neously with any number of time-based trajectories.

The Tracking Control panel can be used to select and track in-
dependently each cell’s state, input, and output. This can be done
at the beginning of the simulation or any time the simulation is
paused. Certain states of all cells in CA are pre-defined for tracking.
Any other state can be tracked by making it as an output variable
assigned to one or more output ports.

The Animation Control panel allows the modeler to turn on
or off CA spatial viewing and set up the animation speed which
determines how frequently the view is to be updated. Choosing a
large value results in showing fewer simulation steps (e.g., if speed
is set to 10, then the updates to the states of the cells are updated
every 10 steps). This way displaying the CA spatial view can be set
to be coarse grain relative to the simulation step time granularity.
Setting of the animation steps can help the simulation to execute
faster.

The Playback Control is helpful for rewinding spatial viewing.
The maximum length indicates the size of the buffer for playback
storage and the tracking interval decides the update frequency of
the playback frames. Both settings can limit the amount of data that
is dynamically stored and thus can be replayed. It should be note
that Playback is for shows 2D view; it is not intended for simulation
rollback.

The Simulator Control is the same as the one for Component-
DEVS. It provides choices for running the simulation in single-,
multi-step, and continuous modes. This control panel allows in-
creasing or decreasing simulation execution speed by choosing the
real-time factor that sets the simulators’ clock to be running faster
or slower than the JVM clock.
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Figure 11: CA-DEVS Control Panel with CA Animation

The TimeView component is integrated into the CA-View com-
ponent. By selecting the individual cell in the 2D visualization
space, the user will be able to track any single cell’s behavior at the
run time alongside CA animation. To our knowledge, this is not
supported in any other CA simulator. As shown in Figure 11, time
to next event (tN), phase, and sigma variables for the cell located
position (7,6) can be plotted. We note that TimeView as shown has
a liner time base; the dotted line represent sigma set to infinity (see
Section 2.2). This is because the cells in the Game of Life model do
not have any dynamics where multiple events simulation steps oc-
cur in zero time. Details of superdense time trajectory with example
trajectories for state, input, and output variables having multiple
values indexed for a given time can be found [16]. Similarly, if cells
have different time steps, then tN trajectory can reveal complex
timing information for changes in the state of the cell as well as
receiving input events and sending output events.

The CA viewing supports assigning colors to states (see Figure
11). Colors for cells can be changed during the simulation. When the
color is modified in the selected cell, all the other cells having the
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Figure 12: TimeView Tracking for Cells

same state also change their colors to the same color. Instead of col-
oring, icons may also be added, for example, to capture application
domain knowledge.

6 EVALUATION

The cells in CA-DEVS communicate with each other via message
passing through input/output couplings. Not only the cell, but also
CA models have significant differences. To help gaining a better
understanding of the CA-DEVS, we use the classic Game of Life
model and compare it with Cell-DEVS, MASON, and Mathematica.
This choice serves the key purpose of focusing on modeling and
visualization. It can also serve to demonstrate component-based
modeling with message passing although important for develop-
ment and debugging models, their simulations are computationally
inefficient unless they can be executed using multiprocessor com-
puting platforms.

In Game of Life (GoL), each cell has two states: “Alive” or “Dead”.
The life of each cell is determined by its neighbors using rules such
as (a) if a cell has less than two alive neighbors, then the cell dies,
(b) if there are more than five alive neighbors, then the cell dies, and
(c) if there are exactly three alive neighbors, the cell becomes alive.
The Game of Life Model [4] serves as suitable model for evaluating
some aspects of CA DEVS-Suite simulator.

The GoL model can be modeled in Mathematica by defining (1)
the rules for how cells change their status, (2) the spatial size of the
area cells occupy initialize each cell, (3) execution and visualization
setting as shown in Figure 13.

We developed the Game of Life model having a Moore structure
in the CA DEVS-Suite simulator. Each atomic cell’s status is sent as
messages via input/output couplings to all of its neighbors. When
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nz= gameOfLife = {224, {2, {{2, 2, 2}, {2, 1, 2}, {2, 2, 2}}}, {1, 1}};
board = RandomInteger[1, {50, 50}];
Dynamic [ArrayPlot[board = Last[CellularAutomaton [gameOfLife, board, {{8, 1}}]]]]

w‘:f:?
Aac, Ty o

‘nf'}“:' l:-::- '

Outfd]=

Figure 13: Program and Animation View for GoL in Mathe-
matica [21]

a cell receives messages from its neighbors, it will run its external
transition function to compute its future state (i.e., Alive or Dead).
All the messages are delivered and processed at the same time
(concurrently) via external transition function Jex;. In this simple
model, all cells have the same timing (i.e., the time advance function
ta(s) in every cell computes the same o to the next event. The
internal event function d;n; of every cell is executed. The o for §in;
is set to infinity which causes the cell to wait indefinitely until
it receives input events from any of its neighbors. Outputs for
neighboring cells are generated at the end of ¢ time allowed for a
cell to be either alive or dead. Outputs from every cell in the CA are
sent to its neighboring cells just before the execution of the internal
transition function. In general, the execution order for the external,
internal, and output functions for every cell is determined by its
own state and well as the inputs it may receive from its neighbors.
The Parallel DEVS simulation protocols provided for both atomic
and coupled models are responsible for ordering executions in both
sequential and parallel cases. Therefore, it is not necessary for all
cells to execute their functions in the same order.

Now considering computational aspect of CA-DEVS, it is easy to
see as the size of the GoL model increases, the computation resource
it uses will also rise. Figure 14 demonstrates the computing times
used for running this model having 5 X 5, 20 X 20 and 100 X 100
dimensions. Each of these simulations is repeated 10 times, each
for 20 steps. As expected, computation times for both CAView
and TimeView are higher. If only simulation is processed without
2D animation and time trajectory plots, less time is needed. The
result for the combined animation and time trajectory views shown
in Figure 14 is for two Cells, each displaying 3 plots. The 100 X
100 experiment shows most of the computation time is used for
running the simulation, not animating the CA. Of course, including
(linear or superdense) time trajectories also consumes computing
resources. For trajectory added the total computation time increases
(i-e., visualization efficiency depends on the number of cells being
tracked and the number of input/output ports and state variables
each cell has). We note that it is not necessary to track selected
cells in the same way (i.e., for one cell its state can be tracked while
for another cell its input/output values can be tracked). All the
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Figure 15: Computational Efficiencies for Simulating and vi-
sualizing GoL in CA-DEVS, MASON, and Mathematica

experiments in this paper are executed in a Mac Mini with 16GB
Memory, 2.5 GHz Intel Core i5 processor, and in OS X 10.12 using
DEVS-Suite 4.0.0 supported by JRE 1.8 and 1.9 [1].

7 CA SIMULATION IN DEVS-SUITE, MASON
AND MATHEMATICA

Since the DEVS-based CA model requires data exchanges via mes-
sage communication, its efficiency can rapidly degrade as the size
of the model increase. In contrast, global data sharing does not. To
demonstrate this, a comparison between MASON, Mathematica
and CA-DEVS demonstrate these three CAs having 20 X 20 and
100 X 100 dimensions are developed for the Game of Life example.
CA-DEVS, MASON and Mathematica all have identical rules with
randomized initial condition that each cell can be 0 or 1 with 50
chance. The simulation progress for these models are the same
for each of the lower and higher dimension CAs and each of the
simulation is running for 20 steps. However, as shown in Figure
15, the actual execution time for CA-DEVS is significantly higher
than Mathematica and MASON for the 100 x 100 CA. In terms
of debugging models using animation, time trajectories, and play-
back, message-based cell-to-cell interactions are preferable when
compared with data sharing used in Mathematica and MASON.
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8 CONCLUSION AND FUTURE WORK

We can evaluate the run-time execution of CA-DEVS without any
animation and compare it with that of Cell-DEVS. However, the
purpose of CA-DEVS as compared with Cell-DEVS and other tools
such as MASON and Mathematica is to provide a suite of capabili-
ties that empower model development, particularly when the cells
have rich behaviors with arbitrary timings and consequently inter-
acting in non-trivial ways. While debugging code, basic run-time
visualization as in Mathematica and MASON, or post animation
as in Cell-DEVS are important, the CA-DEVS offers the new and
useful capabilities.

In the DEVS-Suite framework, modelers can develop either com-
ponent - based hierarchical models or Cellular Automata models.
Modelers can both “debug the model at run-time” as well as post
processing stored data. During simulation execution, modelers have
the flexibility to examine changes in the state of any number of
cells at different levels of granularity including choosing to have
linear or superdense time trajectories. They can track the content
of I/O messages exchanges between neighboring cells as well as
examining customizable Cellular Automata animations. Animation
can also be customized for playback. These capabilities do not re-
quire writing scripts or users developing code and integrating it to
the simulator.

The research described in this paper can be furthered in differ-
ent directions. To support computationally efficient simulations
for largescale CAs, message passing among cells and CAs can be
replaced with some efficient input/output communication mecha-
nism. Considering that Component and Cellular Automate DEVS
models serve distinct purposes, composing them can be useful
and even necessary. In some application domains, multiple CAs
(e.g., [2, 10]) also need to be composed. Therefore, composition of
multiple Cellular Automata models as introduced in Composable
Cellular Automata [9] is attractive approach to pursue. Achieving
these kinds of model composability can lead to a new generation
of hybrid modeling frameworks and tools where loosely coupled
modeling, simulation and visualization modules is useful for build-
ing simulations for systems of systems such as Internet of Things
and Multi-Cellular human biology.
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