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Abstract— CA are useful tools in modeling and simulation.
However, the more complex a CA is, the longer it takes to run
in typical environments. A dedicated CA machine solves this
problem by allowing all cells to be computed in parallel. In this
paper we present simple yet useful hardware that can perform
the required computations in constant time complexity, O(1).

I. INTRODUCTION

CA are valuable tools for many scientific models and
simulations [1]. They are extensively used to model population
growth [2], crystalline growth [3], the spread of diseases [4],
movement of particles [5], simulation of digital logic, pattern
recognition, and traffic flow [6]. Various researchers have de-
veloped several custom ICs and FPGA based implementations
of CA [5], [6], [7], [8].

In CA, cell state transitions are defined by a rule set and
a neighborhood associated with that cell [9]. The 2 common
neighborhoods in the case of a 2-D CA on a square grid are
von Neumann and Moore neighborhood. Conway’s Game of
Life [8] CA is one of the best known CA rule sets. These CA
are easily scalable and very useful for testing CA concepts.
Hence, for this implementation we chose to use Conway’s
Game of Life to examine the benefits of a hardware versus
software implementation of CA. The rules for the Game of Life
for a 2-D array of cells using von Neumann neighborhood are:
(1) Cells are either ‘alive’ or ‘dead’. (2) If a cell has exactly
3 living neighbors, then it will also become alive during the
next state transition. (3) If a cell has exactly 2 living neighbors,
then its state does not change. (4) In all other cases the cell
will die from ‘loneliness’ or ‘overcrowding’.

II. BASIS AND SIGNIFICANCE OF OUR ASIC

The computational benefit of a hardware implementation
for a CA machine compared to a software implementation
can be substantial. The speedup arises from two important
factors. The first is an optimization of parallel processing
by the distribution of calculations across the ASIC. The
second speedup is derived from the inherent nature of ASIC
architectures, where the circuits are designed specifically for
the application without the overhead associated with general
purpose CPUs. A useful metric in determining CA speed is
the number of system state transitions per second [1]. While
a software based machine will take multiple clock cycles per
state transition, our CA machine is guaranteed to have one
state transition per one clock cycle.

A comparison of the computational efficiency of our CA
hardware versus a software implementation is better observed
through time complexity. In a software implementation, a non-
optimized CA using an n x m grid has a computational

complexity of O (nxm k), where (n * m) are the grid
dimensions, and k is the size of the neighborhood for each
cell. In our proposed hardware implementation of the cellular
automaton, the computational complexity is reduced to O (1),
as each node calculates its next state from the given inputs
of the other nodes. There is no need nor possibility to iterate
over each cell in the grid, and then iterate through each cell’s
neighbors in order to determine the next grid state. The speed
of the hardware implemented CA machine is limited only by
the clock speed and settling time needed by the digital gates
at each node. The clock speed of the hardware CA will in turn
depend on the type of implementation, FPGA or custom IC,
and corresponding technology.

III. THE PROPOSED ASIC

We developed hardware for Conway’s Game of Life CA
with Von Neumann and Moore neighborhoods, but for brevity
the rest of the discussion will mainly focus on the von Neu-
mann neighborhood based implementation. Each CA machine
we designed consists of 3 primary modules. The neighbor-
hood module computes the number of living neighbors (0,
1, 2, 3, or more) a cell has. The state computation module
uses this information to determine the cell’s next state. The
highest-level module interconnects each cell in the appropriate
neighborhood configuration.

The neighborhood module is a combinational circuit con-
sisting of a modified full-half adder that is designed to deter-
mine whether a cell has 0, 1, 2, 3, or more living neighbors. A
logic gate level schematic for the von Neumann neighborhood
is shown in Fig. 1. The current states of 3 neighbors are fed
into the full adder, and the state of the 4th neighbor is used by
the half adder. The results of this addition process are output
as 2 bits. It may be noted that the final carry is ignored since
the state “100” and “00” are both states in which the cell dies.
The output bits(next state) combination are 00(Dies), 01(Dies),
10(No Change), and 11(Lives).
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Fig. 1. The Neighborhood Module.
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Fig. 2. The Next State Computation Module.

Fig. 3. A 4 x 4 Array of CA Machine using von Neumann Neighborhood

The outputs of the above combined full-half adder are used
by the state computation module to compute a cell’s next state.
If the output bits are “11” or if the most significant bit is a
“1” and the cell’s current state is also a “1”, then the cell will
be alive in the next iteration. In all other cases, the cell will be
dead in the next iteration. The logic gate diagram for this can
be seen in Fig. 2. The result is fed into a D flip-flop where
it is stored until the next clock cycle. The “set” input in Fig
2 is used as an input port to allow the initial state of the cell
to be set externally. For proper operation, this input should be
zeroed after the first complete clock cycle.

The highest design level in our CA machine is the lattice
structure to be used. The lattice defines the actual neighbor-
hood used by the cellular automaton. The CA machine that
we present in Fig. 3 is a 16-cell, 4 x 4 torus array with a
von Neumann neighborhood. Each cell takes as its inputs the
current state of itself and each of its neighbors. Each cell uses
this information to simultaneously and independently compute
its next state. These results are then available for the next
iteration.

IV. RESULTS AND SUMMARY

Using Altera Quartus-II’s GUI interface, 3 versions of the
CA machine were created and simulated. One version uses
a 4 x 4 von Neumann neighborhood as depicted in Fig.
3. We also created 4 x 4 and 7 x 7 Moore neighborhood
versions. Simulations of the 4 x 4 CA machines were per-
formed using Quartus-II with the target device being the
EPF10K10LC84-3 from the FLEX10K family. Due to size,

a Statix EP1S10F484C5 was the target device for the 7 x 7
Moore neighborhood CA. Timing simulations are shown in
Fig. 4 for the 4 x 4 von Neumann neighborhood.
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Fig. 4. Quartus II Output Waveforms for Simulation of CAM of Fig. 3

As can be seen from the timing simulation, each complete
iteration of the CA completes in one clock cycle. Traditional
CA are run sequentially on high-speed processors where the
length of time that an iteration takes is dependent upon the size
of the array of cells and the number of neighbors that each cell
has. On the other hand, a dedicated CA machine such as the
one discussed in this paper runs with near perfect parallelism
efficiency. Thus, the number of cells makes no difference to
the runtime. Each iteration runs at constant time 7'pp, which
is determined by the maximum amount of propagation delay
the circuit may incur.

CA are useful tools in modeling and simulation. However,
the more complex a CA is, the longer it takes to run in
typical environments. A dedicated CA machine solves this
problem by allowing all cells to be computed in parallel. We
have presented simple yet useful hardware that can perform
the computation in constant time complexity. Although the
Game of Life has a simplistic rule-set with simplistic adjacent
neighborhoods, the concepts in this paper can be expanded to
other cellular automata rule-sets.
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