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This paper introduces a new algorithm to deal with the packing problem on cellular automata of di-
mension 2 in linear time complexity; which means O(n) for an input square picture of size n X n.
We use a divide and conquer approach to achieve this linear time complexity. This algorithm pre-
serves the black cells at each step of the algorithm, i.e. only moves them, which was the main design
flaw in previous algorithms.

Introduction

About linear time complexity

In this paper, we exhibit a linear time algorithm on a 2-dimensional cellular automata, that means
an algorithm whose execution time is O(n) for any input square picture of side n (a n X n matrix).
Linear time complexity class is the minimal robust complexity class currently known on 2-dimensional
cellular automata. Real time complexity class could also be a good candidate, but it strongly depends
on the neighbourhood you choose for the automaton, whereas linear time complexity class is the same
regardless the neighbourhood you choose, assuming it is a complete one (see [7] and [9]). There already
are some basic linear time algorithms in the literature, e.g. shrinking algorithms for counting connected
components (see [5] and [1]]). See also [2] for general questions on cellular automata.

The packing problem

According to S. R. Kosaraju in [3]], the packing problem can be defined as follows: We are given an
input square picture of size n x n composed of black and white cells (i.e. the input state set is {B,W})
and we want to transform it into another picture composed of the same number of black cells. In this
new picture, we want the cells to be packed into solid rows at the top of the pattern (the last row that
contains black cells has to be left-justified). Some slightly different versions of the packing problem
have also been studied in the context of VLSI, for instance in [8]] and [4]]
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2 The packing problem: A divide and conquer algorithm

The packing problem has many applications such as image processing, or the recognition of the
majority language, which is the language of pictures that contains more black cells than white cells.
But beyond these naive applications, the packing problem can be used to achieve a key point of many
algorithms: gathering information. Indeed, let us consider an algorithm on cellular automata that only
processes the information located on a particular subset of cells (let us call these black cells) and ignores
the other ones (let us call these white cells). In that case, pre-processing the computation area with the
packing algorithm could highly increase its performances, provided only that the information that can
be stored on black cells is preserved; we will see that our algorithm fulfils this requirement.

Two previous algorithms for the packing problem were presented by S. R. Kosaraju in [3]], but none
of them fulfils our requirements. Indeed, the first algorithm encodes the number of black cells into
a binary number, thus losing all the information possibly stored in these cells. Then this number is
compared to the sizes of different regions of the picture, which are filled with black or left white. By
using clever operations, linear time complexity is achieved.

The second one is much more simple: it only moves the black cells according to a very simple set
of rules. On any picture, draw a right to left arrow along each odd numbered row, and a left to right
arrow along each even numbered row, then the cells move as follows: A black cell moves up a column
if the cell immediately above is white. Otherwise, it moves along the row in the direction of the arrow.
If a white cell can get a black cell from either a column and a row, then the column has preference.
These rules are summarized on Fig[I] in which question marks can either be a black cell or a white cell.
The author stated erroneously that this algorithm only takes linear time, but one can easily see that it
is quadratic in the worst case, for example by processing a square picture whose left half is black and
whose right half is white.
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Figure 1: Kosaraju’s packing rules
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We will try to improve this previous algorithm, by using a divide and conquer approach. More
precisely, we will establish two interesting points:
1. In a general matter, how is it possible to implement divide and conquer algorithms on cellular
automata, for packing or other tasks ? More precisely, we will present the division of the initial
space into smaller spaces and the proper reunification of those subspaces.

2. How, given our square n X n picture divided into four square sub-pictures of side L%J, do we
process them to obtain a single packed picture ? Note that if we can achieve such a single merging
in linear time, we can also solve the packing problem in linear time, due to the parallel execution
of divide and conquer on cellular automata.
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1 Divide and conquer on cellular automata

The general method of divide and conquer is an efficient way to solve many sequential problems.
Moreover, it seems to be even more efficient on cellular automata, because the different sub-problems
can be processed at the same time, thanks to their parallel structure. The main difficulty we encounter
when we try to develop divide and conquer algorithms on cellular automata is the fact that we often need
a global overview of the problem to properly divide it into sub-problems, and merge them together once
they are solved. Such a global overview can be difficult to achieve on such a local model as cellular
automata.

It is interesting to see that we only need to solve the problem of dividing the computation area for
one dimension automata. Indeed, once you have an algorithm able to divide and merge areas in one
dimension, you just have to apply it in parallel on each line of each dimension of your computation area
to get a divide and merge algorithm for every dimension.

In the following sections, we will see how to perform this divide and merge process by adapting a
naive one dimension firing squad algorithm. First, we will assume for simplicity that the width of the
computation area is a power of 2. All along these sections, we will refer to "borders" as "the space
between two cells". We can store information about these borders on any adjacent cell. Moreover, for
geometric elegance purposes, we will design our diagrams as if borders could send signals. Note that
signal information is actually stored in adjacent cells.

Dividing the computation area

Several algorithms already exist for dividing a one dimension computation area. We will use the follow-
ing, which is commonly used in a naive firing squad algorithm and was first introduced in [6] (see also

Fig[2):
1. From the leftmost cell, send two signals with 1/3 and 1 speeds, respectively. The fastest (1-speed)
signal bounces on the borders.

2. When the two signals intersect, send a vertical signal that will act as a border for future signals,
and send two new signals on each side of the border. We will also mark this border with *L’ if the
1-speed signal comes from the left, or "R’ if the 1-speed signal comes from the right.

- Repeat step 2 until each cell is isolated.

Merging the computation areas

What we need here is the word produced by the previous firing squad division algorithm. We assign
the corresponding symbol (L/R) to each border and tag every odd-numbered border (see the circles on
Fig[3). Then we repeat the following two phases :

1. Wait for the packing phase (or another processing) to be performed on each bordered sub-picture

2. Once this processing is over, delete every tagged border, then send a 1-speed signal in the direction
corresponding to the symbol of the border, and a 1/3-speed signal in the opposite direction from
the deleted border. These signals will bounce on borders. When four signals intersect on a border,
tag this border and delete those four signals.
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This will ensure us that the borders will be deleted in the reverse order that they were created, thus
ensuring us the correctness of divide and conquer algorithms using these borders (see Fig [3).

Complexity of the divide and conquer algorithm

Assuming that each processing (e.g. packing) is performed in a time which is linear in the sub-picture
side length, and that our initial picture has a size of n X n, then there is a constant C such that the overall
complexity is :

Cxn+Cx5+Cx5+4--+C=0(n)

General case: divide and conquer on an area of any side length

We have two ways of adapting this algorithm to the general case, i.e. when the side of the computation
areais 2k+1:

e Assign the extra square to an arbitrary sub-area (then the areas side lengths will be k and k4 1).
In that case, we will have to slightly modify the tagging process and the initially tagged borders in
the merging phase.

e Make a one square thick border instead of a thin one, in such a way that the two remaining areas
have the same side length k. We will also have to modify the overlying merging algorithm to
consider the squares included in the border, if any.

The analysis of the time complexity is easily adapted to this general case.
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Figure 3: The merging algorithm
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2 The packing algorithm

Before going any further, we need to assign a direction to each cell of the picture. Each cell of an odd
numbered row will have a left to right arrow. Conversely, each cell of an even numbered row will have a
right to left arrow. Those arrows are permanently maintained in a specific layer. This can obviously be
done in linear time.

All along the description of this algorithm, we will refer to "pushing” as the action to vertically pack
the black cells (Actually, it is the one-dimensional packing problem).

We will illustrate how to merge 2 x 2 packed squares of size k X k into a packed square of size 2k x 2k.
The initial configuration can be seen on Fig[4]
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Figure 4: Four square packed pictures

Step 1

The first thing we have to do is push the filled rows of the squares to be merged at the top of the picture,
and the incomplete ones at the bottom. These rows can be discriminated, for instance, by sending a signal
to the left from the vertical separation lines on the original picture (the vertical light lines on Fig[4). We
use two layers for this packing, layer 1 for the processing of the full rows and layer 2 for the processing
of the incomplete ones. When the packing is achieved, the picture is composed of at most 3 connected
components (see Fig[5)). Clearly, there are at most two incomplete rows in layer 2.

TLTeTiT
Tttt

Figure 5: After the first pushing
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Step 2

We now want to balance the former full rows such that there will be at most one incomplete row at the
top of the picture. In order to do so, we move every cell of layer 1 according to the direction of their row,
until each cell is blocked (see Fig[6). Then we push the rows up to achieve our balancing (see Fig[7).
Note that there is now at most one incomplete row in layer 1.

TiTiTiTi
TiTiTiT
O P PR P
TiTiTiTi

Figure 6: First moving... Figure 7: ... Then pushing up

At last, we merge the two layers and we push the incomplete rows up, to obtain a picture such as the
one displayed on Fig[8] Now, we only have at most three incomplete rows on the picture (one from layer
1, and two from layer 2). Moreover, as we pushed them up, the number of black cells in those three rows
is decreasing from up to down.

Tt TdTd
Tt TdTd

Figure 8: At the end of step 2
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Step 3

We will now repeat the first half of Step 2, i.e. moving the cells according to their row and pushing them
up, until we obtain a picture in which there is at most one incomplete row. We will prove that only two
repetitions of these steps are enough to get such a picture.

Indeed, by construction the three incomplete rows are consecutive. Let us show that in this situation,
each execution of these steps either fills the uppermost row, or empties the lowermost, which will
conclude our proof :

Let n be the width of the rows, and n;,n;,n3 be the number of black cells in the uppermost (row 1),
middle (row 2) and lowermost row (row 3) respectively. We previously noted that n; > ny > ns.

Let us now suppose that row 1 has not been filled by the first execution of the algorithm. Since row 1
and row 2 are packed in opposite directions, that means n; +ny < n, consequently we must have n; < 3.
Since ny > n3 we also have n3 < %, which means there is enough room in row 2 for all the black cells of
row 3 to go up and therefore row three is empty after the first execution of the algorithm, QED.

Note that, in our example, a single repetition is enough to both fill the uppermost row and empty the
lowermost (see Fig[9]and [I0).

TLTLTLT
TLTLTLT
TLTLTLT

Figure 9: First moving... Figure 10: ... Then pushing up

We only have to pack the last incomplete row to the left to obtain a fully packed picture and conclude
the algorithm (see Fig[TT).

Complexity analysis

Each operation detailed in the previous part can be done in a time which is linear in the side length of
the square containing the sub-problem being processed. Therefore, we can merge four squared packed
pictures into a single one in a time linear in the side length of the resulting picture, thus implying that we
have solved the packing problem in linear time.

TLTLTLT
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Figure 11: The final picture

Final remarks

Notice that our algorithm can easily be generalized for rectangular pictures of size n x m, still in linear
time, which means O(n+ m). In that case, we will have to deal with possibly odd-sized computation
areas, and we will have to implement one of the two alternatives presented in the previous section. If we
choose the second one (i.e. the thick border), the number of extra cells to deal with will be linear in the
size of the sub-area being processed, and we can reasonably state that we can process them in linear time.

We are also convinced that it can be generalized to any d-dimensional cellular automata with any
d-dimensional input picture of size n X ny X - -+ X ng, still in linear time, i.e. O(n; +ny+--- +ny).

One may have noted that the linear time algorithm presented in [3] can be extended to preserve the
information stored on black cells. If g is the number of states of the initial automaton, such an extension
would need 294 states to be functional. Our algorithm only needs k x g states, where k is an intrinsic
constant of the algorithm.
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