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Systems Based on Constraints

In the course of this book we have looked at many different kinds of
systems. But in one respect all these systems have ultimately been set
up in the same basic way: they are all based on explicit rules that
specify how the system evolves from step to step.

In traditional science, however, it is common to consider systems
that are set up in a rather different way: instead of having explicit rules
for evolution, the systems are just given constraints to satisfy.

As a simple example, consider a line of cells in which each cell is
colored black or white, and in which the arrangement of colors is subject
to the constraint that every cell should have exactly one black and one
white neighbor. Knowing only this constraint gives no explicit procedure
for working out the color of each cell. And in fact it may at first not be
clear that there will be any arrangement of colors that can satisfy the
constraint. But it turns out that there is—as shown below.

A system consisting of a line of black and white cells whose form is defined by the constraint that
every cell should have exactly one black and one white neighbor. The pattern shown is the only
possible one that satisfies this constraint. The idea of implicitly determining the behavior of a system
by giving constraints that it must satisfy is common in traditional science and mathematics.

And having seen this picture, one might then imagine that there
must be many other patterns that would also satisfy the constraint.
After all, the constraint is local to neighboring cells, so one might
suppose that parts of the pattern sufficiently far apart should always be
independent. But in fact this is not true, and instead the system works a
bit like a puzzle in which there is only one way to fit in each piece. And
in the end it is only the perfectly repetitive pattern shown above that
can satisfy the required constraint at every cell.

Other constraints, however, can allow more freedom. Thus, for
example, with the constraint that every cell must have at least one
neighbor whose color is different from its own, any of the patterns in the
picture at the top of the facing page are allowed, as indeed is any pattern
that involves no more than two successive cells of the same color.
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A system consisting of a line of black and white cells whose form is defined by the constraint that
every cell should have at least one neighbor whose color is different from its own. There are many
possible arrangements of colors that satisfy this constraint. Some, like the first arrangement above,
look quite random. But others, like the second two arrangements above, are simple and repetitive. It
turns out that in a one-dimensional system no set of local constraints can force arrangements of
more complicated types.

But while the first arrangement of colors shown above looks
somewhat random, the last two are simple and purely repetitive.

So what about other choices of constraints? We have seen in this
book many examples of systems where simple sets of rules give rise to
highly complex behavior. But what about systems based on constraints?
Are there simple sets of constraints that can force complex patterns?

It turns out that in one-dimensional systems there are not. For in
one dimension it is possible to prove that any local set of constraints
that can be satisfied at all can always be satisfied by some simple and
purely repetitive arrangement of colors.

But what about two dimensions? The proof for one dimension
breaks down in two dimensions, and so it becomes at least conceivable
that a simple set of constraints could force a complex pattern to occur.

As a first example of a two-dimensional system, consider an array
of black and white cells in which the constraint is imposed that every
black cell should have exactly one black neighbor, and every white cell

should have exactly two white neighbors.

A system consisting of a grid of black and
white cells defined by the constraint that
every black cell should have exactly one
black neighbor among its four neighbors,
and every white cell should have exactly
two white neighbors. The infinite
repetitive pattern shown here, together
with its rotations and reflections, is the
only one that satisfies this constraint.
(The picture is assumed to wrap around
at each edge.) The pattern can be viewed
as a tessellation of 5 x 5 blocks of cells.
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As in one dimension, knowing the constraint does not
immediately provide a procedure for finding a pattern which satisfies it.
But a little experimentation reveals that the simple repetitive pattern

above satisfies the constraint, and in fact it is the only pattern to do so.
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Patterns satisfying constraints which specify that every black cell and every white cell must have a certain fixed number of black
and white neighbors. The blank rectangles in the upper right indicate constraints that cannot be satisfied by any pattern
whatsoever. Most of the constraints are satisfied by a single pattern, together with its rotations and reflections. In some cases,
two distinct patterns are possible, and in a few cases, an infinite set of patterns are possible. In all cases where the constraints can
be satisfied at all, a simple repetitive pattern nevertheless suffices.
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What about other constraints? The pictures on the facing page
show schematically what happens with constraints that require each
cell to have various numbers of black and white neighbors.

Several kinds of results are seen. In the two cases shown as blank
rectangles on the upper right, there are no patterns at all that satisfy the
constraints. But in every other case the constraints can be satisfied, though
typically by just one or sometimes two simple infinite repetitive patterns.
In the three cases shown in the center a whole range of mixtures of different
repetitive patterns are possible. But ultimately, in every case where some
pattern can work, a simple repetitive pattern is all that is needed.

So what about more complicated constraints? The pictures below
show examples based on constraints that require the local arrangement
of colors around every cell to match a fixed set of possible templates.
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Systems specified by the constraint that the local arrangement of colors around every cell must match
the fixed set of possible templates shown. Note that these templates apply to every cell, with
templates of neighboring cells overlapping. Pattern (a) can be viewed as formed from a tessellation of
5 x 10 blocks of cells; pattern (b) from a tessellation of 24 x 24 blocks. With the numbering scheme for
constraints used on the next two pages the cases shown here correspond to 1384774 and 328778790.

There are a total of 4,294,967,296 possible sets of such templates.
And of these, 766,979,044 lead to constraints that cannot be satisfied by
any pattern. But among the 3,527,988,252 that remain, it turns out that
every single one can be satisfied by a simple repetitive pattern. In fact the
number of different repetitive patterns that are ever needed is quite small:
if a particular constraint can be satisfied by any pattern, then one of the

set of 171 repetitive patterns on the next two pages is always sufficient.
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The complete collection of all 171 patterns needed to satisfy constraints of the type shown on the previous page. If none of these 171
patterns satisfy a particular constraint, then it follows that no pattern at all will satisfy the constraint. The patterns are labelled by
numbers which specify the minimal constraint which requires the given pattern. Patterns differing by overall reflection, rotation or

interchange of black and white are not shown.
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So how can one force more complex patterns to occur?

The basic answer is that one must extend at least slightly the
kinds of constraints that one considers. And one way to do this is to
require not only that the colors around each cell match a set of
templates, but also that a particular template from this set must appear
at least somewhere in the array of cells.

The pictures below show a few examples of patterns determined
by constraints of this kind. A typical feature is that the patterns are
divided into several separate regions, often emanating from some kind

of center. But at least in all the examples below, the patterns that occur

in each individual region are still simple and repetitive.

151828 86294 4670324 1428252506 1143305038

106389882 1125528937 339833662 375604536 1378162297

Examples of patterns produced by systems in which not only must the arrangement of colors in each neighborhood match one of a
fixed set of templates, but also a certain template from this set must occur at least once in the pattern. The constraints are numbered
as before, and in each picture the template that must occur is shown at the center. Constraint 11256528937 leads to a pattern that
repeats in 98 x 98 blocks. The last pattern shown is also repetitive, repeating every 56 cells on the diagonal.

So how can one find constraints that force more complex
patterns? To do so has been fairly difficult, and in fact has taken almost
as much computational effort as any other single result in this book.

The basic problem is that given a constraint it can be extremely
difficult to find out what pattern—if any—will satisfy the constraint.

In a system like a cellular automaton that is based on explicit

rules, it is always straightforward to take the rule and apply it to see
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what pattern is produced. But in a system that is based on constraints,
there is no such direct procedure, and instead one must in effect always
go outside of the system to work out what patterns can occur.

The most straightforward approach might just be to enumerate
every single possible pattern and then see which, if any, of them satisfy
a particular constraint. But in systems containing more than just a few
cells, the total number of possible patterns is absolutely astronomical,
and so enumerating them becomes completely impractical.

A more practical alternative is to build up patterns iteratively,
starting with a small region, and then adding new cells in essentially all
possible ways, at each stage backtracking if the constraint for the
system does not end up being satisfied.

The pictures on the next page show a few sequences of patterns
produced by this method. In some cases, there emerge quite quickly
simple repetitive patterns that satisfy the constraint. But in other
cases, a huge number of possibilities have to be examined in order to
find any suitable pattern.

And what if there is no pattern at all that can satisfy a particular
constraint? One might think that to demonstrate this would effectively
require examining every conceivable pattern on the infinite grid of
cells. But in fact, if one can show that there is no pattern that satisfies
the constraint in a limited region, then this proves that no pattern can
satisfy the constraint on the whole grid. And indeed for many
constraints, there are already quite small regions for which it is possible
to establish that no pattern can be found.

But occasionally, as in the third picture on the next page, one
runs into constraints that can be satisfied for regions containing
thousands of cells, but not for the whole grid. And to analyze such cases
inevitably requires examining huge numbers of possible patterns.

But with an appropriate collection of tricks, it is in the end
feasible to take almost any system of the type discussed here, and
determine what pattern, if any, satisfies its constraint.

So what kinds of patterns can be needed? In the vast majority of
cases, simple repetitive patterns, or mixtures of such patterns, are the
only ones that are needed.

CHAPTER 5
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Stages in finding patterns that satisfy constraints (a) 4670324, (b) 373384574, and (c) 387520105. Gray is
used to indicate cells whose colors have not yet been determined. The first stage shown in each case
corresponds to cells whose colors can be deduced immediately from the presence of a particular
template at the center. In case (a) choices for additional cells can be made straightforwardly, and an infinite
regular pattern can be built up without any backtracking. In case (b), many choices for additional cells have
to be tried, with much backtracking, and in the end the automatic procedure fails to find a repetitive
pattern. Nevertheless, as the last stage demonstrates, a repetitive pattern does in fact exist. In case (c),
the automatic procedure finds a fairly large and almost regular pattern that satisfies the constraints, but in
this case it turns out that no infinite pattern exists.

But if one systematically examines possible constraints in the
order shown on pages 214 and 215, then it turns out that after
examining more than 18 million of them, one finally discovers the
system shown on the facing page. And in this system, unlike all others
before it, no repetitive pattern is possible; the only pattern that satisfies
the constraint is the non-repetitive nested pattern shown in the picture.

After testing millions of constraints, and tens of billions of
candidate patterns, therefore, it is finally possible to establish that a
system based on simple constraints of the type discussed here can be

forced to exhibit behavior more complex than pure repetition.
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The simplest system based on constraints that is forced to
‘.5]‘[!j‘[:.‘[g.‘[i]‘%‘.ﬁ.‘.ﬂ]‘[i‘[ﬁ]‘[ﬁ.‘[ﬁ]‘ exhibit a non-repetitive pattern. The constraint requires that the

arrangement of colors around each cell must match one of the
12 templates shown, and that at least somewhere in the pattern a template containing a pair of stacked black cells must occur. In the
numbering scheme used on preceding pages, the constraint is number 18762389. The pattern shown is unique, in that no variations of
it, except for trivial translations, will satisfy the constraints. The nested structure on the diagonal essentially corresponds to a
progression of base 2 digit sequences for positive and negative numbers.
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What about still more complex behavior?

There are altogether 137,438,953,472 constraints of the type
shown on page 216. And of the millions of these that I have tested, none
have forced anything more complicated than the kind of nested
behavior seen on the previous page. But if one extends again the type of
constraints one considers, it turns out to become possible to construct
examples that force more complex behavior.

The idea is to set up templates that involve complete 3 x 3 blocks
of cells, including diagonal neighbors. The picture below then shows an
example of such a system, in which by allowing only a specific set of 33
templates, a nested pattern is forced to occur.
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An example of a system based on a constraint involving
3 x 3 templates of cells. In this particular system, only
the 33 templates shown above (out of the 512 possible
ones) are allowed to occur. This constraint, together
with the requirement that the first template must appear
at least somewhere, then turns out to force a nested
pattern to occur. The system shown was specifically
constructed in correspondence with the rule 60
elementary one-dimensional cellular automaton.

What about more complex patterns? Searches have not succeeded
in finding anything. But explicit construction, based on correspondence
with one-dimensional cellular automata, leads to the example shown at
the top of the facing page: a system with 56 allowed templates in which
the only pattern satisfying the constraint is a complex and largely

random one, derived from the rule 30 cellular automaton.
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A system based on a constraint, in which a complex and largely
random pattern is forced to occur. The constraint specifies that
only the 56 3 x 3 templates shown at left can occur anywhere in
the pattern, with the first template appearing at least once. The
pattern required to satisfy this constraint corresponds to a
shifted version of the one generated by the evolution of the rule
30 elementary one-dimensional cellular automaton.
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So finally this shows that it is indeed possible to force complex
behavior to occur in systems based on constraints. But from what we
have seen in this section such behavior appears to be quite rare: unlike
many of the simple rules that we have discussed in this book, it seems
that almost all simple constraints lead only to fairly simple patterns.

Any phenomenon based on rules can always ultimately also be
described in terms of constraints. But the results of this section indicate
that these descriptions can have to be fairly complicated for complex
behavior to occur. So the fact that traditional science and mathematics
tends to concentrate on equations that operate like constraints provides
yet another reason for their failure to identify the fundamental
phenomenon of complexity that I discuss in this book.
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