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Implications for Mathematics and Its Foundations

Much of what I have done in this book has been motivated by trying to
understand phenomena in nature. But the ideas that I have developed
are general enough that they do not apply just to nature. And indeed in
this section what I will do is to show that they can also be used to
provide important new insights on fundamental issues in mathematics.

At some rather abstract level one can immediately recognize a
basic similarity between nature and mathematics: for in nature one
knows that fairly simple underlying laws somehow lead to the rich and
complex behavior we see, while in mathematics the whole field is in a
sense based on the notion that fairly simple axioms like those on the
facing page can lead to all sorts of rich and complex results.

So where does this similarity come from? At first one might
think that it must be a consequence of nature somehow intrinsically
following mathematics. For certainly early in its history mathematics
was specifically set up to capture certain simple aspects of nature.

But one of the starting points for the science in this book is that
when it comes to more complex behavior mathematics has never in
fact done well at explaining most of what we see every day in nature.

Yet at some level there is still all sorts of complexity in
mathematics. And indeed if one looks at a presentation of almost any
piece of modern mathematics it will tend to seem quite complex. But
the point is that this complexity typically has no obvious relationship
to anything we see in nature. And in fact over the past century what has
been done in mathematics has mostly taken increasing pains to
distance itself from any particular correspondence with nature.

So this suggests that the overall similarity between mathematics
and nature must have a deeper origin. And what I believe is that in the
end it is just another consequence of the very general Principle of
Computational Equivalence that I discuss in this chapter.

For both mathematics and nature involve processes that can be
thought of as computations. And then the point is that all these
computations follow the Principle of Computational Equivalence, so
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Axiom systems for traditional mathematics. It is from the axiom systems on this page and the next that most of the millions
of theorems in the literature of mathematics have ultimately been derived. Note that in several cases axiom systems are
given here in much shorter forms than in standard mathematics textbooks. (See also the definitions on the next page.)
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Further axiom systems for traditional mathematics. The typical interpretations are relevant for applications, though not
for formal derivation of theorems. The last two axioms listed for set theory are usually considered optional.
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that they ultimately tend to be equivalent in their computational
sophistication—and thus show all sorts of similar phenomena.

And what we will see in this section is while some of these
phenomena correspond to known features of mathematics—such as
Godel’s Theorem—many have never successfully been recognized.

But just what basic processes are involved in mathematics?

Ever since antiquity mathematics has almost defined itself as
being concerned with finding theorems and giving their proofs. And in
any particular branch of mathematics a proof consists of a sequence of
steps ultimately based on axioms like those of the previous two pages.

The picture below gives a simple example of how this works in
basic logic. At the top right are axioms specifying certain fundamental
equivalences between logic expressions. A proof of the equivalence

p N g =qnp between logic expressions is then formed by applying these

CHAPTER

axioms in the particular sequence shown.
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Proof of the theorem (pAaqg)=(gap) on the basis of the
shorter set of axioms for logic from page 773. The symbol &
stands for NAND, sometimes known as Sheffer stroke. The
axioms given here do not immediately say whether NAND is
commutative (so that (pag)=(qap)). But the proof
demonstrates that in fact this follows from them. Note that the
proof uses the approach common in practical mathematics and
in Mathematica of doing direct structural substitutions for
terms—not the approach based on logical implications that has
traditionally been discussed in typical formal mathematical logic.
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In most kinds of mathematics there are all sorts of additional
details, particularly about how to determine which parts of one or more
previous expressions actually get used at each step in a proof. But much
as in our study of systems in nature, one can try to capture the essential
features of what can happen by using a simple idealized model.

And so for example one can imagine representing a step in a proof
just by a string of simple elements such as black and white squares. And
one can then consider the axioms of a system as defining possible
transformations from one sequence of these elements to another—just
like the rules in the multiway systems we discussed in Chapter 5.

The pictures below show how proofs of theorems work with this
setup. Each theorem defines a connection between strings, and proving
the theorem consists in finding a series of transformations—each

associated with an axiom—that lead from one string to another.

SN

Simple idealizations of proofs in mathematics. The rules on the left in effect correspond to axioms
that specify valid transformations between strings of black and white elements. The proofs above
then show how one string—say m—can be transformed into another—say comrm—by using the
axioms. Typically there are many different proofs that can be given of a particular theorem; here in
each case the ones shown are examples of the shortest possible proofs. The system shown is an
example of a general substitution system of the kind discussed on page 497. Note that the fifth
theorem w0 — W occurs in effect as a lemma in the second theorem o - mm.

But just as in the multiway systems in Chapter 5 one can also

consider an explicit process of evolution, in which one starts from a
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particular string, then at each successive step one applies all possible
transformations, so that in the end one builds up a whole network of
connections between strings, as in the pictures below.

O] (T (e .

(AN ) NN NN .

The result of applying the same transformations as on the facing page—but in all possible ways,
corresponding to the evolution of a multiway system that represents all possible theorems that can be
derived from the axioms. With the axioms used here, the total number of strings grows by a factor of
roughly 1.7 at each step; on the last steps shown there are altogether 237 and 973 strings respectively.

In a sense such a network can then be thought of as representing
the whole field of mathematics that can be derived from whatever set of
axioms one is using—with every connection between strings
corresponding to a theorem, and every possible path to a proof.

But can networks like the ones above really reflect mathematics
as it is actually practiced? For certainly the usual axioms in every
traditional area of mathematics are significantly more complicated than
any of the multiway system rules used above.

But just like in so many other cases in this book, it seems that
even systems whose underlying rules are remarkably simple are already
able to capture many of the essential features of mathematics.

An obvious observation in mathematics is that proofs can be

difficult to do. One might at first assume that any theorem that is easy

CHAPTER
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Three examples of multiway systems
that show the analog of long proofs. In
each case a string consisting of a single
white element is eventually generated—
but this takes respectively 12, 28 and 34
steps to happen. The first multiway
system actually generates all strings in
the end (not least since it yields the
lemmas = — mm and m - m)—and in fact
strings of length n>2 appear after at
most 2 n + 7 steps. The second multiway
system generates only the n+ 7 strings
where black comes before white—and
all of these strings appear after at most
7n steps. The third multiway system
generates a complicated collection of
strings; the numbers of lengths up to 8
are 1, 2, 4, 8, 14, 22, 34, 45. All the
strings generated have an even number
of black elements.
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to state will also be easy to prove. But experience suggests that this is
far from correct. And indeed there are all sorts of well-known
examples—such as Fermat’s Last Theorem and the Four-Color
Theorem—in which a theorem that is easy to state seems to require a
proof that is immensely long.

So is there an analog of this in multiway systems? It turns out
that often there is, and it is that even though a string may be short it
may nevertheless take a great many steps to reach.

If the rules for a multiway system always increase string length
then it is inevitable that any given string that is ever going to be generated
must appear after only a limited number of steps. But if the rules can both
increase and decrease string length the story is quite different, as the
picture on the facing page illustrates. And often one finds that even a
short string can take a rather large number of steps to produce.

But are all these steps really necessary? Or is it just that the rule
one has used is somehow inefficient, and there are other rules that
generate the short strings much more quickly?

Certainly one can take the rules for any multiway system and
add transformations that immediately generate particular short strings.
But the crucial point is that like so many other systems I have discussed
in this book there are many multiway systems that I suspect are
computationally irreducible—so that there is no way to shortcut their
evolution, and no general way to generate their short strings quickly.

And what I believe is that essentially the same phenomenon
operates in almost every area of mathematics. Just like in multiway
systems, one can always add axioms to make it easier to prove
particular theorems. But I suspect that ultimately there is almost
always computational irreducibility, and this makes it essentially
inevitable that there will be short theorems that only allow long proofs.

In the previous section we saw that computational irreducibility
tends to make infinite questions undecidable. So for example the
question of whether a particular string will ever be generated in the
evolution of a multiway system—regardless of how long one waits—is

in general undecidable. And similarly it can be undecidable whether

CHAPTER
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any proof—regardless of length—exists for a specific result in a
mathematical system with particular axioms.

So what are the implications of this?

Probably the most striking arise when one tries to apply
traditional ideas of logic—and particularly notions of true and false.

The way I have set things up, one can find all the statements that
can be proved true in a particular axiom system just by starting with an
expression that represents “true” and then using the rules of the axiom
system, as in the picture on the facing page.

In a multiway system, one can imagine identifying “true” with a
string consisting of a single black element. And this would mean that
every string in networks like the ones below should correspond to a
statement that can be proved true in the axiom system used.

[ [ [ ]

m | | E\I
IS

W ] WO [ mnll w - s | Om mm

A o Nle

Multiway systems starting from a single black element that represents TRUE. All strings that appear can be thought of as statements
that are true according to the axioms represented by the multiway system rules. One can take negation to be the operation that
interchanges black and white. This then means that the first multiway system represents an inconsistent axiom system, since on
step 2, both tm and its negation i appear. The other two multiway systems are consistent, so that they never generate both a string
and its negation. The third one, however, is incomplete, since for example it never generates either rm or its negation mm. The second
one, however, is both complete and consistent: it generates all strings that begin with m, but none that begin with .

But is this really reasonable? In traditional logic there is always
an operation of negation which takes any true statement, and makes it
into a false one, and vice versa. And in a multiway system, one possible
way negation might work is just to reverse the colors of the elements in
a string. But this then leads to a problem in the first picture above.

For the picture implies that both mm and its negation m= can be
proved to be true statements. But this cannot be correct. And so what
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The network of statements that can be proved true using the axiom system for logic from page 775. pa(pap) is the simplest
representation for TRUE when logic is set up using the NAND operator 7 . Each arrow indicates an equivalence established by applying a
single axiom. On each row only statements that have not appeared before are given. The statements are sorted so that the simplest are
first. Note that some fairly simple statements do not show up for at least several rows. The total number of statements on successive
rows grows faster than exponentially; for the first few it is 1, 6, 91, 2180, 76138. If continued forever the network would eventually
include all possible true statements (tautologies) of logic (see also page 818). Other simple axiom systems for logic like those on page
808 yield networks similar to the one shown.

this means is that with the setup used the underlying axiom system is
inconsistent. So what about the other multiway systems on the facing
page? At least with the strings one can see in the pictures there are no
inconsistencies. But what about with longer strings? For the particular
rules shown it is fairly easy to demonstrate that there are never
inconsistencies. But in general it is not possible to do this, for after
some given string has appeared, it can for example be undecidable
whether the negation of that particular string ever appears.

So what about the axiom systems normally used in actual
mathematics? None of those on pages 773 and 774 appear to be
inconsistent. And what this means is that the set of statements that can
be proved true will never overlap with the set that can be proved false.

But can every possible statement that one might expect to be true
or false actually in the end be proved either true or false?
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In the early 1900s it was widely believed that this would
effectively be the case in all reasonable mathematical axiom systems.
For at the time there seemed to be no limit to the power of
mathematics, and no end to the theorems that could be proved.

But this all changed in 1931 when Godel’s Theorem showed that
at least in any finitely-specified axiom system containing standard
arithmetic there must inevitably be statements that cannot be proved
either true or false using the rules of the axiom system.

This was a great shock to existing thinking about the foundations
of mathematics. And indeed to this day Godel’s Theorem has continued
to be widely regarded as a surprising and rather mysterious result.

But the discoveries in this book finally begin to make it seem
inevitable and actually almost obvious. For it turns out that at some
level it can be viewed as just yet another consequence of the very
general Principle of Computational Equivalence.

So what is the analog of Godel’s Theorem for multiway systems?
Given the setup on page 780 one can ask whether a particular multiway
system is complete in the sense that for every possible string the
system eventually generates either that string or its negation.

And one can see that in fact the third multiway system is
incomplete, since by following its rules one can never for example
generate either rm or its negation mm. But what if one extends the rules by
adding more transformations, corresponding to more axioms? Can one
always in the end make the system complete?

If one is not quite careful, one will generate too many strings, and
inevitably get inconsistencies where both a string and its negation
appear, as in the second picture on the facing page. But at least if one
only has to worry about a limited number of steps, it is always possible
to set things up so as to get a system that is both complete and
consistent, as in the third picture on the facing page.

And in fact in the particular case shown on the facing page it is
fairly straightforward to find rules that make the system always
complete and consistent. But knowing how to do this requires having
behavior that is in a sense simple enough that one can foresee every
aspect of it.
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The effect of adding transformations to the rules for a multiway system. The first multiway system is incomplete, in the sense that
for some strings, it generates neither the string nor its negation. The second multiway system yields more strings—but
introduces inconsistency, since it can generate both o and its negation mm. The third multiway system is however both

complete and consistent: for every string it eventually generates either that string or its negation.

Yet if a system is computationally irreducible this will inevitably
not be possible. For at any point the system will always in effect be able
to do more things that one did not expect. And this means that in
general one will not be able to construct a finite set of axioms that can
be guaranteed to lead to ultimate completeness and consistency.

And in fact it turns out that as soon as the question of whether a
particular string can ever be reached is undecidable it immediately
follows that there must be either incompleteness or inconsistency. For
to say that such a question is undecidable is to say that it cannot in
general be answered by any procedure that is guaranteed to finish.

But if one had a system that was complete and consistent then it
is easy to come up with such a procedure: one just runs the system until
either one reaches the string one is looking for or one reaches its
negation. For the completeness of the system guarantees that one must
always reach one or the other, while its consistency implies that
reaching one allows one to conclude that one will never reach the other.

So the result of this is that if the evolution of a multiway system
is computationally irreducible—so that questions about its ultimate
behavior are undecidable—the system cannot be both complete and
consistent. And if one assumes consistency then it follows that there

must be strings where neither the string nor its negation can be

12
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reached—corresponding to the fact that statements must exist that
cannot be proved either true or false from a given set of axioms.

But what does it take to establish that such incompleteness will
actually occur in a specific system?

The basic way to do it is to show that the system is universal.

But what exactly does universality mean for something like an
axiom system? In effect what it means is that any question about the
behavior of any other universal system can be encoded as a statement in
the axiom system—and if the answer to the question can be established
by watching the evolution of the other universal system for any finite
number of steps then it must also be able to be established by giving a
proof of finite length in the axiom system.

So what axiom systems in mathematics are then universal?

Basic logic is not, since at least in principle one can always
determine the truth of any statement in this system by the finite—if
perhaps exponentially long—procedure of trying all possible
combinations of truth values for the variables that appear in it.

And essentially the same turns out to be the case for pure
predicate logic, in which one just formally adds “for all” and “there
exists” constructs. But as soon as one also puts in an abstract function
or relation with more than one argument, one gets universality.

And indeed the basis for Godel’s Theorem is the result that the
standard axioms for basic integer arithmetic support universality.

Set theory and several other standard axiom systems can readily be
made to reproduce arithmetic, and are therefore also universal. And the
same is true of group theory and other algebraic systems like ring theory.

If one puts enough constraints on the axioms one uses, one can
eventually prevent universality—and in fact this happens for
commutative group theory, and for the simplified versions of both real
algebra and geometry on pages 773 and 774.

But of the axiom systems actually used in current mathematics
research every single one is now known to be universal.

From page 773 we can see that many of these axiom systems can

be stated in quite simple ways. And in the past it might have seemed
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hard to believe that systems this simple could ever be universal, and
thus in a sense be able to emulate essentially any system.

But from the discoveries in this book this now seems almost
inevitable. And indeed the Principle of Computational Equivalence
implies that beyond some low threshold almost any axiom system
should be expected to be universal.

So how does universality actually work in the case of arithmetic?

One approach is illustrated in the picture on the next page. The idea
is to set up an arithmetic statement that can be proved true if the evolution
of a cellular automaton from a given initial condition makes a given cell be
a given color at a given step, and can be proved false if it does not.

By changing numbers in this arithmetic statement one can then
in effect sample different aspects of the cellular automaton evolution.
And with the cellular automaton being a universal one such as rule 110
this implies that the axioms of arithmetic can support universality.

Such universality then implies Godel’s Theorem and shows that
there must exist statements about arithmetic that cannot ever be
proved true or false from its normal axioms.

So what are some examples of such statements?

The original proof of Godel’s Theorem was based on considering
the particular self-referential statement “this statement is unprovable”.

At first it does not seem obvious that such a statement could ever
be set up as a statement in arithmetic. But if it could then one can see
that it would immediately follow that—as the statement says—it
cannot be proved, since otherwise there would be an inconsistency.

And in fact the main technical difficulty in the original proof of
Godel’s Theorem had to do with showing—Dby doing what amounted to
establishing the universality of arithmetic—that the statement could
indeed meaningfully be encoded as a statement purely in arithmetic.

But at least with the original encoding used, the statement would
be astronomically long if written out in the notation of page 773. And
from this result, one might imagine that unprovability would never be
relevant in any practical situation in mathematics.

But does one really need to have such a complicated statement in
order for it to be unprovable from the axioms of arithmetic?
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Xg 6 Xg 412 Xg 400504 Xg 6471934448 Xg 2063666612208
Xg 0 X9 0 Xg 32 Xg 32768 Xg 805306880
X10 0 X10 0 X10 32 X10 32768 X10 805306880
X11 12 | | x11 824 X11 801008 X11 12943868896 X11 4127333224416
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Universality in arithmetic, illustrated by an integer equation whose solutions in effect emulate the rule 110 universal cellular
automaton from Chapter 11. The equation has many solutions, but all of them satisfy the constraint that the variables x, through x,
must encode possible initial conditions and evolution histories for rule 110. If one fills in fixed values for x; , x, and x;, then only one
value for x, is ever possible—corresponding to the evolution history of rule 110 for x; steps starting from a width x; initial condition
given by the digit sequence of x, . In general any statement about the possible behavior of rule 110 can be encoded as a statement
in arithmetic about solutions to the equation. So for example if one fills in values for x;, x, and x,, but not x;, then the statement
that the equation has no solution for any x; corresponds to a statement that rule 110 can never exhibit certain behavior, even after
any number of steps. But the universality of rule 110 implies that such statements must in general be undecidable. So from this it
follows that in at least some instances the axioms of arithmetic can never be used to give a finite proof of whether or not the
statement is true. The construction shown here can be viewed as providing a simple proof of Godel's Theorem on the existence of
unprovable statements in arithmetic. Note that the equation shown is a so-called exponential Diophantine one, in which some
variables appear in exponents. At the cost of considerably more complication—and using for example 2154 variables—it is possible
to avoid this. The equation above can however already be viewed as capturing the essence of what is needed to demonstrate the
general unsolvability of Diophantine equations and Hilbert’s Tenth Problem.
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Over the past seventy years a few simpler examples have been
constructed—mostly with no obviously self-referential character.

But usually these examples have involved rather sophisticated
and obscure mathematical constructs—most often functions that are
somehow set up to grow extremely rapidly. Yet at least in principle
there should be examples that can be constructed based just on
statements that no solutions exist to particular integer equations.

If an integer equation such as x* = y + 12 has a definite solution
such as x =47, y =13 in terms of particular finite integers then this
fact can certainly be proved using the axioms of arithmetic. For it takes
only a finite calculation to check the solution, and this very calculation
can always in effect be thought of as a proof.

But what if the equation has no solutions? To test this explicitly
one would have to look at an infinite number of possible integers. But
the point is that even so, there can still potentially be a finite
mathematical proof that none of these integers will work.

And sometimes the proof may be straightforward—say being
based on showing that one side of the equation is always odd while the
other is always even. In other cases the proof may be more difficult—
say being based on establishing some large maximum size for a
solution, then checking all integers up to that size.

And the point is that in general there may in fact be absolutely no
proof that can be given in terms of the normal axioms of arithmetic.

So how can one see this?

The picture on the facing page shows that one can construct an
integer equation whose solutions represent the behavior of a system
like a cellular automaton. And the way this works is that for example
one variable in the equation gives the number of steps of evolution,
while another gives the outcome after that number of steps.

So with this setup, one can specify the number of steps, then
solve for the outcome after that number of steps. But what if for
example one instead specifies an outcome, then tries to find a solution
for the number of steps at which this outcome occurs?

If in general one was able to tell whether such a solution exists

then it would mean that one could always answer the question of
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whether, say, a particular pattern would ever die out in the evolution of
a given cellular automaton. But from the discussion of the previous
section we know that this in general is undecidable.

So it follows that it must be undecidable whether a given integer
equation of some particular general form has a solution. And from the
arguments above this in turn implies that there must be specific integer
equations that have no solutions but where this fact cannot be proved
from the normal axioms of arithmetic.

So how ultimately can this happen?

At some level it is a consequence of the involvement of infinity.
For at least in a universal system like arithmetic any question that is
entirely finite can in the end always be answered by a finite procedure.

But what about questions that somehow ask, say, about infinite
numbers of possible integers? To have a finite way to address questions
like these is often in the end the main justification for setting up typical
mathematical axiom systems in the first place.

For the point is that instead of handling objects like integers
directly, axiom systems can just give abstract rules for manipulating
statements about them. And within such statements one can refer, say,
to infinite sets of integers just by a symbol like s.

And particularly over the past century there have been many
successes in mathematics that can be attributed to this basic kind of
approach. But the remarkable fact that follows from Gédel’s Theorem is
that whatever one does there will always be cases where the approach
must ultimately fail. And it turns out that the reason for this is
essentially the phenomenon of computational irreducibility.

For while simple infinite quantities like 1/9 or the total number
of integers can readily be summarized in finite ways—often just by
using symbols like co and 8,—the same is not in general true of all
infinite processes. And in particular if an infinite process is
computationally irreducible then there cannot in general be any useful
finite summary of what it does—since the existence of such a summary
would imply computational reducibility.
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So among other things this means that there will inevitably be
questions that finite proofs based on axioms that operate within
ordinary computational systems will never in general be able to answer.

And indeed with integer equations, as soon as one has a general
equation that is universal, it typically follows that there will be specific
instances in which the absence of solutions—or at least of solutions of
some particular kind—can never be proved on the basis of the normal
axioms of arithmetic.

For several decades it has been known that universal integer
equations exist. But the examples that have actually been constructed
are quite complicated—like the one on page 786—with the simplest
involving 9 variables and an immense number of terms.

Yet from the discoveries in this book I am quite certain that there
are vastly simpler examples that exist—so that in fact there are in the
end rather simple integer equations for which the absence of solutions
can never be proved from the normal axioms of arithmetic.

If one just starts looking at sequences of integer equations—as on
the next page—then in the very simplest cases it is usually fairly easy to
tell whether a particular equation will have any solutions. But this
rapidly becomes very much more difficult. For there is often no obvious
pattern to which equations ultimately have solutions and which do not.
And even when equations do have solutions, the integers involved can
be quite large. So, for example, the smallest solution to x* = 61 y* + 1 is
x=1766319049, y=226153980, while the smallest solution to
x> +y> =722 +2isx=1214928, y = 3480205, 7 = 3528875.

Integer equations such as ax+ by +cz=d that have only linear
dependence on any variable were largely understood even in antiquity.
Quadratic equations in two variables such as x*=ay*+b were
understood by the 1800s. But even equations such as x* = a y> + b were
not properly understood until the 1980s. And with equations that have
higher powers or more variables questions of whether solutions exist
quickly end up being unsolved problems of number theory.

It has certainly been known for centuries that there are questions
about integer equations and other aspects of number theory that are
easy to state, yet seem very hard to answer. But in practice it has almost
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universally been assumed that with the continued development of
mathematics any of these questions could in the end be answered.

However, what Godel’s Theorem shows is that there must always
exist some questions that cannot ever be answered using the normal
axioms of arithmetic. Yet the fact that the few known explicit examples
have been extremely complicated has made this seem somehow
fundamentally irrelevant for the actual practice of mathematics.

But from the discoveries in this book it now seems quite certain
that vastly simpler examples also exist. And it is my strong suspicion
that in fact of all the current unsolved problems seriously studied in
number theory a fair fraction will in the end turn out to be questions
that cannot ever be answered using the normal axioms of arithmetic.

If one looks at recent work in number theory, most of it tends to
be based on rather sophisticated methods that do not obviously depend
only on the normal axioms of arithmetic. And for example the elaborate
proof of Fermat’s Last Theorem that has been developed may make at
least some use of axioms that come from fields like set theory and go
beyond the normal ones for arithmetic.

But so long as one stays within, say, the standard axiom systems
of mathematics on pages 773 and 774, and does not in effect just end up
implicitly adding as an axiom whatever result one is trying to prove, my
strong suspicion is that one will ultimately never be able to go much
further than one can purely with the normal axioms of arithmetic.

And indeed from the Principle of Computational Equivalence I
strongly believe that in general undecidability and unprovability will
start to occur in practically any area of mathematics almost as soon as
one goes beyond the level of questions that are always easy to answer.

But if this is so, why then has mathematics managed to get as far
as it has? Certainly there are problems in mathematics that have
remained unsolved for long periods of time. And I suspect that many of
these will in fact in the end turn out to involve undecidability and

4 Smallest solutions for various sequences of integer (or so-called Diophantine) equations. o indicates
that it can be proved that no solution exists. A blank indicates that | know only that no solution exists
below a billion. Methods for resolving some of the equations in the first column were known in
antiquity; all had been resolved by the 1800s. Practical methods for resolving the so-called elliptic curve
equations in the second column were developed only in the 1980s. No general methods are yet known
for most of the other equations given—and some classes of them may in fact show undecidability.
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unprovability. But the issue remains why such phenomena have not
been much more obvious in everyday work in mathematics.

At some level I suspect the reason is quite straightforward: it is
that like most other fields of human inquiry mathematics has tended to
define itself to be concerned with just those questions that its methods
can successfully address. And since the main methods traditionally
used in mathematics have revolved around doing proofs, questions that
involve undecidability and unprovability have inevitably been avoided.

But can this really be right? For at least in the past century
mathematics has consistently given the impression that it is concerned
with questions that are somehow as arbitrary and general as possible.

But one of the important conclusions from what I have done in
this book is that this is far from correct. And indeed for example
traditional mathematics has for the most part never even considered
most of the kinds of systems that I discuss in this book—even though
they are based on some of the very simplest rules possible.

So how has this happened? The main point, I believe, is that in
both the systems it studies and the questions it asks mathematics is
much more a product of its history than is usually realized.

And in fact particularly compared to what I do in this book the
vast majority of mathematics practiced today still seems to follow
remarkably closely the traditions of arithmetic and geometry that
already existed even in Babylonian times.

It is a fairly recent notion that mathematics should even try to
address arbitrary or general systems. For until not much more than a
century ago mathematics viewed itself essentially just as providing a
precise formulation of certain aspects of everyday experience—mainly
those related to number and space.

But in the 1800s, with developments such as non-Euclidean
geometry, quaternions, group theory and transfinite numbers it began
to be assumed that the discipline of mathematics could successfully be
applied to any abstract system, however arbitrary or general.

Yet if one looks at the types of systems that are actually studied
in mathematics they continue even to this day to be far from as general
as possible. Indeed at some level most of them can be viewed as having
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been arrived at by the single rather specific approach of starting from
some known set of theorems, then trying to find systems that are
progressively more general, yet still manage to satisfy these theorems.

And given this approach, it tends to be the case that the questions
that are considered interesting are ones that revolve around whatever
theorems a system was set up to satisfy—making it rather likely that
these questions can themselves be addressed by similar theorems,
without any confrontation with undecidability or unprovability.

But what if one looks at other kinds of systems?

One of the main things I have done in this book is in a sense to
introduce a new approach to generalization in which one considers
systems that have simple but completely arbitrary rules—and that are
not set up with any constraint about what theorems they should satisfy.

But if one has such a system, how does one decide what questions
are interesting to ask about it? Without the guidance of known
theorems, the obvious thing to do is just to look explicitly at how the
system behaves—perhaps by making some kind of picture.

And if one does this, then what I have found is that one is usually
immediately led to ask questions that run into phenomena like
undecidability. Indeed, from my experiments it seems that almost as
soon as one leaves behind the constraints of mathematical tradition
undecidability and unprovability become rather common.

As the picture on the next page indicates, it is quite straightforward
to set up an axiom system that deals with logical statements about a
system like a cellular automaton. And within such an axiom system one
can ask questions such as whether the cellular automaton will ever
behave in a particular way after any number of steps.

But as we saw in the previous section, such questions are in
general undecidable. And what this means is that there will inevitably
be cases of them for which no proof of a particular answer can ever be
given within whatever axiom system one is using.

So from this one might conclude that as soon as one looks at
cellular automata or other kinds of systems beyond those normally
studied in mathematics it must immediately become effectively
impossible to make progress using traditional mathematical methods.
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(‘(D,D,l)‘O(D,I,D))o(DOI,D,D)‘
|11

‘(IO(D,I,D)‘)O(DOI,D,D)‘

10

(mom)o

makes the assertion that the outcome after one
step of evolution from a single black cell has a
particular form. A proof of this statement is
shown to the left. All the statements in the top
block above can be proved true from the axiom
system. The statement at the bottom, however,
cannot be proved either true or false. The axioms
given are set up using predicate logic.

But in fact, in the fifteen years or so since I first emphasized the
importance of cellular automata all sorts of traditional mathematical
work has actually been done on them. So how has this been possible?

The basic point is that the work has tended to concentrate on
particular aspects of cellular automata that are simple enough to avoid
undecidability and unprovability. And typically it has achieved this in
one of two ways: either by considering only very specific cases that
have been observed or constructed to be simple, or by looking at things
in so much generality that only rather simple properties ever survive.

So for example when presented with the 256 elementary cellular
automaton patterns shown on page 55 mathematicians in my
experience have two common responses: either to single out specific
patterns that have a simple repetitive or perhaps nested form, or to
generalize and look not at individual patterns, but rather at aggregate
properties obtained say by evolving from all possible initial conditions.

And about questions that concern, for example, the structure of a
pattern that looks to us complex, the almost universal reaction is that
such questions can somehow not be of any real mathematical interest.

Needless to say, in the framework of the new kind of science in

this book, such questions are now of great interest. And my results
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suggest that if one is ever going to study many important phenomena
that occur in nature one will also inevitably run into them. But to
traditional mathematics they seem uninteresting and quite alien.

As T said above, it is at some level not surprising that questions
will be considered interesting in a particular field only if the methods of
that field can say something useful about them. But this I believe is
ultimately why there have historically been so few signs of
undecidability or unprovability in mathematics. For any kinds of
questions in which such phenomena appear are usually not amenable to
standard methods of mathematics based on proof, and as a result such
questions have inevitably been viewed as being outside what should be
considered interesting for mathematics.

So how then can one set up a reasonable idealization for
mathematics as it is actually practiced? The first step—much as I
discussed earlier in this section—is to think not so much about systems
that might be described by mathematics as about the internal processes
associated with proof that go on inside mathematics.

A proof must ultimately be based on an axiom system, and one
might have imagined that over the course of time mathematics would
have sampled a wide range of possible axiom systems. But in fact in its
historical development mathematics has normally stuck to only rather
few such systems—each one corresponding essentially to some
identifiable field of mathematics, and most given on pages 773 and 774.

So what then happens if one looks at all possible simple axiom
systems—much as we looked, say, at all possible simple cellular
automata earlier in this book? To what extent does what one sees
capture the features of mathematics? With axiom systems idealized as
multiway systems the pictures on the next page show some results.

In some cases the total number of theorems that can ever be
proved is limited. But often the number of theorems increases rapidly
with the length of proof—and in most cases an infinite number of
theorems can eventually be proved. And given experience with
mathematics an obvious question to ask in such cases is to what extent

the system is consistent, or complete, or both.
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Plots showing which possible strings get generated in the first 15 steps of evolution in various multiway systems. Each string that is
generated can be thought of as a theorem derived from the set of axioms represented by the rules of the multiway system. A dot
shows at which step a given string first appears—and indicates the shortest proof of the theorem that string represents. In most cases,
many strings are never produced—so that there are many possible statements that simply do not follow from the axioms given. Thus
for example in first case shown only strings containing nothing but black elements are ever produced.

But to formulate such a question in a meaningful way one needs a
notion of negation. In general, negation is just some operation that
takes a string and yields another, giving back the original if it is applied
a second time. Earlier in this section we discussed cases in which
negation simply reverses the color of each element in a string. And as a
generalization of this one can consider cases in which negation can be
any operation that preserves lengths of strings.

And in this case it turns out that the criterion for whether a

system is complete and consistent is simply that exactly half the
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possible strings of a given length are eventually generated if one starts
from the string representing “true”.

For if more than half the strings are generated, then somewhere
both a string and its negation would have to appear, implying that the
system must be inconsistent. And similarly, if less than half the strings
are generated, there must be some string for which neither that string
nor its negation ever appear, implying that the system is incomplete.

The pictures on the next page show the fractions of strings of
given lengths that are generated on successive steps in various multiway
systems. In general one might have to wait an arbitrarily large number
of steps to find out whether a given string will ever be generated. But in
practice after just a few steps one already seems to get a reasonable
indication of the overall fraction of strings that will ever be generated.

And what one sees is that there is a broad distribution: from cases
in which very few strings can be generated—corresponding to a very
incomplete axiom system—to cases in which all or almost all strings
can be generated—corresponding to a very inconsistent axiom system.

So where in this distribution do the typical axiom systems of
ordinary mathematics lie? Presumably none are inconsistent. And a
few—Ilike basic logic and real algebra—are both complete and
consistent, so that in effect they lie right in the middle of the
distribution. But most are known to be incomplete. And as we
discussed above, this is inevitable as soon as universality is present.

But just how incomplete are they? The answer, it seems, is
typically not very. For if one looks at axiom systems that are widely
used in mathematics they almost all tend to be complete enough to
prove at least a fair fraction of statements either true or false.

So why should this be? T suspect that it has to do with the fact
that in mathematics one usually wants axiom systems that one can
think of as somehow describing definite kinds of objects—about which
one then expects to be able to establish all sorts of definite statements.

And certainly if one looks at the history of mathematics most
basic axiom systems have been arrived at by starting with objects—
such as finite integers or finite sets—then trying to find collections of
axioms that somehow capture the relevant properties of these objects.
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Examples of multiway systems that generate different fractions of possible strings, and in effect range from being highly incomplete
to highly inconsistent. The plots show what fraction of strings of a given length have been produced by each of the first 25 steps in
the evolution of each multiway system. If less than half the strings of a given length are ever produced, this means that there must
be some strings where neither the string nor its negation can be proved, indicating incompleteness. But if more than half the strings
are produced, there must be cases where both a string and its negation can be proved, indicating inconsistency. Rules (f) through (i),
however, produce exactly half the strings of any given length, and can be considered complete and consistent.
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But one feature is that normally the resulting axiom system is in a
sense more general than the objects one started from. And this is why for
example one can often use the axiom system to extrapolate to infinite
situations. But it also means that it is not clear whether the axiom system
actually describes only the objects one wants—or whether for example it
also describes all sorts of other quite different objects.

One can think of an axiom system—say one of those listed on
pages 773 and 774—as giving a set of constraints that any object it
describes must satisfy. But as we saw in Chapter 5, it is often possible to
satisfy a single set of constraints in several quite different ways.

And when this happens in an axiom system it typically indicates
incompleteness. For as soon as there are just two objects that both
satisfy the constraints but for which there is some statement that is
true about one but false about the other it immediately follows that at
least this statement cannot consistently be proved true or false, and
that therefore the axiom system must be incomplete.

One might imagine that if one were to add more axioms to an
axiom system one could always in the end force there to be only one
kind of object that would satisfy the constraints of the system. But as
we saw earlier, as soon as there is universality it is normally impossible
to avoid incompleteness. And if an axiom system is incomplete there
must inevitably be different kinds of objects that satisfy its constraints.
For given any statement that cannot be proved from the axioms there
must be distinct objects for which it is true, and for which it is false.

If an axiom system is far from complete—so that a large fraction
of statements cannot be proved true or false—then there will typically
be many different kinds of objects that are easy to specify and all satisfy
the constraints of the system but for which there are fairly obvious
properties that differ. But if an axiom system is close to complete—so
that the vast majority of statements can be proved true or false—then it
is almost inevitable that the different kinds of objects that satisfy its
constraints must differ only in obscure ways.

And this is presumably the case in the standard axiom system for
arithmetic from page 773. Originally this axiom system was intended to
describe just ordinary integers. But Godel’s Theorem showed that it is
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incomplete, so that there must be more than one kind of object that can
satisfy its constraints. Yet it is rather close to being complete—since as
we saw earlier one has to go through at least millions of statements
before finding ones that it cannot prove true or false.

And this means that even though there are objects other than the
ordinary integers that satisfy the standard axioms of arithmetic, they
are quite obscure—in fact, so much so that none have ever yet actually
been constructed with any real degree of explicitness. And this is why it
has been reasonable to think of the standard axiom system of
arithmetic as being basically just about ordinary integers.

But if instead of this standard axiom system one uses the reduced
axiom system from page 773—in which the usual axiom for induction
has been weakened—then the story is quite different. There is again
incompleteness, but now there is much more of it, for even statements
as simple as x+ y =y +x and x+ 0 = x cannot be proved true or false
from the axioms. And while ordinary integers still satisfy all the
constraints, the system is sufficiently incomplete that all sorts of other
objects with quite different properties also do. So this means that the
system is in a sense no longer about any very definite kind of
mathematical object—and presumably that is why it is not used in
practice in mathematics.

At this juncture it should perhaps be mentioned that in their raw
form quite a few well-known axiom systems from mathematics are
actually also far from complete. An example of this is the axiom system
for group theory given on page 773. But the point is that this axiom
system represents in a sense just the beginning of group theory. For it
yields only those theorems that hold abstractly for any group.

Yet in doing group theory in practice one normally adds axioms
that in effect constrain one to be dealing say with a specific group rather
than with all possible groups. And the result of this is that once again
one typically has an axiom system that is at least close to complete.

In basic arithmetic and also usually in fields like group theory the
underlying objects that one imagines describing can at some level be
manipulated—and understood—in fairly concrete ways. But in a field
like set theory this is less true. Yet even in this case an attempt has
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historically been made to get an axiom system that somehow describes
definite kinds of objects. But now the main way this has been done is by
progressively adding axioms so as to get closer to having a system that
is complete—with only a rather vague notion of just what underlying
objects one is really expecting to describe.

In studying basic processes of proof multiway systems seem to do
well as minimal idealizations. But if one wants to study axiom systems
that potentially describe definite objects it seems to be somewhat more
convenient to use what I call operator systems. And indeed the version
of logic used on page 775—as well as many of the axiom systems on
pages 773 and 774—are already set up essentially as operator systems.

The basic idea of an operator system is to work with expressions
such as (pog)o((ger)ep) built up using some operator o, and then to
consider for example what equivalences may exist between such
expressions. If one has an operator whose values are given by some finite
table then it is always straightforward to determine whether expressions
are equivalent. For all one need do, as in the pictures at the top of the next
page, is to evaluate the expressions for all possible values of each variable,
and then to see whether the patterns of results one gets are the same.

And in this way one can readily tell, for example, that the first
operator shown is idempotent, so that pop = p, while both the first two
operators are associative, so that (peg)or = po(ger), and all but the third
operator are commutative, so that peq = gop. And in principle one can
use this method to establish any equivalence that exists between any
expressions with an operator of any specific form.

But the crucial idea that underlies the traditional approach to
mathematical proof is that one should also be able to deduce such
results just by manipulating expressions in purely symbolic form, using
the rules of an axiom system, without ever having to do anything like
filling in explicit values of variables.

And one advantage of this approach is that at least in principle it
allows one to handle operators—like those found in many areas of
mathematics—that are not based on finite tables. But even for operators
given by finite tables it is often difficult to find axiom systems that can
successfully reproduce all the results for a particular operator.
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Values of expressions obtained by using operators of various forms. For each expression the sequence of values
for every possible combination of values of variables is shown. Two expressions are equivalent when this
sequence of values is the same. With black and white interpreted as TRUE and FALSE, the forms of operators
shown here correspond respectively to AND, EQUAL, IMPLIES and NAND. (The first argument to each operator is
shown on the left; the second on top.) The arrays of values generated can be thought of as being like truth tables.

With the way I have set things up, any axiom system is itself just
a collection of equivalence results. So the question is then which
equivalence results need to be included in the axiom system in order
that all other equivalence results can be deduced just from these.

In general this can be undecidable—for there is no limit on how
long even a single proof might need to be. But in some cases it turns out
to be possible to establish that a particular set of axioms can
successfully generate all equivalence results for a given operator—and
indeed the picture at the top of the facing page shows examples of this
for each of the four operators in the picture above.

So if two expressions are equivalent then by applying the rules of
the appropriate axiom system it must be possible to get from one to the
other—and in fact the picture on page 775 shows an example of how
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ao(as(bec)) =be(be(acc))]

CHAPTER

Axiom systems that can be used to derive all the
equivalences between expressions that involve
operators with the forms shown. Each axiom can be
applied in either direction—as in the picture on page
775, with each variable standing for any expression, as
in a Mathematica pattern. The operators shown are
AND, EQUAL, IMPLIES and NAND. They yield respectively
junctional,  equivalential, implicational and  full
propositional or sentential calculus (ordinary logic).

this can be done for the fourth axiom system above. But if one removes

just a single axiom from any of the axiom systems above then it turns

out that they no longer work, and for example they cannot establish the

equivalence result stated by whichever axiom one has removed.

In general one can think of axioms for an operator system as

giving constraints on the form of the operator. And if one is going to

reproduce all the equivalences that hold for a particular form then these

constraints must in effect be such as to force that form to occur.

So what happens in general for arbitrary axiom systems? Do they

typically force the operator to have a particular form, or not?

The pictures on the next two pages show which forms of

operators are allowed by various different axiom systems. The

successive blocks of results in each case give the forms allowed with

progressively more possible values for each variable.

Indicated by stars near the bottom of the picture are the four

axiom systems from the top of this page. And for each of these only a

limited number of forms are allowed—all of which ultimately turn out

to be equivalent to just the single forms shown on the facing page.

But what about other axiom systems? Every axiom system must

allow an operator of at least some form. But what the pictures on the

next two pages show is that the vast majority of axiom systems actually

allow operators with all sorts of different forms.

And what this means is that these axiom systems are in a sense

not really about operators of any particular form. And so in effect they

are also far from complete—for they can prove only equivalence results

that hold for every single one of the various operators they allow.
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Forms of a binary operator satisfying the constraints of a series of different axiom systems. The successive blocks of results in each
case show forms of the operator allowed with 2, 3 and 4 possible elements. Note that with 3 and 4 elements, only forms inequivalent
under interchange of element labels are shown. Representations of notable systems in mathematics are: (1) semigroup theory, (2)
commutative group theory, (3) basic logic, (4) commutative semigroup theory, (5) squag theory, (6) group theory, (7) junctional calculus,
(8) equivalential calculus and (9) implicational calculus. In each case the operator forms shown correspond to possible semigroups,
commutative groups, systems of logic (Boolean algebras), etc. with 2, 3 and 4 possible elements. The operator forms shown can be
thought of as giving multiplication tables. In model theory, these forms are usually called the models of an axiom system.
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So if one makes a list of all possible axiom systems—say starting
with the simplest—where in such a list should one expect to see axiom
systems that correspond to traditional areas of mathematics?

Most axiom systems as they are given in typical textbooks are
sufficiently complicated that they will not show up at all early. And in
fact the only immediate exception is the axiom system
{(acb)oc = ao(boc)} for what are known as semigroups—which
ironically are usually viewed as rather advanced mathematical objects.

But just how complicated do the axiom systems for traditional
areas of mathematics really need to be? Often it seems that they can be
vastly simpler than their textbook forms. And so, for example, as page 773
indicates, interpreting the o operator as division, {ac(bo(co(acbh))) = c} is
known to be an axiom system for commutative group theory, and
{ac((((aca)eb)oc)o(((aca)ea)oc)) = b} for general group theory.

So what about basic logic? How complicated an axiom system
does one need for this? Textbook discussions of logic mostly use axiom
systems at least as complicated as the first one on page 773. And such
axiom systems not only involve several axioms—they also normally
involve three separate operators: AND (A ), OR (V ) and NOT (= ).

But is this in fact the only way to formulate logic?

As the picture below shows, there are 16 different possible
operators that take two arguments and allow two values, say true and
false. And of these AND, OR and NOT are certainly the most commonly

used in both everyday language and most of mathematics.

. . . s} m O s} s}
Logical functions of two arguments and their n n n n
common names. Black stands for TRUE; white for u] u] O O
FALSE. AND, OR, NOT, and IMPLIES are widely used in 0:False  1:Nor(w) 2: 3:Not (=)

s} n

traditional logic. EQUAL (if and only if) is common in LE

more mathematical settings, while XOR is ;Eﬂ

widespread in discrete mathematics. NAND and NOR 4- . (
are mostly used only in circuit design and in a few m O - a0 a0
foundational studies of logic. The first argument for E

each function appears on the left in the picture; the
second argument on top. The functions are nd (4) !

numbered like 2-neighbor analogs of the cellular - — - — - - -
automaton rules of page 53. Dm Dﬂ DE D.

12 : First 13: 14:0r(v) 15: True

n
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But at least at a formal level, logic can be viewed simply as a

theory of functions that take on two possible values given variables

with two possible values. And as we discussed on page 616, any such

function can be represented as a combination of AND, OR and NOT.

But the table below demonstrates that as soon as one goes beyond

the familiar traditions of language and mathematics there are other

operators that can also just as well be used as primitives. And indeed it
has been known since before 1900 that both NAND and NOR on their

own work—a fact I already used on pages 617 and 775.

CHAPTER

Functions that can be used to formulate logic. In each case the minimal combinations of primitive functions necessary
to reproduce each of the 16 logical functions of two arguments is given. From these any possible logical function with
any number of arguments can be obtained. Most textbook treatments of logic use AND, OR, and NOT as primitive
functions. NAND and NOR are the only primitive functions that work on their own.
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8 (anb)a(anb) 9 ((ama)a(bab))a(anb) |10 b 1 (aAb)A Nand

2 a = (@ral b 4 (@ral7(brb) s ( (7

0 (ava)va 1 avh 2 (aub)va 3 ava

4 (aza)vb 5 bub 6 ((ava)u(bub))u(aub) |7 ((ava)u(bub))u(lava)za) Ei

8 (aza)v(bub) 9 ((ava)ub)u((azb)za) |10 b 11 ((ava)va)v(lava)ib) Nor

12 a 13 ((ava)va)v((avb)za) |14 (azb)z(azb) 15 ((ava)va)v(lava)va) (o)
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Axiom systems for basic logic (propositional calculus) formulated in terms of (E;‘ ao(bo(aoc)) = ((cob)ob)oa
NAND (7). The number of operators that occur in these axiom systems is
respectively 94, 17 17,13, 9, 6, 6, 6. System (a) is a translation of the standard
textbook one given on page 773 in terms of AND, OR and NOT. (b) is based on
the Robbins axioms from page 773. (c) is the Sheffer axiom system. (e) is the
Meredith axiom system. The other axiom systems were found for this book.
(d) was used on page 775. (g) and (h) are as short as is possible. Each axiom
system given applies equally well to NOR as well as NAND. (h)\ (bo((aeb)ob))e(ao(cob)) =a \

So this means that logic can be set up using just a single operator.
But how complicated an axiom system does it then need? The first box in
the picture below shows that the direct translation of the standard

textbook AND, OR, NOT axiom system from page 773 is very complicated.

(a)| (aeb)e(aeb) = (bea)e(beoa) ‘ (aoa)o(bob) = (bob)e(aca) ‘ (ao((beb)e((bob)e(bob))))e(ae((beb)e((bob)e(bob)))) =a

\ (@ea)eo(((be(bob))e(bo(beb)))o((be(beb))e(be(bob)))) =a|aeb = ((acb)e(ach))e({acb)e(acb))
(ao((bob)e(ceoc)))e(ae((beb)e(coc))) = (((acb)e(aeb))o((aeb)e(acb)))e(((aoc)e(acoc))e((aoc)e(acc)))
(aea)e(((boc)e(boc))e((boc)e(boc))) = (((aca)e(bob))e((aea)e(coc)))o(((aea)e(bob))o((aca)e(coc)))

(b)[ (aca)o(aea) =a|ab=bea

ao((bec)e(boc)) = be((aoc)e(aec)) \ (aob)e(ac(beb)) =a \

tc)[ (aca)e(aca) =a

ao(be(bob)) = aea | (a=(boc))o(a>(boc)) = ((bob)oa)e((coc)ea) |

(d)[ (aca)e(acb) = a

ac(acb) =ao(bob)

ao(ae(bec)) =be(be(acc)) |

(aea)e(bea) =a]

()] (a°b)e(ae(boc)) =a

asb=bea|

(g)[((bec)ea)e(bo((bea)ob)) = a |

But boxes (b) and (c) show that known alternative axiom systems
for logic reduce the size of the axiom system by about a factor of ten.
And some further reduction is achieved by manipulating the resulting
axioms—Ileading to the axiom system used above and given in box (d).

But can one go still further? And what happens for example if one
just tries to search simple axiom systems for ones that work?

One can potentially test axiom systems by seeing what operators
satisfy their constraints, as on page 805. The first non-trivial axiom
system that even allows the NAND operator is {(aca)e(aca) = a}. And
the first axiom system for which NAND and NOR are the only operators
allowed that involve 2 possible values is {((bob)ea)eo(acb) = a}.

But if one now looks at operators involving 3 possible values then

it turns out that this axiom system allows ones not equivalent to NAND
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and NOR. And this means that it cannot successfully reproduce all the
results of logic. Yet if any axiom system with just a single axiom is
going to be able to do this, the axiom must be of the form {... = 4}.

With up to 6 NANDs and 2 variables none of the 16,896 possible
axiom systems of this kind work even up to 3-value operators. But with
6 NANDs and 3 variables, 296 of the 288,684 possible axiom systems
work up to 3-value operators, and 100 work up to 4-value operators.

And of the 25 of these that are not trivially equivalent, it then
turns out that the two given as (g) and (h) on the facing page can actually
be proved as on the next two pages to be axiom systems for logic—thus
showing that in the end quite remarkable simplification can be
achieved relative to ordinary textbook axiom systems.

If one looks at axiom systems of the form {... = a, ach = boa} the
first one that one finds that allows only NAND and NOR with 2-value
operators is {(aca)o(aca) = a, acb = boa}. But as soon as one uses a total
of just 6 NANDs, one suddenly finds that out of the 3402 possibilities
with 3 variables 32 axiom systems equivalent to case (f) above all end
up working all the way up to at least 4-value operators. And in fact it
then turns out that (f) indeed works as an axiom system for logic.

So what this means is that if one were just to go through a list of
the simplest few thousand axiom systems one would already be quite
likely to find one that represents logic.

In human intellectual history logic has had great significance. But
if one looks just at axiom systems is there anything obviously special
about the ones for logic? My guess is that unless one asks about very
specific details there is really not—and that standard logic is in a sense
distinguished in the end only by its historical context.

One feature of logic is that its axioms effectively describe a single
specific operator. But it turns out that there are all sorts of other axioms
that also do this. I gave three examples on page 803, and in the picture on
the right I give two more very simple examples. Indeed, given many forms

of operator there are always axiom systems that can be found to describe it.

™ [b=s]
o [ErE=a]

Axiom systems that
reproduce equivalence
results for the forms of
operators shown.
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((aa)a))(a((aa)a))
(((l(aa)a)(a((aa)a)))(allaa)a)))(((aa)a)((((aa)a)lallaa)a)))((aa)
all))(allaa)a))
((((taa)a)(a((aa)a)))(al(aa)a)))(((aa)a)(a(laa)a))))(allaa)a))
((((taa)a)(a((aa)a)))(al(aa)a)))a)(allaa)a))
(lafa((aa)a)))a)(allaa)a))

(a((allaa)(((aa)(a((aa)a)))(aa))))((a((aa)a))(a((aa)a))))(allalla
al(l(aa)(a((aa)a)))(aa))))((a((aa)a))(a((aa)a))))

(aa)(((aa)(allaa)a)))(aa))
a((a((aa)(((aa)(a((aa)a)))(aa))))((al(aa)a))(allaa)a))))(al(a(la
allllaa)(a((aa)a)))(aa))))((allaa)a))(allaalal)))

ala)))))(al((((aa)a)(a((aala)))((aa)(((aa)(a(laa)a)))(aa)))((allaa)a))(a

allla((aa)a)la)

(aa)((al(aa)a))(((a(laa)a))a)(a((aa)a))))
aal((allaa)a))(((a(laa)a))((al(aa)a))(allaa)a))))(allaa)a)))
((al(aa)a))(allaa)a)))((a((aa)a))(a((aa)a))))((a((aa)a))(((a(laa)
alll(allaa)a))(allaa)a))))(allaa)a))))

((aa)a))))
(allal(aa)a))(lallaa)a))(allaa)a)))))(a((allaa)a))((allaa)a))(alla

al(allaala)la))(allallaa)a))a))

(all(((aa)a)(a((aa)a)))((aa)(((aa)(a((aa)a)))(aa))))((a((aa)a))(a(la

(a((aa)a))(al(a((aa)a))
aa)(((aa)(al(aa)a)))(aa))
(a((a((aa)a))a))(alla((aa)a))a))

b)(laa)(((aa)b)(aa)))
((aa)((a((aa)a))a))b)((aa)(((aa)b)(aa)))

L14l(a((allaa)a))a))(allallaa)a))a))
=[L13](al(aa)a))(a(a((aa)a))
al(aala))(((al(aa)a))(allaa)a)))(allaa)a))

a((ab)a))d)(b((bd)b))
Alllal(ab)a))d)(b((bd)(((ac)b)(allab)a))))
Allla(fab)a))d)(b(((((ac)b)(a((ab)a)))d)(((ac)b)(a(lab)a))))
((al(aba))d)((((ac)b)(a((ab)a)))(((((ac)b)(a(lab)a)))d)(((ac)b)(a
((ab)a)))))
((((fac)b)(a(fab)a)))((({ac)b)((ac)b))(((((ac)b)((ac)b))(allab)
all)(((ac)b)((ac)b)))))d)(({(ac)b)(allab)a))(({(ac)b)(a((abla))d)(((a
c)b)(allab)a))))

d

(((((faa)a)((((aa)a)(allaa)a)))((aa)a)))(a((aa)a)))(allaa)a)))((a(la
ala))(((allaalal)(a((aa)a)))(allaala)))))(((((aa)a)((((aa)a)(a(laa)a)))(la
ala)))(al(aa)a)))((((((aa)a)((((aa)a)(a((aa)a)))((aa)a))(a((aa)a))((a((a
ala))(((a((aa)a))(a((aala)))(a((aa)a)))))((((as)a)((((aa)a)(a((aa)a)))((a
a)a)))(al(aa)a)))))
((((((aa)a)((((aa)a)(a((aa)a)))((aa)a)))(((((aa)a)((((aa)a)(a((aa)
a)))((aa)a)))(a((aa)a)))(((aa)a)((((aa)a)(a((aa)a)))((aa)a)))))(a((aa)a)))
(lal(aa)a))(llallaa)a))(allaa)a)))(allaala))))(((((aa)a)lll(aa)a)(allaa)

[C8](a((aa)a))((a((aa)a))a)
(allaa)a))((allaa)a))(((allaa)a))a)(allaa)a))))
((((laa)a)((((aa)a)(a(faa)a)))((aa)a)))(allaa)a)))(((aa)a)((((aa)a)
(a((aa)a)))((aa)a))))((a((aa)a))(((a((aa)a))a)(al(aa)a)))
=[A](((((aa)a)((((as)a)(a((aa)a))) ((aa)a)))(a((aa)a))(((aa)a)(a((aa)
all))llallaa)a))(((allaa)a)a)(allaa)a))))

((aa)a)))(al(aa)a)))(((aa)a)((((aa)a)(allaa)a)))((aa)a)))))a)((allaa)a))

(((a((aa)a))a)(a((laa)a)))

al))((aa)a)))(a((aa)a)))((((((aa)a)((((aa)a)(a((aa)a)))((aa)a)))(a((aa)
al))((al(aala))(((a(l(aa)a))(allaa)a)))(allaa)a))))((((aa)a)l(((aa)a)lalla
ala)))((a a)a)))(a((aa)a)))))
(a(faa)a))(((((aa)a)((((aa)a)(a((aa)a))((aa)a)))(a((aa)a))((((((a
a)a)l(ll(aa)a)(allaa)a)))((aa)a)))(allaala)))lallaa)a))((allaa)a))(alla
a/ (a((aa)a)))))((((aa)a)((((aa)a)(a((aa)a)))((aa)a)))(a(laa)a))))

= (a((aa)a))(((({aa)a)((((aa)a)(a((aa)a)))((aa)a)))(a((aa)a)))((a((a
ala))((((aa)a)((((aa)a)(a(laa)a))((aa)a)))(a((aa)a))))
=[A](allaa)a))(((((aa)a)(a(laa)a)))(a((aa)a)))((allaa)a))((((aa)a)((((a
a)a)(allaa)a)))((aa)a)))(a((aa)a)))))
(allaa)a))((alallaa)a)))((al(aa)a))((((aa)a)((((aa)a)(allaala))la
a)a)))(al(aa)a)))))

((aa)a))(ala((aa)a)))
a(laa)a))(((al(aa)a))(a((aa)a)))(allaa)a))

a))lllal(aa)a))(allaa)a)))(a((aa)a)))))((allaa)a))((allaa)a))a))))
(al(aa)a))(llallaa)a))((allaa)a))a))(((allaa)a))((allaa)a))a))((a

allaa)a))(a((a((a((aa)a))(a(a((aa)a)))))((al(aa)a))((a((aa)a))a))))
allaa)a))(allal(a((aa)a))(((a((aa)a))(a(laa)a)))(a((aa)a))))((a

ala)))(a((aa)a)))))((a((aa)a))((a(laa)a))a)))
=[Al(a((aa)a))(a((a((aa)a))((a((aa)a))((a((aa)a))a))))

(allaa)a))((alallaa)a)))((al(aa)a))((((aa)a)(allaa)a)))(allaa)a))))

(a((a((aa)a))a))(a((a((aa)a))a))
= a((aa)a))((a(a((aa)a)))((a((aa)a))((((aa)a)(a((aa)a)))(a((aa)
al)

(allaa)a))((alallaa)a)))((a((aa)a))(alallaa)a))))
=[L13](al(aa)a))((ala((aa)a)))((allallaa)a))a))(allallaa)a))a))))

[Li6](a((a ((aa)a))a)) (a((a(laa)a))a))

=[Li5](a((aa)a)) ((a(a(laa)a))) (a((a((aa)a))a))(a((a((aa) ) a))))
[Liz](a((aa)a)) ((a(a((aa)a))) ((aa) (((aa) (a((aa)a))) (aa))))
=[L3](al(aa)a))(al(aa)a))

T

7l(a((aa)a))(alal(aa)a)))
131(alla((aa)a)la))(a(lallaa)a))a))
(a(laa)a))(a(laa)a))

((aa)a))(alal(laa)a)))
allaa)a))(alla((aa)a))((a((aa)a))((allaa)a))a))))
a((aa)a))(a((a((aa)a))a))

(a((aa)a))(al(l(((aa)a)(a((aa)a)))((aa)(((aa)(allaa)a)))(aa)))a))
(al(aa)a))(alla((aa)(((aa)(allaa)a)))(aa))))a))

=[A](aa)(l(aa)(al(aa)a)))(aa))

(aa)(a(allaa)a)))

aa)(((aa)(a((aa)a)))(aa)))((aa)(((aa)(allaa)a)))(aa))
(allaa)a))(a(a((aa)a))))((a((aa)a))(a(al(aa)a))
(al(aa)a))(((a((aa)a))(a((aa)a)))(a((as)a))) ((a((aa)a))(((a((aa)
al(allaa)a)))(a((aa)a))))

[CTlallaala)

(al(aa)a))(ala((aa)a)))
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alal(a((aa)a))a))
18]a(a(lallallaa)a))a))a))
?]((aa)((a((aa)a))a))(a((a((a((aa)a))a))a))

((aa)a))(al(a(laa)a)))

allaala)l((fal(aa)a))(allaa)a)))(allaa)a)))
((al(aa)a))(allaa)a)))((((a((aa)a))(al(laa)a)))((a((aa)a))(((a(laa)
alllallaala)))(allaalal))))(allaala))(allaa)a)))))((allaala))lallaa)a)))
((((a((aa)a))(a((aa)a)))((a((aa)a))(((a((aa)a))(a((aa)a)))(a((aa)a)))((a
((aa)a))(allaa)a))))
(alll(a((aa)a))(a((aa)a)))((a((aa)a))(((a((aa)a))(a((aa)a)))(allaa)
al)))((al(aa)a))(a((aa)a)))))(a((((a((aa)a))(a((aa)a)))((a((aa)a))(((a((a
alall(allaala)))(allaala))))((allaala))(a((aa)a))))

(allaa)a))a

(aa)(((aa)(allaa)a)))(aa))

allaa)a))(alal(aa)a)))
alll(al(aa)a))(allaa)a)))((a((aa)a))(((al(aa)a))(a((aa)a)))(allaa)
all))((allaala))(a((aa)a)))))(all((al(aa)a))(allaa)a)))((al(aa)a))(((alla
ala)l(al(aa)a)))(a((aa)a)))))((a((aa)a))(a((aa)a))))
(allal(a((aalal)(((a((aa)a))(allaa)a)))(allaa)a)))))((allaa)a))a
((aa)a)))))(allalla(laa)a))(((a((aa)a))(a((aa)a)))(allaa)a)))((allaa)a))
(a((aa)a)))))

[Ci81(a((aa)a))a
Zila(aa)

(lab)a)(a((aa)a))

alla((ab)(ab)))a)

aalll(aa)lallaa)al))(aa))
(a((al(al(aa)a))(((al(aa)a))(al(aa)a)))(a((aa)a)))))((allaa)a))(a
((aa)a)))))(alla((a((aa)a))(((al(aa)a))(allaa)a)))(allaala)))((allaa)a))
(a((aa)a)))))
(alla((a((aa)a))(a(allaala)))))((a((aa)a))(a((aa)a))))(allal(a((a
ala)l(alallaa)a)))))((a((aa)a))(a(laa)a)))))

(((ab)((ab)(ab)))(a((allab)lab)))a))(lab)(((ab)(allallab)(ab)))
a)))(ab)))
((ab)(ab))((ab)(((ab)(allallab)(abl))a)))(ab)))

(ab)))
=[A]((ab)(ab))((ab)(((((ab)(ab))((((ab)(ab))(a((a(ab))a))((ab)(ab))))
(al(allab)(ab)))a))(ab)))
((ab)(ab))((ab)((((((((ab)(ab))((((ab)(ab))(a((a(ab))a)))((ab)(a

b))))(a((a(ab))a)))(((ab)(ab))((((ab)(ab))(a((alab))a)))((ab)(ab)))((((a

b)(ab))((((ab)(ab))(a((alab))a)))((ab)(ab)))(((ab)(ab))(((fab)(ab))(a
((afab))a)))((ab)(ab))))))(a((a((ab)(ab)))a)))(ab))

((ab)(ab))((ab)(((((ab)(ab))((ab)((ab)(ab))))(al(la((ab)(ab))a))

(fab)(ab))((ab)((((a((a(ab))a))((((ab)(ab))((((ab)(ab))(a(la(ab))
a)))((ab)(ab))))(((ab)(ab))((((ab)(ab))(a((alab))a)))((ab)(ab))))(alla
(la b)(ab)))a)))(ab)))
(fab)(ab))((ab)((((a((afab))a))((({ab)(ab))((ab)(lab)(ab))))((lab)
b)((ab)(ab)))))(allallab)(ab)))a)))(ab)))
(fab)(ab))((ab)((((a((a(ab))a))((ab)(ab)))(a((a((ab)(ab)))a)))(a

(fab)(ab))((({{ab)(ab))(ab))((ab)(((ab)(ab))(ab))))(({ab)(ab))((((a
J)((ab)(((ab)(ab))(ab)))(lab)(ab))))
(fab)(ab))((ab)(((ab)(ab))((({ab)(ab))((ab)(({ab)(ab))(ab))))((ab)

((ab)(ab))((ab)(((ab)(((ab)(((ab)(ab))(ab)))(ab)))((ab)(((ab)
(((ab)(ab))(ab)))(ab))))
((ab)(ab))((ab)(((ab)(((ab)(ab))(ab)))((ab)(((ab)(ab))(ab))))
[C71((ab)(ab))((ab)(ab))

[Iza(a((ab)(ab)))a)
76] ((ab) (ab)) ((ab) (ab))
22]ab

a
24 ((ab)a) (aa)
L27]((ab)a)((((ab)a)((((ab)a)(aa))(((ab)a)(aa))))((ab)a))
[L24]((ab)a)((((ab)a)(aa))((ab)a))

28] ((ab)a) (a((ab)a))
74) ((ab) ) ((((ab)a) (aa)) ((a ) a))
28]

N[

(ab)(aa)

27](a((a((ab)(ab)))a)) (aa)

29] (a ((a ((ab) (ab)))a)) ((((a((ab) (ab))a) (a(a((ab) (ab))) a)) (((a ((a
)))a)(a ((a((ab) (ab)) a))
(al(a((ab)(ab)))a))((((a((ab)(ab))a)((((a((ab) (ab)))a)(a((a((ab)
(ab)))a)))((a((ab) (ab)))a))) (((a((ab) (ab)))a) ((((a((ab) (ab))a) (a (a((ab)
(ab)))a))((a((ab)(ab)))a)))

(((((a((ab) (ab)))a) ((((a((ab) (ab))a) (a(a((ab) (ab)))a))) ((a ((ab) (2
b))al)(a((a((ab) (ab)))a))) (((a((ab) (ab))a) ((((a((ab) (ab))a) (a((a((ab)
(ab)))a)))((a((ab) (ab)))a))) ((((a((ab) (ab)))a) ((((a((ab) (ab)))a) (a((a ((a
b)(ab)))a)))((a((ab)(ab)))a)))(((a((ab) (ab)))a) ((((a((ab) (ab)))a)(a((a((a
b)(ab)))a))) ((a ((ab) (ab)a)))

((a(tab) (ab)))a) (((a((ab) (ab)))a) (a((a((ab) (ab))a))) ((a((ab) (a

[L2
[L2

bl))al))

((8 ((ab)(ab)))a)(a((a((ab)(ab)))a))

mb ((ab)(ab))
= W\ ((ab)((as)(((aa)b)(aa)))) ((ab)(ab))

a((ab)(ab))
0] ((ab) (aa)) ((ab) (b))
30]ab

el

allabla)
L32]allal(ab)(ab)))a)

Mal(bal (ba)
33)a((a((ba)(ba)))a)
31)a((ba)a)

b(b(ab))

53] b (b(a((ab)a))

53] b (b((b(a(lab)a)))b))
(((a((ab)a))b)(a(fab)a)))(b((b(a((ab)a)))b))
(((a((ab)a))(((a((ab)a))b)(a((ab)a))))(a(lab)a)))(b((bla((ab)a)))

L37](ab)a
5] ala((ab)a))

(ba)a
% al(al(ba)a))
=[L35]a(ba)

[E
[L33]a(ab)
38

=[L3

391 (bb) (b(ab))
=[L38](bb) ((ab)b)
[L3a](bb)((ab)(((ab)b)(ab)))
3](bb) ((ab)(((ab)((ab)((aa) (((aa)b) (aa))))) (ab))
=[L3](((ab) ((aa) (((aa)b) (aa)))) ((ab) ((aa) (((aa)b) (aa))))) ((ab) (((ab) ((a
b)((aa)(((aa)b)(aa))))(ab)))
(ab)((aa)(((aa)b)(aa)))

(aa)(a((ba)a))
(aa)(a(a(ba))
36](aal(ba)

(aa)(allab)a))
(aa)(ab)

=[Lailb((aa)(ab))

810
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bllaa)(allab)al))
3| bllaa)(((aa)(allabla)))(aa)))
(((aa)b)(a((ab)a)))((aa)(((aa)(allab)a)))(aa)))

(ac)((ab)c)
=[L4z]((ab)c)(ac)

L33](lab)c)(allac)al)
c

cl(fab)c)
((ab)c)(bc)
c

L45](ba)((ac)b)
(ab)((ac)b)
b

a

(tab)(bc))(fbc)((ab)c))
(fab)(bc))c
clfab)(be))

((ab)(ca))((ab)((ca)b))
((ab)(ca))b

((ab)(ca))b
L48lab

[TB0](ab)c

(allab)c))((ac) ((ab)c))
(alab)c))c
clallab)c))

=[L42]a((ab)b)
[Laz]((ab)b)a
[L50]a((ab) (((ab)b)a))
=[Laz]a((ba)(((ab)b)a))
L44laa

52](ba) (ab)
T50](ab) (b((ba) (ab)))
L47](ab)(ab)

53] (aa) ((ba) (ba))

[L#dl(aa) ((ba)(((aa) (ba)) ((((aa) (ba)) (aa)) (ba))))
[L50] (a2l ((((aa) (ba)) (aa)) (ba)

[[a2](a2)((ba) (((aa) (b)) (a2)))

[[32](a2) ((ba) ((aa) ((aa) (ba))

[La0] (aa) ((ba) ((aa)a))

=[] (aa) ((ba) (alaa)))

[L47]a(aa)

54)((ab)(ab))((ab)(ab))

=[L52]((ba)(ab))((ba) (ab))
[L52]((ab) (ba)) ((ba) (ab))
[L52]((ab) (ba))((ab)(ab))

((ab)(ab))((ab)(ab))
(lab)(ba))((ab)(ab))
L52]((ba)(ba))((ab)(ab))

56]a(b(bb))

[L53]a((bb)((ab)(ab)))
alllab)(ab))(bb))
allfab)(ab))(((bb)(ab))((bb)(ab))))
allab)((ab)(ab)))
alllab)(ab))(ab))
alllab)(ab))(a((ab)(ab))))

aa

b(bb))

[72]
[L55]aza
571 ((2a) (((ab) (ab))c)) ((aa) (((ab) (ab)) c))

((aa)(((ab)(d(dd)))c))((aa)(llab)(d(dd))c))
(fa(d(dd)))(((ab)(d(dd)))c))(lald(dd)))({{ab)(d(dd)))c))
(fa(d(dd)))(((ab)(d(dd)))c))(d(dd))
(d(dd))((a(d(dd))(((ab)(d(dd)))c))
(d(dd))((((ab)(d(dd)))c)lald(dd))))
((((ab)(d(dd)))c)(a(d(dd))))(d(dd))

[L46]((((ab) (d (d d)))c)(ald (dd)))) (((ab) (d (dd)))((d(dd))((ab) (d(d
a)))))

(d(dd))))

(((tab)(d(dd)))c)(a(fald(dd)))a)))(((ab)(d(dd)))((d(dd))((ab)

((((ab)(d(dd)))c)(allald(dd)))a)))(((ab)(d(dd))((((ab)(d(dd)))
(a((a(d(dd)))a)))((ab)(d(dd)))

((a(d(dd)))a)
a(d(dd))

(bb)(({bc)(bc))d)

(((bb) (((be) (be))d)) ((bb) (((be) (be))d))) (((bb) (((be) (be))d))
((bb)({(bc)(bc))d)))

[L57](b(a(aa))) (b(alaa)))

[L56] (bb) (bb)

3] (ba)(((bc)a)((bc)a))
(ba)llaa)((ba)(llbec)a)((bc)al)))

(aa) (((ab) (abl)c]
5] (aa) (a8)
22]a

a
59] (aa)(((a((ba)(cb)))(a((ba)(ch))))((d ((a((ba)(cb)))(a((ba)(c
b)))))(ed)))

(aa)(d((a((ba)(cb)))(al(ba)(cb)))))

(aa)(d((ba)(ba)))

Léllc(fac)((lab)c)((ab)c)))

2]c ((((ab) c) ((ab)c)) (ac))

[La2]((((ab)c) ((ab)c)) (ac))

[L26]((((ab)c) ((ab) c)) (ac)) (((ab)c) (c ((ab) c))

5] ((((ab)c) ({ab) c)) (a((ac) a))) (((ab) c) (c ((ab) c)))

(l((ab)c) ((ab)c))(a((ac)a))) (((ab)c) ((((ab) c) (a((ac)a))) ((ab) c)))
alfac)a)

billaa)b)((((aa)(((ac)(ac))d))b)(((aa)(((ac)(ac))d)) b))
b(((aa)b)((ab)(ab)))

b(l(ab)(ab))((aa)(((aa)b)((ab)(ab)))))
b(((ab)(ab))((((ab)((bc)a))((ab)((bc)a)))(((aa)b)((ab)(ab))))

(fa(be))c)((ca)lalbe)))
(fa(be))c)((ca)((be)a))
(fatbellc)a

[Le5]a(bc)
(falbc))c)a
allatbe))c)

[Laz]alc(albe))

(fac)(ac))((((ca)(cal)((ca)(ca)))b)
(fac)(ac))i(calb)

(((ab)(ab))((ab)(ab)))(((ba)(ba))c)
(ab)(((ba)(ba))c)

[Teésla(((bc)(ba))((bc)(ba)))
[Caz](((bc) (ba)) ((be) (ba)))a
ala((bc)(ba)))
ala((bc)(b((ba)b)))
=[L33)a(a((bc)(((bc)(b((ba)b))) (bc))))
[Alaltitbela) (b((ba)b))) ((be)(((be) (b((ba)b))) (b))
alb((ba)b))
a(ba)
(bb)a

(bcla
((tbe)(bc))((be)(be)))a
6]a(((((bc)(bc))(cb)(cb)))(((be)(be))a))((((be)(be))((cb)(ch)))
(((bc)(be))a)))
alllcb)((tbe)(be))a)) ((cb)(((

be)(be)la)))

L70|(bc)a
alllcb)(((bec)(be))a))((cb)(((bec)(bc))a)))
alllcb)(cb)){lchb)(cb)))

alcb)

(lbel(bel)a
al((tbe)(cb))((bec)a))(((be)(cb))((be)a)))
al(l(cb)(cb))((bc)a))(((cb)(cb))((bc)a)))
al(cb)(cb))

L72](bal(((bc)a)((bc)a))

[L3)(a(tba)(((bc)a)(tbe)al))) ((aa)(((aa)((ba)(((bc)a) ((be)a)))) (aa)))

(a((ba)(((bc)a)((becla))))((aa)((ba)(((bc)a)((bec)a))))
(ba)((aa)((ba)(((bc)a)((bc)a))))

(ac)(((ab)c)((ab)c])
(((ab)c)((ab)c))(alfac)(((ab)c)((ab)c)))
L73|(((ab)c)((ab)c))(allaa)c))

=[L2z](((ab)c) ((ab)c))(((aa)(aa)) ((aa)c))

[Lail(((ab)c) ((ab)c)) (aa)

751 (aa) ((c(ab)] (c(ab])]
[z (((ab)c) (tab)c)) (aa)
L74)(aa)c

[C76](b(ac)) (aa)

L22] (((b(ac)) (b(ac))) ((b(ac)) (b(ac)) (aa)
L63](aa) ((aa) ((b(ac)) (b(ac))
75](az) ((aa)b)

((ab)(ab))(ca)

=[Lz5] ((ab) (ab)) (((ca) ((ab)c)) ((ca) ((ab) c)))

L45]((ab) (ab)) (cc)

(b

be)(be))a

((be)(be))(fab)((bec)a))

(((be)a)(ab))((be)(be))
((({{bc)a)(ab))(({bc)a)(ab)))((((bc)a)(ab))(((bc)a)(ab))))((be)

c))

[Lez](tbe) (bel)((tbe) (be)) ((((be)a)(ab)) (((be)a) (ab))))
[L76](((((bc)a) (ab)) (((bc)a) (ab))) ((bc) (ab))) ((bc) (be))
(tbe)(be))((tbe)(abl)((((bc)a)(ab))(((bc)a)(ab))))
[Zz](tbe) tbed)((ibe) (be)) (ab))

[Les](tab)(ab)) ((be) (be))

[Laz](tab) (ab)) ((c((ab) (be))) (c((ab) (be)))
L75]((ab)(ab))c

cl((ba)(ba))

51213 3

79]alc((ab)(ab)))

L42]a(c((ba)(ba)))
[Ez8]a((tbe) (be))a)
L62](((bc)(bc))((bc)(bc)))a
[22](bc)a

2l

80]a((ba)c)
L70

8

(c(ba))a
allba)((ac)(ac)))
[Caz)a(((ac)(ac)) (ba))
[77)a(((ac) (ac)) (bb))
[L78]a(c((a(bb))(a(bb)))
[Lz9](bblc)a

3

Lsi|((ca)(ab))((ca)(ab))

0]((((ca)(ab))((ca)(ab)))(((ca)(ab))((ca)(ab))))({aa)(((ca)(ab))

((ca)(ab))))

b)

b)

b)

((((ca)(ab))((ca)(ab)))(((ca)(ab))((ca)(ab))))((aa)(ca))
((ca)(ab))(laa)(ca))

[L70]((aa) (ca)) ((ab) (ca))

allab)(ca))

((ca)(ab))a

al(ab)((a(ca))(alcall))

all(alca))(a(cal))(ba))

alllalca))(a(cal))(bb))

allca)((a(bb))(a(bb)))

((bb)(ca)la

((bb)a)(alcc))

(afce))((bb)a)

(((aa)(aa))(cc))((bb)a)

(tbb)a)(((aa)((bb)a))(cc))

(lcc)(laa)((bb)a)))((bb)a)
(((aa)((bb)a))(((bb)a)c))(((aa)((bb)a))(((bb)a)c))
(a(((bb)a)c))(al((bb)a)c))

((((bb)(bb))c)a)((({bb)(bb))c)a)
((c((bb)(bb)))a)((c((bb)(bb)))a)

[L40]((((c ((bb) (bb))) (c((bb) (bb)))) ((bb) (c((bb)(bb)))))a)((((c((bb)
c((bb)(bb))))((bb)(c((bb)(bb)))))a)

0] ((({c((bb)(bb)))(c((bb)(bb))))b)a)((((c((bb)(bb)))(c((bb)(b
)))b)a)

2]((b((c((bb)(bb)))(c((bb) (bb)))))a) ((b((c((bb)(bb)))(c((bb)(b
) a)

(({{cb){cb))((bb) (bb)))a) ((((cb)(cb))((bb)(bb)))a)
(({{cb){cb))((b((bb)(cb)))(b((bb)(cb)))))a)((((cb)(cb))((b((b
(cb))) (b((bb)(cb))))a)

5] ((((cb) (cb))((b((cb)(b((bb)(cb)))))(bllcb)(b((bb)(cb)))))))a)

(({{cb)(cb))((b((cb) (b{(bb)(cb)))))(b((cb)(b((bb)(cb))))))a)

5] ((((cb)(cb))b)a)((((cb)(cb))b)a)
[L781((b((cb) (cb)))a)((b((cb)(cb)))a)
(fcb)a)((cb)a)
(afbe))(albe))

A proof that the axiom system {((boc)ea)e(be((bea)ob)) = a} given as example (g) on page 808 can reproduce the Sheffer axiom

system (c), and is thus a complete axiom system for logic. The proof involves taking the original axiom
, from which it is eventually possible to prove the three Sheffer axioms [l In each part of the proof each line

sequence of lemmas

and using it to establish a

can be obtained from the previous one just as on page 775 by applying the axiom or lemma indicated. Explicit 7 operators have been
omitted to allow expressions to be printed more compactly. The proof shown takes a total of 343 steps, and involves intermediate
expressions with as many as 128 NANDs. It is quite possible that the proof could be considerably shortened. Note that any proof can
always be recast without lemmeas, but will usually then be much longer.
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So what about patterns of theorems? Does logic somehow stand
out when one looks at these? The picture below shows which possible
simple equivalence theorems hold in systems from page 805.

And comparing with page 805 one sees that typically the more
forms of operator are allowed by the constraints of an axiom system,

the fewer equivalence results hold in that axiom system.

PP=q°q] p=p-(geq]] p=(q°9)°q] pep=p°(pep)| [pep=(qe°p)ep] [pea=pelpq)] [p°a=(g°p)eq] [g°p=p°(q=p)] [g°q=I(p-q)-p]

peq=a-p] p=(pea)oq] q=pelpep] ] pep = (pep)ep] \pﬂp=qam=q)\‘ \paa=(mmaa\‘ \p°q=a°laapl\‘ \aw:mﬂalap\‘ [aea=p>(geal]

P=p1] p°q=4°q] p=qe(pepl]| | [a=(peplop] pw:pa(poa‘\‘ \pnp:(aoz:)oq\‘ \p=q:pn(anp{\‘ \ma:(mq)w‘\‘ }aan:narqaa{\‘ [gea=(pg)oq]

P=a°p p=po(pep) | p=(q°p)op] q=p°(p=a)] pvp:(pvn)va\‘ \nw:avmvm\‘ \poa:(pomw\‘ [peg=astgoar]| \avp:mmlva\‘ [pe(p=p) = (p=p)p ]

P=3d°q p=(p°plep] p=q°(p°g]] q=(p°p)oq] pvp:pvfavm\‘ \Dvnz/qvahp\‘ \pﬂa:pv(ava)\‘ pvq:mﬂalvq\‘ \avq:pv(pvpl\‘ [peplop =p=(p-p]]
g=p°p] p=p°lp°q)] p=1(gq°p)oq] q=p°(qep)] pw:/pvq)w\‘ \P"P:av(qwl\‘ [peq=Tp>gleq] \aw:uvmﬂp)\‘ \qw:/pﬂp)w\‘ [polpepl=p>lp>q)]
7=p] p=(pep)oq] P=a°(qop)] q=1(p°q)op] Dw:pvwval\‘ \pﬂp:(aﬂa)va\‘ [pea=as(p-p \‘ \awz(ﬁﬂp/ﬂp\‘ \aw:w(wal\‘ [Pelpepl=(popleq]
[Pep=p°q] p=pelgep]] p=(g°q)°p] q=p°(q°q)] Dopz(pﬂaloq\‘ uva:m(uﬂpi\‘ Dw:(q”u)vu\‘ avp:m(uva!\‘ aoq:w»u)»a\‘ (pop)op = pe(p°q]]
] [p=tpea)op]| | [p=a°(a°a)]| | [a=(paleq]| | [pep=q°(p=p)] }uoq:(u»u)»u\ [pea=aelp=q)] | [aop=1(pep)oa] | [aeq=p=(a=p)] | [(poplep=(pp)eq]
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[TITTTTIT] [TTTTITITITTITITITT1] [TTTTITITTTITIT1] [T T I T I T T T ITITITIITI T ITI1T]
[TTITTITITTT [TTTTTITITTIITIIITITITIT] O 5 M -
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[bofasb)=a] [TTTTTTTTTT] [TTTIT] [TTTT1] 1
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LG0T S A U R 0O O 4 0 O O O 8 0 8 6 8 M M
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[(acblea=a] [TTTTTTTTTTTT 1 5 T 5 T T
[TTITITTIITIT] I 6 R R R R R R R W
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[T T T T I T LI T T I T I T ITITITTITITI1] [TTITITLTTITITTT] [TTTTITITTITITITIITITT1]
I [T T T T T M ITTITTITITTI] [T T T T T M ITTITTT] I
[TITTTTITI L ITTITT1] [TTITITTI L] [TTITITIITITITT1] [TTTTITITTITITITIITITT1]
(beajob=a] [TTTTITITTT] [TITTT] [TTTTT] [T T T T I T I T I T T I T I T I T T T T I T I T T I T I T T T I T TIITITITIITT1]
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be(beb)=a .
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as((aca)ob)=a] [TTTTTTTIT ]
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((bobjea)e(asb]=a] [ TTT T T T I T T T T I T I T I T T I T I T I T T I T I T I T T I T I T I T T I T I T I T T I T I T T I T I T I TIT T I TITITITITITITITITITIITITITIITITIT1] ..
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(fbefacaljoa)sb=a] [ TTT T TTTTT T I T I T T T T I T I T T T T I T I T T T I T I T T T T I T I T T T T I T I T T T T I T I T T T T I T I T T T I T I TITTITITTTITITITITIIT1T]
[TTITITT] [T T T T LT T T I T LT T I T I LT T T I T I T T T I T I T T T I T I T T T I T I T T T I T T TTITITITITITITITITITITIT]
be(cofas(bec))=a] [TTTTTTTT [T T T M T T W T T M T TTITITTITITITTITITITITITITITIITITITITITTITITITITIITIITIITITITITII11]
[TTITITT] [T T T T LTI T I T T T I T I LT T I T I T T T I T I T T T I T I T T T I T I T T T I T I T TTITITITIITITITITTITITITI1]
(aebjefafbec)/=a] [ TT T T TTTTT T I T I T T T T I T I TTT T I T I T T T T I T I T T T T I T I T T T T I T I T T T T I T I T I T T I T I T T T I T I TITTITITITTITITITITIIT1T]
[T T I T I T T T I T T T T I T T T I T T I T T I T I T I TITI T I TITITI T I T T I T T I T T I T T ITITIT T ITITITI T ITITITITITITITIIT]
(((bea)oc)ea)efaec)=a] [TT T I TTTTT T I T T T TT T I T I T T T T I T I T T T I T I T T T T I T I T T T T I T I T T T T I T I T I T T I T I T I T IT I TITTITITTTITITITITTIT1T]
[T T T T T T T T T I T I T T T I T I T T T T I T T T T T T T T T T I T I T T T T I T T T T I T T IT T I T TITTITITITIT T IITITIT]
({fbec)ed)ealefa=d)=a] [ TTT T T T I T I T T I T I T I T T I T I T I T T I T I T I T T I T I T T T T I T I T I T T I T I T I T I T T I T T I T T ITITITTITITITITITIITIITIIIIIIT1].
[TTTTITLTITTT] [TT11 [TT11 [T I T T T T I T ITITTITITITI LTI TITILTITITTT]

B

(aca)o(aca) =a | a
(b"(b“(é"ém"(a“(b"ﬁ”:3\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\HHH
(be((aeb)ob))o(a(cob)) =a| [TT TTTTTTT T T T T T T T T T A I
[TTT T T I T T T I I T T T T T T T T T I T T T T I T T T I T I T I I I I I I T I I T I T T I T I ITTITI I T I T IT T I T ]
(fbec)oa)e(bo(fboa)ob)) =a| [TTTTTTTTT [T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T TTTTITTTITTT
[T T T T T T T L T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T TT T TT T T T T T T T T T T TT T T T
(aca)e(aeb) =a | a:

| 0 0 0 0 0 6 M
bela-ll-a=a

‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘ﬂﬂi‘\ [TTTT].

Theorems that can be proved on the basis of simple axiom systems from page 805. A black square indicates that a particular theorem
holds in a particular axiom system. In general the question of whether a given theorem holds is undecidable, but the particular
theorems given here happen to be simple enough that results for them can with some effort be established with certainty.
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So what happens if essentially just a single form of operator is
allowed? The pictures below show results for the 16 forms from page

806, and among these one sees that logic yields the fewest theorems.

[P=a] peP=3°q] p=pela:q]] [p=(a°a)oq] [psp=p=lpep)] [pop=(qoplep] [poa=pelpea)] [pea=(aeploa] [gep=p>(ap)] [a=q=I(p°q)op]
p=p-p| P°q=q°p] p=(p°q)°q] q=pe(p°p]] nvp:(pomvp\‘ \mp:aamﬂa}\‘ \poq:(pomoq\‘ \pm:aomom\‘ [a°p=(p-a)°p]| [a2g=p=(g°q]]
5=pa] pea=qva] p=aeo0)]| | [a=(o=p)op] pap:pa(paq)‘” \papzmop;oq‘\‘ ‘paqua(qap‘)“ [p=a =(a=al=p] 1aap=na(qaa3\‘ [a=a=(p=a)oq]
p=pelpepl]| | [p=(q=plep] q=p°(p>q)] pﬂp=lu°u)oa\‘ \pw=qc(q°p)\‘ \ma:(u»a)wp\‘ [pea=ac(a=a)]| [a=p=(p-a)eq]| [p=(p=p) =(p=p)p]
p=(pplep]| | [P=q°(poq)] g=(pepleq]| | [pep=pc(qop)] \Pw:(avww\‘ \Pﬂq:m(qva)\‘ [Pea=(gea)eq]| \qﬂq:m/Pﬂp)\‘ [poplep =pelpepl]
p=pe(peq) ] p=(g°p)°q] q=pe(q°p)] nvn:(pvqlsp\‘ \pﬂp:aomom\‘ \pvq:mva}aa\‘ \a(vp:pv(pvm\‘ \avq:mvmvn\‘ [potpop=p>(p-al]
P=lrira)| | Bmatig)| | [o=turs) | formslin)| [pliroin| [ps=ioinn)| [op=rip)| [sma=rois)| [sobrm=lrore)
] p=p=(ap)]| | [P=(g°a)°p] q=p°(°q)] \pvp=(p°a)aa\‘ \pva=p°mnm\‘ \p»a=1aap)ap\‘ \q°ﬁ=pvw°q/\‘ \a°a=(pﬂp)ﬂq\‘ [tpop)ep =pelp-al]
\P”P:q“"\ [p=tpeqiop]| | [p=a°lq°q)]| | [a=(paloq]| | [pep=qclp=p)]| [Pea=(p-p)p]| [Pea=ge-(p-al]| [aep=(p=p)eq]| [g°q=p°(qep)]| [(p-plep=I(p°ploq]
[TTTTT [ [T
False:0 [TTTTTT [TTTTTTTITTITITITTITITITT]
[TTTTTT [TTTTTTTTTTTTTT T T I T IT I I ]
Nor:1[TTTTTTITTI \HHHHHHHH\HHHHHHHH\HHHH\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\\H\H\
2[11 H N NEN N [TT \‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘ HEN B N
/\/Ot‘3HHH\ [TTTTTI [TTTTTT T B W T T T T TTTTTTITTITITITTI T ITITT
[TTTTTTTTITTITTITT] [TT1 [TTTTTTTITTITITITT] [TT1
4 [TTTTTITTITTITITTTITTT [TTTTT [TTTTTTTITTITTITITITT [TTTTT

Nand:7 [TTTTTTTTT
\‘\‘\‘\‘\‘\‘\‘\

Implies:11
First:12

13

Or:14 [}

True:15 [T \‘\‘\‘\‘\‘ . [ \‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘ -
pelpep) =pe(q°p]][(p>plop = q°(pp]| [pelp>p) = q°(q°q) | [p°lp>q) = p>(q°q)| [ (p=P)°q = q°(p=q]| [ p>(q=p) = (p>q)°p | [p>(q°p) = G°(p=q) | [ (p>al°p = g°(q°q)] [ (p>a)°q = g°(p>q) |
po(pop) = (p=q)ep ] [(p=p)°p = (g°p)=p | [ p>(p>P) = (g°q)°q| [ p>(p>q) = (p>q)°q] [ (p=p)°q = (q°P)*q] [ (p=q)-p = p>(q°p] | [P>(q°p) = (q°P)°q] [ (p=q)p = (q°q)q] [ (p=q)°q = (q°p)°q]
(pep)op =pe(qep)] [p>(pop) = a°(p>a)] [(pp)op = a°(q°a)] [(pep)oa = po(q°a)] [p>(p>q) = q°(q-p]] [p°(a=p) = p>(q°a)] [(p=a)°p = a=(p>a)] [p>(q°a) = (p>q)=q] [p°(q°a) = g°(a=p]]
(0p)op=(p>a)ep | [pelpop)= 1ep-q |[(poplep = (Ga)q |[(peploq —(pea)oq |[pelpoal= (G-a)p |[pela=pl= eaq |[(pea)op —(a-p)q |[tpaleq —pelaeal |[pela=q) = (a=q)=p]
pelpep) =p(q°q)] [(p>p)op =q°(p°q)| [pelp>q) = (p°p)°q | [plp>q) = q°(p=p)| [ (p=P)°q = q°(q°p] ] [ (p=qlep = p>(g°q)]| [p>(qp) = g°(q°p)]| [p>(a°q) = g=(p>p)] [ (p>a)°q = g°(q°p) ]
po(pop)=(p=q)°q] [ (pp)p = (q°p)°q ][ (p=P)°q =p>(p>q)| [ P>(p>q) = (q°p)p] [ (p=P)°q = (q°q)p] [ (p=q)ep = (pq)q ]| [p>(g°p) = (q°q)°p] [P>(q°q) = (qg°p)p] [ (P=q)°q = (g°q)°p]
(p=p)p =p2(g=q)] [po(p=p) = q°(q=p)] [ p*(p=q) = pe(q=p)] [ (p=P)°q = g=(p=p)] [P=(p>q) = a=(a=q)] [p=(a°p) = g=(p=p)] [(p>a)ep = a°(q=p)] [(p>a)oq = g=(p=P)] [P>(qa) = g=(a°al]
(0=p)p = (pa)eq] [P=(p>p) = (a=a)ep] [=(p>0) = (p-a)ep [ (p=D)ea = (a=p)ep] [p=(p=a) = (a-a)=q] [p=(a=p) = (a=p)=p ] [ (p-a)P = (a-a)=p | [(=a)°q = (a=p)p] [P=(a-a) = (a-)=a]
[pelpep)=qelpep)][(p>plp = q°(q-p)] [(p>p)°q = p°(q-p)] [p=lp>a) = q°(p=q)] [(p=p)°q = q°(q°q)| [ (p=q)°p = q=(p=p) | [p>(ap) = G°(q°q)]| [p>(a°q) = g°(p>q)] [(p>q)°q = g°(q°q)]
[pelpop)=(qp)ep][(p°p)op =(q°a)ep] [(p>p)eq =(p>q)ep ] [p=(p>a) =(q=p)q] [(p>p)>q =(q°q)°q] [(p>q)ep = (q-p)ep] [po(qa-p) =(q°q)=q] [p>(a°q) = (q°p)°q] [(P>q)eq = (g°q)°q]
False:0
Nor:1 [TTTTTTITTITTITT \‘\‘\‘\‘\‘\‘\
Z W] o \‘\‘\‘\‘\‘\ \‘\‘\‘\‘\ \‘\‘\‘\‘\‘\‘\
Not:3 [TTTTT T T I T T TT T T I T IT I I ITTITTITITITTI 1]
4
Not:5
Xor:6
Nand:7 (TTTITTTTTTT T TITTITIT]
Aﬂd'8\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\‘\ [TT
Equal:9 [1
Last:10
Implies: 11 ‘\‘\‘\‘\‘\‘ ‘\‘\‘H [ 1 ‘\‘\‘\‘\‘\‘\‘
First:12 [TTTTTTTTTTITITTT [TTTTTTTTTITITTITT]
13 [TT1 ki
{25 2 I A
True:15

Theorems that hold with operators of each of the forms shown on page 806. NAND and NOR yield the smallest

number of theorems.
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But if one considers for example analogs of logic for variables
with more than two possible values, the picture below shows that one
immediately gets systems with still fewer theorems.

(pep)ep =(q=a)ep] [pe(p°a)=1(p=a)ep] }Dnlma)zmw)w\ }pa(p°m=(a°q)ap\ [teaiep=pe(azp)]
pelpep)=q-°(q°q) ] \(pap)°q=p°(a=p)‘\ }wﬂmw=a°(pﬂm‘\ }(ﬁapha:mmﬂp)‘\ }pﬂ(aﬂp!=p°(a°q/\
polpop)=1(9°q)°q] [(p°p)eq=1(p°alep] [(p°p)eq=1(q°p)ep| [(p°p)ea=(q°a)°p] [p=(q°p)=(p°q)°q]

|0 =5 | 1 11 il
- (p“p)°p=av(aﬁ"q)‘\ }pomﬂw:ﬁﬂ‘m“’al‘\ }pvlma):an‘w“’a)‘\ }pn(paq/=qa‘(q“’a)‘\ }(pna)op:pnlmal\
L]
= wop)op:/aral‘w‘\ }pa(paq)z‘(p‘aa)‘aq‘\ }m(u“al:‘m‘ﬂp/‘“q‘\ }pa(uaa)imra)‘w‘\ }(paq!npﬂpnalaq\
° pelpeq)=(pep)eq| [(peploq=p=(a-q)] [(pop)oq=go(p°al] [(pop)oq=ac(q=a)] [p=(q=p)=ge(p=pl]
2 3 4 [T 111 [TTTT1 [TTTT1 [T T 1T 1

Theorems in analogs of logic that allow
different numbers of truth values.
Statements like p = - -p do not hold in
general with more than 2 truth values.

(pap)aq‘:‘pn‘(p?a)‘\ }(pﬂp‘!ﬂa‘:‘(prm‘ﬂa‘\ }(mp‘)aa‘:‘m‘an)‘w‘\ }(pap‘laz?:‘(arm‘aa‘\ }p"m"p):/a“mw‘
[p2lpeg)=p=(aep)| [p=(p>q)=q>(pep)| [p>(p>a)=q>(q°p]] [po(q°p)=(p=q)-p| [(p=q)ep=q-(p>p]]

So what about proofs? Is there something about these that is
somehow special in the case of ordinary logic?

In the axiom systems on page 803 the typical lengths of proofs
seem to increase from one system to the next, so that they end up being
longest for the last axiom system, which corresponds to logic.

But if one picks a different axiom system for logic—say one of the
others on page 808—then the length of a particular proof will usually
change. But since one can always just start by proving the new axioms,
the change can only be by a fixed amount. And as it turns out, even the
simplest axiom system (f) given on page 808 seems to allow fairly short
proofs of at least most short theorems.

But as one tries to prove progressively longer theorems it appears
that whatever axiom system one uses for logic the lengths of proofs can
increase as fast as exponentially. A crucial point, however, is that for
theorems of a given length there is always a definite upper limit on the
length of proof needed. Yet once again this is not something unique to
logic. Indeed, it turns out that this must always be the case for any
axiom system—Ilike those on page 803—that ends up allowing
essentially only operators of a single form.

So what about other axiom systems?

The very simplest ones on pages 805 and 812 seem to yield proofs
that are always comparatively short. But when one looks at axiom
systems that are even slightly more complicated the proofs of anything
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but the simplest results can get much longer—making it in practice often
difficult to tell whether a given result can actually even be proved at all.

And this is in a sense just another example of the same basic
phenomenon that we already saw early in this section in multiway
systems, and that often seems to occur in real mathematics: that even if
a theorem is short to state, its proof can be arbitrarily long.

And this I believe is ultimately a reflection of the Principle of
Computational Equivalence. For the principle suggests that most axiom
systems whose consequences are not obviously simple will tend to be
universal. And this means that they will exhibit computational
irreducibility and undecidability—and will allow no general upper limit
to be placed on how long a proof could be needed for any given result.

As T discussed earlier, most of the common axiom systems in
traditional mathematics are known to be universal—basic logic being
one of the few exceptions. But one might have assumed that to achieve
their universality these axiom systems would have to be specially set
up with all sorts of specific sophisticated features.

Yet from the results of this book—as embodied in the Principle of
Computational Equivalence—we now know that this is not the case,
and that in fact universality should already be rather common even
among very simple axiom systems, like those on page 805.

And indeed, while operator systems and multiway systems have
many superficial differences, I suspect that when it comes to
universality they work very much the same. So in either idealization,
one should not have to go far to get axiom systems that exhibit
universality—just like most of the ones in traditional mathematics.

But once one has reached an axiom system that is universal, why
should one in a sense ever have to go further? After all, what it means
for an axiom system to be universal is that by setting up a suitable
encoding it must in principle be possible to make that axiom system
reproduce any other possible axiom system.

But the point is that the kinds of encodings that are normally
used in mathematics are in practice rather limited. For while it is
common, say, to take a problem in geometry and reformulate it as a
problem in algebra, this is almost always done just by setting up a direct
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translation between the objects one is describing—usually in effect just
by renaming the operators used to manipulate them.

Yet to take full advantage of universality one must consider not
only translations between objects but also translations between
complete proofs. And if one does this it is indeed perfectly possible, say,
to program arithmetic to reproduce any proof in set theory. In fact, all
one need do is to encode the axioms of set theory in something like the
arithmetic equation system of page 786.

But with the notable exception of Godel’s Theorem these kinds of
encodings are not normally used in mathematics. So this means that
even when universality is present realistic idealizations of mathematics
must still distinguish different axiom systems.

So in the end what is it that determines which axiom systems are
actually used in mathematics? In the course of this section I have
discussed a few criteria. But in the end history seems to be the only real
determining factor. For given almost any general property that one can
pick out in axiom systems like those on pages 773 and 774 there
typically seem to be all sorts of operator and multiway systems—often
including some rather simple ones—that share the exact same property.

So this leads to the conclusion that there is in a sense nothing
fundamentally special about the particular axiom systems that have
traditionally been used in mathematics—and that in fact there are all
sorts of other axiom systems that could perfectly well be used as
foundations for what are in effect new fields of mathematics—just as
rich as the traditional ones, but without the historical connections.

So what about existing fields of mathematics? As I mentioned
earlier in this section, I strongly believe that even within these there are
fundamental limitations that have implicitly been imposed on what has
actually been studied. And most often what has happened is that there
are only certain kinds of questions or statements that have been
considered of real mathematical interest.

The picture on the facing page shows a rather straightforward
version of this. It lists in order a large number of theorems from basic
logic, highlighting just those few that are considered interesting enough
by typical textbooks of logic to be given explicit names.
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7 a=aAa a=ava ara=avVa g arb=bra 4 avb=bva a=--a
ara=--a ava=--a ~a=-(aAa) —a=-(ava) a=(aAa)ra a=(ava)ra
a=aA(ara) a=aA(ava) a=aAava a=(ava)va a=avVaAra a=aVv(ava)
5 a=aA(avb) a=avaAb a=(avb)ra a=anr(bva) a=aAbva a=avVbaia
a=(bva)ra a=bArava —a=-aA-a —a=-aVv-a —aAa=atr-a -ava=av-a

-(ara)=-(ava)

—--a=(aAa)ra

—-—a=(ava)ra

- —-a=aA(ara)

-—-a=aA(ava)

- —-a=aArava

-—-a=(ava)va

--a=avaAra

—-=—a=aV(ava)

—=—a=aA(avb)

- =a=avaAb

—-a=(avb)Ara

—-a=aA(bva)

—-—a=aAbVa

——a=aVbAa

8 —aAa=-bAb

aA-a=-bAb

—aAa=bA=b

arA-a=bA-b

—ava=-bVvb

av-a=-bvb

—-ava=bV-b

av-a=>bVv-b

--a=(bva)Ara

- —-a=bAava

ar-b=-bAa

—aAb=bA-a

av-b=-bVva

—-aVb=bV-a

—(aab)=-(bAa)

—-(avb)=-(bva)

ara=(anra)ra

ava=(ara)ra

ara=(ava)ra

ava=(ava)ra

ara=aA(ara)

ava=aA(lara)

ara=aA(ava)

ava=aa(ava)

ara=aArava

ava=aArava

ara=(aVa)va

ava=(ava)va

ara=aVvVara

ava=aVvVahra

ara=aV(ava)

ava=aVv(ava)

ara=aA(avb)

ava=aA(avb)

ara=aVvanrb

ava=aVaAb

ara=(avb)ra

ava=(avb)ra

ara=aA(bva)

ava=aa(bva)

ara=aArbva

ava=aAbVva

ara=aVbira

ava=avbia

ara=(bva)ra

ava=(bva)ra

ara=brava

ava=brava

arb=(ara)Ab

arb=(ava)Arb

arb=anA(arb)

avb=aAaVvb

avb=(ava)vb

avb=aVv(avb)

arb=(arb)ra

arb=ax(bnra)

avb=(avb)va

avb=aVv(bva)

arb=(arb)Arb

arb=aA(bAb)

arb=aA(bVvb)

avb=(avb)vb

avb=avbab

avb=avVv(bvb)

arb=(bAa)ra

aAb=bA(ara)

arb=baA(ava)

avb=(bva)va

avb=bVvara

avb=bv(ava)

arb=(bAa)Arb

aAb=bA(arb)

avb=(bva)vb

avb=bvVv(avb)

arb=(bAb)ra

arb=(bvb)ra

arb=ba(bra)

avb=baAbva

avb=(bvb)va

avb=bv(bva)

-(aha)=-aAr-a

-(avVa)=-aA-a

—-(aAa)=-aV-a

-(ava)=-aV-a

0 -(avb)=-ar-b

—(aAb)=-aVvV-b

—-(aVb)=-bA-a

—(aAb)=-bV-a

—aA-a=-aVv-a

—aA-b=-bA-a

—aV-b=-bV-a

(ara) ha=(ava)ra

(ara)ra=anA(ara)

(ava)ra=aA(ara)

(ara)ra=aA(ava)

(ava)ra=an(ava)

aAlara)=anr(ava)

(ana)ra=araVa

(ava)aa=anrava

aAlara)=arava

aAlava)=anraVva

(ara)ra=(ava)va

(ava)ra=(ava)Va

aAlara)=(ava)va

aAlava)=(ava)va

arava=(ava)Vva

(ara)ra=avanra

(ava)ra=aVvara

aAlara)=avara

aAlava)=avada

aravVa=aVaAra

(ava)va=avanra

(ara)ra=aVv(ava)

(ava)ra=aVv(ava)

aAlara)=av(ava)

aAlava)=aVv(ava)

arava=aV(ava)

(ava)va=av(ava)

avara=aV(ava)

(ara)ra=aA(aVb)

(ava)ra=an(avb)

aAlara)=anr(avb)

aAlava)=anr(avb)

arava=aA(lavb)

(ava)va=aaA(avb)

avara=aA(avb)

av(ava)=aA(aVvb)

(ara)ra=avanrb

(ava)ra=avanrb

aArlara)=avanrb

aAfava)=avaaAb

arava=avaAb

(ava)va=aVvanrb

avVara=avVanrb

av(ava)=avaAb

50 lines

arbvb=bA(bva)

(avb)vb=bAbvVa

avbab=babva

av(bvb)=baAbva

(avb)vb=(bvb)Vva

avbAb—=(bvb)va

av(bvb)=(bvb)va

(avb)Ab=bVbara

arbvb=bvbaa

(avb)vb=bVv(bVva)

avbab=bVv(bva)

av(bvb)=bv(bva)

(avb)Aab=(bAb)Arb

arbvb=(bAb)Ab

(avb)ab=(bVvb)Arb

arbvb=(bvb)Arb

(avb)Ab=DbA(bAb)

arbvb=ba(bAb)

(avb)ab=bA(bVb)

arbvb=bA(bVb)

(avb)ab=bAbVb

aAbvb=bAbVb

(avb)Ab=(bVvb)vh

arbvb=(bvb)Vvb

(avb)Ab=bVbab

arbvb=bVvbab

(avb)Ab=bV(bVb)

aAbvb=bVv(bvb)

(avb)ab=baA(bVc)

arbvb=bA(bvc)

(avb)Ab=bVvbac

arbvb=bVvbac

(avb)ab=(bvc)Arb

arbvb=(bvc)ab

(avb)ab=DbA(cVb)

aAbvb=bA(cVvb)

(avb)ab=bAcVb

arbvb=bAcVvb

(avb)Ab=bVvcAb

arbvb=bVvcab

(avb)ab=(cvb)Arb

arbvb=(cvb)ab

(avb)ab=cAbVb

arbvb=cAbVvb

" (aab)Ac=aA(bic)

2(avb)vec=av(bvc)

(aab)ac=(aAc)Ab

aAlbAac)=(arc)Ab

(arab)ac=aA(cAb)

aA(bac)=anr(cAb)

ar(bvc)=aA(cVb)

(avb)vc=(avc)vb

av(bve)=(avec)vb

avbac=avcAb

(avb)vc=aVv(cvb)

av(bvec)=av(cvb)

(aab)ac=(bra)rc

aAlbac)=(bra)rc

(avb)ac=(bva)rc

(arb)Aac=DbA(aAc)

392 lines

(avb)vc=aAraV(cVvb)
aA(bac)=(arb)A(asc)
(aab)Ac=(aarb)A(bAc)
aA(bac)=(arb)A(cAa)

avbAc=(ava)VcAb
(aab)Ac=(aAb)A(arc)
av(bve)=(avb)v(avc)
(aab)Ac=(aAb)A(cha)

avbac=aAravcab
av(bvc)=(ava)Vv(cvb)
(avb)vc=(avb)v(avc)
avibve)=(avb)v(bvce)

aAa(bvc)=(ava)A(cVb)
avi(bvec)=anrav(cvb)
" avbAac=(avb)A(avc)
(avb)vec=(avb)v(bvc)

aA(bve)=(ara)A(cVb)
(avb)vc=(ava)V(cVvb)
13 aa(bvc)=arbvanrc
aA(bac)=(arb)a(bac)

The theorems of basic logic written out in order of increasing complexity. Those considered interesting enough to name in typical textbooks
are highlighted. The theorems are respectively: (1), (2) idempotence (laws of tautology) of AND and OR, (3), (4) commutativity of AND and OR,
(5) law of double negation, (6), (7) absorption (redundancy) laws, (8) law of noncontradiction (definition of FALSE), (9) law of excluded middle
(definition of TRUE), (10) de Morgan'’s law, (11), (12) associativity of AND and OR, (13), (14) distributive laws. With the exception of the second
distributive law, it turns out that the highlighted theorems are exactly the ones that cannot be derived from preceding theorems in the list.
The distributive laws appear at positions 2813 and 2814 in the list; it takes a long proof to obtain the second one from preceding theorems.
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But what determines which theorems these will be? One might
have thought that it would be purely a matter of history. But actually
looking at the list of theorems it always seems that the interesting ones
are in a sense those that show the least unnecessary complication.

And indeed if one starts from the beginning of the list one finds
that most of the theorems can readily be derived from simpler ones
earlier in the list. But there are a few that cannot—and that therefore
provide in a sense the simplest statements of genuinely new
information. And remarkably enough what I have found is that these
theorems are almost exactly the ones highlighted on the previous page
that have traditionally been identified as interesting.

So what happens if one applies the same criterion in other
settings? The picture below shows as an example theorems from the

formulation of logic discussed above based on NAND.

aab=bna

a=(ana)rlana)

a=(ana)alanb)

a=(anra)a(bra)

a=(anb)A(ara)

a=(bra)Alana)

(ana)sa=an(ana)

(ama)aa=(bab)ab

analarna)=(bab)ab

(ama)ra=bna(bab)

an(ara)=ba(bab)

an(aab)=(aab)ra

anlaab)=an(bra)

(amna)ab=(anb)ab

an(aab)=an(bab)

an(aab)=(bra)aa

(ana)ab=bn(ana)

(ama)ab=(bra)ab

(ana)ab=bnr(anb)

anlaab)=(bAab)Aaa

(ama)ab=bna(bra)

(aab)aa=anr(baa)

(anb)aa=an(bab)

an(bra)=an(bab)

(aAb)aa=(bra)Aa

an(bra)=(bAa)na

(aAb)aa=(brb)ra

an(bra)=(bab)aa

an(bab)=(bra)ra

(anb)ab=bn(ana)

(aab)ab=(bAa)ab

(anb)ab=bn(anb)

aa(bab)=(bab)ra

(aab)ab=ba(bra)

aalbac)=an(cab)

(aab)ac=(bma)ac

aan(bac)=(bAac)aa

(aarb)ac=cnA(aab)

ana(bac)=(cab)aa

(aab)ac=cnA(baa)

(ana)n(ana)=(ana)m(anb)

(ana)n(ana)=(ana)a(bra)

(ana)a(ana)=(anb)A(ana)

(ana)m(ana)=(baa)A(ana)

(ana)a(aab)=(ana)nr(anc)

(ana)a(anb)=(ana)r(bra)

(ana)a(aab)=(ama)n(caa)

(ana)a(aab)=(anb)a(ana)

118 lines

ana(laab)ab)=(cA(ara))ra

aa(laab)ab)=((caa)ac)aa

aallfaab)ab)=(caAlamc))aa

(aalanb))ab=(ca(bab))ab

(aa(aab))ab=((cab)ac)ab

(aa(anb))ab=(ca(bac))ab

aallaab)ab)=(caA(caa))aa

(aA(amab))ab=(ca(cab))ab

an(laab)ab)=((cAc)Ac)Aa

an((aab)ab)=(cA(cac))aa

(aa(arab))ab=((cAac)ac)ab

(aa(anb))ab=(cAa(cAc))rab

an(an(bac))=an(an(cab))

(aAlarnb))ac=((aab)7a)Ac

(aA(amnb))ac=(an(bAra))Ac

an(laab)ac)=an((bra)ac)

((ara)ab)ac=((aab)ab)ac

(am(amb))ac=(an(bab))ac

an((anb)ac)=an((bab)ac)

an(lanb)ac)=((aab)ac)ra

analaa(bac))=(aa(bac))aa

anlaa(bac))=an(lbac)ma)

an(aa(bac))=(larb)ac)ac

(aa(amb))ac=(anr(bac))ac

aallaab)ac)=an(lbac)ac)

an((anb)ac)=an(calarb))

aalan(bac))=(aa(cab))aa

analaa(bac))=an((cab)ra)

an(laab)ac)=an(ca(baa))

an(aa(bac))=((anc)ab)ab

an(laab)ac)=an(cAa(bab))

((ama)ab)ac=((aac)ab)ac

(aA(amb))ac=(ar(cAab))rc

an(laab)ac)=an(lcab)ac)

an((anb)ac)=an(ca(bac))

an(laab)ac)=an(ca(cab))
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The theorems of logic formulated in terms of NAND. Theorems which cannot be derived from ones earlier in the list are highlighted.
The last highlighted theorem is 539th in the list. No later theorems would be highlighted since the ones shown form a complete
axiom system from which any theorem of logic can be derived. The last highlighted theorem is however an example of one that
follows from the axioms, but is hard to prove.
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Now there is no particular historical tradition to rely on. But the
criterion nevertheless still seems to agree rather well with judgements a
human might make. And much as in the picture on page 817, what one
sees is that right at the beginning of the list there are several theorems
that are identified as interesting. But after these one has to go a long
way before one finds other ones.

So if one were to go still further, would one eventually find yet
more? It turns out that with the criterion we have used one would not.
And the reason is that just the six theorems highlighted already happen
to form an axiom system from which any possible theorem about
NANDs can ultimately be derived.

And indeed, whenever one is dealing with theorems that can be
derived from a finite axiom system the criterion implies that only a
finite number of theorems should ever be considered interesting—
ending as soon as one has in a sense got enough theorems to be able to
reproduce some formulation of the axiom system.

But this is essentially like saying that once one knows the rules
for a system nothing else about it should ever be considered interesting.
Yet most of this book is concerned precisely with all the interesting
behavior that can emerge even if one knows the rules for a system.

And the point is that if computational irreducibility is present,
then there is in a sense all sorts of information about the behavior of a
system that can only be found from its rules by doing an irreducibly
large amount of computational work. And the analog of this in an
axiom system is that there are theorems that can be reached only by
proofs that are somehow irreducibly long.

So what this suggests is that a theorem might be considered
interesting not only if it cannot be derived at all from simpler theorems
but also if it cannot be derived from them except by some long proof.
And indeed in basic logic the last theorem identified as interesting on
page 817—the distributivity of OR—is an example of one that can in
principle be derived from earlier theorems, but only by a proof that
seems to be much longer than other theorems of comparable size.

In logic, however, all proofs are in effect ultimately of limited
length. But in any axiom system where there is universality—and thus
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undecidability—this is no longer the case, and as I discussed above I
suspect that it will actually be quite common for there to be all sorts of
short theorems that have only extremely long proofs.

No doubt many such theorems are much too difficult ever to
prove in practice. But even if they could be proved, would they be
considered interesting? Certainly they would provide what is in essence
new information, but my strong suspicion is that in mathematics as it
is currently practiced they would only rarely be considered interesting.

And most often the stated reason for this would be that they do
not seem to fit into any general framework of mathematical results, but
instead just seem like isolated random mathematical facts.

In doing mathematics, it is common to use terms like difficult,
powerful, surprising and deep to describe theorems. But what do these
really mean? As I mentioned above, any field of mathematics can at
some level be viewed as a giant network of statements in which the
connections correspond to theorems. And my suspicion is that our
intuitive characterizations of theorems are in effect just reflections of
our perception of various features of the structure of this network.

And indeed I suspect that by looking at issues such as how easy a
given theorem makes it to get from one part of a network to another it
will be possible to formalize many intuitive notions about the practice
of mathematics—much as earlier in this book we were able to formalize
notions of everyday experience such as complexity and randomness.

Different fields of mathematics may well have networks with
characteristically different features. And so, for example, what are
usually viewed as more successful areas of pure mathematics may have
more compact networks, while areas that seem to involve all sorts of
isolated facts—like elementary number theory or theory of specific
cellular automata—may have sparser networks with more tendrils.

And such differences will be reflected in proofs that can be given.
For example, in a sparser network the proof of a particular theorem may
not contain many pieces that can be used in proving other theorems.
But in a more compact network there may be intermediate definitions

and concepts that can be used in a whole range of different theorems.
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Indeed, in an extreme case it might even be possible to do the
analog of what has been done, say, in the computation of symbolic
integrals, and to set up some kind of uniform procedure for finding a
proof of essentially any short theorem.

And in general whenever there are enough repeated elements
within a single proof or between different proofs this indicates the
presence of computational reducibility. Yet while this means that there
is in effect less new information in each theorem that is proved, it turns
out that in most areas of mathematics these theorems are usually the
ones that are considered interesting.

The presence of universality implies that there must at some
level be computational irreducibility—and thus that there must be
theorems that cannot be reached by any short procedure. But the point
is that mathematics has tended to ignore these, and instead to
concentrate just on what are in effect limited patches of computational
reducibility in the network of all possible theorems.

Yet in a sense this is no different from what has happened, say, in
physics, where the phenomena that have traditionally been studied are
mostly just those ones that show enough computational reducibility to
allow analysis by traditional methods of theoretical physics.

But whereas in physics one has only to look at the natural world
to see that other more complex phenomena exist, the usual approaches
to mathematics provide almost no hint of anything analogous.

Yet with the new approach based on explicit experimentation
used in this book it now becomes quite clear that phenomena such as
computational irreducibility occur in abstract mathematical systems.

And indeed the Principle of Computational Equivalence implies
that such phenomena should be close at hand in almost every direction:
it is merely that—despite its reputation for generality—mathematics
has in the past implicitly tended to define itself to avoid them.

So what this means is that in the future, when the ideas and
methods of this book have successfully been absorbed, the field of
mathematics as it exists today will come to be seen as a small and

surprisingly uncharacteristic sample of what is actually possible.
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