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to participate in this-series—ef talksy
It is particularly fun to come to a

nice conservative lab like this and promote some revolution. But
that is what I want to do. I want to urge you to throw off the
shackles of the past and become revolutionaries in the field of
programming.

Seriously though, 1 want to talk about the impact of programming on
the future of computing and about why those shackles of the past
are keeping programming in the dark ages.

Apparently it is clear to almost everyone that programming is an

. .ul@ { . .
immense obstacle Lﬁﬁxﬁgiéib“gg progress in computing. Thus we are
always hearing about "the software crisis”, and about the cost,

inflexibility and unreliability of programs.

So here's my short summary of the programming problem:
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And here's a bit more detail:
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[EXPLAIN]
END SLIDE 2

So the proggramming problem is this: why is programming still the
expensive, slow, confusing mess that it is?

Surely, if we were working with the right basic concepts, we could

have made better progress. So 1 think it s, inescapable that the
S%MthiL e £is,

cause of this frustrating s1tuat10n 1s a very pervasive and fun-

damental one; it clearly requires a profound revolution in our

concepts if we are to make real progress.

Programming is in a situation today similar to that of astronomy
before Copernicus. In the fifteenth century astronomers were strug-
gling with complicated but largely successful theories to explain
the motions of the planets. Of course, now we can see that if you
take the Farth as a fixed point, as they did, then solving problems
in astronomy is going to be very difficult. And that difficulty is
going to persist despite the cleverness of the mathematics you use.
As long as you insist on the fundamental misconception of an Earth-
centered universe, astronomy is going to be a terrible mess.

Today we have a similar misconception about the nature of programs;
it is a very fundamental misconception. And programming will con-
tinue to be the difficult mess that it has been for the last thirty
years, unless we recognize it.

In the 15th and 16th centuries mathematicians succeeded in produc-
ing theories that helped astronomers to compute the motion of the
planets -- although with great difficulty. Despite these dif-
ficulties, many astronomers, including one of the greatest
astronomers of the time, who was born 3 years after the death of
Copernicus, all refused to believe that the earth-centered concept
was the source of this great complexity and steadfastly rejected
Copernicus' ideas.
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We can now see that early astronomers might have suspected some
fundamental misconception, simply because of the complexity of
their theories and the work it took to calculate a planet's posi-
tion. Today, computer scientists have been working with the same
conventional concept of programs for thirty years. They have
developed some elegant theories about such programs, but program-
ming continues to be essentially the same complicated mess it has
always been.

This situation is illustrated by two earlier talks in this series.
Tony Hoare presented a really beautiful theory about conventional
programs. He said that
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On the other hand, here is my capsule summary of Ken Wilson's talk:

SLIDE 4



Progro.mmiuj 15 @ CO\MP“M"‘Q‘( mes ¢

— Kewn Wilson (?)



[6]
END SLIDE 4

Ken Wilson devoted much of his talk to illustrating how messy and
complicated programming is for scientists. If Hoare is right, you
would expect that a brilliant scientist like Ken Wilson would be
using the mathematics of programs to simplify his work.

So why don't pretty theories translate into simpler concepts and
less work for the programmer? In short, why is programming still
such a terrible mess?

I believe that the answer is that our concepts about programs are
flawed, not just in a few details but fundamentally, in ways that
are as devastating to the advance of programming as the Earth-
centered concept was to astronomy.

But I don't pretend to be a latter-day Copernicus of computer
science who has the final, just-right concept for programs. In
fact, several changes in our basic concepts will probably be re-
quired to make programming a much simpler discipline.

In astronomy, all problems did not go away with the change from an
earth—-centered concept to a sun-centered one. There were other
issues that were independent of these concepts, such as issues
involving relativity.

And it will probably be that way with programming, several con-
cepts, including at least one fundamentally new one, will have to
come together before programming can become an order of magnitude
simpler and clearer. That is the kind of improvement that we
desperately need. Bringing it about will require a revolution in
the way we think about programs; it will require a rebirth of

creative effort by computer scientists.

I do believe that we can identify one fundamental flaw in our

concept of programs: it is the store-centered concept, the idea
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that a program is a mapping of stores into stores, the basic con-
cept of conventional programs. I want to try to convince you that
the store-centered, von Neumann concept is as great a hindrance to

the advance of programming as the earth-centered concept was to
that of astronomy.

My talk will not be entirely a negative argument; it will propose
an alternative concept, the notion of function level programs that
I've been working on with my friends in San Jose for some time now.
This new concept of programs eliminates a great many of the com-
plexities of the conventional gcemcept.d~e ,

However, the function level concept introduces some new problems
because it does not easily cover some areas that are handled quite
simply by the von Neumann concept, such as maintaining a permanent
file system and controlling input-output devices.

So other new concepts are needed to simplify these areas, in the
same way that the function level concept simplifies the central
area of programming: namely, the transformation of input data into
output. '

Many people, including my friends and I, are working om such con-

cepts, but it is still too early to say how well thefj are going to
work out.

Now let's look at the basic problem with the von Neumann concept of
programs:
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[EXPLAIN]

The need to have programs which must have both compatible purposes
and compatible storage plans in order to combine them means that it
is not generally possible to combine two programs that have not
been planned together.

At the very least it means that you have to design a master storage
plan and then change the storage plans of all the programs you are
going to use so that they fit this one master plan. This is what we
do when we use subroutines in writing a program. Storage planning
is an archaic activity that should not be required of the program-
mer.

The worst aspect of the von Neumann concept of programs is that
every program has a complex extra dimension -- its storage plan -~
that is totally useless but absolutely essential to know if you are
going to use the program. And that extra dimension prevents you
building new programs from existing ones without first changing
them.

Now let's contrast the von Neumann concept with a different one,
one that views programs as functions or transformations.
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In this concept of programs, a program is the same as its purpose,
a program is just the mapping that transforms its input into its
output.

Instead of stores, programs map the objects you're concerned with
into other objects. These objects are either atoms, such as numbers

and symbols, or sequences built from either atoms or other se-
quences.

Thus in this view the program Pl of the previous example becomes
just the operation "+" that transforms a pair of numbers into their
sum, and P2 becomes just the operation square root. Such programs
have no need to give names to their inputs or outputs.

Thus the analog of our previous example is the composition of P2
and P1 [but now we read from right to left to have Pl applied
first]. Only now, with this new concept of programs as functions,
it always makes sense to compose programs if it makes sense to
compose their purposes, because program and purpose are identical.
Programs no longer have that unnecessary extra dimension, a storage
plan.

Thus P2 - Pl is a new program that transforms a pair of numbers
into the square root of their sum.

END SLIDE 6

Since the von Neumann concept makes it so difficult to put programs
together and to reason about and transform programs, it seems
strange that we don't discard it and adopt the more elegant one.
But I think there is a very fundamental reason why we haven't. That
reason concerns the most basic tradition of natural language and of
mathematics, the tradition of how we interpret sentences.
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[ EXPLAIN]

END SLIDE 7

So the von Neumann concept is closely tied to our traditions of
language and breaking with that concept means breaking with those
traditions.

It will be difficult for people to accustom themselves to non-von
Neumann languages, despite the advantages that come from doing so.

Galileo had to contend with ancient religious beliefs in order to
establish the theory of Copernicus; and so will proponents of
function level programs have to contend with ancient traditions of
language and mathematics before computer scientists will recognize
the simplicity of this new concept.

Anyway, it is difficult for people to get used to dealing with
programs that do not name the things they operate om, and that is
what function level programs do. To understand how they do this,
let's take a closer look at how this new kind of program is put
together and how they differ from von Neumann programs.

The real work in a von Neumann program is done by expressions. An
important element in expressions are user-defined functions. Let's

consider how these functions are defined.
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Functions can be defined either at the object level or at the
function level. We are used to defining them at the object level.

But when you look at it closely, you find that this is really a
strange process.

You are given some already defined functions, g and h in this case,
and you want to define f. So the first thing you do is descend from
the level of fumnctions, that is, the level of g and h, and intro-
duce an object you call x.

You then start applying the functions you have to objects, here you
apply h to x and then g to that result, until you have built the
result-object g:(h:x). Now you have an object, but you want to
define a function; so you say that the object f:x equals the result
object g:(h:x) for all objects x.

Thus you never really define the funetion, you define the object
f:x, and you do that for every object x.

The real difficulty of object level definitions is that they focus
on the mathematics of objects. And that mathematics may be inter-
esting, but it is quite different from the mathematics of programs,
and this is the mathematics that is important for programmers, if
you want general theorems about programs.

The second way of defining a function is at the function level.

In the object level definition, we are concerned with constructing
objects; in this function level definition, we are concerned with

constructing functions. Our definition simply says that f is built
by applying the operation of composition to the functions g and h.

Notice that we do not need a variable in this definition of £,
whereas the variable x is essential in the object level definition.

All we need to know is what composition means, and it has the usual
meaning in mathematics, as shown.
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END SLIDE 8

Now we've seen how functions can be defined at the object level or
at the function level. So next, let's look at how von Neumann
programs are put together. We've already noted that most of their
work is done by expressions; and that these are object level ex-
pressions.
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The most elementary von Neumann program is an assignment statement,
consistihg of a variable on the left and an expression on the
right. O0ddly enough, even though expressions are object level
constructs, programs are built at the function level. That is,
given some programs that you want to combine to form a new program,
you combine them by program-forming operations, jnst as we build a
function at the function level.

For von Neumann programs, these are the principal operations for
building programs: composition [the semicolon]}, if-then-else, and
while. I will assume that everyone is familiar with the way these
operations work.

The important point to note is that they are operations, not

punctuation, as the semicolon suggests. Thus P semicolon Q is a new
program formed from P and Q by applying the operation composition.

But it is worth remembering also that most of the work of writing a
program is writing expressions. Thus programming in von Neumann
languages means working with two different technologies, one for
building expressions and defining functions, the other for building
programs. And one of these technologies is object level, the other
is function level.

In the function level approach, programs are just functions, so we
have a single technology of expressions for building functions and
programs [which are the same].
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[EXPLAIN]

Now to make clearer how definitions of function level programs
work, let's look at another example of a function level definition,
this time using a function variable so that we can improve the

readability of the definition.
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[EXPLAIN]

This example shows that every object level definition can be ex-
actly mimicked by a function level one, and that there are other

function level definitions that cannot be mimicked by an object
level one.

The existence of these non-isomorphic definitions shows that the
space of function level programs is richer than the space of object
level ones, and that function level programming is therefore more
powerful. This greater power comes from the fact that the program-
mer has not only the set of existing functions from which to build
a new one, as in object level definitions, but also a fairly rich
set of program forming operations that he can use to put them
together. And these operations are lacking at the object level.

END SLIDE )

Next I would like to discuss the mathematics of programs. You have
heard from Tony Hoare about the mathematics of conventional
programs and I want to sketch the mathematics of function level
programs. In order to compare them, it is first necessary to talk a
bit about two different kinds of mathematical disciplines. Some
mathematics is procedural in nature; axioms and theorems tell you
how to make a step in a calculation or deduction. This kind of
mathematics is the basis for a methodology. But it does not provide
direct answers to problems.

We tend to use procedural mathematies when we're working in a

system that is too weak to provide general solutions for the
problems we're interested in. Here's a small example.
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[EXPLAIN]

In this system there are only two operations, plus and square
root. There are no strong laws that relate one to the other. So
to solve a problem like this one, we are reduced to some proce-
dure like trying successive integers.

We can make the system a lot stronger by adding the operation of
multiplication. When we do, we then have the law shown at the
bottom, which gives the general solution to our problem and to

many similar ones.

In contrast with such weak mathematical systems, there are a number
of strong ones, such as the classical system of real numbers under
addition and multiplication. If we consider systems that may have
more than two operations, and ask, what are the important
properties of strong systems, that is, systems that have equations
for most of their laws and theorems, and that have general solu-
tions to many classes of problems, then we might find that these
are the properties we want.
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A typical system has a single domain and all its operations map one
or more elements of that domain back into the domain. Thus for
example, addition maps pairs of numbers into numbers.

1f a system has more tggn onigzemaln then its egq tlonst~qjﬁ)Luk
more complex. AK.OQ i.s & . &w‘ —}o AQ ()(16145
S Sy & l«qt

I~ fLe bectn (e i Gy M

A second important property of a good system to work with is that
its operations are easily understood. This means that if you under-
stand what certain elements of the domain are, themn you understand
the element that you get by applying an operation to those ele-
ments.

For example, if the operation is composition, then this means that
if you understand what two programs P and Q do, then you under-
stand, very simply and directly, what the program P-.Q does.

If operations lack this property of simple understandability, then
it is hard to have a good intuitive understanding of the elements
that these operations build and of the system as a whole.

The third important property of these systems is that they have
laws that relate the behavior of one operation to that of another.
The strongest laws of this kind are symmetric ones; these laws
equate an expression whose main connective is the operation o, but
have subexpressions involving o', with a second expression whose
main connective is o' and has subexpressions involving o. For
example, the distributive law of algebra is a symmetric one, since
it expresses a product involving addition, as addition involving
products.

These symmetric laws are the main way to express general transfor-
mations of a computation. Without them you can't change the way an
element is computed; once its main operation is given, there is no
general way to compute it by a different operation, unless its main
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operation is part of some symmetric law.

Now we can see what the mathematics of programs looks like.
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It is just a system whose domain is the set of programs, and whose
operations are the program forming operations.

This sometimes confuses people, because programs themselves are
operations. Nevertheless, if you want to have a mathematics of
programs, then it is important to view them as just things, things
that get transformed by program forming operations.

Thus for example, composition maps two programs into a new one, and
condition maps three programs into a new one.

The important thing to notice is that the mathematics of such a
system depends entirely on the properties of its operations.
As an example of such a system, let's look at the mathematics of

function level programs.
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[ EXPLAIN]

And now let's look at the mathematics of von Neumann programs.
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Here we find there is just one symmetric law for the 3 principal
program forming operations; it relates composition and if-then-
else. There is no symmetric law that relates while with either
composition or if-then-else.

There are, again, laws about composition —— it's associative and
has a unit; and there are a number of laws about if-then-else by
itself, just as before.

Now we come to the question of other operatioms on von Neumann
programs, such as those proposed by Tony Hoare. I am not clear
whether he proposes to use these operations, such as P cup Q, and P
under Q, as actual program forming operations, that is, as opera-
tions that would appear in a completed program, or whether, as I
suspect, these operations are intended for reasoning about a
program during its development, but would not appear in the final
program.

In any case we can now compare the mathematics of von Neumann
programs and that of function level programs with respect to our
three criteria for strong mathematical systems. Of course, this
means comparing the properties of their program forming operations,
particularly their three principal ones.

SLIDE ¥ (Y |
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Here we see that the von Neumann program forming operations are not
mappings of just programs into programs; instead they have two
domains, boolean expressions and programs. So, for example, While
maps an expression b and a program P into the program "While b do
P".

The fact that program forming operations have two domains instead
of one leads to a great many complications and makes the mathe-
matics of von Neumann programs weaker than it might be, because it
is hard to reflect what goes on in one domain, in the other one,

at least vy weaus o€ equationg.

With regard to the question of understanding program forming opera-
tions and the programs they build, if you understand an expression
b and a program P, that does not mean that you understand "while b
do P". In fact, there is a very simple expression b and a very
simple program P, which are very easy to understand, and yet no one
understands what "while b do P" does.

Similarly if you understand two programs P and Q, you do not under-
stand very simply what "PYQ" does. As Tony Hoare remarked in his
lecture, you can compute :&@ if you are good at manipulating quan-
tifiers in the predicate calculus. And that's not a very simple
thing, in fact, these expressions are notoriously hard to under-
stand in some cases.

So the point here is that it is hard to have an intuitive under-
standing of what programs do, even when you understandrg%;ts; and a
lot of difficult methodology is needed to find programs that will
do a specified job.

gicde 15

And finally there is the key question of symmetric laws, the ques-
tion that determines the strength of the mathematics your system
will have. As we saw, there is only one symmetric law for the three

principal program forming operations, and none involving While,
perhaps the most vital one of the three.
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The consequence of this last fact is that the mathematics of von
Neumann programs is weak, that you can do very little to express

general transformations of programs.

—

S)fALQ_ (N

In contrast to that, if we look at those same three questions for
the operations of function level programs, we find, first, that
they operate on a single domain; that is, they combine just
programs to form programs.

This means that the system of function level programs is fundamen-
tally simple.

SeVe f"cd
Second, they have the nice property that if you understand some-

programs and build a new one from them by applying a program form-
ing operation, then you always understand, very simply and
directly, what the new program does. For example, if yon understand
two programs f and g, then you understand what {f,g] does, namely
it produces the pair consisting of the result of f and the result
of g.

This property means that it is easy to understand any constructed
program, one step at a time, with as many steps to that understand-

ing as there are program forming operations.

And finally, with respect to the question of symmetric laws, as we
saw, there are 4 symmetric laws for the 3 principal program forming
operations. Thus there is a symmetric law for every pair of the 3
operations, with 2 laws for one of these pairs.

This means that there is a strong mathematics of function level
programs, with a lot of general theorems in the form of equations.
This makes for a mathematics that is easy to apply, one that makes
possible the general solution of Z:I::E% clas%ﬁ%f problems once and
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for all. The kind of mathematics that can be the foundation of a

real engineering discipline. I'll show you some examples in a bit.

First, it is interesting to note that you can't strengthen the
mathematics of von Neumann programs by adding construction as a
program forming operation. If you could, there would be symmetric
laws relating it to both composition and if-then-else. And you
would then have the use of an extremely simple and powerful program
forming operation.

SLIDE 15a
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But you can't do that, because the construction of two programs
always produces a pair of results, so the comstruction of two
programs would not map stores into stores but rather stores into
pairs of stores and such a mapping is not a von Neumann program
because a pair of stores is not a store.

END SLIDE 15a

In any case, the evidence is very strong that the mathematics of
von Neumann programs is weak and is doomed to remain weak unless
someone can find some magical new program forming operation that
obeys strong symmetric laws with the existing ones. It is hard to
imagine such an operation.

Because the real difficulty lies in the basic property of von
Neumann programs, the fact that they have both a purpose and a
storage plan, and are therefore fundamentally difficult to combine
meaningfully, no matter what operations you use. Recall that if
these programs don't have a common storage plan, they can't be
combined by any operation, unless it alters those plans.

The result of the very weak mathematics of von Neumann programs is
that we are confined to a tedious, complicated methodology for
developing them. We have no body of theorems that programmers can
apply directly to program fragments simply by substitution.

Therefore programmers are constantly solving the same kinds of
problems over and over again because we have no mathematics capable
of expressing their general solution.

The structured programming methodology that Hoare and his followers
have developed is a really admirable one, especially, given the
enormous difficulties that von Neumann programs present and the

lack of strong laws for program forming operations.

I believe this methodology resembles, in some ways, the one that
enabled pre-Copernican astronomers to compute the positions of the
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planets. Certainly, both are very complicated.

And so, even for brilliant programmers like Kem Wilson, this highly
developed methodology still leaves programming a difficult, slow
and confusing process.

I submit that the reasons for this are fundamental and require a
new concept of programs in order to make real progress.

Such progress would require that we have more powerful ways of
building programs from existing ones.

It would require a strong mathematics of programs so that we
could accumulate a lot of knowledge in the form of general
solutions for many different problems that arise in programming.
And to be easily applicable these general solutions should be in
the form of equations.

Although function level programs do not yet cover as large an area
of applications as conventional programs, they do have many of the
properties needed to make such progress.

Let me show you some examples of how some problems can be solved
using general results in the mathematics of function level

programs.
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And now let's look at one final example.

SLIDE 17
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[EXPLAIN]

The point about these two examples is that each used a theorem that
provides the solution to many other problems in addition to the
ones we considered. These are the kind of theorems that we need to

develop if we want programming to be an engineering discipline.

Let me close by saying that the evidence shows that we have been
working with a fundamentally flawed notion of program for the last

30 years. So let me urge you not to put up with it any longer.
Revolt.

Investigate other concepts of programs. Start thinking and program-
ming on a higher level, even if it is hard at first.

Just be careful that any new concept you propose is not as compli-
cated as the von Neumann concept. And be careful that it has a
decent mathematics associated with it.

If we don't change our ways in programming, we'll remain like those
16th century astronomers who wouldn't listen to Copernicus [or
anybody else], we'll just stay P mired in our favorite misconcep-

tion like they did.

Thank you.
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