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THE KNOWLEDGE LOOM

Introduction

ome time ago I asked one of these new artificial intelligences to tell

me about James Burke. It replied, with great confidence and

impeccable grammar, that I was a British science historian, best
known for a television series called Connections, and that I had died,
peacefully, in 2019. Reports of my death, as somebody once nearly said,
have been generated with complete fluency. And that, in a nutshell, is the
modern condition: we have built a machine that knows everything and is
sure of nothing, and we have given it to everybody. This book is about how
that happened, and what happens next.

The first thing to say is that nobody planned it. Nobody ever does. How
could a Frenchman weaving flowered silk for the Lyon fashion trade in
1804 have known that his punched cards would one day become software?
How could a Victorian gentleman obsessed with measuring his relatives
have known that his technique for predicting the height of sweet-pea
plants would end up as the mathematical engine inside a machine that

writes poetry? And how could two engineers in California, whose only
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INTRODUCTION

ambition was to make video-game explosions look wetter and shinier,
have known they were building the hardware on which humanity would
teach sand to talk? Nobody involved had the faintest idea where things
were headed. They never do. That's the way change works: sideways, by
accident, in the dark.

The second thing to say is that this has all happened before. About a
million years ago, somebody chipped a cutting edge onto a piece of flint
and handed it to the rest of us, and the deal that came with it has never
changed: the tool will give you powers you never dreamed of, and the price
is that the world will change in ways nobody can foresee, and there is no
money-back guarantee. The axe gave us food surpluses and civilization, and
also war. Print gave us Luther, Shakespeare and the scientific journal, and
also propaganda. Each time, the gift went to the few who could use it, and
the rest of us took what we were given. The talking machine is the latest
axemaker's gift, and it comes with the same small print. Only this time
there's a twist, because this time the tool was made out of us. Every sentence
it speaks is spun from the great web of everything we ever wrote down: the
encyclopedias and the love letters, the patents and the poems, the truth and
the lies. We wove it. And now it's weaving us back.

Some years ago, at the end of a book called The Knowledge Web, I
stuck my neck out and predicted that one day each of us would have an
intelligent agent that would travel the web of knowledge on our behalf,
ask us what we meant, teach our children, and put the specialists out of the
mystery business for good. I got the details wrong, of course. Prediction is
what historians do worst, which is why we face backwards. But the general
idea has arrived, a generation early, and it raises the question this book was
written to answer: for a million years the axemakers kept the sharp tools
and the rest of us queued up for the product. What happens when
everybody gets the axe?

So what follows is not a book about computers. It's a detective story,

and the mystery is how we got here. The trail runs through silk looms and
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frog's legs, Napoleonic artillery tables and the Rosetta Stone, the electric
telegraph, a chess-playing hoax, and a wager about whether a machine
could ever fool you into thinking it was your aunt. None of the people
you're about to meet knew they were making a mind. Neither, if it comes
to that, do we. But then, as I hope you'll see by the end, the future is only

ever the past, waiting to happen. Shall we begin?



WORD OF MOUTH

CHAPTER ONE

Word of Mouth

And out of the ground the Lord God formed every beast of the
field, and every fowl of the air; and brought them unto Adam to
see what he would call them: and whatsoever Adam called every

living creature, that was the name thereof.

— GENESIS 2:19

n a drawer in the Natural History Museum in London there is a stone
I axe that is far too big to use. It is the size of a dinner plate, a

beautifully worked teardrop of flint the colour of weak tea, and it was
dug out of a gravel pit at Furze Platt, near Maidenhead, in 1919, by
workmen who had no idea they were handling one of the oldest luxury
goods on Earth. It weighs the better part of six pounds. You could not skin
a horse with it, or chop a branch, or do any of the useful things a hand-axe
is supposedly for, because the moment you swung it with any conviction

the sheer mass would tear it out of your grip, and a hand that size does not
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exist. It is, in every practical sense, useless. And somebody, something
between three and half a million years ago, sat down with a hammerstone
and spent hours making it anyway — striking off flake after flake in
exactly the right order, working round the edges, thinning and truing and
finishing a tool that was never meant to cut anything at all.

Now, why would anyone do that?

The polite archaeological word for the Furze Platt giant is "non-
utilitarian,” which is the sort of thing you say when you mean "we haven't
the faintest idea,” and I don't propose to pretend I know either. But I notice
that the same impulse survives to this day in every trade you care to name:
the master carpenter's showpiece dovetail, the chef’s plated garnish nobody
eats, the apprentice’s "masterpiece” that gave the word to the language.
When a human being makes something far finer than the job requires, it is
almost always for one of two reasons — to show off, or to teach — and the
two are usually the same thing, because the way you demonstrate that you
have mastered a skill is by performing it more perfectly than the mere task
demands. The giant hand-axe is not a tool. It is a lesson. It is somebody say-
ing, across half a million years, in the only language they had: watch how
this is done.

And that, if you'll bear with me, is where this entire book begins. Not

with a computer. With a lesson in stone.

Let me set the scene, because the scene is genuinely staggering, and we
tend to skate over it because it happened so appallingly long ago that the
mind refuses the numbers. The tool I have just described belongs to what
the archaeologists call the Acheulean, after Saint-Acheul in northern
France, where the first examples were recognized in the nineteenth
century. The Acheulean hand-axe — that symmetrical, two-faced teardrop
— is the single most successful artefact in the history of the planet. It was

made, in more or less the same shape, for something like a million and a
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half years. Let me put that in a form you can feel: if you laid the Acheulean
end to end against the whole of what we grandly call civilization — the
pyramids, Rome, gunpowder, the internet, the lot — then everything
from the first city to this sentence would occupy the final one per cent of
the story, and the hand-axe would fill all the rest. It was made across three
continents. It was made by at least two, arguably three, different species of
human being, most of whom never met, could not possibly have met, were
separated by tens of thousands of generations — and they all made the
same thing, to the same template, with the same care, for longer than our
species has existed.

Think about what that requires. A shape that specific, held that stable,
across that gulf of time and space, cannot be an accident, and it cannot be
instinct — a spider spins its web without being shown, but nobody is born
knowing how to knap flint, as you will discover the first time you try it and
take the top off your thumb. That shape was taught. Passed hand to hand,
parent to child, expert to novice, in an unbroken chain running back to a
time when the teachers were not, by any definition we would recognize,
quite people yet. It is the longest-running educational programme in the
universe, and it had no schools, no books, and — here is the interesting
part — possibly, at first, no words.

Because knapping flint is hard. I don't mean fiddly; I mean genuinely,
punishingly hard, a skill that modern experts spend years acquiring, and it
is hard in a very particular way. To strike a good flake off a core you must
hit the stone at precisely the right point, at precisely the right angle, with
precisely the right force, and — this is the crucial bit — in precisely the
right order, because each blow changes the shape of the stone and sets up
the one after it. Get the sequence wrong and you don't get a slightly worse
axe; you get a ruined lump of rock and a wasted afternoon. It is not a
knack, like throwing. It is a procedure. A recipe. A sequence of discrete

operations that must be performed in the correct succession or the whole
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thing collapses. And that word — sequence — is about to do an enormous

amount of work.

Here is a hypothesis. I want to be scrupulously clear that it is a
hypothesis and not a fact, because this is precisely the sort of grand, tidy,
once-upon-a-time story that our species loves and that the evidence rarely
quite supports, and I would rather flag the wink than pretend to a certainty
nobody has. But it is a beautiful hypothesis, and a serious one, and a good
many people who have spent their lives on the question take it seriously, so
here it is.

Some say that teaching stone-chipping is what gave us language.

The argument runs like this. To pass on a skill as sequential and precise
as knapping, gesture alone starts to run out of road. You can show a novice
the first blow, and the second, but you cannot easily show why the third
must wait, or what to look for, or when not to strike, and you certainly
cannot correct him at a distance or explain the principle behind the
particular. What the situation cries out for is a way of chopping the
continuous flow of an action into named, ordered, repeatable pieces —
this, then this, then this, and never that before this — which is to say, it
cries out for something with the structure of a sentence. And when the
neuroscientists went looking, they found, to a degree that made everyone
sit up, that the business of planning a complex manual sequence and the
business of planning a spoken sentence light up startlingly overlapping
territory in the brain. The region we call Broca's area — named for the
French surgeon Paul Broca, who in 1861 examined the brain of a patient
known to history as "Tan," because tan was very nearly the only syllable the
poor man could still produce, and traced his lost speech to a specific lesion
in the left frontal lobe — that same region, it turns out, is deeply involved

in organizing the hand as well as the tongue. Put a modern flint-knapper
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in a brain scanner, as researchers have actually done, and the circuitry that
hums is next door to, and tangled up with, the circuitry of speech.

So the story some tell is that grammar was not born to gossip, or to
woo, or to pray. It was born to teach knapping. The scaffolding we use to
say the cat sat on the mat — subject, sequence, the ordering of parts into a
whole where position carries meaning — may be the very same scaffolding,
borrowed and repurposed, that we first evolved to say, in effect, strike here,
then here, then turn it over, then here, but not too hard. The mouth inher-
ited the discipline of the hand.

I said I would flag the legend, and I will: nobody was there with a
notebook, the brains of Homo erectus do not fossilize helpfully, and there
are perfectly respectable scholars who think language came later, or earlier,
or for quite other reasons — for grooming-at-a-distance, for social
bookkeeping, for holding a tribe together when it grew too big to pick
fleas off one another all day. The honest position is that we do not know,
and may never know, exactly when or why the human animal began to
talk. But whether or not the axe specifically midwifed the word, the deeper
point survives every version of the argument intact, and it is the point on
which this whole book turns: language is a sequential technology. It takes
the world, which arrives all at once — a great blooming, buzzing
confusion of everything happening simultaneously — and it strings that
world out into a line. One word after another. First this, then this. It is the
mind's own production line, and once you have it, you have something no

creature ever had before. You have the world taken apart.

*

My friend and colleague Robert Ornstein and I once wrote a book
about exactly this — it was called The Axemaker's Gift, and if you have
read the introduction to the present volume you will have met the phrase
already, because it is the frame on which everything here hangs. The

axemaker's gift is the bargain struck by that first person who chipped a
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cutting edge and handed it round: the tool gives you powers you never
dreamed of, and the price is that the world changes in ways nobody can
foresee, and there are no refunds. We told the story of the axe, and the
plough, and the printing press, and the bomb, and we argued that the very
same cast of mind that could make a fine cutting tool — the mind that
cuts, that separates, that takes the seamless world and slices it into
manageable, nameable, orderable pieces — is the mind that made
everything else, for good and ill. The axemaker cuts stone. Then he cuts
wood, and cloth, and eventually the atom, and the working day, and the
enemy. The axe is not just a thing. It is a way of thinking, and the way of
thinking is this: to control something, first cut it into pieces small enough
to handle, and name them.

Language is the axe turned on the world itself. This is the master move,
the one from which all the others descend. A wolf experiences the forest; a
human being names the forest, and having named it can now name the
trees, and the parts of the trees, and the parts of the parts, and — crucially
— can hold those names in the mind and shuffle them about in the ab-
sence of the things themselves. This is the trick that changes everything.
The word "fire” is not hot. You can say it in the dark and the cold. You can
say "fire" to a child who has never seen one and, if you are patient and the
child is clever, plant in that small head a working model of a thing not
present — a stand-in, a token, a portable ghost of the real. And once you
can do that, once a sound can stand in for a thing, you are no longer
confined to the here and the now and the visible. You can talk about
yesterday. You can talk about the far valley. You can talk about the dead,
and the not-yet-born, and the herd that crosses in autumn, and the god
behind the mountain, and things that have never existed and never will.
The animals live in the present tense. We are the creatures who escaped it,
and we escaped it through words.

There is a very old story about this, the oldest we have, and I put my
epigraph at the head of this chapter for a reason. In the garden, before the



WORD OF MOUTH

fall, before the woman, before anything much happens at all, God does a
strange and rather touching thing: he makes the animals, and then he
brings them to the man, one by one, to see what he will call them. Not to
see whether the man will get the names 7ight — there are no right names
waiting to be guessed — but simply to see what he will call them, and
whatsoever Adam called each creature, that was its name. It is the first job
God gives to humanity, before tending the garden, before anything: the
naming of the parts. And it is a job that confers a peculiar authority,
because in the old way of thinking to know the true name of a thing was to
have power over it — which is why the demons in the exorcisms must be
made to speak their names, and why Rumpelstiltskin comes apart the
moment the queen guesses his. Whoever wrote down that scene in the
garden, three thousand years ago and more, understood something we
have only lately built a machine to prove: that the naming of the world
and the mastering of the world are, at some deep level, the same act. To
name is to seize. Adam does not merely observe the animals. He takes

possession of them, with his mouth.

But I have got ahead of myself, because for a very long time — far
longer than we comfortably admit — all of this took place entirely in the
air. The word was only ever spoken, heard, and gone. There was no writing,
would be no writing for the overwhelming majority of the human career,
and everything a people knew — every skill, every law, every story, every
genealogy and prayer and the location of every reliable waterhole for a
hundred miles — had to be carried in living heads and passed from mouth
to ear or lost forever. This is the condition we call orality, and it is so
unlike our own bookish existence that it takes a real effort of imagination
to inhabit it, but the effort is worth making, because the machine at the

end of this book is, in one uncanny respect, a throwback to it.
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Consider the problem. If everything must be remembered, and there is
no way to look anything up, then memory is not a party trick; it is the
load-bearing wall of the entire culture. Lose the old woman who knows
the songs and you have burned a library, except that nobody can smell the
smoke. So the oral cultures became, of necessity, prodigious rememberers,
and — more interesting still — they shaped their most precious
knowledge into forms built to be remembered. This is why the foundational
texts of so many peoples come to us as poetry. Rhythm, rhyme, metre,
repetition — these are not decoration. They are error-correction. They are
the format in which a long message can be held stable in a human head
across a lifetime and handed on without drifting into nonsense, because
the metre itself tells you when a word has gone missing, the way a gap in a
paved floor tells you a tile has fallen out.

The great demonstration of this — and it is one of the loveliest pieces
of detective work in the humanities — came from a young American
scholar named Milman Parry in the 1920s and 30s. For two and a half
thousand years people had argued about Homer: how could one blind poet,
in an age before writing had any grip in Greece, have composed and held
in his head the whole vast sprawl of the Iliad and the Odyssey? Parry no-
ticed something everyone had seen and nobody had understood — that
Homer is full of stock phrases, the same epithets endlessly recycled: the
wine-dark sea, the rosy-fingered dawn, swift-footed Achilles, the grey-eyed
goddess Athene. Generations of schoolmasters had treated these as a sort of
quaint tic, or padding. Parry realized they were machinery. Each formula
was metrically shaped to slot into a particular position in the line, so that
the singer, composing at speed out loud in front of an impatient audience,
was not remembering the poem word for word at all — he was rebuilding
it, live, each time, out of a vast kit of ready-made, metre-fitting parts, the
way a jazz musician improvises a solo out of learned phrases. And then
Parry did the thing that makes him a hero of mine: he went to check. He

travelled to what was then Yugoslavia, into the mountains, where illiterate
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peasant bards — the guslari — were still, in the twentieth century, singing
epic poems of tremendous length to the scrape of a one-stringed fiddle,
composing them anew at every performance by exactly the method he had
reconstructed from Homer. He recorded them. He proved it. Homer was
not a man who had memorized a book. Homer was a technique, a way of
generating fluent, structured, apparently spontaneous speech from a stock
of learned patterns.

I ask you to file that description somewhere safe, because we will want it
again before the end. A system that produces fluent, plausible, well-formed
language on demand, not by looking up a fixed text but by recombining
an enormous store of learned patterns into whatever the moment requires.
If that begins to sound familiar, you are paying attention, and we are only

in the first chapter.

Now, the trouble with the spoken word — its glory and its curse — is
that it vanishes. It exists only in the instant of its saying, and then it is
gone into the air, and all you have left is what your fallible, forgetful,
wishful head chose to keep. For a hundred thousand years, give or take, this
was simply the human condition, and it had consequences we can still feel
in our bones. An oral culture cannot easily accumulate. It can conserve,
magnificently — the old songs, the old skills, held with a fidelity that
shames us — but it struggles to build, because each generation must spend
so much of its capacity just holding on to what it already has. There is no
filing cabinet. There is no reliable outside store. The knowledge of the
tribe can never much exceed what its living members can between them
carry, and when they die, unless they have passed it on entire, it dies with
them.

The escape from that trap is the second great abstraction in this story,
and like the first it came, gloriously, from nobody trying to do anything of

the sort. It came from accountants.
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I love this, and I want to slow down for it, because it is so perfectly,
characteristically the way real change happens — sideways, by accident, in
the pursuit of something entirely mundane. For most of the last century
the textbooks told a heroic story about the birth of writing: that some
Sumerian genius, gazing at the stars or the gods, conceived the sublime
idea of capturing speech in visible marks. It is a lovely story and it is almost
certainly wrong. The truth, painstakingly assembled by an archaeologist
named Denise Schmandt-Besserat, who spent years doing the unglamorous
work of cataloguing little lumps of baked clay in museum drawers across
the Near East, is far more interesting and far more human. It turns out
that for thousands of years before writing, all across the ancient Middle
East, people kept accounts using small clay tokens — little cones, spheres,
discs, cylinders, each shape standing for a quantity of something: this cone
is a small measure of grain, this sphere a large one, this disc a sheep. If I
owed you five sheep and three jars of oil, we would settle the debt with the
right tokens. Simple. And utterly ordinary — the boring bookkeeping of
an economy learning to run granaries and temples and taxes.

Then, around five and a half thousand years ago, somebody had the
bright idea of sealing the tokens for a given transaction inside a hollow
clay ball — a bulla — so the count could not be tampered with in transit:
your obligation, locked in a clay envelope, witnessed and secure. Excellent.
Except now you had a new and idiotic problem, which is that you had
sealed the tokens inside an opaque ball and could no longer see what was in
it without smashing it open. So — and here is the hinge of world history,
disguised as an office-supplies annoyance — some clerk began pressing the
tokens into the soft surface of the ball before sealing them inside, so the
outside would show what the inside contained. Three sheep-tokens pressed
into the clay: three sheep-marks on the shell.

And then someone, some blessed, lazy, immortal someone whose name

we will never know, looked at the marks on the outside and looked at the
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tokens on the inside and had the thought that made the modern world:
why do we need the tokens at all?

If the marks say three sheep, keep the marks and throw away the sheep-
tokens. Keep the record and discard the thing. Draw the sign for sheep on a
flat tablet and be done with it. And with that shrug — that supremely
practical, supremely unvisionary shrug — writing was born, not as a gift
from heaven but as a shortcut in a warehouse. The first written documents
in human history are not poems or prayers or the deeds of kings. They are
receipts. Inventories. So-and-so owes the temple this many measures of

barley. The word made visible began its career as a spreadsheet.

But look what they had done, these Sumerian clerks, without the least
idea they were doing it. They had performed the second great abstraction,
and it is worth naming as precisely as we can, because it is the very move
the talking machine will one day perform on all of us. The first
abstraction, remember, was the spoken word: a sound stands in for a thing.
The fire-word for the fire. The second abstraction is a mark that stands in
for the word that stands in for the thing — a symbol of a symbol, reality at
two removes, the ghost of a ghost. And once you have that, once meaning
has been successfully peeled off the fragile, mortal, forgetful human head
and fixed in durable clay, the trap of orality springs open. Knowledge can
now sit outside the mind. It can outlive the knower. It can accumulate,
tablet on tablet, generation on generation, into something no single head
could ever hold. It can be sent down the river to a man you will never meet
and understood exactly as you meant it. The word has been made to keep.

The Sumerians wrote by pressing a cut reed into wet clay, which leaves a
wedge-shaped stroke — cuneus is Latin for wedge, hence cuneiform — and
at first the signs were little pictures: a stylized ox-head meant ox, a stalk
meant grain. But pictures can only take you so far, because most of the

things worth saying are not picturable. How do you draw tomorrow, or
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debt, or swear, or the name of a man called, say, Enlil> And so the
Sumerians stumbled onto the third and cleverest trick of all, the one that
finally welded writing to speech: they let the signs stand not for things but
for sounds. It is the principle every child discovers in the puzzle-page where
a picture of an eye plus a picture of a saw means "I saw” — the rebus. The
sign for a thing whose name sounded like part of your word could be
borrowed to spell that word, regardless of meaning. And at that instant
writing stopped being a system of pictures of the world and became a
system for capturing the noises a mouth makes — which meant, at last,
that anything that could be said could be written, and the two channels,
the spoken and the written, locked together into the double helix that has
carried human knowledge ever since.

It was still, mind you, fiendishly hard. Cuneiform had hundreds of
signs and took the better part of a decade to master, which meant that the
men who could read and write — the scribes — held a monopoly on the
frozen word, and a monopoly, as we shall see again and again in this book,
is a thing people fight to keep. But the difficulty is worth dwelling on,

because the next great step is the step that broke it.

*

Somewhere in the Bronze Age, among Semitic-speaking people on the
fringes of the Egyptian empire — the earliest traces turn up scratched in
the turquoise mines of the Sinai, so we call it Proto-Sinaitic, and they were
very possibly labourers, not scholars — somebody had the most consequen-
tial idea in the history of literacy. Instead of a sign for every word, or even a
sign for every syllable, why not a handful of signs, one for each basic sound
in the language? A sound so small it cannot be divided — what we would
call a consonant. Two dozen marks or so, and with them you could spell
anything at all. They built the signs, charmingly, out of little pictures
whose names began with the sound they wanted: a picture of an ox —

‘aleph — for the sound that starts it; a picture of a house — bet — for the
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b; and so, in time, down the whole line, until you had a fixed running
order of little sound-pictures that a child could learn in an afternoon. We
still recite them. We just say the first two of them run together, and call the
whole thing after them, and the word is alphabet. Every A you have ever
written is a picture of an ox, upside down; turn a capital A over and the two
legs become the horns. You are drawing cattle and don't know it.

The Phoenicians, those tireless Mediterranean traders, carried this
consonant-alphabet the length of the sea, and the Greeks, borrowing it,
made one further adjustment that the schoolbooks tend to skip over but
that mattered enormously: they took a few of the consonant-signs they
didn't need for Greek and repurposed them to mark the vowels, the open
sounds a Semitic writer had left the reader to supply. It sounds like a
footnote. It was a revolution, because a fully phonetic alphabet — every
sound, consonant and vowel alike, set down explicitly — is a machine so
simple and so complete that a person can learn to read it without a teacher
standing over them to fill in the gaps. Writing had spent three thousand
years as the closely guarded mystery of a scribal priesthood. The alphabet
was the first crack in that wall — the first time the frozen word came
within reach of the ordinary person — and it is surely no coincidence at all
that the Greeks who inherited it went on, within a few centuries, to invent
so much of what we mean by argument, and philosophy, and history, and
democracy: for the first time, the tools of the word were not locked in a
temple. But that is a thread that runs through the whole of what follows,

and I will not pull it here.

Let me stand back, because we have come a long way in a few thousand
words — from a stone too big to hold to a set of two dozen marks that can
hold anything — and I want to name the single deep tendency that runs
through the whole of it, because it is the tendency that, compounded

across a hundred centuries, finally wakes up.
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At every step, the story is the same. We take something continuous,
seamless, whole — the flow of an action, the blur of the world, the stream
of speech — and we cut it into parts, and we name the parts, and we set the
named parts in order. The knapper cuts the making of the axe into a
sequence of blows. Language cuts the world into a sequence of words.
Writing cuts speech into a sequence of visible signs. The alphabet cuts those
signs down to the irreducible atoms of sound. Down, and down, and down
— always the same axemaker's motion, the cut that separates so that the
pieces can be handled and named and rearranged. And this, this habit of
taking things apart to see how they work and describing them piece by
piece, is the deepest groove in the whole of the Western mind. It is the
thing I once called, in another book, a tool for chipping pieces off the
universe. The philosophers have a grand name for it — reductionism —
and out of it, in the seventeenth century, science itself would be born, the
systematic business of dismantling reality into ever smaller, ever more
precisely named components: matter into elements, elements into atoms,
the atom into its own private zoo. But you do not need a laboratory to see
it. You need only a mouth, and the sequential, cutting, naming habit that
the mouth learned, perhaps, from the hand that chipped the stone.

The purest monument to this cast of mind — and one of my favourite
characters in the whole gallery — is a Swedish parson's son called Carl
Linnaeus, who in the eighteenth century looked at the whole of the living
world, which arrives, you will recall, as a great blooming buzzing
confusion, and decided to file it. Every plant, every animal, every living
thing, sorted into a great nested hierarchy of kingdoms and classes and
orders, and each one given a two-word Latin name — a genus and a species
— so that a rose was Rosa, a particular rose Rosa canina, and a naturalist in
Uppsala and a naturalist in Philadelphia who shared not one word of any
living language could nonetheless know they were discussing precisely the
same creature. It was Adam's task in the garden, resumed after several

thousand years and carried through with Nordic thoroughness. Linnaeus
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named some twelve thousand species, and when he came to the naming of
the creature doing the naming, he did not flinch: he reached for the
flattering word, and called us Homo sapiens, man the wise, which is either a
magnificent piece of self-confidence or a very early example of the machine
marking its own homework. There is a line attributed to him — probably
by an admirer rather than the man himself; so take it with the usual pinch
of salt — that ran Deus creavit, Linnaeus disposuit: God created, Linnaeus
arranged. And whether he said it or not, it is exactly right, and it is exactly
the human story: we did not make the world, but by God we named it, and
in naming it we took, as Adam did, a kind of ownership. Linnaeus did not
add a single creature to creation. He added words, arranged in order, and
the words let us hold the whole living world in a way no one before ever

had. A machine for arranging names had reorganized life itself.

*

And now I can state the thesis of this book plainly, because everything
so far has been building the ramp up to it, and if I have done my job you
may find you have half-guessed it already.

Here it is. For a hundred thousand years and more we have been
perfecting a single technology — the arranging of words — and in the
course of perfecting it we have quietly done something we have never quite
admit-
ted to ourselves. We have moved almost everything that matters to us out of
the world and into words. We began by describing reality; we ended by
living inside the description. And the reason this matters — the reason it is
the whole hinge of the age we have just entered — is deceptively simple: if
the important things are made of words, then a machine that can do
nothing whatever except arrange words can, in principle, do the important
things.

Watch me make good on that, because it sounds like a cheap trick and

it is not.
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Take the law. What, physically, is a law? Where is it? You cannot stub
your toe on the law of contract. A statute is words — words arranged in a
particular authoritative order, and nothing else. A contract is words. A
verdict is words, a constitution is words, a marriage is a few dozen words
said in the right order in front of the right person, a nation's sovereignty is
words on a treaty, a man's guilt or innocence is a word pronounced by
twelve other people. The entire majestic apparatus of the law — which can
take your money, your children, your freedom, your life — has no material
existence at all. It is a structure built entirely out of language, sustained
entirely by our collective agreement to treat certain arrangements of words
as binding. Adam named the animals; the lawyer names the crime, and the
naming makes it so.

Take money — and here the point gets sharper, because we imagine
money is a thing, gold and coin and heft, and it has not been for a very
long time. Look at an old English banknote and it tells you, in so many
words, exactly what it is: I promise to pay the bearer on demand. A promise.
Words. The overwhelming majority of the money in the world today is not
notes and not coin and certainly not gold; it is numbers in the ledgers of
banks, entries in a database, a shared and updated agreement about who
owes what to whom — which is to say it is, almost in its entirety, a very
large and very serious arrangement of symbols that we have all consented
to take seriously. Money is a story we tell so consistently that it comes true.
It is the most powerful fiction ever composed, and it is made of exactly the
same stuff as the Odyssey: words in an agreed order.

Take science — the very thing that the cutting, naming, reductionist
habit was invented to do. What does a scientist actually produce? Not, in
the end, a thing. A paper. A description. Words about measurements, laid
out in a precise and testable order: under these conditions, this was
observed; therefore we propose this. The knowledge is not in the
phenomenon; the phenomenon was always there. The knowledge is in the

description, and the description is language — sometimes the specialized
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language of mathematics, which is only language with its collar buttoned,
but language all the same. Newton did not add gravity to the universe. He
added an equation — a sentence in the dialect of number — that let us
hold the falling of every apple and the turning of every planet in a single
graspable phrase. The world does the falling. We do the wording.

And take — because we must, since it is the whole point of what is
coming — the machine's own native realm, code. What is a computer
program? People imagine something electric and alien, and underneath,
yes, there are electrons doing incomprehensible things at incomprehens-
ible speed. But a program, the thing a human being actually writes, is text.
It is words — words with a punishingly strict grammar, admittedly,
because the reader is a machine with no gift for guessing what you meant,
but words in an order, sentences of instruction, and nothing more. Code is
not merely like language. Code is language: a way of arranging symbols
such that the arrangement, read out, makes something happen. The
software that runs the bank that holds the money that pays the lawyer that
argues the law — all of it, top to bottom, words upon words upon words,
all the way down.

Do you see it now? Law, money, science, software, government,
scripture, scholarship, the whole towering scaffolding of civilization that
we imagine to be so solid — nearly the whole of it turns out, on inspection,
to be made of language, built out of the one abstraction we have been
compounding since somebody sat by a fire and taught a child to say strike
here, not there. We did not notice, because it happened over ten thousand
years and we were busy. But we have spent the entire span of history
migrating the important business of being human out of the physical
world and into a world made of words — a world you cannot touch, that
exists only in the saying and the writing and the shared agreement to go
on treating the symbols as real.

And that migration is why the machine at the end of this book is not a

gadget. It is the punchline of the whole hundred-thousand-year joke.
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Because we have finally built a device that does one thing and one thing
only: it arranges words. It has no hands, no eyes in any human sense, no
body, no world; it has never seen a sheep or felt a fire or owed anybody five
measures of barley. It does nothing but predict, with uncanny fluency,
what word should come next — the guslar’s trick, Homer's trick, done
with electricity and at a scale that would have stopped Milman Parry's
heart. And because we had already, without meaning to, poured nearly
everything we care about into the medium of words, a machine that is
fluent in words turns out to be, willy-nilly, fluent in nearly everything. It
can draft the contract because the contract is words. It can write the code
because the code is words. It can explain the science because the science is
words about measurements. It can argue the case, compose the prayer, tell
the story, name the animal. It inherited the estate simply by learning to

speak, because we had already put the estate into speech.

I want to be careful here, at the hinge, not to claim too much, because
overclaiming is how technologists make fools of themselves and I have
watched a great many do it. A machine that arranges words is not thereby
wise, and it is certainly not reliable — I have personal reasons to know this,
having been informed by one of these very machines, in impeccable prose
and with total confidence, that I died peacefully in 2019, which was news to
me and, I should think, to my publisher. The machine’s fluency and the
machine's truthfulness are two entirely different things, and the gap
between them is going to occupy us badly in a later chapter, so I will only
wave at it now. The point is not that the word-machine is right. The point
is that it is fluent, and that fluency, in a civilization that has spent ten
millennia encoding itself in words, is a skeleton key.

Nor — and this matters — is any of this quite as new as the newspapers
shrieking about it seem to think. That is really the burden of my whole

song. We have met the anxiety before, every single time, at every one of the
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steps I have just walked you through. When writing arrived, the complaint
(recorded, exquisitely, by Plato, in a passage we will come back to) was that
it would rot the memory and give men the mere show of wisdom without
the substance. When the alphabet democratized the frozen word, the
guardians of the old scribal mystery were no more pleased than any guild
ever is to see its monopoly broken. Every extension of the word-tools has
provoked exactly this mixture of wonder and dread, and every time the
same two things have turned out to be true: that the critics were right
about what would be lost, and that the change came anyway, and that on
the far side of it we found powers we could not have imagined and could
not, afterwards, imagine living without. The talking machine is the newest
turn of a very old screw. It is the axemaker's gift arriving, as it always does,
with the powers gift-wrapped and the price in the small print and no re-
ceipt.

The one genuinely new thing — and I say this so that you do not think
me merely a debunker, waving away the marvel with a historian's tired
hand — is the closing of the loop, and it is worth pausing on, because it is
strange enough to keep you up at night if you let it. Every previous word-
tool was a tool for handling words: the mouth made them, the clay kept
them, the alphabet simplified them, the press — but I am trespassing on a
later chapter — multiplied them. In every case the words were about the
world, and we, the word-users, stood outside the system, working it. What
is different now, for the first time in the whole long story, is that we have
built a tool that does not merely store or carry or copy our words but gener-
ates them — that sits, as it were, in the chair the human being has
occupied alone since the fire and the flint, the chair of the one who decides
what word comes next. And we built it, extraordinary to relate, by feeding
it our words. All of them, or as near to all as makes no difference: the
receipts and the epics, the statutes and the love letters, the science and the
scripture and the lies, the whole ten-thousand-year sediment of everything

anybody ever bothered to write down, wound onto a loom and woven into
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a single vast fabric from which the machine now spins its fluent, plausible,
sometimes entirely fictional continuations of the human sentence. It is
made of us. Every word it says, it learned from a word one of us said first.
When it told me I was dead, it was only repeating, in its patient average
way, a rumour it had assembled out of us — for somewhere in that great
woven web of our words, no doubt, some careless human had written that
James Burke was no longer with us, and the machine, faithful as a mirror

and about as wise, wove it back.

So here is where we stand, at the end of the beginning, with the rest of
the book stretching out ahead like a trail of clues.

A million and a half years ago, more or less, one of our ancestors made
a stone too fine for its job, and in the making of it — in the precise,
sequential, teachable business of striking flakes in the one right order —
there lay, some say, the seed of language: the sequential, part-by-part,
name-the-pieces habit of mind that would eventually take the whole world
apart and lay it out in a line, word by word by word. That habit gave us
speech, and speech let us carry the world about inside our heads and speak
of the absent, the past, the future, the never-was. Then, chasing nothing
grander than an accountant’s tidy mind, we froze the word in clay, and it
began to keep and to pile up and to outlive us; and we cut the frozen word
down to two dozen sounds a child could learn, and it slipped the grip of the
priesthood and spread; and all the while, without ever deciding to, we were
pouring the whole serious business of human life — the law, the money,
the science, the promises, the very machinery by which we hold society
together — out of the touchable world and into the untouchable world of
words. Until at last there was so much of us stored in words, and our tools
for handling words had grown so powerful, that we did the thing that
closes the circle. We took everything we had ever said, and we taught it to

speak.
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Everything that follows in this book is the story of how the word-tools
compounded, step by unwitting step, until they woke up. It is a story with
no villains and no masterplan, only a very long chain of people solving the
small practical problem in front of them and having not the faintest
notion what they were building — a silk-weaver, a census clerk, an
artilleryman, a man watching a dead frog twitch, a telephone engineer
counting the redundancy in the English language, a pair of programmers
making video-game explosions look wetter. Not one of them thought they
were making a mind. Neither, I rather suspect, do the people making it
now. But that is the way of the axemaker's gift, and always has been, and
the deepest lesson a historian has to offer is also the most unsettling and
the most consoling at once: that the future is only the past, waiting to
happen. We have stood exactly here before. Not with this tool — but with
this moment, the moment when a new way of handling words breaks loose
and rearranges the world. It went a certain way each of the previous times,
and I can show you how, and I intend to, in the chapters that follow.

But to do that we must go back to the beginning of the machinery,
which is not, as you might expect, a laboratory or a war room, but a
workshop in the French silk trade, full of angry weavers and beautiful
cloth, where a man was about to solve a problem about flowered patterns
and, in solving it, hand the future a way to remember instructions on a
string of punched cards.

Which is where, as we shall see, the thread is first drawn onto the loom.
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CHAPTER TWO

Weaving the Thread

We may say most aptly, that the Analytical Engine weaves
algebraical patterns just as the Jacquard-loom weaves flowers and
leaves.

— ADA, COUNTESS OF LOVELACE, NOTE A TO HER

TRANSLATION OF MENABREA'S SKETCH OF THE
ANALYTICAL ENGINE, 1843

n Saturday evenings in the 1840s, at number one Dorset Street,
Marylebone, you could meet everybody. Charles Babbage's soirées
were a fixture of the London season, and over the years the guest
lists read like the index of the age — Darwin, Dickens, Brunel, the Duke of
Wellington, foreign ambassadors, bishops, actresses, and a steady supply of
duchesses. They came for two attractions. One was the Silver Lady, a
beautiful automaton dancer Babbage had first seen as a boy in a mechanical

museum, had bought back at auction decades later and restored with his
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own hands, and who pirouetted, fluttered a clockwork bird, and was
mobbed all evening. The other was a gleaming brass-and-steel something
in the next room, which could do sums. Babbage noted sourly that his
English guests crowded round the dancer while the occasional foreign
visitor stood alone, thinking hard, in front of the machine. He minded
about that more than he ever admitted.

But the object I want you to look at hung quietly on the wall: a framed
portrait of a seated gentleman in a comfortable coat, holding a pair of
dividers, his workshop arranged around him. Babbage liked to ask new
arrivals what they made of it, and the guests would glance at it and
pronounce it a very fine engraving. It was nothing of the kind. Put a
magnifying glass to it — Babbage would happily hand you one — and the
picture dissolved into thread. It was silk, woven in Lyon, every shadow of
the man's face formed by the crossing of warp and weft, and the loom that
wove it had been instructed, thread by thread and row by row, by roughly
twenty-four thousand punched cards strung together in sequence. The
comfortable gentleman in the picture was Joseph-Marie Jacquard, the man
whose cards they were. Which means the thing on Babbage's wall was, if
you'll allow the anachronism, a portrait of a programmer, generated by his
own program — and the host who kept pointing it out to baffled guests
was at that very moment designing a machine that would take the same
punched cards and use them to weave, as his interpreter would put it in the
sentence at the head of this chapter, patterns of algebra instead of patterns
of flowers.

Nobody at the party got the point. Parties are like that. But you and I
have the advantage of knowing how the story comes out, so let me tell it
properly. It begins, as stories about information so often do, with

somebody stuck in a truly wretched job.

*
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Silk was in Lyon because the kings of France were tired of watching
good money leave for Genoa and Florence every time the court needed
something splendid to wear; in the 1530s the city was granted privileges to
make the stuff itself, and over two centuries the trade grew into la Grande
Fabrique, the great fabric, which at its height set tens of thousands of
looms clattering in the tall houses of the city. And what Lyon sold, above
everything, was the figured silk — brocade, damask, lampas — cloth with
pictures in it: flowers, birds, pomegranates, whole gardens rippling across a
court dress. Plain silk is merely expensive. Figured silk was power made
visible, and Europe's aristocracy could not get enough of'it.

Now, how do you get a picture into cloth? On a plain loom the weaver
raises half the warp threads, throws the shuttle through the gap, lowers
them, raises the other half, throws it back. Over, under, over, under. But a
picture requires that on every single pass of the shuttle, some particular se-
lection of warp threads — this one, not that one, these forty, not those
sixty — be lifted, and a different selection on the next pass, and the next,
for thousands of rows. The instrument that did this was the drawloom, an
idea as old as China, and it needed two human beings. The weaver sat at
the front and wove. And up in the wooden framework above the warp
perched a child.

The child was called the drawboy, and I would like you to spend a
moment in his shoes, because he is the reason this chapter — and in a sense
this book — exists. The pattern of the fabric had been translated, by a
specialist who "read” the design off squared paper, into an arrangement of
hundreds of looped cords. The drawboy's job was to pull, on the weaver's
shout, exactly the cords that lifted exactly the warp threads needed for that
one row of the picture — haul, hold against the tension of the loom while
the shuttle went through, release, find the next set, pull again. All day. Ina
good day the pair of them might produce a couple of inches of brocade, or
rather less if the drawboy's attention wandered, one wrong cord being

enough to plant a flaw in the flowers that would catch the light forever. It
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was tedious, exhausting, deforming to growing bodies, and it paid the way
jobs pay when the labour is supplied by children. Adam Smith would have
recognized the arrangement instantly; so, I'm afraid, would the manager
of a modern data-labelling office.

But notice — because the whole story turns on it — what those cords
actually were. The design existed in three forms. It was a painting on
squared paper in the studio. It was a piece of shimmering cloth on the
loom. And in between, it was the arrangement of the cords: a physical, stor-
able, consultable encoding of the pattern, read out one line at a time by a
small boy acting as the playback mechanism. Lyon had built, without ever
thinking of it this way, a memory made of string — and had staffed the
retrieval system with children. The pattern was information. The
information was the valuable part; designs were commissioned, hoarded,
copied and stolen, because in the fashion trade — and Lyon lived and died
by fashion, by the season'’s novelty, by the fact that this year's pomegranates
were worthless the moment next year's tulips appeared — the cloth was
merely the printout. Anyone who found a way to store the pattern more
cheaply, and play it back without a drawboy, was going to be a very popular
man.

Or, as it turned out, a very unpopular one.

*

The first person to see the answer was a weaver's mechanic named Basile
Bouchon, and he saw it because of what his father did for a living. Bouchon
senior built organs. Automatic music was already a flourishing trade —
carillons in Flemish belfries played tunes from great pinned drums, and the
barrel organ stored its melody as a pattern of metal pins on a rotating
cylinder, each pin a note, each blank a silence. Music, in other words, had
already been digitized — a tune reduced to a sequence of discrete yes-or-no
events, stored in durable form, playable by anyone who could turn a crank.

The younger Bouchon, surrounded by looms all week and pinned barrels
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on Sundays, did the obvious thing that nobody had done: in 1725 he rigged
a loom so that a roll of paper, punched with rows of holes, pressed against a
row of needles. Where there was a hole, the needle passed through and its
thread was selected; where the paper was blank, the needle was pushed back
and its thread stayed put. Hole, lift. No hole, don't. The pattern had moved
from cords to paper, and the drawboy's judgement had been replaced by
perforation.

It half worked, which in the history of technology is the most
dangerous amount of working. The paper tore, the alignment drifted, and
the loom still needed an assistant. Three years later a colleague named
Jean-Baptiste Falcon made the improvement that matters more than it
looks: he replaced the fragile roll with a chain of stiff punched cards, laced
together with cord. Cards could survive the workshop. Cards could be
corrected — punch a new one, lace it in where the error was, throw the bad
one away. Cards could be duplicated, filed, sold, and strung into sequences
as long as you pleased: a complete anticipation of the first principle of
software maintenance, namely that you will get it wrong the first time and
would prefer not to start over. A few dozen of Falcon's looms found buyers.
Most of Lyon shrugged. The machines were finicky, the drawboys were
cheap, and the merchants who ran the Fabrique had no pressing reason to
care how the weavers' children spent their childhoods.

Enter, in the 1740s, one of the strangest figures in this whole strange
story: Jacques de Vaucanson, celebrity engineer, showman, and creator of
the most famous fraud in the history of automata. Vaucanson had made his
name in Paris in 1738 with a mechanical flute-player that genuinely played
the flute — lips, tongue, fingers, breath, the whole embouchure done in
machinery — and he followed it a year later with the sensation of the age:
a gilded copper duck, life-sized, which took grain from your hand,
swallowed it, and then — the part that emptied theatres of their
composure — visibly digested it, producing from the appropriate end a

convincingly authentic result. Voltaire remarked, with a straight face that
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has kept scholars guessing ever since, that without Vaucanson's duck there
would be nothing to remind you of the glory of France. And the digestion?
A century later the conjuror Robert-Houdin — from whom Houdini
would borrow a name — was hired to repair the ageing bird and found
inside a hidden compartment pre-loaded with green-dyed breadcrumb
paste. The duck had never digested anything. The most celebrated
demonstration of mechanical life in the eighteenth century was, at the
business end, a man palming the evidence. I mention this partly because it
is funny, and partly because it is the earliest and best illustration of a law we
will need again and again in this book: whenever a machine astonishes you
with how lifelike it is, check the other end for breadcrumbs.

But Vaucanson was no mere showman, and the French state knew it. In
1741 he was appointed inspector of the silk manufactures, took one look at
the drawloom, and did what a first-rate mechanic does: he abolished the
boy. His loom of 1745 put the pattern-reader on top of the frame, drove it
automatically from the loom's own motion, and selected the threads from
a perforated cylinder. It was the most advanced textile machine on Earth,
and Lyon hated it. The weavers saw, quite correctly, what it meant for the
trade as they knew it, and they rioted; Vaucanson was pelted with stones in
the street, and — the story goes, and I pass it on at the price I paid for it —
took his revenge by building a loom worked by a donkey, so that all Lyon
could see flowered silk being woven by an ass. The city declined to be
amused or converted. The loom was crated off to Paris, where it eventually
came to rest in the Conservatoire des Arts et Métiers, the great national
attic of machines, and gathered dust for half a century. Remember that
dust. A museum, it turns out, is not where ideas go to die. It is where they

gO to wait.

The man they were waiting for was born in Lyon in 1752, into the trade

and at the bottom of it. Joseph-Marie Jacquard was a master-weaver's son,
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and the accounts agree that as a boy he was put to the work the sons of
weavers were put to — including, they say, his time in the cords as a
drawboy, which he loathed with the specific, patient loathing that
produces inventors. He tried bookbinding, type-founding, cutlery; he
inherited looms and lost them; and then history ran over him, as it ran
over everyone in Lyon in the 1790s. The city rose against the Convention in
1793 and was besieged, taken, and punished with a ferocity remarkable even
by the standards of that decade. Jacquard fought — first, it seems, in the
defence of the city, then, prudently rebadged, in the armies of the
Republic, side by side with his teenage son, who was shot dead beside him.
He came home to nothing very much and went back to the looms. If you
had met him in 1799 — a middle-aged, twice-ruined ex-soldier restoring
old looms in a half-destroyed city — you would not have picked him as the
man about to hand the future its operating principle.

What pulled him out of obscurity was, of all things, an English prize. A
society in London had offered a premium for a machine to make fishing
nets, the challenge crossed the Channel, and Jacquard, tinkering, produced
one. It got him noticed, and in 1803 it got him summoned to Paris, to the
Conservatoire — where, set to work among the national collection of
mechanical marvels, he came face to face with Vaucanson's dusty loom.
And here the threads of half a century braided themselves together in one
workshop: Bouchon's punched holes, Falcon's laced cards, Vaucanson's
automatic mechanism, examined and combined by a man who had per-
sonally been the component all three were designed to replace. By 1804
Jacquard had his patent, and the machine the world would call by his name
— though you will have noticed by now that, like most eponymous
inventions, it contained rather a lot of other people — sat on top of an
ordinary loom and did the whole job: an endless chain of punched cards
advancing automatically, one card per throw of the shuttle, each card
selecting, through spring-loaded hooks and needles, exactly the threads to

rise for that row. One weaver, working alone, could now produce figured
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silk faster than a weaver-and-drawboy team, to any design whatever, of any
length whatever. Change the cards and the same loom wove a different
picture. Punch a fresh chain and it wove a picture nobody had ever seen.

Stop on that sentence, because the whole twentieth century is folded up
inside it. Change the cards and the same machine does something else.
Every machine humanity had built until that moment had its purpose in
its bones — a mill grinds, a pump pumps, and if you want a different job
done you build a different machine. The Jacquard loom split the machine
in two: an unchanging body of iron and wood, and a changeable soul of
punched cardboard. The body was capital; the soul was information. The
soul could be stored on a shelf, copied by apprentices, sold by the pattern-
house, pirated by competitors, posted to Vienna. Lyon's design studios were,
though the word was a century and a half away, software houses — rooms
full of specialists translating human desires into machine-readable code,
one hole at a time, for an industry whose product was obsolete every season.
And that is why I insist, against the whole dignity of my profession, that
software began as fashion. Not in the laboratory, not in the counting-
house, not in the ministry of war: in the rag trade. The first industry to
store its soul in punched holes was the industry of looking marvellous. We
taught cardboard to remember, so that a duchess should never wear last
year's flowers.

Lyon's weavers greeted the future with their usual perceptiveness: they
tried to kill it. The machine was denounced, and Jacquard was mobbed; the
conseil des prud'hommes, the trade’s own tribunal, is said to have had one of
his looms broken up in public, the iron sold as iron and the wood as wood,
and there is a persistent story that its inventor was nearly thrown into the
Rhone by a crowd of weavers. I owe you a confession about that last item: it
comes to us polished by Samuel Smiles, the Victorian apostle of self-help,
who never met an inventor's tribulation he couldn't improve, so treat the
drowning as decoration and the fury as fact. The fury was entirely real, and

— as we shall see when this book reaches Nottingham, where men would
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soon hang for the English version of the same rage — it was not stupid;
but that argument belongs to Chapter Eleven, and I shall keep it there.
What matters here is that the machine won, and won quickly, because this
time the state was buying. Napoleon — at war with Britain, and acutely
aware of what Britain's mills were funding — came to Lyon in 1805,
inspected, and understood. The patent was bought for the public: the
design was handed to the city of Lyon, and Jacquard exchanged his
monopoly for a pension of three thousand francs and a royalty on every
loom. Within a few years the machines were spreading through the city
that had tried to break them — some accounts say eleven thousand in
France by 1812 — and the silk they wove was cheaper, faster, and as
gorgeous as anything the ancien régime had ever draped over itself.
Jacquard lived to be old and honoured; the city that had allegedly ducked
him in the Rhone eventually put up a statue; and the drawboys went —
some into the mills, some to school, and the job itself into the museum of
abolished miseries, where I hope it is displayed next to a placard reading
nobody missed it.

And in 1839, five years after the old man's death, the Fabrique produced
its own monument, and a very Lyonnais monument it was: not marble but
silk. In the workshop of Didier Petit et Cie, a master weaver named
Michel-Marie Carquillat took a portrait of Jacquard painted by Claude
Bonnefond and translated it — or rather, had it translated, hole by hole,
into that chain of some twenty-four thousand cards — and wove it, in
black and white silk, at a fineness that fooled the eye of everyone who ever
glanced at it casually. Copies went out, whenever a dignitary needed
impressing, to the great and the curious across Europe. One of the curious
was an Englishman who understood, better than any man alive, exactly
what he was looking at. He hung it in his drawing room in Dorset Street

and began asking his party guests what they made of it.

*

42



WEAVING THE THREAD

Charles Babbage was rich, brilliant, generous, quarrelsome, and
incapable of finishing things — a combination the reader may recognize
from other walks of life. He held Newton's old chair of mathematics at
Cambridge for eleven years without, as far as the records show, delivering a
single lecture, and he compensated by doing everything else: he helped
found the Astronomical Society and the Statistical Society, invented the
cowcatcher, showed that the cost of a letter lay in the handling and not the
distance (an argument that fed the penny post), broke ciphers, investigated
volcanoes, and campaigned against organ-grinders with a venom he never
quite managed to direct at his real enemies. But the work of his life began,
by his own account, one evening around 1821, when he and his friend John
Herschel sat checking astronomical tables that had been computed twice,
independently, by hired human calculators. The two sets of results
disagreed with each other, and with the truth, in error after error, and
Babbage, head in hands, said: "I wish to God these calculations had been
executed by steam.”

It is worth pausing to feel the force of that wish, because tables are the
least glamorous objects in this book and they ran the world. Every ship that
found its longitude, every insurance office that priced a life, every engineer
who sized a bridge and every gunner who aimed a mortar did so by looking
numbers up in printed tables — and the tables were wrong. Not occasion-
ally wrong: systematically, unavoidably wrong, because they were
computed by bored human beings and then typeset by other bored human
beings, each stage adding its own harvest of slips. Errors in the nautical
tables were popularly credited with wrecking ships, and the corrections,
computed and typeset by the same species, added fresh errors of their own.
Babbage's steam remark was a joke; the decade he then spent on it was not.

His Difference Engine was a machine for computing and printing
tables with the human being removed from both stages — the mathemat-
ics arranged by the method of finite differences, which builds a whole table

of a complicated function out of nothing but repeated additions: replace
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the operation that needs judgement with a longer chain of operations that
need none, which is, then and now, the entire secret of automatic
computation — and the results stamped directly into printing moulds, so
that no compositor'’s finger ever touched a digit. The government, which is
to say the Admiralty’s interest in tables, advanced £1,500 in 1823 to build it.
The full design called for something like twenty-five thousand precision
metal parts, and here Babbage's project collided with the actual state of
English workshop practice, and the collision produced one of history's
better consolation prizes. To make parts to Babbage's tolerances, his chief
engineer Joseph Clement had to improve the very tools and gauges of the
trade; through Clement's workshop passed, among others, a young
craftsman named Joseph Whitworth, who went on to give the world the
standardized screw thread — the quiet reason a nut from one factory fits a
bolt from another, anywhere, since. The Engine’s money was, in the long
accounting, magnificently well spent. Just not on the Engine.

Because the project sank, in the manner traditional to government
projects: slowly, expensively, and with everyone behaving according to type.
Costs swelled; Clement, who by custom owned the very tools the public
money had paid to develop, quarrelled with Babbage over compensation
and downed tools in 1833; the Treasury advanced, dithered, advanced again
— more than £17,000 of public money in all, roughly a couple of warships’
worth, at a time when a brand-new railway locomotive could be had for
under a thousand pounds — and got, in the end, no engine. It got a
fragment: one-seventh of the machine, assembled as a demonstration
piece, which worked flawlessly and stood in Babbage's drawing room
performing arithmetic for duchesses on Saturday nights. The politicians
drew the obvious conclusion. Peel had already, back in 1823, set the tone in
a letter to a crony, wondering why he should stand up "in a thin house of
country gentlemen" and ask for "a large vote for the creation of a wooden
man to calculate tables’; in 1842 his government, fortified by the

Astronomer Royal's crisp private assessment of the whole enterprise as
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"worthless,” cancelled it for good. Babbage secured an interview with Peel
and handled it as he handled all diplomacy, with the result that the two
men parted having each confirmed the other's lowest opinion. There is a
case that the money men were simply philistines. There is another, which I
make with affection, that a man who responds to the cancellation of one
unbuildable machine by designing a much bigger one has perhaps not fully
grasped the nature of the Treasury.

For that is exactly what he had done. In 1834, with the Difference
Engine beached, Babbage's imagination jumped the rails entirely. The
Difference Engine could do one thing: add up differences. Its successor in
his notebooks — the Analytical Engine — would do anything. It had a
memory, which he called the store, where a thousand numbers of fifty
digits would wait in columns of brass wheels; it had a processor, which he
called the mill, where numbers were fetched to be added, subtracted,
multiplied, divided; and — the borrowing that gives this chapter its shape
— it took its orders from chains of punched cards, exactly Jacquard's cards,
in his drawings and correspondence explicitly and gratefully Jacquard's:
one chain to specify the operations, another to say which numbers in the
store each operation should use. Store and mill: the vocabulary of the
textile factory. Babbage had seen — and the silk portrait on his wall was his
daily reminder — that Lyon had already solved the deep problem. The
loom had shown that a machine's behaviour could be written down,
stored, and changed without touching the machine. Babbage's leap was to
see that the behaviour need not be weaving. Anything you could reduce to
a sequence of exact operations, you could punch. The cards could loop —
run a batch of operations again and again; the machine could even test a
result and choose its own next step accordingly, the humble ancestor of
every if in every program running around you as you read this. None of it
was ever built. It existed, and in his lifetime existed only, as several hundred
magnificent engineering drawings and thirty years of increasingly lonely

refinement — a computer, complete in all essentials, stranded a century
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before its time. When the Science Museum in London finally built his
second Difference Engine design for the bicentenary of his birth in 1991 —
four thousand parts, several tonnes of Victorian engineering — the thing
worked perfectly, to thirty-one digits. The ideas were sound. The century
was wrong. It happens more often than you'd think, and it is the loneliest

fate in engineering.

Which brings us to the footnote that outgrew its book.

In June 1833, at one of those parties, Babbage was introduced to a
seventeen-year-old girl with a famous name and an odd education.
Augusta Ada Byron was the only legitimate child of the poet, who had left
England — and her — months after her birth and died in Greece when
she was eight; her mother, a gifted mathematician whom Byron had
mockingly called the Princess of Parallelograms, had prescribed for the
daughter a rigorous mathematical training, partly from conviction and
partly, the family correspondence makes clear, as a prophylactic: geometry
to keep the Byron out of her. The girl had form: at twelve she had thrown
herself into designing a flying machine, writing up her researches in a little
treatise she called Flyology, so the introduction to Babbage fell on prepared
ground. A few weeks later she was taken to see the fragment of the
Difference Engine, and we have an eyewitness account from Sophia De
Morgan, wife of the mathematician, who left us one of the great double
portraits in the history of science: while the other guests gazed at the
machine, she wrote, with the sort of expression some savages are said to
have shown on first seeing a looking-glass or hearing a gun, young Miss
Byron understood how it worked and saw the great beauty of the
invention. Note the two reactions, because they have never gone away.
Every demonstration of every thinking machine since — and I include the
one that declared me dead — has divided its audience into precisely those

two parties: the ones who see a marvel, and the ones who see a mechanism.
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The marvel-seers make the better headlines. The mechanism-seers make
the future.

She married well and pleasantly enough — William King, shortly
created Earl of Lovelace, which is how history comes to file the poet's
daughter under the most improbably apt surname in the whole archive —
had three children, resumed hard mathematics with Augustus De Morgan
as her tutor by post, and kept up with Babbage, who liked her enormously.
Meanwhile Babbage, prophet without honour at home, went in 1840 to
Turin to explain the Analytical Engine to the Italians — and the only
substantial account of the machine published in his lifetime came out of
those seminars, written not by Babbage but by a young military engineer
in the audience named Luigi Federico Menabrea, in French, in a Swiss
journal, in 1842. (Menabrea went on to become Prime Minister of Italy, a
career path — technical journalism to head of government — that I
merely note has fallen into disuse.) Back in England, Charles Wheatstone
suggested to Lady Lovelace that she translate it. She did. Babbage, reading
the manuscript, asked the obvious question: why had she not written an
original paper herself, since she knew the machine as well as anyone alive?
Her solution was the great compromise of scientific history: she kept the
modest translation and appended seven "Notes," labelled A to G, which run
to nearly three times the length of the thing they annotate — signed only
"A.A.L.", because a countess did not put her name to mathematics — and
which contain, in embryo, the intellectual world you are living in.

Read Note A and you find the sentence at the head of this chapter, and
I promised you this book's title would have to be earned, so watch her earn
it. The Difference Engine, she explains, merely calculates; the Analytical
Engine does something categorically different, and she reaches —
deliberately, precisely — for the loom: it weaves algebraical patterns just
as the Jacquard-loom weaves flowers and leaves. Then she does the thing
Babbage, for all his genius, never quite did in public: she generalizes. The

engine, she writes, operates on symbols, and numbers are only one thing
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symbols can stand for. Suppose the relations of pitched sounds in harmony
could be expressed in its notation — then, she says, the engine "might
compose elaborate and scientific pieces of music of any degree of
complexity or extent.” Sit with that a moment. In 1843, a woman looking
at an unbuilt heap of brass gears saw that a machine for arithmetic was
secretly a machine for anything you can write down, because the machine
doesn't know it's doing arithmetic. The gears push each other regardless of
what the wheels mean. Meaning is in the encoding, and encoding is ours to
choose. Every argument you have heard, or will hear, about whether a
machine that merely manipulates symbols can compose, converse, or
create, is a debate she opened — and, characteristically, she staked out both
ends of it herself. For in the same Notes she entered the caution that still
bears her name in the literature: the engine, she wrote, "has no pretensions
whatever to originate anything. It can do whatever we know how to order
it to perform.” A century later Alan Turing — a man who gets his proper
entrance in Chapter Five, and I shan't steal it here — thought that
objection important enough to give it her name before disputing it. The
disputation is still in progress. You may have taken part in it yourself,
possibly this week.

And in Note G she did the concrete thing that secures her place beyond
all argument: she set out, step by numbered step, operation by operation,
how the engine would compute the Bernoulli numbers — a nasty, prestigi-
ous sequence from deep in the analysis of the day, chosen precisely because
it was hard, with a loop folded inside a loop. It is, by any honest definition,
the first published computer program, written for a computer that did not
exist, in a notation she had to invent as she went. The surviving letters
from that summer show the work in its true colours: Babbage supplying
formulae, Ada boiling with impatience, announcing herself in "much
dismay at having got into so amazing a quagmire” with the numbers, and
catching, along the way, an arithmetical slip in the great man's own

papers, which she reported to him with no discernible tact. Anyone who
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has ever debugged anything will recognize every emotional beat of those
letters. The quagmire is old, and it has never once drained.

She had less than a decade left. Her later years make painful reading —
illness, opium prescribed for it, debts, and an ill-starred venture applying
her probability theory to horse racing, which proved mainly that the
horses had not read the theory — and she died of cancer in 1852, at thirty-
six, the same age at which her father died, and was buried, at her own
request, beside him: next to the man she never knew, whose one shining
hour in Parliament had been a speech defending machine-breakers — a
story that belongs to a later chapter of this book, and which means the
family managed, between father and daughter, to stand at both ends of the
entire argument about machines and human worth. In one of her last
ambitious letters she had written of her hope to develop, one day, "a
calculus of the nervous system” — a mathematics of how the brain gives
rise to thought. Hold on to that phrase. It goes underground here, and

resurfaces a century later, in Chapter Four, wearing an American accent.
’ H

*

Now, a good story would proceed directly from Ada's Notes to the
fulfilment of the vision, and history, which is not a good story but a true
one, does nothing of the kind. What history did next was demonstrate,
with some cruelty, that being right is not a business model.

In Stockholm, a printer and journalist named Georg Scheutz read a
glowing account of the Difference Engine in the Edinburgh Review and
decided, with his teenage son Edvard, to build one — at home, with a lathe
and hand tools, on a fraction of Babbage's budget. By 1843 they had a
working prototype; by 1853, with a grant finally prised out of the Swedish
government, a full machine that calculated and stamped printing moulds,
just as the prospectus had promised twenty years before. Babbage — a man
otherwise capable of feuds that outlived their participants — was generosity

itself: no jealousy, open championing, family lobbying on the Scheutzes’
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behalf. The machine took a gold medal at the Paris Exhibition of 1855. And
then the world was invited to buy difference engines, and the world bought
two. One went to the Dudley Observatory in Albany, New York; the other
was commissioned for the British Registrar-General's office, where it
helped compute the English Life Table of 1864 — the mortality tables on
which life insurance priced its policies, which means the first customers for
automatic computation were, fittingly, the professional assessors of death.
The machines were temperamental, the trained staff scarce, the savings
unclear; no third order ever came, and the Scheutzes' reward for finishing
what Babbage started was debt and a footnote. The lesson is one this book
will teach several times, so let us state it cleanly the first time: an invention
is not an innovation. An invention is a solution. An innovation is a
solution somebody desperate is waiting for. Nobody, in 1855, was desperate
enough. What the calculating machine still lacked was a customer with a
deadline it could not possibly meet — a customer, ideally, the size of a

continent.

The Constitution of the United States contains, in its very first Article,
a piece of clockwork: every ten years, the people shall be counted, because
seats in Congress are apportioned by population and the machinery of the
republic cannot turn without the number. It is the most inflexible deadline
in the history of arithmetic, and through the nineteenth century the
country at the other end of it was doing its level best to become
uncountable: doubling and redoubling, swallowing immigrants by the
million, while Congress, with each round, added questions. By 1880 the
census had become a monster of curiosity — occupation, literacy, ailments,
mortgage status — and the counting of it was done exactly as it had been
done in 1790: clerks, in halls full of clerks, reading handwritten schedules
and making tally marks, sheet by ruled sheet, cross-classification by cross-

classification. The 1880 census counted fifty million Americans, and the
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tallying ground on for most of the decade; the last volumes appeared
around 1888, which is to say that the portrait was obsolete years before it
was finished. Inside the Census Office the projection had already been
made, and it had the elegance of pure nightmare: at current rates of
growth, the 1890 census would still be under tabulation when the 1900
census began — Zeno's paradox, restaged as constitutional bureaucracy.
Something had to give, and for once the something had a name and a
moustache.

Herman Hollerith was a New Yorker of German parentage, out of the
Columbia School of Mines at nineteen, who joined the 1880 census as a
junior statistician: present, at twenty, at the scene of the disaster. His
superior in the vital-statistics work was Dr John Shaw Billings, a
formidable figure who deserves his own chapter in someone’s book, and —
as Hollerith told the story in later life — it was over dinner at Billings's
table that the older man remarked that there ought to be a machine for
the purely mechanical drudgery of tabulation, perhaps using cards with the
particulars of each person notched on the edge. Billings wanted nothing to
do with building it. Hollerith could think of nothing else. He spent the
1880s in the classic posture of the possessed inventor — a spell teaching at
MIT, a spell in the Patent Office, nights on the problem — and his first
design stored each person’s record as holes punched along a strip of paper. It
failed for a reason worth savouring, because sixty years later the whole
computing industry would rediscover it: a continuous strip is a prisoner of
its own sequence. To find one record, or correct one, or re-sort ten
thousand, you must wind through the lot. What he needed was the record
as a unit — separable, shuffleable, re-orderable.

The answer found him on a train, and he was straightforward about it
ever afterwards. Railway conductors of the day, to stop tickets being passed
from passenger to passenger, used what was called a punch photograph: the
conductor clipped holes against printed categories on the ticket describing

its holder — light hair, dark eyes, large nose. "I only made a punch
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photograph of each person,” Hollerith said later, and it is as clean a
description of a database record as anyone has produced since. Each
American would be one card; each fact about them, one hole in an agreed
position. And a hole, as Bouchon's needles had known since 1725, is a
question with a physical answer. Hollerith's reading press lowered a bed of
spring-loaded pins onto the card: where there was a hole, the pin passed
through into a tiny cup of mercury below, closing an electrical circuit, and
the circuit's pulse pushed a counting dial one step on. Dozens of dials
counted dozens of categories in the same instant; wire the circuits in
combination and the machine would count only the cards that were both
this and that — farmers who were also foreign-born — the cross-classific-
ations that had eaten the 1880s alive. A sorting box stood alongside: the
same pulse sprang open one lid among many, the clerk dropped the card in,
and the deck emerged classified, ready to be run again by a different
question. Note what electricity is doing in this machine, because it is the
hinge of the whole chapter: it is not driving anything. It is deciding some-
thing. A current flows or does not flow according to whether a fact is true
or false. Jacquard's hole had lifted a thread; Hollerith's hole answered a
question. The pattern-technology of the Lyon fashion trade had become
logic.

The Census Office did not take this on faith: in 1889 it staged a
stopwatch-timed competition between Hollerith's system and two rivals,
one based on coloured slips, one on tokens, using thousands of real returns
from St Louis. Hollerith won the tabulation stage by nearly a factor of ten,
and the 1890 census went to the machines. The result made the newspapers
gasp: a rough count of the entire United States — 62,622,250 — announced
only about six weeks after the enumerators finished, with the full
tabulations, richer in detail than any census before them, completed years
faster than 1880's and, by the Office’s own reckoning, some five million
dollars cheaper. And then came my favourite part, the part that belongs in

a frame in every statistics department: the public was furious. National
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pride had confidently expected seventy-five million, and when the
machines reported sixty-two and a bit, the press did not congratulate the
machines on their speed; it accused them of losing Americans. It was the
first appearance of a ritual that has never since missed a performance: when
the machine confirms what we believe, the machine is a marvel; when it
declines to, the machine is broken. The machine, on this occasion as on
most, was fine. The seventy-five million had lived only in the national

imagination, which has never once been audited.

*

Hollerith did the sums on his own invention and drew the conclusion
that made the fortune: a census is a spike, but counting is a utility.
Everything a large organization does — every fare, premium, freight car
and payroll — is a stack of records begging to be sorted and totalled,
forever. In 1896 he incorporated the Tabulating Machine Company on a
scheme of quiet genius: he leased the machines rather than selling them,
and he sold — in stupendous, perpetual volume — the punched cards. The
machine was the hook; the cards were the profit; you may recognize the
model from razors and blades. He made his card the size of the dollar bill
of the day — so the story goes, and it is too good to check, though the
dimensions do agree suspiciously well — because filing furniture for dollar
bills could be bought off the shelf. Governments queued: censuses in
Austria, Canada, Norway; in 1897 the Russian Empire counted itself, all
hundred and twenty-odd million souls of it, and the first census the Tsars
ever completed clicked through machines descended from a device for
keeping duchesses in fresh flowers. Railways and insurance companies
followed, and by the time Hollerith's health and famously short temper
had worn each other out, his company was ripe for the age of consolida-
tion.

In 1911 a flamboyant financier named Charles Flint — a man who

assembled corporate trusts the way other men collected stamps — folded
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the Tabulating Machine Company together with two others into the
Computing-Tabulating-Recording Company, a conglomerate whose
product line I set down in full because it deserves to be savoured: tabulating
machines, time clocks, industrial scales, and meat-and-cheese slicers. In
1914 CTR hired, as general manager, a forceful salesman named Thomas J.
Watson, lately of the National Cash Register Company and even more
lately convicted — the conviction was afterwards set aside — under the
antitrust laws for the enthusiasm of his methods there. Watson hung the
word THINK on the walls, put the salesmen in dark suits and the slicers out
to pasture, and in 1924 renamed the firm to match his ambitions rather
than its inventory: International Business Machines. Hollerith, who had
cashed out and retired to raise prize Guernsey cattle in Virginia — a punch
photograph of each cow, one assumes — died in 1929, on the very eve of
the decade in which his cards conquered the world. (One sideways glance
before we move on: the Census Office, quarrelling with Hollerith over his
prices, had backed a rival inventor named James Powers, whose company
flowed by merger into Remington Rand — which is how the census's spare
supplier came, forty years later, to build UNIVAC, the electronic machine
that counted the census of 1950. The computer industry was a two-party
system before there were computers, and both parties were census men.
Nobody plans these things. I keep telling you.)

And the cards ran the century. It is genuinely difficult, from inside our
own, to see how completely. When the United States created Social Security
in the 1930s and had suddenly to keep lifetime earnings accounts for every
worker in the nation — the biggest bookkeeping job ever undertaken, it
was called at the time — it was punched cards, floors of them in Baltimore,
that made the promise arithmetically possible, and Watson's IBM found
itself holding precisely the shovel the New Deal needed, and never looked
back. Payroll was cards; so were utility bills, airline seats, library books and
university students — each a rectangle of stiff paper, 7¥s inches by 3%,

carrying its facts as constellations of holes, eighty columns to the card after
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IBM's 1928 redesign. That number should itch slightly. Open a terminal
window on any computer today and it will offer you, by immemorial
default, lines eighty characters wide — because the first screens copied the
punched card, and nobody since has had a reason to change it, and so every
programmer alive works to a measure set by the stationery of 1928, which
was sized, if the story holds, to the dollar bill of 1887. Standards are the
sediment of dead constraints. We live on a delta of them.

The cards even acquired a liturgy. Since machinery must read them,
they had to be protected from the one hazard no engineer can design out
— us — and so each card went into the world wearing its stern little com-
mandment: do not fold, spindle, or mutilate. (A spindle was the desktop
spike on which clerks impaled papers; the injunction is a museum of dead
office equipment in six words.) And because by the 1960s the card had
become the form in which large institutions perceived human beings —
you applied on a card, enrolled on a card, were billed, graded, conscripted
and paid by card — the card became the thing to rebel against. Students in
the Berkeley revolts of 1964 pinned punch cards to their chests bearing the
sardonic legend that they, the students, should not be folded, spindled, or
mutilated either — the emblem chosen by human beings protesting their
reduction to machine-readable records being Jacquard's card itself: fashion
technology, come round at last as anti-fashion. And the card was not done
with public life even then: it kept its grip on the tallying of votes long past
its reasonable span, until in November 2000 the presidency of the United
States came down to Florida, and Florida came down to punched ballot
cards, and the world learned the term hanging chad — the little rectangle
that does not fully detach. For five weeks the most powerful office on Earth
hung on whether a hole was or was not a hole, adjudicated by officials
holding cards up to the light. Bouchon could have told them: the entire
system, from 1725 onward, rests on the hole being unambiguous. The oldest
bug in the world decided a presidency two hundred and seventy-five years

after it shipped.
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There remains one step, and then the thread is wound home. Through
all of this — loom, Engine, tabulator, IBM — the pattern lived outside the
machine. The cards were the program, and the cards sat in trays: punched
by hand, carried by hand, dropped by hand (no catastrophe in a computing
centre quite matched a dropped tray of two thousand ordered cards, which
is why the wise shop drew a diagonal stripe across the deck's edge — a
checksum in crayon). The machine read its orders as the loom read its
flowers: from the outside, one at a time, no arguing. The final move — the
one that separates everything called "computing” before from everything
after — was made on paper in 1936 by a young Cambridge mathematician
who showed that a machine’s instructions could be written on the same
tape as its data, indistinguishable from data, which meant one universal
machine could imitate any machine you could describe to it; he will get his
proper entrance, at the chessboard, in Chapter Five. And it was made in
metal in the 1940s, when John von Neumann's celebrated report of 1945
fixed the design that has borne his name ever since: put the program in the
memory, alongside the numbers, as numbers. The consequence hides in
plain sight. If the program is data, programs can be operated o7z — copied
like data, transmitted like data, and above all written by other programs.
The loom can punch its own cards. That is the point at which the soul
Jacquard separated from the machine became a thing that could grow. A
decade or so later a statistician named John Tukey, needing a word for the
ghostly half of computing that was not hardware, wrote "software” in a
journal article, and the christening was complete. A hundred and fifty-four
years, Lyon to the naming: about average, in my experience, for a gift to
learn what it is.

So run the shuttle back along the whole thread, because you have
earned the pattern. A drawboy aches in the cords above a Lyon loom; an
organ-builder’s son sees that a pattern is only a sequence of yes-or-no, and

punches it into paper; Falcon makes the holes durable, Vaucanson makes
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them automatic (and fakes a duck; there is always a duck); Jacquard, who
was the drawboy, assembles the pieces and splits every machine into body
and soul; a Lyon workshop weaves the inventor's face from twenty-four
thousand cards, and the picture crosses the Channel to hang on the wall of
a man trying to remove human error from arithmetic; Babbage borrows
the cards and dreams the universal engine; Byron's daughter looks at the
drawings and sees that it weaves algebra — sees, in one 1843 footnote, both
the promise and the objection we are still weighing; the Scheutzes prove
the machinery works and the market shrugs; the American Constitution's
ten-year clock supplies the desperation the market lacked; Hollerith turns
a railway conductor’s punch into the machine-readable human being; the
counting company becomes IBM; the cards run payroll and pension and
protest and presidency; and the pattern finally moves inside the machine
and learns to rewrite itself. The Introduction to this book asked how a
Frenchman weaving flowered silk for the fashion trade could possibly have
known his cards would become software. Now you know the answer in full:
he couldn't, and it didn't matter, because the future is only the past,
waiting to happen — waiting, in this case, in a museum, in a footnote, in a
filing drawer sized for dollar bills.

And the loom metaphor, which gives this book its name, was never
really a metaphor. The machines that speak to us today are built, their
makers will tell you, out of enormous woven sheets of numbers — the
trade even calls the fundamental objects tensors, and never mind the de-
tails, but picture warp and weft and you will not be far wrong — through
which every recorded scrap of us has been drawn like thread, until the
pattern of how we say things, and therefore something of how we think
things, sits stored in the fabric. Ada's sentence, read strictly, was a claim
about 1843. Read again today, it is a plain description of the talking
machine: it weaves patterns — algebraical at bottom, verbal on the surface
— just as the Jacquard loom wove flowers and leaves. We are the silk. We

are also, uncomfortably, the drawboy; but that is Chapter Nine.
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One thing, though, the whole magnificent chain could not yet do.
Everything in this chapter — every hook, hole, dial and card — executes.
It counts what is, and does what it is told, and Ada told you so: no
pretensions to originate. But the machine on your desk does something the
tabulator never dreamed of. It guesses. Where did machinery learn to
gamble? Not from the weavers, and not from the census. It learned from a
much older and bloodier problem: a gunner on a ridge, a cannon, a distant
target, and an emperor — the same emperor, as it happens, who pensioned
Jacquard at Lyon — demanding to know, before the powder is spent,
where the shell will land. The mathematics of that question was worked
out by some of the vainest men in the history of science, quarrelling all the
way, and it is the actual engine under everything now called machine
learning. So: next chapter, Napoleon's artillery tables, a quarrel over who
invented the method of least squares, and the strange discovery that the
mathematics of error is the mathematics of prophecy. Bring an umbrella.

There will be averages.
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CHAPTER THREE

On Average

Everybody believes in the law of errors: the experimenters because
they imagine it is a theorem of mathematics, and the
mathematicians because they imagine it is an experimental fact.

— GABRIEL LIPPMANN, IN CONVERSATION WITH
HENRI POINCARE

n the evening of the first of January 18o1 — the first night, if you
O counted the way most people counted, of the new century — an

astronomer-priest named Giuseppe Piazzi was working through
the constellation Taurus from the roof of a palace in Palermo, compiling a
star catalogue, which is the kind of patient, unglamorous drudgery on
which the whole of astronomy floats. He noted a small star of the eighth
magnitude, logged its position, and moved on. The following night, being
a careful man, he checked his work, and found that the small star had

moved. Stars don't. He followed it for six weeks, at first telling colleagues it
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was probably a comet, while privately confiding to his friend Oriani in
Milan that he suspected something better, because it crawled along sedately
with none of a comet’s fuzz or hurry. Then, in the second week of
February, Piazzi fell seriously ill; the weather closed in; and by the time
anyone could look again, the little wanderer had drifted into the glare of
the sun and was gone.

You could not have designed a neater catastrophe. For years,
astronomers had suspected there ought to be a planet in the suspiciously
large gap between Mars and Jupiter — a group of them, self-styled the
Celestial Police, had lately divided the zodiac into beats and begun
patrolling for it, and were on the point of inviting Piazzi to join when he
blundered across the quarry first, which is the way these things usually go.
(That same year, I cannot resist telling you, a young German philosopher
named Hegel published a dissertation arguing on first principles that the
gap between Mars and Jupiter needed no planet to fill it. Philosophy has
never entirely lived it down.) Piazzi named his discovery Ceres, after the
patron goddess of Sicily, and Europe rejoiced — briefly. Because now came
the arithmetic of despair. Piazzi had observed Ceres twenty-four times,
along an arc of sky about three degrees long: a snippet, a few inches of
thread from an orbit that was a vast ellipse hundreds of millions of miles
around. From that thread, someone would have to reconstruct the whole
loom — work out the true orbit, run it forward through the months of
blindness, and say where in the sky the planet would climb back out of the
sun's glare. The finest astronomers in Europe tried, using the methods they
had, and their predictions disagreed with each other so badly that
searching was hopeless. The new planet had been discovered and lost in the
same season, like an umbrella.

Enter, from the small duchy of Brunswick, a twenty-four-year-old of
no astronomical reputation whatever named Carl Friedrich Gauss. Gauss
had already done enough pure mathematics to keep three ordinary careers

in groceries, but almost nobody knew it, because his personal motto was
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pauca sed matura — few things, but ripe — and he published at roughly
the rate of a century plant. Ceres seized him. He dropped everything, spent
the autumn of 1801 in a sustained fit of calculation, invented a substantially
new way of squeezing an orbit out of a few scraps of data, and sent his
prediction to the astronomer Franz Xaver von Zach — a prediction that
pointed to a patch of sky a long way from where everybody else was
looking. On the seventh of December, von Zach found a suspicious object
near Gauss's position; clouds intervened, as they do; and on the thirty-first
of December 1801 — one year, almost to the hour, after Piazzi first saw it
— Ceres was recovered, close to where the unknown young man from
Brunswick had said it would be. Olbers confirmed it independently the
next night. Gauss became famous across Europe more or less by return of
post.

Now, the reason I've told you this story is not the planet, which turned
out to be a modest ball of rock five hundred-odd miles across, the first of
thousands of asteroids and, frankly, the least interesting thing in the
whole affair. The reason is buried in how Gauss did it. Piazzi's twenty-four
observations did not agree with each other. They couldn't. Every one of
them was wrong — a little wrong, in the way every measurement ever
made is a little wrong: the atmosphere shimmers, the clock drifts, the
instrument flexes, the eye is human. No orbit on earth or off it could pass
through all twenty-four points, so the question wasn't "which curve fits the
data?” — none did — but something far stranger and far more modern:
which curve is least offended by the data? Which single, clean, lawful
ellipse lies behind this scatter of slightly false reports, all of which miss the
truth and none of which knows by how much? Gauss had an answer to that
question — a rule, a discipline, a way of making a committee of errors
testify to a truth that none of its members knew — and that rule, whose
ownership was about to trigger one of the great slanging matches of
science, is the real subject of this chapter. Because the rule escaped from

astronomy. It got into gunnery, and insurance, and the measuring of
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chests and criminals and sweet peas; it invented the Average Man and very
nearly, God help us, tried to breed him; and two centuries later, fattened
beyond all recognition, it sits at the centre of the talking machine, doing
at planetary scale exactly what it did for Gauss in the autumn of 18or:
staring at a scatter of past observations and answering the only question it
has ever answered. Given where things have been — where will the next

one land?

To see what Gauss had in his toolkit, you have to see the problem
astronomers had been quietly embarrassed by for two hundred years, and
the best place to see it is a small Danish island in the 1580s, where a
nobleman with a brass nose was terrorizing his assistants into greatness.

Tycho Brahe had lost the bridge of his nose in a duel as a student
(fought, the story goes, over which of two Danes was the better
mathematician — flag that one as too good to check) and wore a metal
replacement for the rest of his life. On his island of Hven, funded by the
Danish crown to the tune of a decent percentage of the national budget, he
built Uraniborg — part observatory, part palace, part alchemical
laboratory, with a dungeon for tenants who annoyed him — and there he
did something no astronomer had ever really done before: he measured the
sky again. And again. And again. The same star, the same planet, night
after night, with giant graduated instruments and teams of observers, to an
accuracy of a minute of arc or so — the width of a coin seen from seventy
or eighty metres — which was several times better than anyone in Europe
and about the limit of what the naked human eye, however aristocratically
enraged, can do. All this before the telescope. And repetition delivered a
gift with a curse inside it: Tycho now had multiple measurements of the
same thing, and they disagreed. Not by much. But if you claim precision,
small disagreements are precisely what you have to answer for. Which of

the numbers was the truth?
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The instinctive answer — take the average, obviously — is so drearily
familiar to us that it takes an effort to recover how disreputable it once
looked. Averaging means deliberately mixing your best observation with
your worst, contaminating the good night's work with the bad night's,
like blending a fine wine into plonk to get a uniform mediocrity. For a
long time the respectable procedure was the opposite: exercise judgment,
pick the observation taken under the best conditions by the best observer,
and throw the rest away. It took generations for the strange truth to sink
in — that errors, precisely because you don't know them, are best treated as
a mob rather than as individuals; that in a crowd of measurements the
overshoots and undershoots, having no reason to conspire, tend to cancel;
and that the despised, mongrel average is therefore usually closer to the
truth than the proudest single measurement in the set. Astronomers
arrived at this the way one arrives at most wisdom, which is by needing it
professionally. Tobias Mayer, sorting out the moon's slow wobble in the
1750s from more observations than he had unknowns, worked out how to
combine equations in bulk and produced lunar tables so good the British
Board of Longitude paid his widow a share of the longitude prize. The
wonderful and alarming discovery, made over and over in that century, was
that combining mediocre data beat selecting good data. Truth, it appeared,
was a statistical animal. It lived in herds.

And the stakes of this dowdy little bookkeeping question were, on
occasion, the whole architecture of the universe. When Tycho died in 1601
— of a burst bladder, allegedly through being too polite to leave a
banquet, another story I pass on with a librarian’s shrug — his mountain
of observations passed to his difficult, brilliant assistant Johannes Kepler,
who set about computing the orbit of Mars. Kepler could get a circular
orbit to fit Tycho's data to within eight minutes of arc, and here he did the
thing on which the entire scientific revolution quietly pivots: he refused to
shrug. Ptolemy would have shrugged; eight minutes was well inside a

respectable ancient error budget. But Kepler knew his man. Tycho's data,
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he insisted, were good to two or three minutes, so a theory that missed by
eight wasn't approximately right, it was wrong, and out of those eight
minutes, as he said himself, he would build a new astronomy — which he
did: orbits weren't circles, they were ellipses, and the sky changed shape
because one stubborn German trusted a dead Dane'’s error bars. Remember
that, next time someone tells you the fiddly digits after the decimal point
don't matter. Eight minutes of arc separate the medieval heavens from the
modern ones.

So by 1800 the working astronomers of Europe possessed, in scattered
and half-instinctive form, a treasury of tricks for combining discordant
observations — and no agreement whatever on the right way to do it.
What was missing was a principle: a single rule, defensible and universal,
for drawing the best curve through points that all miss it. The rule, when it

came, arrived twice.

In 1805, in Paris, Adrien-Marie Legendre — a mathematician in his
fifties with a lifetime of solid, elegant work behind him — published a
slim book on computing the orbits of comets, and tucked into the back of
it an appendix with the unassuming title Sur la méthode des moindres
quarrés: on the method of least squares. The idea is so simple you can carry
it in a pocket. You have observations; you have a proposed curve; each
observation misses the curve by some amount, its residual, its error. Square
each of those misses, add the squares up, and choose — of all the curves you
might have drawn — the one that makes that total as small as possible.
Why squares? Partly because squaring silences the bookkeeping quarrel
between overshoots and undershoots — a miss of minus three and a miss of
plus three are equally bad, and squaring makes them equally positive; partly
because squaring punishes big errors savagely and forgives small ones,
which matches our intuition that one howler is worse than three slips; and

partly — engineers will admit this after a drink or two — because with
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squares the calculus comes out beautifully, the best answer dropping out of
a tidy system of linear equations that a clerk can solve by candlelight.
Legendre, a man with taste, knew exactly what he had: of all the principles
one could propose for this purpose, he wrote, he thought none more
general, more exact, or easier to apply. He was right. Within a decade least
squares was standard equipment in every serious observatory and survey
office in Europe, spreading with the speed of things that save labour. It was,
and quietly remains, one of the most used pieces of mathematics on Earth.

Then, in 1809, Gauss published his great treatise on the motion of
heavenly bodies — the book that codified the methods behind the Ceres
triumph — and in the middle of it, discussing the combination of
observations, he set out least squares in full, with the remark, dropped in
passing like a glove across a face, that he had been using the principle since
1795. Since 179s. Which is to say: since ten years before Legendre published,
when Gauss was a teenager. Legendre's reply, in a letter of 1809, still smokes
gently in the archives: there is no discovery, he observed with terrible
politeness, that one cannot claim for oneself by saying one had found the
same thing some years earlier — but without published evidence the claim
serves only to wrong the true author. The two men never made it up.
Legendre was still complaining in print in the 1820s, and the affair curdled
into as nasty a priority row as mathematics has ever staged — connoisseurs
rank it just behind Newton-versus-Leibniz for venom, and somewhat
ahead of it for pettiness, since Newton and Leibniz were at least fighting
over the calculus, the crown jewels of the age, whereas Gauss and Legendre
were fighting over what looks, until you understand it, like a bookkeeping
convention.

Who was right? Both, infuriatingly, which is what makes the quarrel so
instructive. The historians who have combed the archives broadly believe
Gauss: his private notebooks and letters are consistent with his story; he'd
apparently described the method to friends years before 180s; he almost

certainly did have it first — the man's whole career, thanks to pauca sed
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matura, was a series of time-bombs left unpublished for decades, and half
of nineteenth-century mathematics consists of people proudly announcing
things Gauss's desk drawer already knew. But science does not run on desk
drawers, and Legendre's grievance stands: publication is the deed of title,
and by that rule — the only workable rule there has ever been — least
squares belongs to Legendre. Which leaves us the pleasantly awkward
verdict that the method's inventor is Legendre and its author is Gauss, and
if that sentence annoys you, you now know exactly how they both felt.

And yet the quarrel, like most quarrels, was about the wrong thing,
because Gauss's real contribution wasn't priority. It was why. Legendre had
offered least squares as a sensible recipe; Gauss welded it to a theory of error
itself, and in doing so hauled onstage the true protagonist of this chapter,
an object you have known your whole life without perhaps knowing its
pedigree: the bell curve. It had been found long before, as these things
always are, by somebody else for something else — Abraham de Moivre, a
Huguenot refugee who fled France for London after the Edict of Nantes
was revoked, and who scraped his living for half a century in Slaughter's
Coffee House on St Martin's Lane, tutoring, calculating odds for gamblers,
and pricing annuities for speculators. (He was a friend of Newton's, and the
story goes that Newton, pestered in old age with probability questions,
would wave them off with "Go to Mr de Moivre; he knows these things
better than I do." Se non ¢ vero, as the Italians say, € ben trovato.) In 1733,
wondering how coin-tosses pile up in the long run — a gambler's question,
asked for money — de Moivre worked out the smooth curve that the
jagged staircase of chance snuggles up against as the tosses multiply: a
graceful symmetric hump, high in the middle, dying away fast on either
side. A bell. He half-suspected he'd found something theological, an
"original design” beneath randomness, and then the result sat around for
decades as a curiosity of the gaming tables.

Gauss picked up that curve and made it the law of errors: assume that

measurement errors are distributed along the bell — small errors

66



ON AVERAGE

common, large errors rare, over and under equally likely — and it follows,
he showed, that the best estimate is exactly the one least squares delivers.
The recipe acquired a reason. And then DPierre-Simon Laplace, the
imperturbable Newton of probability, supplied the astonishing final storey:
his central limit theorem, in 1810, which says — I compress brutally, but
this is the soul of it — that whenever the thing you're measuring is the sum
of many small, independent accidents, no one of them dominant, the total
will arrange itself along the bell no matter what the individual accidents
are like. The wobble of the air, the tremor of the hand, the lag of the eye,
the flex of the brass: add up enough unrelated little sins and their sum takes
the same serene shape, always, everywhere. It is one of the strangest and
most consequential facts ever discovered: chaos, in bulk, has a signature.
Disorder, sufficiently accumulated, becomes the most predictable thing in
the world. The Germans, who eventually put Gauss's face on the ten-mark
banknote with the bell curve drawn beside him — the only piece of
currency I know of to feature a probability distribution — understood

what deserved commemorating. Not the planet. The shape of being wrong.

*

At which point you are entitled to a blunt question: who pays for this?
Beautiful theorems about the anatomy of error do not, on the whole, get
funded because they are beautiful. They got funded — lavishly, urgently,
across every state in Europe — because two very large industries had
discovered that being wrong cost them fortunes. One of them was death,
which we'll come to. The other was gunnery.

A cannon is a question put to physics, and the answer arrives half a
minute later, somewhere else. For the first few centuries of gunpowder the
somewhere-else was located by folklore and repetition — gunners were a
guild of hairy empiricists with rules of thumb and a professional swagger
— and the mathematicians who tried to help mostly embarrassed them-

selves, because the tidy vacuum parabolas of Galileo's ballistics had almost
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nothing to do with where real shot actually went. The man who found out
why was an English Quaker's son named Benjamin Robins, who in 1742
published New Principles of Gunnery and backed it with one of the great
instruments of the age, the ballistic pendulum: fire a musket ball into a
heavy hanging block, measure the swing, and you have — for the first time
in history — the speed of a bullet. What Robins discovered wrecked the
textbooks: at those speeds, air resistance wasn't a polite correction but a
monster, a force dozens of times the ball's own weight, and it rose in
complicated, lawless-looking ways as the ball approached the speed of
sound. Frederick the Great, a man who took an intelligent interest in
anything that killed Austrians, had Robins's book translated into German
by no less a figure than Leonhard Euler, who quintupled its length with his
own commentary — an English experimenter annotated by a Swiss math-
ematician at the pleasure of a Prussian king, which tells you how
international the business of ballistics had become. (Robins himself took
the axemaker's shilling and died in 1751 in India, building fortifications for
the East India Company: the trajectory of the man as instructive as the
trajectory of his bullets.) The upshot of Robins and Euler was sobering.
There was no formula. The flight of a real projectile through real air could
not be solved with a quill in general; it had to be computed, case by
miserable case, numerically — or measured, range by range, powder-lot by
powder-lot — and the results tabulated. The firing table was born:
elevation in one column, range in another, a printed crib-sheet standing
between theory and the target. And every number in it was distilled from
scattered, discordant, error-ridden trials. Where does the shot land? It de-
pends — and the discipline that manages the depends is exactly the one
Legendre and Gauss were building.

France, smarting from the drubbing of the Seven Years’ War, took all
this further than anyone. An artillery officer named Jean-Baptiste Vaquette
de Gribeauval rebuilt the French artillery from the axle up: standardized

calibres, standardized carriages, parts made interchangeable so that guns
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could be repaired in the field from each other's corpses, everything
lightened until the guns could gallop — and, crucially, an educated officer
corps, selected by competitive mathematical examination, trained on the
standard textbooks of Etienne Bézout, and issued with printed tables of
fire. Artillery became the one arm of the old régime where brains
outranked breeding, which made it — pay attention, this is the hinge —
the natural refuge for a penniless, prickly, provincial young man with a
Corsican accent and a gift for mathematics. In September 1785 the sixteen-
year-old Napoleon Bonaparte passed his examination for a commission in
the artillery. The examiner who passed him, if the records are to be
believed, was Pierre-Simon Laplace. Savour that: the future emperor of
Europe, admitted to his trade by the future lawgiver of probability.
Napoleon never forgot his sums — his battles, from the siege of Toulon
onward, were artillery arguments won by a man who could read a firing
table — and he never forgot Laplace either, whom he later made a count, a
senator, and, for six catastrophic weeks, Minister of the Interior. He
removed him, Napoleon claimed in exile, because Laplace “carried the
spirit of the infinitely small into administration” — a line so good that
historians suspect it was polished long after the fact, and so apt that nobody
minds.

Notice what the artillery problem actually is, stripped of its brass and
smoke, because we are going to meet it again wearing very different
clothes. You have a record of past shots: this elevation, this charge, this
wind — that splash. Every record is corrupted by error. You wish to
summarize the record as a curve — a compact rule relating what you did to
where it went — so that next time, at a setting you have never fired before,
you can read the rule and say where the shell will land. Past scatter in;
predicted point out. That is a firing table. It is also, syllable for syllable, the
definition of what our own century calls machine learning, and I promise
you I am not being cute; the lineage is direct, and paved with human

beings. Because someone had to compute those tables, and the tables were
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monsters — thousands of trajectories, each one a long grind of step-by-
step arithmetic — and so there grew up, in the ministries and observatories
and proving grounds, a profession that history has treated shabbily: the
computer. The word meant a person. Often, and increasingly, it meant a
woman with a pencil, since women could be paid less for being right. (The
pattern was set as early as the 1790s, when Gaspard de Prony, ordered to
produce the grandest logarithm tables ever made, organized his calculators
on the division-of-labour principle he'd found in Adam Smith — a
handful of mathematicians designing, a middle rank organizing, and
dozens of humbler souls doing nothing but additions; many of them,
delightfully, were hairdressers, unemployed since the Revolution had
abolished the aristocratic head. You will remember from the last chapter
what Babbage proposed to do to human computation altogether.) The
trade ran, essentially unchanged, for a century and a half — and it died at
the artillery problem's own hands. By 1943, at the Aberdeen Proving
Ground in Maryland, roughly a hundred human computers, most of them
young women recruited from mathematics degrees, were grinding out
firing tables for the American army — a single trajectory cost the better
part of a working week at a desk calculator, a single table needed thousands
of trajectories, new guns and new theatres of war were arriving faster than
the arithmetic could — and the backlog grew so desperate that the army
agreed to fund a crackpot-sounding proposal from Philadelphia: a room-
sized monster of eighteen thousand vacuum tubes that might do the sums
electronically. It was called ENIAC, it was the ancestor of every computer
on Earth including the one that wrote down this sentence’s first draft, and
I want you to hold on to the plain historical fact that it was commissioned
for one purpose only: to answer, faster than a shell flies, the old question of
Robins and Gribeauval and the boy Bonaparte. Where will it land? The
general-purpose computer is a by-product of the firing table. We built the
machine to finish the artillery problem, and instead the artillery problem

moved in.
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I said there were two paying customers, and the second was death — a
steadier client, and an older one. In 1693 Edmond Halley (the comet man;
he appears in more of these stories than seems fair) got hold of five years of
meticulous birth-and-death registers from the city of Breslau, forwarded
via Leibniz from a pastor who recorded ages at death, and out of them
constructed the first serious life table: of a thousand souls aged one, so
many still breathing at ten, at forty, at eighty. Which meant you could
price a life. An annuity — you give the crown a lump sum, it pays you an
income until you die — is a bet about a date nobody knows, and Halley
showed how to set the odds from bulk mortality, since no one can say
when a man will die but the bell tolls for a thousand men on a remarkably
reliable schedule. Did governments listen? Of course not. The English
exchequer went on for decades selling annuities at the same flat price to a
sickly man of sixty and a rosy child of eight, and canny money noticed: by
the 1770s a syndicate of Genevan bankers was buying French annuities on
the heads of carefully selected little girls — the famous thirty maidens of
Geneva, chosen from families of proven longevity, vetted, inoculated
against smallpox, and then leased, in effect, to investors as slow-burning
financial instruments. It was grotesque, it was perfectly legal, and it was the
purest demonstration yet staged that whoever understands the statistics of a
population owns the people who don't. The honest version of the same
insight arrived in London in 1762 with the Equitable — the first life-
assurance society to grade its premiums by age on actuarial mathematics,
much of it supplied by Richard Price, a Welsh dissenting minister who, in
his spare time, had fished from a dead friend's papers and seen into print
the theorem of the Reverend Thomas Bayes, which is today the mathemat-
ics by which machines weigh their beliefs; some clergymen have all the
luck. And if you want a measure of how respectable the mathematics of
mortality had become, consider that the greatest mathematician alive

spent years of his maturity on it: in the 1840s Gauss himself, at the request
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of his university, audited the pension fund for Gottingen professors'
widows — mortality tables, compound interest, projected obligations, the
lot — and delivered a verdict on exactly what the fund could afford. The
prince of mathematicians, pricing widowhood. Error had become an
industry, prediction its product, and the bell curve its trademark. All that
remained was for somebody to point the whole apparatus away from stars

and shells and money — and straight at us.

That somebody was a Belgian with a taste for the main chance, and his
career turns on one of my favourite hinges in this book: a revolution that
cancelled an observatory.

Adolphe Quetelet, born in Ghent in 1796, was an astronomer by
ambition — he had talked the government of the Netherlands into
building Brussels a royal observatory, and in 1823 he was sent to Paris to
learn the trade of precision observation. What he actually learned in Paris,
from the circle around the ageing Laplace, was the theory of errors: the
bell, the averages, the treatment of discordant data. He came home fizzing
with it, got his observatory half-built — and then, in 1830, Belgium
revolted against the Dutch, and revolutionary soldiery occupied the
unfinished building, and Quetelet, an astronomer with no sky, sat amid his
requisitioned instruments while history rioted in the streets, and had the
one great idea of his life. All around him was chaos — insurrection,
passion, the least lawful behaviour humanity offers. But he had seen chaos
before, down a telescope. Any single observation is wild; a thousand
together are tame. What if people were like observations? What if the
disorder of individual human conduct, aggregated, showed the same serene
regularities as the errors of astronomy — what if there were, so to speak, a
celestial mechanics of society? He spent the rest of his life proving it, with a
showman's flair for data. He got hold of the chest measurements of five

thousand seven hundred and thirty-eight Scottish soldiers, published years
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before in an Edinburgh medical journal, and showed that they arranged
themselves along the astronomer's error curve as faithfully as observations
of a star: as if — this is Quetelet's own startling way of putting it — nature
were aiming at one ideal chest and missing, five thousand times, with the
errors of a good marksman. He pulled the same shape out of heights, out of
marriages, out of the ages of criminals. And he noticed the shape could
catch liars: in the French conscription records, the distribution of young
men's heights showed a suspicious bite just above the minimum height for
service and a matching bulge just below it — some two thousand
Frenchmen, the curve quietly testified, had stooped, or bribed, their way
under the bar. The bell had become a lie-detector. No individual conscript
could be accused; the population confessed in aggregate.

Out of all this Quetelet conjured the figure for which he is remembered
and blamed: 'homme moyen, the Average Man — the fictional citizen at
the centre of every distribution, whose chest, gait, marriage, and
propensity to crime are the mean of everyone's, and around whom the rest
of us scatter like errors around a star’s true place. He intended the idea, in a
way, generously; the Average Man was a kind of moral centre of gravity for
a nation, and the regularities were a call to reform, for what Quetelet
found in the crime figures shocked Europe: year after year, the same nation
yields nearly the same count of murders, committed with nearly the same
proportions of pistols, knives, and bare hands. "There is a budget,” he
wrote, "which we pay with frightful regularity — it is that of prisons,
chains and the scaffold.” If the totals are that stable, is the individual
murderer wholly the author of his act, or is he, in Quetelet’s chilling
phrase, only the instrument of a society that prepares the crime? You can
hear, in that sentence, whole coming centuries of argument about free
will, social policy, and who is to blame for what — all of it seeping out of
an equation borrowed from astronomers. The intellectual establishment
reacted variously. Auguste Comte was so annoyed at Quetelet's hijacking of

his pet phrase "social physics” that he coined an uglier word to keep for
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himself — sociology — so the discipline’s very name is the residue of a
squabble. Florence Nightingale, by contrast, revered Quetelet this side of
idolatry; to her the statistics of populations were nothing less than the
thoughts of God read in bulk, and studying them a religious duty — and
she backed the theology with the mortality tables that reformed army
hospitals. And in 1850 the astronomer John Herschel wrote a long,
admiring review of Quetelet’s ideas which was read, we are almost certain,
by a young Scot named James Clerk Maxwell, who shortly did something
gorgeous with it: he took the error law that astronomy had lent to
sociology and lent it onward to physics, letting the molecules of a gas
scatter their velocities along Quetelet's curve like so many Scottish chests.
Statistical mechanics — the physics of heat, and in time of information
itself — is thus, by one plausible line of descent, sociology's gift to physics,
which had borrowed it from astronomy, which had borrowed it from
gamblers. Knowledge does not travel in lanes.

One more Quetelet bequest, before we move on, because you are
probably carrying it. Casting about for a simple index of build, he proposed
dividing a person's weight by the square of their height. The Quetelet
Index was rebaptized in 1972 as the Body Mass Index, and every time a
doctor’s chart pronounces you overweight, you are being measured against
the ghost of the Average Man by a Belgian astronomer’s shorthand from
the 1830s — a number invented to describe populations, pressed into
judging individuals, which is precisely the confusion Quetelet licensed and
precisely the confusion we shall be living with, in far grander form, by the
end of this book. The Average Man was born as a summary. Summaries

have a way of being promoted into standards. Keep an eye on that.

*

And so to the Victorian gentleman with the sweet peas — the man I
promised you in the Introduction, whose gardening ended up inside a

machine that writes poetry.

74



ON AVERAGE

Francis Galton was Charles Darwin's half-cousin — they shared the
poet-physician Erasmus Darwin as a grandfather — and he was rich,
restless, and possessed by what can only be called a mania for measurement.
The maxim attributed to him, "Whenever you can, count,” understates the
case: this was a man who compiled a beauty map of the British Isles by
secretly tallying, with a pricking device in his pocket, the women he passed
in the streets of various cities (London ranked highest, Aberdeen lowest;
Aberdeen has yet to commission the statue); who tested the efficacy of
prayer statistically, reasoning that sovereigns, being prayed for weekly by
entire nations, ought on the hypothesis to outlive the merely mortal rich,
and finding — you will be braced for this — that they die, if anything, a
little younger; who published in Nature a method for measuring the bore-
dom of an audience by counting its fidgets per minute. Silly? Repeatedly.
But the mania had a serious engine. His cousin’s Origin of Species had con-
vinced Galton that the great question was heredity — how much of a
person arrives in the cradle already dealt — and heredity, he saw, could not
be studied one anecdote at a time. It was a statistical animal, like Tycho's
errors. It lived in herds. So it had to be counted, and in the 1870s Galton
went looking for something heritable, countable, and cheap, and settled
on the seeds of the sweet pea, which have the twin scientific virtues of being
easily weighed and self-fertilizing — no second parent muddying the
ledger. He sorted seeds into seven weight-classes, posted packets to friends
around Britain with planting instructions, and gathered the offspring seeds
back for the weighing.

What he found looks, at first sight, like a platitude, and is in fact a
trapdoor. The daughters of giant seeds were bigger than average — but not
as big as their mothers. The daughters of runts were smaller than average
— but not as small as their mothers. Each generation, the extremes relaxed
back toward the middle. Galton called it reversion, then regression —
regression toward mediocrity, in the full tactless Victorian phrase — and

when, in the 1880s, he assembled the human version (an Anthropometric
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Laboratory at the International Health Exhibition in South Kensington,
where the public queued to be measured — height, span, grip, breathing
capacity, quickness of eye — and paid him threepence each for the
privilege; nine thousand-odd came; the man could have sold tickets to a
census), the peas' pattern reappeared in people: the sons of very tall fathers,
tall, but less so; the sons of very short fathers, short, but less so; the
deviation of the child, on average, a steady two-thirds of the deviation of
the parents. He built a lovely contraption to show how the bell curve arises
— the quincunx, a pinboard down which shot rattles left-right-left into a
bell-shaped heap, chance’s own bagatelle — and he worried at the deeper
puzzle: if everything regresses toward the middle, why doesn't the spread of
heights shrink generation by generation until we are all identical?
(Because, he eventually saw, the scatter is continuously re-created even as
the extremes relax — the bell holds its shape the way a fountain holds its,
out of endless motion. It is the nearest thing statistics has to a poem.)

But the trapdoor is this. To measure regression, Galton drew a picture
no one had quite drawn before: children's heights against parents’ heights,
a cloud of points, and through the cloud a straight line — the line that
best summarized the crowd, the line the cloud leans on. And a line like
that does something a mere summary has no business doing: given a new
father, it answers. Tell me his height and I will read off, from the slope,
the best guess for his unborn son's — not a certainty, a best guess, the
centre of the bell of possibilities. Then came the thunderclap, which
arrived, Galton says, while he sheltered from a shower of rain: the line runs
both ways. Exceptional fathers have less exceptional sons — and
exceptional sons have less exceptional fathers, which no theory of
inheritance can explain, since sons do not cause their fathers. The
regression, therefore, wasn't biology at all. It was geometry — a property of
any two quantities that share a bell and are imperfectly linked, whether or
not either causes the other. What Galton had found, and by 1888 had

learned to reduce to a single number, was correlation: the degree to which
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two things vary together, cause be damned. Forearm and height. Parent
and child. Barometer and storm. Yesterday's word and today's. It is very
hard, from inside a civilization built on this idea, to feel how new it was —
a way of extracting prediction from data without passing through explana-
tion, a mathematics that says: I do not know why these move together, I
decline even to ask, but I have measured how much, and I will bet
accordingly. Galton, who had a weakness for the grand phrase and had
earned it, wrote of the error law that the Greeks would have deified it had
they known of it — the "supreme law of Unreason," he called it, whereby
out of a mob of chaotic elements an orderly shape emerges the moment
you take them in hand together. And around the new mathematics a new
profession promptly crystallized: Karl Pearson — who gave correlation its
working formula and the letter 7, invented the chi-squared test, co-
founded the journal Biometrika when the Royal Society got sniffy, and in
1911 established at University College London the world's first university
department of statistics, funded by Galton's will. (Pearson’s philosophical
manifesto, The Grammar of Science, was the first book young Einstein's
reading club in Bern assigned itself, which is either a coincidence or the
whole thesis of this book in one sentence.)

And now the part that must be said plainly, because Galton and
Pearson said their part plainly and it would be cowardice to mumble ours.
The engine driving all of it — the peas, the threepenny measurements, the
correlation table, the endowed chair — was Galton's conviction that if
talent and temperament are heritable like height, then humanity could
and should breed itself better, encouraging the able to multiply and the
"unfit” to refrain. He coined the word for it in 1883: eugenics — well-born.
The chair Pearson held was the Galton Chair of Eugenics; the laboratory
was the Eugenics Record Office before it was anything else; the founders of
modern statistics founded it, in large part, s the instrument of that pro-
ject. And the project went where such projects go. In the twentieth century,

eugenics acquired laws: sterilization statutes across the United States from
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1907, upheld by the Supreme Court in 1927 in Buck v. Bell, where Justice
Oliver Wendell Holmes disposed of a young Virginia woman's bodily
integrity with the sentence "Three generations of imbeciles are enough” —
tens of thousands of Americans were sterilized under such laws — and the
German statute of 1933 drew openly on the American models, and where
that road ended the reader knows without my help. It is no defence, but it
is a fact, that the mathematics itself kept warning them: regression to the
mean is precisely the announcement that the exceptional do not breed
true, that nature herself perpetually dismantles the aristocracies of every
trait — Galton spent years wrestling with this, treating as an obstacle to
his programme what was actually its refutation. The tools outgrew and
outlived the cause they were built for; correlation and regression went on
to underwrite medicine, agriculture, economics, and every safety trial that
has ever saved your life, and University College has lately taken the
founders’ names off its lecture theatres, and both facts belong in the
record. The axemaker's gift, as ever: the same blade, whichever way you
swing it. We keep the mathematics. We had better keep the memory of

what it was first swung at, too.

So now let us gather up the thread and follow it home, because
everything this chapter has been assembling — the least-squares fit, the
bell of errors, the firing table, the regression line — snaps together, in our
own day, into a single machine, and you have already met it. It wrote my
obituary in the Introduction.

Begin with the innocent question the whole century of this chapter
kept asking: what is the best line through a cloud of points? Legendre
answered it with a rule; Gauss told us why the rule is right; Galton
discovered that the line, once drawn, predicts. Now notice something
about how Legendre's rule feels from the inside. The sum of squared errors

is a number that depends on where you put the line — tilt the line, the
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number changes — so imagine a landscape: every possible line a location,
the total error at that line its altitude. For the simple straight-line fits of
the nineteenth century, that landscape is a single smooth bowl, and
finding the best line means finding the bottom of the bowl, which calculus
can do in one step, in closed form, by candlelight; that is exactly what
made least squares a clerk's tool rather than a philosopher's. But suppose the
bowl were not a bowl. Suppose the curve you were fitting had not two
adjustable knobs — slope and intercept — but thousands, and the
landscape of error had thousands of dimensions and no tidy formula for its
floor. What then? Then you do what a sensible walker does on a foggy
mountain: you feel the slope under your boots, take a modest step
downhill, and repeat. The method even has a birth certificate in our story
— Augustin-Louis Cauchy proposed it in 1847, in a short note motivated,
and I ask you to a