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Praise for Simply Turing

“Simply Turing explores the nooks and crannies of Alan Turing’s

multifarious life and interests, illuminating with skill and grace the

complexities of Turing’s personality and the long-reaching

implications of his work.”

—Charles Petzold, author of The Annotated Turing: A Guided Tour
through Alan Turing’s Historic Paper on Computability and the
Turing Machine

“Michael Olinick has written a remarkably fresh, detailed study of

Turing’s achievements and personal issues. Bravo!”

—Brian Winkel, Director of SIMIODE and Professor Emeritus of
Mathematical Sciences at the United States Military Academy

“Michael Olinick presents an impressive work, covering Turing’s

early life, the wartime period of code-breaking, and his post-war

life and death. Most touching was Turing’s request, as an adult, that

his parents give him a teddy bear for Christmas, as he had never

had one as a boy. On the war years, Olinick draws us methodically

through a simple, clear history of codes and code-breaking,

featuring Turing’s contributions. Most fascinating are Olinick’s

questions about Turing’s death: Was it a suicide, as the inquest

declared, or a tragic accident? Or perhaps something more sinister?

Perhaps we will never know.”

—Paul Wonnacott, Professor Emeritus of Economics, University
of Maryland and Middlebury College

“Michael Olinick has written a vibrant and absorbing biography of

Alan Turing. Turing’s work as a cryptographer during WW II and

his pioneering the development of the digital computer helped us
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win that war and make our technology-driven world of today

possible—all this against the backdrop of the homophobic world

Turing tried to navigate.”

—Joseph Malkevitch, Professor of Mathematics at York College
(CUNY) and CUNY Graduate Center

“As the father of the field of computer science, every aspect of Alan

Turing’s life and work is important to us today as we benefit from his

brilliant insights. Michael Olinick’s book makes them all interesting

and accessible. He highlights the development of Turing’s

fascination with the biology of the human body and brain and the

idea that they can be considered as complex machines. He shows

how this idea formed the basis of much of Turing’s work and how his

understanding of the mechanistic principles of biological systems

coupled with his ability to ‘think outside the box’ and his thorough

understanding of mathematical principles informed and guided his

developing ideas about how to design thinking machines that would

ultimately lead to his ‘universal computing machine’. Reading Simply

Turing is like walking alongside this fascinating man. Olinick has

meticulously researched and clearly explained Turing’s life, his

passions, and his work so that his personality comes alive, his

brilliant creativity astounds and we come away feeling that we have

lost a close and dear friend.”

—Tom Perera author of Inside Enigma and The Story of the
Enigma and Professor Emeritus of Neuroscience at Montclair
State University

“Michael Olinick tells the story of Alan Turing in clear energetic

prose. Those who don’t know Turing’s story, will find Simply

Turing to be a compelling introduction to one of the key pioneers of

computer science, artificial intelligence, and logic. Olinick includes

enough technical details, easily accessible to the undergraduate

mathematics student, to help the reader understand the breadth

and creativity of Turing’s contributions. Far from the conventional

viii | Praise for Simply Turing



story of a colorful and misunderstood martyr, Simply Turing shows

why Turing was a foundational figure in computer science and why

the ultimate prize for innovation in computer science is named in

his honor.”

—David Alan Grier, author of When Computers Were Human and
Former President of IEEE Computer Society
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Series Editor's Foreword

S imply Charly’s “Great Lives” series offers brief but authoritative

introductions to the world’s most influential people—scientists,

artists, writers, economists, and other historical figures whose

contributions have had a meaningful and enduring impact on our

society.

Each book provides an illuminating look at the works, ideas,

personal lives, and the legacies these individuals left behind, also

shedding light on the thought processes, specific events, and

experiences that led these remarkable people to their

groundbreaking discoveries or other achievements. Additionally,

every volume explores various challenges they had to face and

overcome to make history in their respective fields, as well as the

little-known character traits, quirks, strengths, and frailties, myths

and controversies that sometimes surrounded these personalities.

Our authors are prominent scholars and other top experts who

have dedicated their careers to exploring each facet of their

subjects’ work and personal lives.

Unlike many other works that are merely descriptions of the major

milestones in a person’s life, the “Great Lives” series goes above and

beyond the standard format and content. It brings substance, depth,

and clarity to the sometimes-complex lives and works of history’s

most powerful and influential people.

We hope that by exploring this series, readers will not only gain

new knowledge and understanding of what drove these geniuses,

but also find inspiration for their own lives. Isn’t this what a great

book is supposed to do?

Charles Carlini, Simply Charly

New York City

Series Editor's Foreword | xi



Preface

O ne mid-afternoon in late June 2012, people of all ages

gathered along Sackville Street in Manchester, England. As

the hour advanced, the crowd grew until it was four or five deep.

Many took seats along a wall on the north side of the street beyond

which lay a small park, Sackville Gardens. The opening ceremony of

the London Olympics was but a few weeks away and the Olympic

torch was due to pass this spot in a few minutes.

The arrival of half a dozen motorcycle police heralded the start of

the procession, which included other security personnel on foot, on

bicycles, and in cars and vans. Large buses trumpeted commercial

sponsors of the Olympics: red ones for Coca Cola, blue ones for

Samsung, green ones for Lloyds Trustee Savings Bank. Other

coaches ferried torch carriers, Olympic officials, dancers,

instrumentalists, and local celebrities. At last, the torchbearer ran

down the center of the street flanked by a dozen security men and

women in jogging attire.

Carrying the lighted torch in his left hand was 30-year-old Martin

Hewitt, whose right arm was paralyzed by a bullet as he led his

troops in a battle in Afghanistan five years earlier. Martin overcame

the injury to join the British Disabled Ski Team and participated

in expeditions to the North Pole and Mount Everest. Onlookers

cheered and waved British and Olympic flags, but suddenly turned

and ran into the park when Hewitt passed by. He had turned the

corner and headed toward a bench in the park’s center where the

crowd had reformed. Waiting at the bench with his yet unlit torch

was the next carrier, 14-year-old Jonathan Whitehead, who was

selected for battling epilepsy and raising funds for Epilepsy Action

UK.

Why was this spot chosen for the passing of the Olympic flame?

On the bench behind Hewitt and Whitehead sits a nearly life-size

bronze statue of a man. He is dressed in a modest suit of mid-20th-
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century design, his necktie loosened, and the top button of his shirt

unfastened. He stares straight ahead and holds an apple in the palm

of his right hand. His face is framed by the inverted V formed as the

two torches are brought together to transfer the flame from one

to the other. The bench is covered with bouquets of fresh flowers;

rainbow sashes and scarves adorn the statue. The ceremony clearly

honors this man—but who is he?

The inscription on the vertical face of the bench behind the statue

gives some clarity, but deepens the puzzle at the same time. It reads:

ALAN MATHISON TURING 1912-1954

IEKYF RQMSI ADXUO KVKZC GUBJ

Who was Alan Turing? Why was he being honored? What is the

gibberish below his name? A plaque at the statue’s feet reveals even

more intriguing information:

Father of Computer Science

Mathematician, Logician,

Wartime Codebreaker,

Victim of Prejudice

—

“Mathematics, rightly viewed, possesses not only truth,

but supreme beauty — a beauty cold and austere,

like that of sculpture.” — Bertrand Russell

The Olympic torch passing at Turing’s statute took place on June 23,

2012, his 100th birthday. A major conference on Turing’s intellectual

legacy convened that morning in Manchester’s City Hall, following

the close of another such meeting at Cambridge University the day

before.

A year earlier, Barack Obama became the first United States

president given the rare honor of addressing Parliament in London.
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In his speech, he singled out three British scientists: Isaac Newton,

Charles Darwin, and Alan Turing. The names and achievements of

Newton and Darwin are known throughout the world. Famous in

their own time, they were honored in death—Newton in 1727 at age

84 and Darwin in 1882 at 73—by burial in Westminster Abbey, with

thousands attending their funerals.

Turing, by contrast, died in relative obscurity at the tragically

young age of 41. His contributions to the creation of computer

science were not widely known and his codebreaking achievements

shortening World War II by an estimated two years remained secret

for two decades after his death. His concerns about the creation

of artificial intelligence seemed premature in the 1950s when only

a handful of computers existed. His pioneering ideas on

developmental biology lay unnoticed for nearly half a century. Only

a handful of close relatives and friends observed the scattering of

his cremated ashes in a garden. Instead of being honored by the

nation he had helped save, Turing was prosecuted by the state for

his sexual orientation and forced to undergo a process of chemical

castration that may have driven him to suicide by cyanide poisoning.

We will explore why Turing’s work earns him a place alongside

Newton, Darwin, and Albert Einstein in the pantheon of great

scientists, as we also trace the arc of a life that recalls the tragic

heroes of dramatic plays.

Michael Olinick

Middlebury, VT
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1. Roots and Childhood

I t was a shipboard romance.

Ethel Sara Stoney (1881-1976) was the 26-year-old daughter of

the Madras Railway Company’s chief engineer. Born in India, she

spent much of her childhood in Ireland, studied at the Sorbonne in

Paris, and returned to India at age 19. In April of 1907, she joined her

family for a long trip to Ireland, traveling by ship over the Pacific,

train through the United States, and another ship across the

Atlantic. Julius Mathison Turing (1873-1947) was a fellow passenger.

He was the second son of a curate who died when Julius was 10

years old, leaving the family struggling financially. Julius earned a

scholarship to Oxford and won a placement in the Indian Civil

Service, arriving in Madras in December 1896. After serving a

decade, he took his first leave to England and met Sara Stoney on

the voyage.

The ship-board romance progressed quickly. The couple married

in October of 1907 in Dublin and soon returned to India. September

saw the birth of their older son, John Ferrier Turing (1908-1983) in

Coonoor. Although John had fond memories of his early years in

India (“I saw much of the elephants for they were wont to wash

themselves with great drenchings and slurping from their trunks

outside my father’s bungalow”), he contracted a serious case of

dysentery from infected cow’s milk. Because of John’s dangerous

illness, Sara decided to have her second child in England.

Alan Mathison Turing entered the world on Sunday, June 23, 1912,

at the Warrington Lodge Medical and Surgery Home for Ladies in

London. At that time, Britain was a rigid, class-based society. There

were stirrings of discontent and challenges from Irish nationalists,

suffragettes, and the trade unions, among others. War clouds

gathered over Europe as tensions fueled an arms race. Five days

after Alan’s second birthday, Austria’s Archduke Franz Ferdinand

was killed, triggering the start of World War I.
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In the biography of her younger son, Sara Turing noted that “It

had been intended to take Alan out to India, but owing to his having

slight rickets it was thought better to leave him in England. Despite

his delicacy, he was an extremely vivacious and forthcoming small

child.” Julius returned to India in the spring of 1913; Sara followed in

September when Alan was only 15 months old.

It was common for Britons serving in India to leave the children

behind, and John’s bout with dysentery and Alan’s with rickets also

affected the decision. While their action strikes modern sensibilities

as cruel abandonment, Julius and Sara were following the wisdom

of the times. The London-published The Care of Infants in India:

A Work for Mothers and Nurses in India Upon the Feeding and

Management of Infants in Health and Sickness advised:

European children demonstrate most forcibly the

unfavourable effects of hot climates, and in India it is

generally thought desirable to bring them at an early age to

a cold climate like that of this country to escape the effect

of the tropical heat, and few sights are more pleasing than

to see these puny, pallid, skinny, fretful little ones converted,

by British food and British meteorology, into fat and happy

English children.

Sara and Julius left their boys in the care of a retired army colonel

and his wife who presided over Baston Lodge, a large house in

St. Leonards-On-Sea, with their four daughters, several nieces, a

nanny, and various servants. Baston Lodge was “home” to Alan and

John for eight years, their fostered childhood punctuated by brief

periods when their parents visited on leave.

The long family separations had significant impacts on both boys.

In “My Brother Alan,” a postscript to the Centenary Edition of Sara’s

biography Alan Turing (originally published in 1959), John wrote:

But it was a harsh decision for my mother to have to leave

both her children in England, one of them still an infant

in arms. This was the beginning of a long sequence of
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separation from our parents, so painful to all of us … I am

no child psychologist, but I am assured that it is a bad thing

for an infant in arms to be uprooted and put in a strange

environment … [B]oth of us were, in our different ways,

sacrificed to the British Empire … [T]he unsettled existence

of our childhood was to leave its mark on us both.

From infancy until age four, Alan saw little of his parents; but his

mother stayed in England when Julius made the dangerous wartime

trip back to India in 1916, and remained until the war’s end. When

Sara saw Alan again in 1921, she was alarmed about changes in

his personality: “From having been extremely vivacious—even

mercurial—making friends with everyone, he had become

unsociable and dreamy,” she wrote.

Alan’s relationship with his mother was especially complex and

challenging. His early letters to his parents began “Dear Mother and

Daddy,” a curious blend of the informal for Julius and the formal for

Sara. Later in life, he made disparaging remarks about her to his

friends, told his psychiatrist that he hated his mother, and reported

dreams that revealed hostility toward her. John observed that while

his father viewed Alan’s eccentricities with amused tolerance, his

mother displayed constant exasperation, “nagging him about his

dirty habits, his slovenliness, his clothes and his offhand manners

… achieving nothing by it except a dogged determination on Alan’s

part to remain as unconventional as possible.”

My mother implies [John wrote] that his many eccentricities,

divagations from normal behaviour and the rest were some

kind of emanation of his genius. I do not think so at all. In my

view, these things were the result of his insecurity as a child,

not only in those early days … but later on as his mother

nagged and badgered him.

Thus, the unconventional behaviors that continued throughout

Alan’s life appeared quite early. As a child, Alan showed an intense

interest in the biological, chemical and physical aspects of nature.
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One example was regeneration. Many animals are capable of

growing new body parts to replace those damaged or lost. Spiders

can regrow missing legs, lizards can sprout new tails, and starfish

can replace lost arms. If cut into chunks, each piece of a flatworm

can develop into a new worm. Humans can display modest

regeneration, particularly of fingertips and certain kidney tissues.

Turing’s last major research concerned morphogenesis: how

biological form and structure are generated. Alan’s interest in

regeneration was evident already at age three when one of his toy

wooden sailors broke into pieces. He planted the arms and legs in

the garden, hoping that whole new toys would grow.

Budding interest in mathematics and science

At age six, Alan began his formal education at St Michael’s school

in Hastings. When Sara removed him from the school three years

later, the headmistress told her that Alan was a genius. She was

perhaps the first person to note his extraordinary mental powers,

but Sara was alarmed by his “unsociable” and “dreamy“ personality.

She focused her energy for a time on her son, but left for India once

again, placing Alan at Hazelhurst, a small boarding school.

The Turing brothers were two of the 36 boys attending

Hazelhurst in 1922—John in his last year and Alan in his first. Alan

was a lackluster student. He shied away from the emphases on

group sport, scouting, and carpentry. He engaged other students in

origami, but more importantly pursued a deepening understanding

of mathematics, complaining, for example, that the algebra

instructor “gave quite a false impression of what is meant by x.”

An important influence on Alan’s thinking was the book Natural

Wonders Every Child Should Know. Author Edwin Tenney Brewster

introduced human physiology to help a young reader answer such

questions as, “By what process of becoming did I myself finally

appear in the world?” and “What have I in common with other living
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things and how do I differ from them?” Natural Wonders revealed

to Alan that there was a field of knowledge called science, and its

description of the human body as a machine impacted his views on

the nature of intelligence. Turing’s adult speculations about minds

and machines, along with the provocative question, Can Machines

Think? will occupy our attention later. In part, however, their roots

lie in Brewster’s words:

We shall learn about how the body of the plant or animal

feeds itself and keeps alive, and how the different parts of

it, the bones and skin and leaves and bark, manage to get

on with one another, and work together like a well-made

machine. For, of course, the body is a machine. It is a vastly

complex machine, many, many times more complicated

than any machine ever made by hands; but still after all a

machine. It has been likened to a steam engine. But that

was before we knew as much about the way it works as we

know now. It really is a gas engine; like the engine of an

automobile, a motorboat, or an airplane.

Turing had certainly shown an interest in science before reading

Natural Wonders. He would run a magnet along street gutters to

pick up iron filings left by metal cartwheels, or ask how hydrogen

bonded to oxygen to make water, or pen, at age eight, a one-

sentence book, About a Microscope: “First you must see that the lite

is rite.” Brewster’s book, however, was special to Alan. Sara wrote

that it “greatly stimulated his interest in science and was valued by

him all his life.”

Hazelhurst’s curriculum focused on Latin, French, English,

history, geography, mathematics, and Scripture. Science was

definitely not a mainstream topic, so Alan spent much of his time

outside of class reading and thinking about scientific ideas, as well

as planning and carrying out his own experiments.

He began to display another lifelong trait: a determination to

design and build things on his own from basic materials. At age

10, he wrote a letter home using a fountain pen he had invented
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himself. A few months later, he described plans for building a

typewriter.

In his final years, Turing set aside “the nightmare room” in his

house for conducting experiments and creating new compounds,

including his own weed killer and sink cleaner. These projects often

involved home-made electrical contraptions. His carelessness

frequently resulted in high-voltage shocks. One contemporary

observed that Alan was “like a child when experimenting, not only

taking in the observed mentally but testing it with his fingers.” One

project used potassium cyanide to gold-plate a spoon using gold

from his grandfather’s watch. Turing’s death by cyanide poisoning

could have been a suicide, as commonly believed, caused by

accidental ingestion when he ate an apple without washing the

lethal toxin from his fingers.

The year 1924 brought major changes for the Turings.

Exasperated at being passed over for promotion, Julius suddenly

resigned from the Indian Civil Service. He received an annual

pension of 1,000 British pounds, roughly equivalent to 70,000 U.S.

dollars today. Julius considered this sum sufficient to sustain his

family and pay school fees, but worried about further erosion by

British income taxes. He and Sara decided to live in Dinard, a French

town on the Brittany coast, taking advantage of a provision

exempting them from British taxes if they spent no more than two

weeks a year in the United Kingdom. Alan and John commuted to

and from France during school vacations.

Now in more regular physical contact with Alan, Mrs. Turing

launched an effort, by no means entirely successful, to make him

more presentable to the outside world. She tried to get him to

improve his penmanship, hired a tutor to help him prepare for the

secondary school entrance examinations, and considered carefully

where he should continue his education after Hazelhurst. The

fateful decision was Sherborne.
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2. Sherborne and Christopher
Morcom

S herborne is one of the oldest independent boys’ schools. In

England, these institutions are called public schools. Many

were founded by particular churches exclusively for their own

members. They adopted the term public when church affiliation was

dropped as a matriculation requirement.

Sherborne, which traces its roots back to the eighth century, was

re-founded as a grammar school for local boys by King Edward VI

(1537-1553), the first English monarch raised as a Protestant, and

became a private boarding school in 1869. When Alan arrived in May

of 1926, Sherborne was considered a “moderately distinguished”

educational institution of 400 male students.

Notable Sherborne graduates before Turing include the

mathematician and philosopher Alfred North Whitehead (1861-1947),

co-author of Principia Mathematica, a major work in mathematical

logic. Alumni closer to Alan’s time at Sherborne were Evelyn Waugh

(1903-1966), author of the novels A Handful of Dust and Brideshead

Revisited, and Cecil Day-Lewis (1904-1972), poet laureate of the

United Kingdom.

Alan had an auspicious start at Sherborne. He had taken an

overnight ferry from France to Southampton, England, intending to

travel to the school by rail. He landed on Monday morning, May

3, at the beginning of a general strike protesting plans to cut coal

miners’ pay and lengthen their workday. The strike shut down mass

transportation throughout the country. Alan was apparently stuck

on the docks, 60 miles from Sherborne, with a trunk full of clothes

and books.

But the 13-year-old had his bicycle and was determined not to

be overly late. He checked his luggage with the baggage master,

telegraphed his housemaster about his delayed arrival, bought a

Sherborne and Christopher
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map, and set out for Sherborne. He stopped for lunch and a minor

bicycle repair, staying overnight at a hotel. He completed the ride

the next day, to everyone’s astonishment, earning a mention in

the local newspaper and a reservoir of esteem and goodwill at the

school. When his subsequent behavior and academic performance

fell below Sherborne’s expectations, his housemaster, Geoffrey

O’Hanlon, defended Alan with the comment “Well, after all he did

bicycle here.” Even today, Sherborne boys honor Turing by

recreating his ride each May.

At Sherborne, Turing pursued his interests in mathematics and

science, paying insufficient attention, in the eyes of the staff, to

the parts of the curriculum and the extracurricular program they

considered more important. A generation earlier, the school focused

on “rugby, religion, and relentless Latin.” A new headmaster

broadened the classical education to include chemistry and physics,

but continued to emphasize Latin, Greek, English, and French,

subjects which held little appeal for Alan.

The initial admiration earned by Turing’s solo bicycle trip

gradually shifted to tolerance and then exasperation over the

neglect of his studies and his idiosyncratic attitude toward his

personal appearance. In the fall of 1926, O’Hanlon reported:

Slightly less dirty and untidy in his habits: & rather more

conscious of a duty to mend his ways. He has his own furrow

to plough, & may not meet with general sympathy.

But by the next spring, the housemaster observed:

He is frankly not one who fits comfortably for himself into

the ordinary life of the place.

And by autumn of 1927, O’Hanlon noted:

I have seen cleaner productions from this specimen … No

doubt he is very aggravating: & he should know by now that

I don’t care to find him boiling heaven knows what witches’
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brew by the aid of two guttering candles on a naked wooden

window sill.

In the headmaster’s report at the same time, we find the

conclusion that Alan “is the kind of boy who is bound to be

rather a problem in any school or community.”

Alexander H. Trelawny-Ross, his English and Latin teacher, who

caught Alan doing algebra during a divinity lesson, thundered:

I can forgive his writing, though it is the worst I have ever

seen, & I try to view tolerantly his unswerving inexactitude

and slipshod, dirty work … but I cannot forgive the stupidity

of his attitude towards sane discussion on the New

Testament … [in Latin] he is ludicrously behind.

Trelawney-Ross posited that Germany had lost World War I because

it believed “science and materialism were stronger than religious

thought and observance.” He characterized scientific subjects as

“low cunning” and had little patience for Alan’s favorite study. “This

room smells of mathematics,” he sniffed, exclaiming to Turing, “Go

out and fetch a disinfectant.”

Boys facing the regimen of public schools like Sherburne, which

aimed to produce graduates suited to a class society of masters and

servants, reacted in different ways. Most accepted the program, a

few rebelled, and some withdrew. Alan disengaged as much as he

could. While the adults bemoaned his lack of school spirit, passive

resistance to academic lessons, and avoidance of team sports, many

of his peers reacted with hostility. “His ways sometimes tempted

persecution,” O’Hanlon reported. Ostracism was perhaps the

mildest response from the other boys, while bullying was common,

especially in his first year. They trapped him under the floorboard

of a dorm room at least once and kept him there until he nearly

suffocated.

Turing biographer Andrew Hodges describes how the teenager
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appeared to his peers at Sherborne and some of their reactions to

him:

But he made himself ‘a drip’ by letting down his house

contingent at the gym with his ‘slackness.’ He was also called

dirty, thanks to his rather dark, greasy complexion, and a

perpetual rash of ink stains. Fountain pens still seemed to

spurt ink whenever his clumsy hands came near them. His

hair, which naturally fell forward, refused to lie down in the

required direction; his shirt moved out of his trousers, his

tie out of his stiff collar. He still seemed unable to work

out which coat button corresponded to which buttonhole.

On the Officers Training Corps parade on Friday afternoons,

he stood out with cap askew, hunched shoulders, ill-fitting

uniform with puttees like lampshades winding up his legs.

All his characteristics lent themselves to easy mockery,

especially his shy, hesitant, high-pitched voice—not exactly

stuttering, but hesitating, as if waiting for some laborious

process to translate his thoughts into the form of human

speech.

Essentially friendless in his early time at Sherborne, Alan focused his

mental energy on mathematics and science. At age 15, he carefully

studied Einstein’s theory of relativity, writing notes to explain it to

his mother. One of the strong appeals to Turing was that Einstein

rejected the axioms about place and time that had dominated

physical thought from the times of Euclid and Newton, substituted

his own, and derived new conclusions that revolutionized science.

Any system of deductive thought begins with a set of axioms or

postulates, statements presumed to be true as the initial step for

further reasoning. Euclid had laid down a small set of axioms about

plane geometry. In the 19th century, other mathematicians showed

that discarding or revising some of these axioms could result in

interesting and applicable geometries.

Turing’s imagination was captured by the notion that one could

negate the axioms others accepted, that what appeared “obvious”
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need not be so, or even true. One could start by denying the obvious

and construct from a new set of axioms a consistent and perhaps

even useful set of results. As his brother John observed, such a belief

could be annoying:

“You could take a safe bet that if you ventured on some

self-evident proposition, as, for example, that the earth was

round, Alan would produce a great deal of incontrovertible

evidence to prove that it was almost certainly flat, ovular,

or much the same shape as a Siamese cat which had been

boiled for 15 minutes at a temperature of 1,000 degrees

Centigrade.”

Meeting Morcom

Alan’s loneliness and isolation from his peers at Sherborne

underwent a profound change that affected him deeply for the

rest of his life: the discovery of a kindred spirit and his first love,

Christopher Morcom.

Morcom was a year older than Turing and in the next form

(roughly equivalent to grade), small for his age, but intensely

interested and gifted in mathematics and science. Turing was struck

by and attracted to Morcom’s appearance, wanting “to look at his

face again.” The two boys connected with mathematics. “During this

term,” Alan wrote, “Chris and I began setting one another our pet

problems and discussing our pet methods.” On Alan’s side, it was

more than exchanging ideas. “I worshipped the ground he trod on,”

Alan confessed later to Morcom’s mother. “It never seems to have

occurred to me to make other friends besides Morcom, he made

everyone else seem so ordinary.”

In the spring of 1929, Alan advanced to the same form as

Christopher. He sat next to him in all their classes. Morcom was
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such a model of academic success and excellent work habits that

Alan began to expend extra energy to organize his own efforts:

Chris’ work was always better than mine because I think

he was very thorough. He was certainly very clever but he

never neglected details. … One cannot help admiring such

powers and I certainly wanted to be able to do that kind

of thing myself. Chris always had a delightful pride in his

performances and I think it was this that excited one’s

competitive instinct to do something which fascinated him

and which he might admire.

Alan’s efforts to be more exact and tidier earned him better reports

from his teachers and greater respect for his mental abilities and

originality. He concentrated on preparations for the university

scholarship exams. When Chris, at age 18, set out to take the tests

for a scholarship to Trinity College Cambridge, Alan decided to try

as well, so they might work together for the next three years. They

spent a week at Cambridge in early December 1929, taking exams

during the mornings and afternoons, enjoying meals together,

playing games, and going to movies in the evening. “Chris knew I

think so well how I like him,” Alan wrote describing what he said had

been the happiest week of his life, “but hated me shewing [sic] it.”

Chris did win his Trinity scholarship, but Alan, whose education

lagged by a year, did not score well enough to qualify. During the

Christmas holidays, they exchanged letters about the test results, as

well as more detailed descriptions of the astronomical observations

they were making from their respective homes. They returned to

Sherborne in mid-January 1930. Barely three weeks into the term,

tragedy struck.

Unknown to Alan, Christopher had been suffering from bovine

tuberculosis for years. Early on the morning of Friday, February 7,

Chris was rushed by ambulance to London. Doctors performed two

operations but were unable to save his life. He died on February 13,

1930, at the age of 18.

Morcom’s death devastated Turing, who was “nearly knocked out
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by the shock,” as one classmate observed. Although Alan’s own

religious stance had gone from skepticism of Church of England

teachings to agnosticism to atheism, he hoped that somehow, at

some level, he might reunite with Chris’ spirit. “I feel that I shall

meet Morcom again somewhere and that there will be some work

for us to do together as there was for us to do here,” Alan wrote to

his mother. In his first letter to Mrs. Morcom, he observed, “I know I

must put as much energy if not as much interest in my work as if he

were alive, because that is what he would like me to do.” He asked

for a photograph of Chris “to remind me of his example and of his

efforts to make me more careful and neat. I shall miss his face so,

and the way he used to smile at me sideways.”

Morcom’s attitude toward Turing was apparently more a passive

friendship than Alan’s ardent romantic attachment to Chris. Alan’s

letters and comments to friends in later years show that he

regarded Chris as his first love, one he would never be able to

consummate or match in any of his many future homosexual

relationships.

Working out teenage hormonal changes and yearnings was

complicated in the setting of an all-male boarding school. In the

19th and early 20th centuries, these schools tolerated, if they did

not actually encourage, strong homoerotic friendships between

students. Many of the relationships established at school continued

long afterwards, some developing into adult sexual partnerships.

Memoirs and fictional accounts about school show how central

these same-sex “crushes” and “romances” were. The novelist

Desmond McCarthy gives a not atypical description:

As time went on it became clear to me that this thing, this

abomination in our midst, was next to games and, perhaps

for a very few, their studies, the most important element

in school life. When I say that, I am including its emotional

off-shoots, which were of the most varied nature, grading

up from prompt animalism through jokes to gay tenderness,

even to restless passion and Platonic idealism. Some boys
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would be made happy for the day by a chance meeting, a few

casual words exchanged. Others would discuss chances of

seduction with the cynicism and aplomb of a Valmont.

On an emotional level, Christopher Morcom’s sudden death brought

despair to Alan Turing; but it also triggered new lines of thought

and intellectual inquiry as he struggled to comprehend how a mind

that had been alive and active a few days earlier could apparently

be gone so quickly. Turing was absorbed by the question of whether

mind could be separated from body. Could thought be transferred

to or manifested by an entity immune to the ravages that afflict the

human organism?

Turing remained at Sherborne an additional year, probing the

mysteries of quantum mechanics, winning prizes in mathematics

and science, making some new friends, and coping well enough

with school strictures to earn an important leadership position. The

reports on his performance and character decidedly improved. “He

wins respect both by brains and character,” wrote the housemaster,

while the headmaster noted, “He is a distinguished and useful

member of the community.”

Turing retook the Cambridge entrance exams in December of

1930, doing sufficiently better to win a scholarship to King’s College.

He arrived the following October to begin the next phase of his

remarkable life.
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3. Cambridge Days

T he University of Cambridge can be intimidating, particularly to

an awkward teenager. Founded in 1208, it is home to 31

constituent colleges, each of which admits, houses, and supervises

the instruction of its undergraduate students. The colleges have

their own endowments and fund some of the university’s senior

research positions.

Henry VI founded King’s College in 1441. Although even now its

enrollment is small compared to that of an average American college

(about 400 undergraduates and 300 graduate students), its

graduates and faculty include Nobel Prize winners in peace, physics

and chemistry, the novelists E. M. Forster, Salman Rushdie, and

Zadie Smith; the philosopher George Santayana, and the economist

John Maynard Keynes.

Keynes (1883-1946) was one of the most influential economists

of the 20th century. The founder of modern macroeconomics, his

ideas that government should employ fiscal and monetary policies

to stabilize the economy were adopted in many capitalist countries.

His theories formed the basis of Keynesian Economics, an approach

underlying policies the Obama administration adopted to deal with

the global financial crisis of 2007-2008.

Keynes was a very successful investor, amassing a private fortune.

He became bursar of King’s College in 1924, assuming responsibility

for its financial well-being. His stewardship of King’s funds paid

enormous dividends to the college over a two-decade period.

Keynes and others also established a spirit of liberal tolerance

at King’s, particularly in the comfortable environment it created

for homosexuals, an emphasis on moral autonomy, and interaction

between the dons and undergraduates. In an essay titled “My Early

Beliefs,” Keynes described the attitude of his King’s College peers

in the generation before Turing’s—the generation that shaped the

community Alan entered:
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We entirely repudiated a personal liability on us to obey

general rules. We claimed the right to judge every individual

case on its merits, and the wisdom, experience and self-

control to do so successfully. This was a very important part

of our faith … We repudiated entirely customary morals,

conventions and traditional wisdom … we recognized no

moral obligation on us, no inner sanction, to conform or to

obey.

“It was an attitude,” Hodges notes, “very different from the cult of

duty, which made a virtue out of playing the expected part in the

power structure. King’s College was very different from Sherborne

School.” King’s provided an environment that encouraged Turing to

think for himself, however unorthodox his ideas may have seemed

to others.

Cambridge undergraduates attended university-wide lectures but

also met weekly in a tutorial in their own colleges. These sessions,

called supervisions at Cambridge, typically lasted an hour and

provided challenging examinations of a student’s arguments. Alan’s

King’s College tutors were the number theorist Albert Edward

Ingham and the group theorist Philip Hall.

Hall entered King’s College as a student in 1922 and remained at

Cambridge for most of his career, working on Italian and Japanese

cipher systems during World War II. As a graduate fellow in 1928,

Hall discovered an important generalization of a classic result in

Group Theory, a major field of study in modern abstract algebra.

It concerns mathematical structures that have binary operations

obeying a few simple properties. Groups occur throughout

mathematics and appear also in various settings in physics and

chemistry.

Hall became one of the world’s leading group theorists, his work

earning him several prizes, medals, and election as a Fellow of the

Royal Society. He was a very supportive mentor and advisor to

Turing and other students. Alan’s first publication, “Equivalence of
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Left and Right Almost Periodicity,” completed in April 1935, is a short

paper about groups that likely grew out of consultations with Hall.

One of Hall’s doctoral advisers, James Roseblad, praised his work

with students:

His students loved him and he them. Writing so lucidly and

elegantly himself, he must have found painful much of what

they first wrote; but whenever he had strong criticism to

make of their work, he always found a way to soften the blow

and never failed to suggest effective improvements.

Hall was a shy person who avoided large gatherings, only really

happy in company when he was with one or two friends. When

accused of being the worst recluse in Cambridge, Hall replied, “No,

Turing is worse!”

From Ingham, Alan no doubt learned to be more careful and

rigorous in his mathematical work. Ingham’s Times of London

obituary described him as “the embodiment of meticulous accuracy.

Nothing slipshod came from his hand, his tongue or his pen. He

lectured with force and clarity.”

Ingham’s most important and influential publication was his 1932

book, On The Distribution Of Prime Numbers. A prime is a whole

number larger than 1 whose only whole number factors are 1 and

itself. The first few primes are 2, 3, 5, 7, 11, 13, 17, 19, 23, and 29. A

whole number such as 10 = (2) (5) or 75 = (3) (25) = (3) (5) (5), which

is not prime, is called composite. Each composite number can be

factored as a product of primes.

It’s been known since ancient times that there are infinitely many

primes. Euclid included a proof in his Elements. Here is the

argument:

Suppose you have any list made up of a finite collection of primes

p1, p2, …, pn, where n is the number of primes in the list. Multiply all

these primes together and add 1 to the product to obtain a number

M

Note that M is larger than any of these primes. Now M is either
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a prime number or a composite. If M is prime, then our list is

incomplete; it does not contain all the primes. If M is composite,

then it must have a prime factor q. If we divide M by any of the

primes in our list, then the remainder will be 1 and the quotient will

be the product of the other primes in the list. Thus, none of the

primes in the list can be a factor of M. Therefore, q must be a prime

not in the list. We can conclude that in either case—M is prime or

M is composite—we have found a new prime not in the original list.

Hence no matter how big our finite list is, it cannot contain all of the

primes. Thus, the set of primes must be infinite.

It’s not easy to tell at a glance whether a given number is prime or

not. Is the 12-digit number 327,232,686,359 prime? No, it factors as

(437,981) ( 747,139), but if we add 18 to it, then we get 327,232,686,377,

which is prime. Mathematicians have developed tests that can tell

whether a specified whole number is prime or not in an acceptably

short amount of time. Multiplying two large prime numbers, even

if each has hundreds of digits, is easy to do both theoretically and

practically; it’s a task a computer can finish in fractions of a second.

On the other hand, factoring a product into its component pieces

is easy to do in theory (try 2 as a factor, then 3, then 5, …), but no

one knows a method to factor a single arbitrary 1,000-digit whole

number in less than many thousands of millennia. Turing knew that

multiplying is computationally easy but factoring is not. He used this

fact to create several ciphering schemes.

Although the collection of primes is infinite, they are not

uniformly distributed among the whole numbers. There are 168

primes between 1 and 1000, but only 135 in the next thousand whole

numbers, and 85 between 99,000 and 100,000. In the 1,000 integers

leading up to 1,000,000, the number of primes drops to 65. If you

venture out far into the sequence of positive whole numbers, you

can find strings of 1,000 consecutive numbers with no primes. Even

farther out, there are strings of one million consecutive numbers in

which no prime exists.

Ingham’s book discusses this distribution. Turing obtained a copy
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of Ingham’s work shortly after it was published and studied this

topic at several points in his career.

A new friendship

On a personal level, Turing’s early Cambridge days were lonely.

His shyness initially meant he had no friends. Moreover, his

mathematical training at Sherborne was not as deep or rigorous

as that of other students. He did make a lifelong friend, David

Chapernowne, who was just a few days younger and more socially

adept. Chapernowne, a fellow mathematics scholar, became a

distinguished economist. Turing told Chapernowne about his

feelings for Christopher Morcom, showing him pages of a diary he

kept after Morcom’s death.

Turing rapidly caught up in mathematics, impressing Hall with his

originality. In January 1932 Alan wrote home, “I pleased one of my

lecturers rather the other day by producing a theorem which he

found had previously been proved by one Sierpiński, using a rather

difficult method. My proof is quite simple, so Sierpiński is scored

off.”

From the timing and considering Turing’s friendship with

Champernowne, it’s likely that the theorem concerned normal

numbers. In decimal notation, a number is normal if no single digit,

or combination of digits, occurs more frequently than any other.

Thus, each of the single digits 0, 1, 2,…,9 should appear about one-

tenth of the time, each pair of digits 00, 01,…,99 occurs about one-

hundredth of the time, and so on.

The French mathematician Émile Borel defined normal numbers

in 1909 and proved that a randomly chosen real number would

almost certainly, in a technical sense, be normal. It’s easy to find real

numbers that are not normal; simple examples are 1/2 = 0.50000…

and 1/3 = 0.3333… Borel’s theorem asserts that while there are

infinitely many non-normal numbers, their total measure is 0. A

Cambridge Days | 19



good analogy here is an ordinary straight line lying in the plane.

Although there are infinitely many points on the line, the area of

the line is 0 compared to the plane’s infinite area. Chances are

essentially nil that you would hit the line if you threw a dart

randomly at the plane.

Although Borel showed that normal numbers are superabundant

in one sense, he did not exhibit any. Since rational numbers have

blocks of digits that eventually repeat, none of them are normal. For

example, the rational number

has a decimal representation that only contains the single digits

0, 1, 2 and 9, as well as the two-digit pairs 20, 01, 19 and 91. No one

knows whether some of the irrational numbers occurring frequently

in mathematics, such as π and √2 are normal or not.

The Polish mathematician Wacław Sierpiński published a

“constructive” proof of Borel’s Theorem in 1917, providing a very

complex method for generating a normal number. Sierpiński’s

scheme was inefficient; one could not actually use it to build a

specific number in any reasonable amount of time. Turing had

apparently discovered a computable construction, still inefficient

but less complicated than Sierpiński’s.

Champernowne, meanwhile, had come up with a specific normal

number defined by stringing together end to end the successive

positive whole numbers

C = 0.123456789101112131415161718…

He introduced this constant and showed it was normal in a 1933

paper he published while still an undergraduate.

Central Limit Theorem

Turing never wrote up his 1932 proof, but left behind an undated,

uncompleted manuscript, “A Note on Normal Numbers.” which
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details a construction to show that almost all numbers are normal

and an algorithm for producing them.

Turing’s first significant mathematical creation was a discovery,

while still an undergraduate, of a proof of the Central Limit

Theorem, a major result in probability.

Suppose you want to know the average height of all 12-year-old

girls in Dallas, Texas. You could measure the heights (in inches) of

every girl in this population. You are likely to find almost all the

observations range from a low of 46 to a high of 72, with an average

of around 59, and about half the girls within three inches of the

average. If you plot the relative frequency of these heights, the

resulting graph will look like the familiar bell-shaped curve pictured

in Figure 1.

Figure 1

This type of curve shows up in many real-world observations, such

as scores on standardized examinations or IQ measurements.

Mathematicians use the term normal distribution in describing such

curves.
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Some of the earliest occurrences of the normal distribution were

measurement errors in astronomical data caused by imperfect

telescopes and imperfect observers. In the 17th century, Galileo

concluded that such errors were symmetric about the average of

the observations, with small deviations much more likely than large

ones.

For a very different example, flip a fair coin 100 times and record

the number of times it comes up Heads. We expect around 50

Heads, but we could get any whole number between 0 and 100.

Now imagine repeating this experiment 1000 times, recording the

number of Heads in each round of 100 flips. If you plot the relative

frequencies of the occurrences of Heads, perhaps surprisingly, you

would again see a bell-shaped curve.

In both these situations, we are interested in a random variable,

a quantity whose value may differ from one observation to another.

In the first example, the continuous variable is the height of a single

person which could take on any value within an interval of real

numbers. In the coin experiment, the discrete variable is the number

of Heads in 100 flips; it can take on only whole number values: 0, 1,

2,…, 100.

There are many other situations where the plot of the average

results of repeating an experiment looks like the bell-shaped curve.

The Central Limit Theorem gives mathematical conditions on the

experiments that guarantee this will happen. The theorem has many

useful applications. It leads to an easy way to estimate, for example,

the probability that in 10,000 flips of a fair coin we will record more

than 7500 Heads or that the number of Tails will be between 4,000

and 5,500.

One luminary on the Cambridge faculty during Turing’s

undergraduate years was the physicist Sir Arthur Stanley Eddington.

Eddington led an expedition whose observation of the 1919 solar

eclipse gave the first confirmation of Einstein’s general theory of

relativity. He was also a philosopher of science and gave a course on

the methodology of science in autumn 1933.

Alan attended these lectures, becoming intrigued by Eddington’s
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description of how the range of many scientific measurements fell

along a bell curve. Why this happens is a question of fundamental

importance in probability and statistics. Eddington sketched an

argument offering an explanation, but Alan found it lacking. He

sought his own rigorous formulation and strict mathematical proof.

Working entirely by himself, Turing reached his goal within only a

few months, proving a strong version of the Central Limit Theorem

and some related results. Just as he completed his work in late

February of 1934, Alan learned that the Finnish mathematician Jarl

Waldemar Lindeberg had used similar methods to prove the

theorem a dozen years earlier. Turing revised his draft to

acknowledge Lindeberg’s priority.

The fact that Turing was not aware of Lindeberg’s paper when

he was working out his own proof has several explanations. Most

importantly, Alan preferred to work out results on his own. His

statistical assistant during the war, I. J. (“Jack”) Good, wrote that

when Turing “attacked a problem he started from first principles,

and he was hardly influenced by received opinion. This attitude

gave depth and originality to his thinking.” Another reason was the

relative lack of interest and knowledge about probability in

Cambridge at this time.

The probability expert Sandy Zabell, who studied Turing’s work on

the Central Limit Theorem, concluded that “it is clear that Turing

had penetrated almost immediately to the heart of a problem whose

solution had long eluded many mathematicians far better versed in

the subject than he.”

Turing’s proof was an outstanding achievement by an

undergraduate, but not publishable as original research because

of Lindeberg’s work. It did garner a prestigious university prize,

however, and helped earn Alan funding for an extra year at

Cambridge. He submitted the dissertation now titled “On the

Gaussian Error Function” in November 1934, as part of his successful

application to be a graduate fellow.

Shadows of sadness from a youth devoid of daily imprinted

parental love continued to haunt Turing. He requested a stuffed
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teddy bear as a Christmas present from his parents, saying he never

had one as a little boy. His wish was granted and Porgy the bear

became a fixture in Alan’s rooms. He sometimes set the bear by the

fireplace apparently gazing into a book; telling visitors that “Porgy is

very studious this morning.”

Although there were publishable results in Alan’s undergraduate

dissertation, he never submitted them to a journal. His intellectual

attention instead shifted dramatically that spring in a new direction,

one which has had a profound impact on all of humanity.

24 | Cambridge Days



4. Birth of the Computer

F or centuries, mathematics was considered a solid structure of

unchallengeable truths. Mathematicians had erected a

seemingly impregnable edifice atop a rock-solid foundation.

However, this view changed substantially during Turing’s lifetime,

and he contributed significantly to that shift.

Euclid made no attempt to define “point” and “line,” since

everyone presumably shared a common mental picture of these

concepts and because of the self-evident nature of his five axioms.

But there was one troublesome feature: the parallel postulate did

not seem so self-evident; it spoke of extending lines indefinitely, an

action beyond human experience. After hundreds of unsuccessful

attempts to derive the parallel postulate from the other axioms,

mathematicians Nikolai Lobachevsky and Jonas Boylai

demonstrated that one could build new geometries as consistent as

Euclid’s, but in which the parallel postulate failed.

These discoveries led to new fields based on different collections

of undefined terms and axioms. These often were tantalizingly

complex realms bearing rich intellectual fruit and important new

applications. Other mathematicians turned their focus to the axiom

systems underlying the geometry and arithmetic we use every day.

The leading figure of this movement was the German

mathematician David Hilbert (1862-1943).

On August 8, 1900, Hilbert delivered an address, modestly titled

Mathematical Problems, to the International Congress of

Mathematicians meeting in Paris. In perhaps the most important

lecture in the history of mathematics, Hilbert posed 23 major

unsolved problems he thought mathematicians should focus on.

The second problem Hilbert proposed was “The Compatibility of

The Arithmetical Axioms:”

When we are engaged in investigating the foundations of a

science, we must set up a system of axioms which contains
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an exact and complete description of the relations

subsisting between the elementary ideas of that science.

The axioms so set up are at the same time the definitions of

those elementary ideas; and no statement within the realm

of the science whose foundation we are testing is held to be

correct unless it can be derived from those axioms by means

of a finite number of logical steps …

But above all, I wish to designate the following as the most

important among the numerous questions which can be

asked with regard to the axioms: To prove that they are not

contradictory, that is, that a finite number of logical steps

based upon them can never lead to contradictory results.

Some of Hilbert’s 23 problems were solved fairly quickly; others

resisted resolution for decades, and some remain open questions

to this day. The second problem, like the others, provoked

considerable research. Thanks in part to Hilbert himself, it was

known by 1900 that the consistency of Euclidean geometry rested

on the consistency of arithmetic: if it was impossible to derive a

contradiction from the axioms of arithmetic, then it was impossible

to do it from those of geometry. The challenge was to prove that

the axiom system underlying arithmetic was free from self-

contradiction.

One ambitious attempt was the three-volume Principia

Mathematica by Whitehead and Russell. They tried to create axioms

and inference rules in symbolic logic from which one could, in

principle at least, prove all mathematical truths. The original

editions appeared between 1910 and 1913 with an important revision

a decade later. Though they failed to attain their goal of putting

mathematics on an unassailable perch, their efforts spurred others

to try.

Hilbert formulated three essential demands of an axiomatic basis

for mathematics and the propositions deduced from it. Propositions

are declarative utterances such as “2 + 2 = 4” or “The square of the

hypotenuse of a right triangle is equal to the sum of the squares
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of its legs,” or “All numbers are odd.” A proposition is either true

or false. The three demands were Consistency, Completeness, and

Decidability.

• Consistency means it is impossible to derive both the truth of a

proposition and its negation.

• Completeness means all true propositions can be deduced from

these axioms.

• Decidability means one can definitively establish, using a

clearly formulated procedure, whether a given statement

follows from the given system. This was Hilbert’s

Entscheidungsproblem or Decision Problem: could an effective

procedure be devised which would demonstrate—in a finite

time—whether any given mathematical assertion was, or was

not, provable from a given set of axioms?

Hilbert was confident that such axiom systems and proof

procedures must exist. Others argued that knowledge was

inherently limited. They adopted the Latin maxim ignoramus et

ignorabimus: “We do not know and we will not know.” Hilbert

vigorously denied this claim. He wrote, “We must not believe those

who today, with philosophical bearing and deliberative tone,

prophesy the fall of culture and accept the ignorabimus. For us

there is no ignorabimus, and in my opinion none whatever in natural

science. In opposition to the foolish ignorabimus, our slogan shall

be: Wir müssen wissen—wir werden wissen! We must know—we will

know!”

Hilbert’s hopes were dashed a few years later. In 1931, the young

Austrian logician Kurt Friedrich Gödel (1906-1978) published two

remarkable “Incompleteness Theorems.” The first proved that in any

consistent axiomatic system rich enough to enable the expression

and proof of basic arithmetic propositions, one could construct

a true statement such that neither it nor its negation would be

provable from the given axioms. Thus, no consistent system can be

complete.
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Gödel’s second Incompleteness Theorem essentially states that

no sufficiently rich, consistent, axiomatic theory can prove its own

consistency. Gödel ingeniously found a way to encode statements

about mathematical relationships (for example, that a specific

sequence of propositions provides a proof of some statement P) as

statements within arithmetic. See Richard Tieszen’s Simply Gödel

for a more complete exposition.

Gödel’s incompleteness theorems did not settle the

Entscheidungsproblem. He demonstrated that any consistent

axiomatic system for arithmetic would leave some arithmetical

truths unprovable. This does not rule out, however, the possibility

of some “effectively computable” decision procedure which would,

in a finite number of steps, reveal whether a particular proposition

was provable. This is where Turing stepped into the picture.

In the Lent Term of 1935 (which at Cambridge begins in mid-

January and lasts until mid-March), Alan learned about Gödel’s work

in a course called Foundations of Mathematics, taught by Max

(Maxwell Herman Alexander) Newman (1897-1984). The British

mathematician and codebreaker entered St. John’s College

Cambridge in 1915, interrupting his studies for service in World War

I. He graduated in 1921, subsequently becoming a fellow and then

lecturer. Newman’s and Turing’s lives intersected at many critical

points, including these lectures on Hilbert’s program and Gödel’s

theorems, secret cryptology work during World War II, and the

construction of one of the first digital computers at Manchester

University.

As the winter of 1935 waned, Alan sat in an old lecture hall,

thinking about Newman’s presentation of Hilbert’s

Entscheidungsproblem. Hodges noted that Newman posed the

question in a very specific way that had particular appeal to Turing:

is there a mechanical process for resolving the Decidability

Problem? For Alan, mechanical meant “something that can be done

by a machine.” He set out to explore just what could be done by a

computing machine. To demonstrate the impossibility of a decision

procedure, Turing first had to give a precise mathematical
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explanation of what it means to be computable by a strictly

mechanical process.

Recall the impact Edwin Brewster’s Natural Wonders Every Child

Should Know had on the 10-year-old Turing with its assertion that

“Of course, the body is a machine.” Throughout the book, Brewster

employed this metaphor, comparing the human body to other

complex systems, such as automobiles and houses. In Chapter 37,

“Men in Glass Boxes,” for example, he wrote:

One curious thing about these explosion engines of ours is

that, when all goes well with our little insides, we get just

exactly the same amount of work out of each mouthful of

food, that we should get, if we should dry the food, grind it to

fine dust and explode the dust mixed with air in the cylinder

of an automobile—as it would be quite possible to do if one

wanted to take the trouble.

Groundbreaking discovery

A theme running throughout Turing’s life was the similarities and

differences between naturally evolving humans and technology-

produced machines. Recall that as a very young child, Alan buried

broken toy soldiers, hoping they might grow new limbs. Later, of

course, he explored in depth the question of whether machine

intelligence was possible and the consequences of an affirmative

answer. It was therefore natural that Turing’s answer to the

Decidability Problem used the concept of a machine.

Alan had taken to running long distances, going as far as Ely, a

town about 16 miles from Cambridge. One summer day in 1935, he

stopped for a rest. Lying in the Grantchester Meadows along the

River Cam, he came up with the key idea that revolutionized our

world.

Turing’s landmark 1936 paper, “On Computable Numbers, with an
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Application to the Entscheidungsproblem,” showed that there were

undecidable mathematical results. This work, however, achieved

much more than this. He created a precise definition of what

computable meant in terms of a theoretical machine. The essential

ideas behind this device are embodied in every computer used

today, justifying Turing’s recognition as “father of computing.”

Although the physical design of digital computers—their shape,

size, input and output devices, as well as components—changed

dramatically over the past several decades, they are all, in a

mathematical sense, equivalent to the simple machine Turing

described more than 80 years ago.

A full understanding of Turing’s 1936 paper demands working

through quite a bit of highly technical mathematics. The central

ideas, however, are easy to grasp. The basic machine he described is

quite simple.

Imagine first an extremely long paper tape divided into equal-

sized squares. Each square is either blank or displays one of a finite

set of symbols. The machine has a scanning head which can read

the contents of one square at a time. In response to the symbol

on the square, the internal state of the machine, and the rules it is

following, the scanner can change the symbol on the tape, move the

tape one square to the left or right, and switch to a new state or

remain in the current one. There is a finite number of such internal

states. “It is difficult today,” Newman wrote in 1954, “to realize how

bold an innovation it was to introduce talk about paper tapes and

patterns punched in them, into discussions of the foundations of

mathematics.”

The first example Turing described is a machine that will print

an endless sequence of alternating 1’s and 0’s, separated by blank

spaces. The machine has four states: A, B, C and D. It can print the

symbol 0 or the symbol 1 on a square and it can execute a command

Right, which means “the machine moves so that it scans the square

immediately on the right of the one it was scanning previously.” The

machine begins in state A and the entire tape is initially blank. The

table below describes the complete behavior of the screen.
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Current State Symbol on Tape Action New State

A None Print 0, Right B

B None Right C

C None Print 1, Right D

D None Right A

Since the entire tape is originally free of symbols and the machine

only moves to the right, it will always see a blank square before

taking an action. Its behavior will only depend on its current state.

Because the machine begins in state A, it will print a 0 in the first

square, move the scanning head one square to the right, and enter

state B. The diagram below shows the current status of the tape,

the position of the scanning head (with a vertical arrow) and the

current state:

Being in state B and seeing no symbol on the state, the machine

simply moves one square to the right and alters its internal state to

C:

Once in state C and scanning a blank square, the machine prints 1 in

that square, moves one square to the right again and enters state D:

The machine’s instruction is now to move to the right and enter

state A:
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Now the same sequence of actions will repeat itself over and over

again, resulting in a tape that looks like this:

As a second example, we describe a machine that can add together

any pair of positive integers. There are many ways to represent a

number. We could use the familiar symbol 5, the Roman numeral

V, the English word “five,” a string of vertical bars, |||||, or 1’s of

appropriate length. We will use this last approach, denoting the

number 5 as 11111. If we want the machine to add 3 and 4, we could

prepare a tape of the form

to form the input. We want the output to be a tape that reads:

Note that the tape fed into the machine marks the beginning and

end of the input data with the symbol # and the separation of the

two integers with the symbol @. Here is the table of instructions

that defines the machine:

Current State Symbol on Tape Action New State

A Blank Right A

A 1 Right B

B 1 Right B

B Blank Print 1, Right C

C 1 Right C

C Blank Left D

D 1 Erase 1 Stop
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The reader should enjoy verifying that this machine can indeed

correctly add any two positive whole numbers.

Both of these examples involve elementary calculations with

relatively straightforward instruction tables. Turing saw that such

conceptually simple machines could tackle more complicated

problems. In fact, he suggested that anything computable could be

computed by such devices, now universally called Turing Machines.

What is required is simply a sufficient number of places to function

as states and other memory locations for data and instructions.

Turing gave a mathematical formulation for the digital computers

first built in the 1940s, their subsequent descendants, the devices

we use today, and the ones that will emerge in the future. Each is

mathematically equivalent to a Turing Machine.

Alan devised a rigorous notion of effective computability based

on the Turing Machine. Not only did his paper create computer

science, but it also solved Hilbert’s Decision Problem. Turing

showed that there are problems—notably the famous “Halting

Problem”—that cannot be effectively computed. He proved the

impossibility of devising a Turing Machine program that can

determine infallibly (and within a finite time) whether a given Turing

Machine T will eventually halt, given some arbitrary input I.

There are several different proofs of the nonexistence of a Turing

Machine that solves the Halting Problem. We give one here that is

a Proof by Contradiction. We begin by assuming that such a Turing

Machine, call it MH, does exist. Then we show that this assumption

leads to a logical contradiction.

Suppose that we have this machine MH. If <M, I> is any pair where

M is a Turing Machine and I is a possible input tape, then MH will

print “Yes” if M halts on input I and will print “No” if M does not halt

on I. Figure 2 provides a schematic picture of how MH works.
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Figure 2

The input I might itself be a description of a Turing machine so our

pair might well be <M, M>. Given the existence of MH, we can create

a new machine MH*, which has the following program:

• 1) Given an input M, run MH on the pair <M, M>

• 2) If MH prints Yes, then Loop

• 3) If MH prints No, then Halt

Figure 3 is a schematic picture of MH*
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Figure 3

Observe that MH* on M halts if and only if M on M does not halt.

Finally, consider what does MH* do if it is fed itself, MH*? By our

program’s rules, MH* on MH* halts if and only if MH* on MH* does

not halt. We have arrived at a logical contradiction, showing that the

Halting Problem is undecidable.

In April 1936, Turing gave Newman a draft of his paper, the first

inkling Newman had that Alan had been working on this topic.

Newman initially had doubts that a deep result in logic could be

proved by starting with a simple idea such as a Turing Machine. He

soon understood that Alan’s argument was correct and urged him to

polish it for publication.

For the second time in his young career, Alan Turing had solved

an important problem entirely on his own. Unaware of a published

proof of the Central Limit Theorem, he must have felt as he

completed his own argument, that he would be recognized as a

scholar of the first order. These hopes were dashed when he learned

of Lindeberg’s work. But now Newman was assuring him that no
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one else had cracked Hilbert’s Decision Problem. Not yet 24 years

old, with a major mathematical result to his credit, Turing seemed

certain of a secure future. Might Fate conspire against him again?

Princeton calling

As Turing was showing Newman his results, the American logician

Alonzo Church was putting the finishing touches on his own proof

that the Entscheidungsproblem was unsolvable. Church had

published the essential ideas a year earlier, but Newman and Turing

only learned of them in late May 1936. Church had created the

lambda-calculus, a formal system in logic, for expressing

computation. With the lambda-calculus, Church and his Princeton

student Stephen Kleene argued it was possible to translate each

arithmetic formula into a standard form. They then showed that the

question of deciding whether it was possible to convert one string of

symbols into another string was an unsolvable problem since there

could exist no lambda-calculus formula which accomplishes the

task. Was Alan scooped again, unable to publish his result because

someone else had already done so?

It was not clear, however, that Church’s idea of a “formula of

the lambda-calculus” was equivalent to Hilbert’s “definite method”

of decidability. Turing’s approach was more direct, effective, and

built up systematically from first principles. Newman recognized

the value and originality of Alan’s work. He wrote the London

Mathematical Society, urging the publication of Turing’s paper as

his methods were quite different from Church’s and “the result is so

important that different treatments of it should be of interest.”

On the same day, Newman also wrote Church, praising Turing’s

results and suggesting Alan go to Princeton to continue his

research. Newman noted that “Turing’s work is entirely

independent: he has been working without any supervision or

criticism from anyone. This makes it all the more important that
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he should come into contact as soon as possible with the leading

workers on this line, so that he should not develop into a confirmed

solitary.”

Church agreed to take Alan on as a graduate student. Turing

added an appendix to his paper, demonstrating the mathematical

equivalence of his work and Church’s approach. At the end of

August, Alan prepared to embark for America.
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5. Princeton

A lan Turing’s first voyage to America began on September 23,

1936, aboard the German ship Berengaria. Turing purchased

the cheapest possible ticket in fourth class steerage, the option for

emigrants who could only afford passage in this lowest deck. Privacy

was extremely limited or nonexistent. Hundreds of passengers were

crammed together, food was poor, sanitation was minimal, and a

bed might have been only a straw mattress. In 1936, the Berengaria

was an aging vessel. Within two years, it was retired after old

electrical wiring caused several fires.

Turing complained about the cramped conditions and the crew,

but aimed his strongest criticism at Americans he met on board.

In a letter home, Alan wrote, “It strikes me that Americans can

be the most insufferable and insensitive creatures you could wish.

One of them has just been talking to me and telling me of all the

worst aspects of America with evident pride.” He admitted that his

judgment may not have been final: “However, they may not all be

like that.”

On September 29, the Berengaria sailed past the Statue of Liberty

into New York Harbor. Alan’s view of the New World didn’t improve

after his first hours onshore. As he reported to his mother:

We were practically in New York at 11.00 a.m. on Tuesday

but what with going through quarantine and passing the

immigration officers we were not off the boat until 5.30

p.m. Passing the immigration officers involved waiting in a

queue for over two hours with screaming children round

me. Then, after getting through the customs I had to go

through the ceremony of initiation to the U.S.A., consisting

of being swindled by a taxi-driver. I considered his charge

perfectly preposterous, but as I had already been charged

more than double English prices for sending my luggage, I

thought it was possibly right.
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Although Turing made later trips to the United States, he never

overcame his initial bad impression. Asked about attending a 1953

cybernetics conference, Turing responded that the meeting had

appeal but he would prefer not to go to the U. S., as “I would not like

the journey, and I detest America.”

Fortunately, Turing’s initial impressions of Princeton were quite

positive. Within a week of settling in, he wrote his mother, “There is

a great number of the most distinguished mathematicians here,” as

well as a “host of smaller fry.” Of course, the man who was Turing’s

main reason for coming—Alonzo Church—was there too. The logic

group, however, was missing some of the stars of the year before.

These included Church’s distinguished students, Stephen Kleene

and J. Barkley Rosser, as well as the legendary Gödel.

In 1934, Gödel gave lectures at Princeton’s Institute for Advanced

Study (IAS); his topic was “On Undecidable Propositions of Formal

Mathematical Systems.” He visited again in the fall of 1935, returning

to Europe to recover from depression and exhaustion during the

time Turing was at Princeton. Gödel returned to the IAS in 1938,

after Alan had gone back to Cambridge. Thus, the two great

logicians of the 20th century never actually met. Gödel had a deep

appreciation for Alan’s work, emphasizing that “the correct

definition of mechanical computability was established beyond any

doubt by Turing.” Alan confided to his mother: “I don’t think I mind

very much missing any of these [logicians] except Gödel. Kleene and

Rosser are, I imagine, just disciples of Church and have not much to

offer that I could not get from Church.”

Born June 14, 1903, in Washington DC, Alonzo Church earned his

undergraduate degree in 1924 and Ph.D. in 1927 at Princeton. He

spent the next year at Harvard and the following one at Göttingen,

the center of European mathematics. Church joined the Princeton

faculty in 1929, serving until his first retirement in 1967. For the next

23 years, he was the Kent Professor of Philosophy and Mathematics

at UCLA, leaving that post at age 90.

Church had a profound impact on the development of logic

through his research discoveries, books, and students. He founded
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the preeminent research outlet Journal of Symbolic Logic in 1936,

editing the journal’s reviews section until 1979, aiming, he wrote “to

provide a complete, suitably indexed, listing of all publications …

in symbolic logic, wherever and in whatever language published …

[giving] critical, analytical commentary.”

Several generations of mathematicians learned logic through

Church’s text Introduction to Mathematical Logic, editions of which

he authored in 1944 and 1956. He published The Calculi of Lambda-

Conversion in 1941, a rewritten and polished version of the lectures

he had given in 1936 on the Entscheidungsproblem.

“He looked like a cross between a panda and a large owl,” wrote

Gian-Carlo Rota, who became a Princeton student in 1930:

He spoke softly in complete paragraphs which seemed to

have been read out of a book, evenly and slowly enunciated,

as by a talking machine. When interrupted, he would pause

for an uncomfortably long period to recover the thread of

the argument. He never made casual remarks: they did not

belong in the baggage of formal logic.

Church began his classroom lectures with an unusual ritual. For

the first 10 minutes, he erased the board using soap and water.

Another 10 minutes of total silence followed while the blackboard

dried. Albert Tucker, a long-term Princeton colleague, recalled that

Church kept odd hours:

Unless he had a class to teach or something like that, his day

started at about 3:00 in the afternoon. He would come by

the common room toward the end of the tea session, and he

would take any milk or cream that was left in the pitchers

there and dump that into one of the almost-empty teapots

and drink this mixture of milk and tea. Then he would depart

for his office, where he worked through the night.

“It cannot be a complete coincidence that several outstanding

logicians of the twentieth century found shelter in asylums at some
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time in their lives,“ Rota observed. “Alonzo Church was one of the

saner among them, though in some ways his behavior must be

classified as strange, even by mathematicians’ standards.”

Church welcomed Turing. He prepared a favorable review of the

Computable Numbers paper, coining the term “Turing Machine”

and clearly stating that Alan’s work on the Entscheidunsproblem was

done independently of his own. Comparing Turing’s approach to

his, which produced equivalent results, Church conceded that Alan’s

“has the advantage of making the identification with effectiveness in

the ordinary (not explicitly defined) sense evident immediately—i.e.,

without the necessity of proving preliminary theorems.”

“I get on with him very well,” Alan wrote home, but a social visit

to Church’s home rattled Turing. “I had a nasty shock,” he confessed

when he learned that Church and his son both were blind in one eye,

as “any hereditary defects of that kind give me shudders.” Dinner

conversation was also a letdown:

Considering that the guests were all university people I

found the conversation rather disappointing. They seem,

from what I can remember of it, to have discussed nothing

but the different states that they came from. Description of

travel and places bores me intensely.

Turing did venture north to New Hampshire for some skiing, south

to Virginia and South Carolina during vacation breaks, and to New

York City on long weekends. He joined a field hockey team, played

tennis, and tried to learn to drive a car.

Secret codes and ciphers

Princeton lacked the tolerance toward homosexuality which

prevailed at King’s. Turing was now in a land of sexual prohibition,

unable to reveal openly his true identity. Hodges characterizes

Alan’s social life as a charade:
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Like any homosexual man, he was living an imitation game,

not in the sense of conscious play acting, but by being

accepted as a person that he was not. The others thought

they knew him well as in conventional terms they did; but

they did not perceive the difficulty that faced him as an

individualist jarring with the reality of the world. He had

to find himself as a homosexual in a society doing its best

to crush homosexuality out of existence; and less acute,

though equally persistent as a problem in his life, he had to

fit into an academic system that did not suit his particular

line of thought. In both cases, his autonomous self-hood had

to be compromised and infringed. These were not problems

that could be solved by reason alone, for they arose by virtue

of his physical embodiment in the social world. Indeed, there

were no solutions, only muddles and accidents.

He made some attempts at intimacy with male colleagues, many of

which were rebuffed.

Alan originally intended to stay only one year in Princeton, but

encouraged by the mathematician John von Neumann, he decided

to spend the summer of 1937 in Cambridge and return to New

Jersey to complete a doctoral degree under Church’s supervision.

He finished his thesis on “Systems of Logic Based on Ordinals”

in 1938, obtaining his Ph.D. in June. In this dissertation, Turing

considered whether there could be ways to circumvent Gödel’s

Incompleteness Theorem. He showed the answer as negative, even

if we build extraordinarily complicated infinite hierarchies of logical

systems.

As Turing completed his thesis on a highly abstract topic in logic,

his thoughts turned to some more applicable questions. He began

seriously studying secret codes and ciphers. “I have just discovered

a possible application of the kind of thing I am working on at

present,” Alan wrote his mother.

It answers the question ‘What is the most general kind of

code or cipher possible’ and at the same time (rather
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naturally) enables me to construct a lot of particular and

interesting codes. One of them is pretty well impossible to

decode without the key, and very quick to encode. I expect I

could sell them to H. M. Government for quite a substantial

sum, but am rather doubtful about the morality of such

things.

Several ciphering ideas Turing examined involved the product of

two large integers. He built the first stages of an electro-mechanical

device to carry out such a multiplication. Carefully wrapping the

multiplier in brown paper, Turing boarded the Normandie in July

1938 for his planned return to England and an anticipated academic

life at King’s.

Within a few weeks, however, he was plunged into the most secret

chamber of the British establishment and a pivotal role in

determining the course of World War II.
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6. Cryptology From Caesar to
Turing

C ryptology is the study and practice of secret communication.

The need to conceal from others messages between a sender

and an intended receiver traces back to the earliest human

civilization. To place Turing’s contributions in an appropriate

context, we will review some important milestones in the history of

cryptology.

We can divide cryptology into two categories: cryptography and

cryptanalysis, essentially codemaking and codebreaking.

Cryptography focuses on creating secure communication, while

cryptanalysis is the effort to decipher intercepted messages.

The primary goal of cryptography is rendering a discovered

message unintelligible to anyone but the intended recipients. We

call the original form of the message plaintext and the disguised

form ciphertext. There are two principal means of converting

plaintext into ciphertext: transpositions and substitutions.

In a transposition, each letter in the ciphertext represents itself

but does not appear in the same position as in the plaintext. Writing

each word in the plaintext backwards to create the ciphertext is one

example. Another is the “picket fence transposition,” where all the

letters in an odd position in the plaintext precede all the letters in

an even position. A transposition simply rearranges the order of the

letters in a message.

In contrast to transposition, substitution replaces each letter or

block of letters by a different set of letters. Substitutions are of two

types: codes and ciphers. A code is a mapping from some meaningful

unit in the plaintext, such as a word, sentence, or phrase, into

something else. We might map each word or phrase in an ordinary

dictionary to a different five-digit number, using a two-part code

book. The first part lists each word or phrase in alphabetical order
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followed by a number. The second part lists the numbers first in

order followed by the corresponding word or phrase. Here is a code

book with an extremely limited vocabulary:

Part I Part II

AT DAWN 20912 ATTACK 02472

ATTACK 02472 IS 05753

IS 05753 AT DAWN 20912

OUR 53705 PLAN 48237

PLAN 48237 OUR 53705

TO 75248 TO 75248

We can use this artificial example to illustrate how we would encode

the plaintext

OUR PLAN IS TO ATTACK AT DAWN

OUR PLAN IS TO ATTACK AT DAWN

53705 48237 05753 75248 02472 20912

The ciphertext would be 53705 48237 05753 75248 02472 20912. Part

II of the code book gives us an efficient way to translate back to the

plaintext.

In the real world, of course, a codebook must contain all the

words we might ever use. Using five-digit numbers, from 00000 to

99999, gives a dictionary with 100,000 entries. If we also assign a

five-digit number to each individual letter in our alphabet, then we

can encode new words not included in the original dictionary by

spelling them out. It’s unlikely that a dictionary would include the

word TURING but if we always replace T, U, R, I, N, G by 90212, 20171,

60611, 33609, 55057, 80303, respectively, then we encode TURING

as 90212 20171 60611 33609 55057 80303.

The code book’s security is of paramount concern. Imagine that

the Secretary of State sends out a confidential message to the

nearly 300 American embassies, consulates and diplomatic missions

abroad. If the enemy obtains a single copy of the code book in any

of these countries, it can easily read all the ciphertexts prepared
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by this dictionary. When we learn that the enemy has “cracked the

code,” we must prepare and distribute an entirely new code book, a

time-consuming process.

In a code-based substitution scheme, plaintext blocks of different

sizes may be replaced by ciphertext blocks all of the same size, as in

the example of replacing single letters, words or common phrases

with five-digit numbers. We may also replace plaintext blocks of the

same size by different size ciphertext blocks. In Morse code, a single

symbol—one dot—replaces the single letter E, while the single letter

J is replaced by a string of four symbols.

Monoalphabetic ciphers

In contrast to codes, we use the term cipher for substitutions which

replace each block of plaintext by a block of ciphertext of the same

size. Replace each individual plaintext letter by a single ciphertext

letter, for example, or replace a pair of characters with another pair.

We will concentrate on monoalphabetic ciphers, where individual

letters replace individual letters. The Enigma machine which Turing

battled during World War II was an elaborate monoalphabetic

cipher.

One of the earliest known monoalphabetic ciphers is the Caesar

shift, used by the Roman general Julius Caesar. He replaced each

letter in the plaintext by a letter a fixed number of places away in

the alphabet. The number of places is the key. Caesar shifted letters

3 spaces to the right, replacing each plaintext A by a ciphertext D,

B by E, and so on. When he got to the end of alphabet, trying to

encipher X, Y and Z, he just wrapped around to the beginning to get

A, B, C as the corresponding ciphertext letters. As examples, check

that the plaintext ATTACK AT DAWN becomes DWWDFN DW GDZQ
and the ciphertext DODQ PDWKLVRQ WXULQJ represents ALAN

MATHISON TURING.

The Caesar cipher displays basic characteristics common to
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cryptographic systems. There is an overall algorithm for carrying

out the encryption and decryption, and a specific key for a

particular implementation. The algorithm for the Caesar cipher is a

shift of letters and the key is 3, how far to shift. For a generalized

Caesar cipher with a shift of s, there would be 26 possible keys: 1,

2,…, 26. A shift of 26 is inadvisable: the ciphertext would look exactly

like the plaintext! Note also that a shift of 27 is equivalent to a shift

of 1. To decipher a message created with a shift of s, we just shift to

the left by s.

In evaluating the security of cryptographic systems, we begin

with the assumption that the unintended receiver of our ciphertext

knows what our algorithm is but lacks the key. We then need to ask:

How difficult is it to discover the key?

For the Caesar shift, the answer is not very difficult at all. There

are only 26 possible keys. Our enemy can try each of the 26 possible

shifts on a portion of the ciphertext until an understandable

message appears. This is a brute force attack: run through all

possible keys until you hit the plaintext. It doesn’t take very long to

carry this out when there are only 26 possible keys. Suppose, for

example, that we intercept a message that begins IJQHJ HULEBJ
DEM. We systematically shift every letter forward 1 space, then 2

spaces, then 3 spaces, until we hit on plaintext. Our work might look

like this:

I J Q H J H U L E B J D E M
1 J K R I K I V M F C K E F N
2 K L S J L J W N G D L F G O
3 L M T K M K X O H E M G H P
4 M N U L N L Y P I F N H I Q
5 N O V M O M Z Q J G O I J R
6 O P W N P N A R K H P J K S
7 P Q X O Q O B S L I Q K L T
8 Q R Y P R P C T M J R L M U
9 R S Z Q S Q D U N K S M N V
10 S T A R T R E V O L T N O W
11 T U B S U S F W P M U O P X
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After a shift of 10, we retrieve the plaintext START REVOLT NOW.

We then shift every letter in the ciphertext 10 spaces to decipher

the entire message.

The Caesar cipher is among the simplest but least secure

monoalphabetic substitutions. A brute force attack is easy to

implement and certain to work. How can we modify Caesar’s

approach to get a more secure system? Make the number of

possible keys so large that a brute force attack is no longer efficient.

By shifting forward each letter a fixed number of places, a Caesar

cipher creates a rearrangement of the alphabet. Let’s try a more

complicated rearrangement, namely the scrambled alphabet

OBKVRCLWADMXNFPYGHQZEITSJU.

To encipher a message, replace each A in the plaintext by the first

letter in the scrambled ordering O, replace each B by the second

scrambled letter B, each C by K, and so on. Under this substitution

scheme ATTACK AT DAWN would be enciphered as OZZOKM OZ
VOTF, while the plaintext ALAN MATHISON TURING becomes the

ciphertext OXOF NOZWAQPF ZEHAFL.

For the general monoalphabetic substitution, we use some

scrambled alphabet to pair up a ciphertext equivalent for each

plaintext letter. If the plaintext letter occupies the kth position

in the normal alphabet, then replace it with the kth letter in the

scrambled alphabet. Each key is a rearrangement of the alphabet.

How many such keys are there?

We’ll indicate the computations for a 26-character alphabet, but

the analysis is easy to modify for other alphabets as well. To

scramble the alphabet, first, pick a letter to represent the plaintext

A. We have 26 choices, so pick one. Then choose another letter to

represent B; we have 25 possible choices left since we must select

a different letter. By a Multiplication Principle, the number of ways

to choose replacements for A and B is (26) (25) or 650. Proceeding

on to C, we have 24 choices and then 23 choices for D, 22 choices

for E, and so on. The number of different choices, each of which

scrambles the alphabet is
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(26) (25) (24) (23)…(4) (3) (2) (1) = 26! =

403,291,461,126,605,635,584,000,000

(The symbol 26! is read “26 factorial” and means the product of

the whole numbers from 1 through 26.) There is thus a huge number

of different monoalphabetic substitutions available.

Suppose we intercept a ciphertext created using one of these

26! scramblings. The ciphertext looks like utter nonsense, but we

do know it is a monoalphabetic substitution. We could decipher

the message by systematically trying all possible alphabetical

rearrangements until we find the correct one. We’ll know when we

have the right one because we will see an understandable message.

Such a brute force attack will work in theory. But will this approach

work in practice?

Suppose we had a superfast computer that could check one

million rearrangements every second. In one-millionth of a second,

it could apply a particular rearrangement to replace each letter in

the ciphertext by its equivalent for that one scrambled alphabet

and then check whether the result was meaningful text. Such a

computer would need about 1013 years to work through all 26!

rearrangements. If our speedy computer started testing all the

rearrangements at the instant the universe began about 109 years

ago, it would now be only about one ten-thousandth of the way

through the list!

Thus, brute force is not the way to break the message; the waiting

time is just too long. Does that mean that monoalphabetic

substitution schemes are secure? Many newspapers publish a “Daily

Cryptoquote” calling for solving a monoalphabetic substitution

ciphertext with an unknown scrambling. How can a diligent reader

unearth the plaintext? There must be a method that does not rely

on the impractical brute force attack.
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Plaintext in literature

We begin with the advice of Edgar Allan Poe and Arthur Conan

Doyle in the two most famous monoalphabetic substitutions found

in literature: Poe’s “The Gold Bug” (1843) and Doyle’s Sherlock

Holmes’ story “The Adventure of the Dancing Men” (1903). Both

authors recommend counting the occurrences of each character in

the message.

The opening chapter of an English translation of Tolstoy’s novel

Anna Karenina contains 4190 characters. The table below shows

a character count. On the left, we list the letters in their normal

alphabetical order together with the number of times each appears.

On the right side, we list the letters in descending order of

frequency:
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A 341 E 537

B 69 T 368

C 89 A 341

D 202 H 318

E 537 I 300

F 105 N 295

G 76 S 293

H 318 O 276

I 300 R 211

J 2 D 202

K 25 L 163

L 163 M 110

M 110 F 105

N 295 W 102

O 276 U 98

P 67 Y 92

Q 5 C 89

R 211 G 76

S 293 B 69

T 368 P 67

U 98 V 37

V 37 K 25

W 102 X 8

X 8 Q 5

Y 92 J 2

Z 1 Z 1

Notice that the individual letters do not appear equally often. The

letter E is the most “popular” character, making up more than 12

percent of all the letters. At the other end of the spectrum are

“unpopular” letters J, Q, and Z which barely make an appearance.

The three most frequently appearing letters (E, T, A) comprise about

30 percent of all the characters.

This highly unequal distribution is not unique to Anna Karenina.

Almost any English language text of this length will display a similar

pattern: E will be the most frequent letter, followed in varying order

by T, A, O, I, N, then the group S, H, R, D, L, U, with J, Q, X and Z at
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the bottom. The six most commonly occurring letters, ETAION, will

typically make up more than half of all the letters. Each letter has

a characteristic frequency exhibiting how often it will appear. This

phenomenon is not limited to English. It is true of all alphabetically-

based written languages.

Here is a table showing the percentage of times each letter

appeared in a sample of 40,000 words:

Letter Frequency Letter Frequency

E 12.02 M 2.61

T 9.10 F 2.30

A 8.12 Y 2.11

O 7.68 W 2.09

I 7.31 G 2.03

N 6.95 P 1.82

S 6.28 B 1.49

R 6.02 V 1.11

H 5.92 K 0.69

D 4.32 X 0.17

L 3.98 Q 0.11

U 2.88 J 0.10

C 2.71 Z 0.0

In any particular plaintext message, the frequency of each letter

may vary somewhat from these numbers. In a medium-length

message, the most popular letter might be a T or an A. It need not

be an E but it’s very unlikely that it would be a J or a Z.

Why is it that the individual letters don’t appear equally often?

How can a cryptanalyst exploit this fact?

Redundancy

Spoken language developed before writing systems, so the language

we see on a printed page must reflect what we hear when someone
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speaks. When two people are conversing at a crowded party or

other noisy environments, they may not hear every single sound,

yet they are able to understand each other. That’s because spoken

language evolved to have built-in redundancy, the inclusion of extra

components that are not strictly necessary. Most communication

occurs over a noisy channel and not every bit of a sent message is

received correctly. If there is sufficient redundancy, the message’s

content can get through even if many individual pieces are misheard

or not perceived at all. Since writing systems develop to capture

speech, we should expect samples of text to display redundancy as

well.

If we see the word th*t, for example, where the third letter is

indecipherable, we know that not all 26 letters can be in that slot.

In fact, only the letter a makes sense. The letter a is redundant in

this spot; it did not have to be there for us to perceive the correct

word. We can usually understand a text even if many characters are

missing. Consider the following example where we have randomly

replaced about 20 percent of the original letters with asterisks:

He l*y fl*t on the br*wn, p*ne-ne*dl*d fl**r of t*e

f*re*t, his ch*n *n his f*lded arm*s, a*d hi*h

ov*rhe*d th* w*nd b*ew in the t*ps *f th* p*ne tre*s.

The m*un*a*nsi*e sl**ed g*ntly wh*r* he lay; but

bel*w it was stee* a*d he c*uld see *he d*rk *f the

*iled r*ad w*nd*ng thr*ugh the pa*s.

Hopefully, you should not have much trouble reading these opening

sentences of Ernest Hemingway’s For Whom the Bell Tolls.

The American mathematician Claude Shannon (1916-2001)

developed a theory of communication giving a precise, measurable

definition of redundancy. The application of redundancy to solving

ciphers was recognized many centuries earlier. If you can identify

what plaintext letters are represented by the 5 or 6 most common

letters in a ciphertext, then nearly half of the message will be

revealed and you can determine the remaining plaintext letters

using redundancy.
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Let’s work through an example illustrating how the characteristic

frequencies help the cryptanalyst solve a monoalphabetic

substitution.

Suppose the initial part of the ciphertext reads

PBS FHIISD NZ PBS ISF BVCWJBHDS WDHCVDQ BVJ V ONNL
GBVIGS NZ ASGNCHIO PBS ISKP WDSJHLSIP NZ PBS XIHPSL

JPVPSJ
and the entire message displays the following frequencies in

decreasing order

S 523 L 172 F 72

V 406 G 158 Q 58

P 389 C 147 R 32

N 367 T 131 U 31

I 339 Z 112 M 8

D 331 W 111 E 7

H 308 X 105 K 5

J 306 A 89 Y 4

B 229 O 89

Here is some additional data on the characteristic behavior of

written English. The order of letters as initial letters of words is T A
S O I C W P B F H M R E N L G U Y V J K Q X Z. T is the most frequent

beginner of a word. While E is the most common letter overall, it is

not a popular choice to start a word.

The ordering of frequencies at the end of words is E S D N T R Y
O F L A G H M W K C P I X U B V J Z Q. Note that E is the most

frequent last letter.

A digraph is a string of two consecutive letters. The digraph TH

is the most common pair in written English. The next dozen or so

common digraphs are HE, AN, IN, ER, RE, ES, ON, EA, TI, AT, ST, EN,

OR.

In our given ciphertext, S is by far the most popular letter. In our

excerpt, S also appears as the final letter in a word six times and

never as the initial letter. It’s quite likely then that S represents the
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plaintext E. Furthermore the “word” PBS appears three times, so

PBS probably represents a common three-letter word ending in E.

Now the ciphertext letter P is also very popular in our ciphertext,

appearing both as an initial and a final letter in several words.

That makes thinking that P represents T a good guess. This would

indicate that PBS represents THE. Let’s try this conjecture and

see if we get any confirming or contradictory evidence. Thus, let’s

substitute P with T, B with H, and S with E in the cipher text. This

step changes the ciphertext excerpt to

THEFHIIED NZ THE IEF HVCWJHHDE WDHCVDQ HVJ V
ONNL GHVIGE NZ AEGNCHIO THE IEKT WDEJHLEIT NZ

THE XIHTEL JTVTEJ.
Look first for any contraindications, any evidence that our initial

guesses are incorrect. If we see some strings like HTE or HHE, we

know we made some error in our initial assignments, since such

strings rarely, if ever, occur in plaintext; we should start over again.

There don’t seem to be any weird plaintext combinations occurring

here, so we may be on the right path. We should proceed a bit

further.

A next step might be to notice the final “word” in our excerpt

JTVTEJ and ask if we know a word in English that matches that

pattern. One that leaps out is STATES where the ciphertext J is

standing in for the plaintext S and V is playing the role of A. Note

that J and V are relatively popular in the whole ciphertext and

the corresponding S and A are popular letters in English. There is

also the ciphertext one-letter word V, which would represent the

common word A. Making the corresponding substitutions converts

our partially deciphered message to

THEFHIIED NZ THE IEF HACWSHHDE WDHCADQ HAS A

ONNL GHAIGE NZ AEGNCHIO THE IEKT WDESHLEIT NZ
THE XIHTEL STATES.

There are several ways to make further progress. Look at the next

most popular letters in the ciphertext we have yet to identify. The

top two are N and I. The partially decrypted message includes the

fragment HAS A ONNL. If the cipher letter O were a vowel, then
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it would be preceded by AN, not A, so O is probably a consonant.

That assignment would imply that ONNL has a repeated vowel in

the middle. A repeated II is pretty rare in English but OO is very

common. Let’s replace N with O and see what we get:

THEFHIIED OZ THE IEF HACWSHHDE WDHCADQ HAS A

OOOL GHAIGE OZ AEGOCHIO THE IEKT WDESHLEIT OZ
THE XIHTEL STATES.

We have not yet identified which ciphertext letters represent

the fairly popular plaintext letters I and N. We also have some

almost equally popular ciphertext letters I, D, H which have not

been matched either. The second “word” in the ciphertext FHIIED
has a double II which is certainly more likely to represent NN than

II. Trying this replacement yields

THEFHNNED OZ THE NEF HACWSHHDE WDHCADQ HAS

A OOOL GHANGE OZ AEGOCHNO THE NEKT WDESHLENT

OZ THE XNHTEL STATES.

Now a bunch of replacements suggest themselves. OZ is OF since

the only common two-letter English words are ON and OF and

we’ve already assigned the N. The ciphertext GHANGE is likely

CHANCE and XNHTEL could well be UNITED.

After making these changes, our message reads

THEFINNED OF THE NEF HACWSHIDE WDICADQ HAS A

OOOD CHANCE OF AECOCINO THE NEKT WDESIDENT OF

THE UNITED STATES.

We can now easily finish retrieving the complete plaintext

THE WINNER OF THE NEW HAMPSHIRE PRIMARY HAS A

GOOD CHANCE OF BECOMING THE NEXT PRESIDENT OF

THE UNITED STATES.

As with this example, any monoalphabetic substitution cipher of

even moderate length can be solved relatively easily.
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The Vigenère cipher

The earliest known work on cryptanalysis, On Extracting Obscured

Correspondence, which was written in the 9th century by an Arab

mathematician al-Kindī, discusses the use of frequency analysis.

Deciphering monoalphabetic substitutions using frequency analysis

was commonplace by the Renaissance.

Cryptographers have known for centuries that they must find

ways to get rid of the characteristic frequency of monoalphabetic

substitutions. They have responded with many different ingenious

schemes. We will discuss one, the Vigenère cipher, which resisted

solution for 300 years. It was also a forerunner of the Enigma

machine.

In a monoalphabetic substitution scheme, a particular single

rearrangement of the alphabet is used for all plaintext letters. Thus,

E might always be replaced by M and J by B. As there are likely many

E’s and few J’s in the plaintext, there will be many M’s and few B’s

in the ciphertext. But what if we replace some of the E’s by M’s but

other E’s by B’s, some of the J’s by B’s and some by M’s? There might

be a roughly equal number of M’s and B’s in the ciphertext, so it no

longer contains very popular and very unpopular letters. Frequency

analysis would lose its power as a solving tool. We could implement

such a scheme by choosing two different rearrangements of the

alphabet, using one of them on the plaintext letters in the odd

positions and the other on the plaintext ones in the even slots. We

would in effect have a polyalphabetic substitution. The Vigenère

cipher extends this idea.

To encipher a message using the Vigenère scheme, first choose

a keyword and write its letters repeatedly above the letters of the

plaintext. For example, suppose our keyword is VERMONT and our

plaintext begins MIDDLEBURY COLLEGE. Then our initial step

yields
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V E R M O N T V E R M O N T V E R

M I D D L E B U R Y C O L L E G E.

Now every letter in the plaintext message will be shifted several

places, depending on the letter in the keyword that sits above it.

Since V is the 22nd letter of the alphabet, shift each plaintext letter

directly below a V by 22 places, every plaintext letter directly below

by an E by five, every one below an R by 18 places, and so on.

The table below shows a systematic way to carry out the steps.

In row I, write the letters of the keyword. Row II contains the

numerical positions (the shifts) of the keyword letters. Row III

contains our plaintext and Row IV the numerical positions of its

letters. Carry out the shift by adding the entries in Row II to Row

IV to produce Row V. Subtract 26 from any Row V entry above 26 to

get a number between 1 and 26. Finally, we produce the ciphertext

in Row VII by entering the letters in the numerical position shown

in Row VI.

I V E R M O N T V E R M O N T V E R

II 22 5 18 13 15 14 20 22 5 18 13 15 14 20 22 5 18

III M I D D L E B U R Y C O L L E G E

IV 13 9 4 4 12 5 2 21 18 25 3 15 12 12 5 7 5

V 35 14 22 17 27 19 22 43 23 43 16 30 26 32 27 12 23

VI 9 14 22 17 1 19 22 17 23 17 16 4 26 6 1 12 23

VII I N V Q A S V Q W Q P D Z F A L W

Thus, the keyword VERMONT transforms the plaintext

MIDDLEBURYCOLLEGE to the ciphertext INVUASVQWQPDZFALW.
The Vigenère Cipher is a variation on the Caesar shift cipher that is

easy to implement. Decrypting is also easy if the key is known. The

intended receiver just shifts back by the same amounts.

Observe that

D has been encrypted as V and as Q
L has been encrypted as Z and as F

E has been encrypted as A and as W
Ciphertext A came from L and E
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Ciphertext W came from R and E

This Vigenère cipher will convert the plaintext E to A, J, W, E,
T, S, or Y depending whether it sits under V, E, R, M, O, N, or T

in the keyword. Each plaintext letter has the possibility of being

represented in the ciphertext by six different letters.

Correspondingly, each ciphertext letter may represent as many as

six different plaintext letters. The result will be a much flatter

frequency distribution of ciphertext letters.

As an example, if we take the same opening chapter of Anna

Karenina and apply a Vigenère cipher with keyword VERMONT,

then we display the resulting frequencies in the table below. On the

right, we list the letters in decreasing order of appearances:
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A 188 W 254

B 166 S 247

C 164 G 211

D 144 H 196

E 95 J 195

F 174 N 194

G 211 A 188

H 196 U 181

I 151 Y 176

J 195 F 174

K 122 B 166

L 123 C 164

M 114 I 151

N 194 T 145

O 139 D 144

P 128 X 144

Q 126 R 140

R 140 Z 140

S 247 O 139

T 145 V 133

U 181 P 128

V 133 Q 126

W 254 L 123

X 144 K 122

Y 176 M 114

Z 140 E 95

Note how much flatter the distribution is compared to a

monoalphabetic substitution. There are no extremely popular or

extremely rare characters. Almost all the letters appear between

100 and 200 times. If we choose an even longer keyword, the

distribution will be even flatter. The keyword

ABCDEFGHIJKLMNOPQRSTUVWXYZ applied to the same passage

from Anna Karenina produces a frequency distribution for the

ciphertext where the most common letter occurs 189 times and the

least common 141 times.
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Breaking the code

The Vigenère cipher gets its name from the French cryptographer

and diplomat Blaise de Vigenère, who described it in 1586, although

the Italian Giovan Battista Bellaso actually published a version in

1553. For over three centuries, the Bellaso/Vigenère cipher was

considered unbreakable. During the American Civil War, agents for

the Confederacy used the Vigenère cipher with such keywords as

“MANCHESTER BLUFF” and “COMPLETE VICTORY.”

As late as January 1917, a columnist in Scientific American advised

the use of a Vigenère cipher:

We have secured possession of a copy of the cipher code

which we are told is now in almost general use not only by

the army and navy officials of the countries at war, but also

by practically all of the spies operating in Europe today …

The method used for the preparation and reading of code messages

is simple in the extreme and at the same time impossible of

translation unless the keyword is known. The ease with which the

key may be changed is another point in favor of the adoption of

this code by those desiring to transmit important messages without

the slightest danger of their messages being read by political or

business rivals, etc.

Woe to the readers who followed this columnist’s advice, believing

that they could “transmit important messages without the slightest

danger of their messages being read” by outsiders. The Vigenère had

been broken at least 70 years before this article appeared.

Charles Babbage discovered a method as early as 1846 but never

published it. He likely entrusted his technique to the British

government which asked him to keep it secret.

A German infantry officer, cryptography, and archeologist, Major

Friedrich Wilhelm Kasiski gave the first published account of

systematically breaking Vigenère ciphers in 1863. Kasiski’s method

first determines the length of the keyword. Then it finds the shift
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used for each letter of the keyword. Kasiski exploited a simple

mathematical idea, the Pigeonhole Principle, to determine the length

of the keyword.

The Pigeonhole Principle asserts that if you have more items than

containers and you place each item in some container, then at least

one container must end up with more than one item. Here’s a very

simple example: If I grab three shoes out of my closet in the dark,

then I will have at least two left shoes or two right shoes. Think of

the two containers being “left” and “right” and the items being the

three shoes.

Let’s see how Kasiski used the Pigeonhole Principle to break

Vigenère ciphers. Consider our example with the seven-letter

keyword VERMONT. There are at most seven different ways a

particular word in the plaintext might be enciphered, depending on

which letter in the keyword sits above the first letter in the plaintext

word. Here are the seven possible encipherments of the plaintext

CAT corresponding to which keyword letter sits above the C:

V E R M O N T V E Ciphertext

C A T YFL
C A T HSG

C A T UNI
C A T PPH

C A T RON
C A T QUP

C A T WNY

If the plaintext word CAT appears eight or more times, then the

Pigeonhole Principle guarantees that there must be at least two

occasions when the initial letter C sits below the same keyword

letter. Those two occurrences of CAT will be enciphered the same

way. If at least two C’s sit below the N in the keyword, for example,

then the ciphertext will contain the sequence QUP at least twice.

A recent newspaper dispatch about Iran contained the eight-

letter word SANCTION 24 times. Using a Vigenère scheme with a

seven-letter keyword on this dispatch would produce a ciphertext
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which would be guaranteed to contain some eight-character string

multiple times.

Which letters in the plaintext sit below that N? Since N is the sixth

letter in the keyword, it will sit above the letters in positions 6, 13,

20, 27, 34, 41, etc. Any two numbers in this list differ by a multiple

of seven, the length of the keyword. If two sequences of QUP in

the ciphertext both represent CAT in the plaintext, then the gap

between the two C’s must be a multiple of seven as well.

Kasiski began by examining the ciphertext for repetition of strings

and determining the distances between the repeated occurrences.

Some repetitions will occur by chance and will represent different

plaintext, but a long string that repeats is very likely to be the

encipherment of the same plaintext. The length of the keyword will

then be a factor of the distances.

Here is an example where we find several strings of eight

characters, each repeated along with the distances between the

repetitions:

Repeated Strings Distance Apart Distance Apart

ILLAXWYU 285 = (3) (5) (19) 290 = (2) (5) (29)

MHVRMCVV 125 = (5) (5) (5) 465 = (3) (5) (31)

HVRMCVVH 125 = (5) (5) (5) 465 = (3) (5) (31)

THJBXHHZ 585 = (3) (3) (5) (13)

HTHJBXHH 585 = (3) (3) (5) (13)

YCHLCHVD 505 = (5) (101)

XLBYCHLC 1030 = (2) (5) (103)

From the factorizations of the distances, we see that 5 is a factor in

every single distance, so it is most likely that the keyword has length

5. (If 5 does not work out, then we can try a keyword of length 3,

since 3 is also a common factor in several of the distances.)

Once we have found how long the keyword is, we determine the

shift used for each position of the keyword. Knowing that the shift

discloses the identity of the letter in that position, we can then

reconstruct the keyword and decipher the secret message.

Working on the assumption that the unknown keyword has length
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5, we partition the ciphertext into five blocks. Create the first block

by starting with the initial ciphertext letter and taking every fifth

letter. Thus Block 1 consists of the letters of the ciphertext in

positions 1, 6, 11, 16, 21, 26,… Block 2 starts with the second letter

of the ciphertext and then takes every fifth letter after that. Thus,

Block 2 is the letters in positions 2, 7, 12, 17, 22, 27,…, Similarly, Block

3 has letters in positions 3, 8, 13, 18, 23, 28,…

Doing a frequency analysis of Block 1 is sufficient to determine

the shift used on those letters. In the current example which has

repetitions of seven strings of 8 characters, the frequency

distribution of Block 1 indicates that it corresponds to a shift of 7,

so the first letter in the keyword is G. A similar analysis of Block

2 shows a shift of 8, making H the second letter of the keyword.

Continue in a parallel fashion to determine the remaining keyword

letters. Knowing some of the keyword letters may help you discover

the remaining ones without having to do a frequency analysis on

every block. If the first four letters of a five-letter keyword are

GHOS, for example, then there aren’t many possibilities for the final

letter.

Kasiski’s method is a powerful technique for solving a Vigenère

cipher, especially if the ciphertext is long and the keyword

reasonably short. Once thought to be unbreakable, Vigenère ciphers

are now known to provide very little security. The idea behind

Vigenères, however, continued to play an important role in the

history of cryptology.

Are there ways to keep the central method of a Vigenère but add

enhancements to make it more secure? One improvement, recalling

our GHOS_ example, is to avoid ordinary words as keywords

because they are governed by the property of redundancy, but

rather employ randomly generated strings of letters. If the individual

letters are randomly chosen with each letter equally likely to be

chosen, then knowledge of some of the letters in the keyword gives

no usable information about what the other letters might be.

A second improvement is to extend the length of the keyword

to reduce the likelihood that repeated appearances of a particular
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string of plaintext characters will be enciphered in the same way;

that is, find a way to avoid the Pigeonhole Principle. We should make

the keyword a string of randomly chosen letters that are longer than

the plaintext itself, and avoid using it more than once.

On July 22, 1919, the United States Patent Office awarded a patent

to the American engineer Gilbert S. Vernam for a mechanized

Vigenère cipher. Vernam envisioned a teleprinter which took a

prepared keyword kept on a paper tape, and combined it letter

by letter with a plaintext message to produce the ciphertext. The

National Security Agency, the U. S. government agency responsible

for secure communications, considers Vernam’s patent “perhaps

one of the most important in the history of cryptography.”

Captain Joseph O. Mauborgne of the U.S. Army Signal Corps

suggested improving the security of Vernam’s idea by choosing the

letters of the keyword randomly and generating a new keyword for

each separate plaintext message, never using the same keyword

twice.

The term “one-time pad” describes this cipher idea. Shannon

proved that the one-time pad is theoretically unbreakable and that

any unbreakable system must employ essentially the same

characteristics as the one-time pad. The key must be as long as the

plaintext, truly random, used only once, and kept secret.

In implementing this cipher scheme, the sender and receiver each

have a copy of the keyword as a string of characters or numbers

printed on sheets of a pad of paper. After enciphering and

transmitting the message, the sender tears off and destroys the

sheet with the keyword just used. The Marxist revolutionary Che

Guevara used a one-time pad to send secret messages to Cuba’s

leader Fidel Castro. Only Guevara and Castro had the same list of

random characters.

The particular function combining keyword and plaintext Vernam

specified in his patent is an interesting one, in part because the

Nazis employed a variation. The process begins by representing

each alphabetical letter by a sequence of two symbols. In Morse

code, these would be dots and dashes, while in binary they would
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be 0’s and 1’s. Vernam used the Baudot code which used +’s and

–‘s. Invented in 1870 by the French engineer, Jean-Maurice-Émile

Baudot, the code assigns a sequence of five pluses and minuses to

each letter. For example,

M: — + — + +

J: + — — + —

Z: + + — – +

Suppose M is our plaintext letter and J is the corresponding

keyword letter. To encipher M, we “add” together the two codes

column by column using the rules that adding a + and — produces a

+ while adding together two +’s or two –‘s results in a –. Combining

the M and J this way produces the pattern + + — — +, which is the

representative for Z.

In the deciphering step, we combine Z and J which you can easily

check produces M. Thus, the same keyword is used for enciphering

and deciphering.

Computer scientists describe addition done this way as applying

the XOR operation. The XOR stands for “Exclusive OR” because it

corresponds to a logical situation when we want to declare a

compound sentence of the form “p OR q” to be true if precisely one

of the statements p or q is true (+) and false (–) otherwise.

Although the one-time pad is an unbreakable cipher, there are

practical difficulties in implementing it on a wide scale. One

problem is efficiently generating a very long sequence of completely

random letters or numbers. Digital computers are the best means

to obtain a large collection of numbers very quickly, but they cannot

generate them in a totally random fashion. They need to follow

some deterministic algorithm. The best way we seem able to do this

is by producing a sequence where the next number is built from

the previous number by a complicated arithmetic process. If this is

done cleverly, then the sequence will exhibit no easily discernable

patterns and will pass various statistical tests for randomness. The
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algorithms used are correctly named pseudorandom number

generators.

Another problem with the Vernam/Mauborgne approach is the

sheer number of one-time pads that the government would need to

produce and distribute to be able to communicate securely to all its

embassies

Despite these problems, one-time pads are used in special

situations. After the Cuban missile crisis of 1962, Soviet and

American officials established a “hotline” between Moscow and

Washington. Messages were sent using teleprinters and a one-time

tape system. Each nation prepared its own keyword tapes and

delivered them to the other via a third-party country.

The German military forces relied on the Enigma, a complicated

enciphering and deciphering device, for communication throughout

World War II. The Enigma used a variation of a Vigenère cipher

with an extremely long keyword. Nazi commanders believed the

Enigma produced ciphertexts impenetrable to attack by Allied

cryptanalysts. The daunting task facing Alan Turing and his team

as the German invasion of Poland began on September 1, 1939, was

finding a way to decipher this apparently indecipherable machine.

Cryptology From Caesar to Turing | 67



7. The Enigma Machine

“T he British code-breaking effort of the Second World War,

formerly secret,” historian Thomas Haigh concluded, “is

now one of the most celebrated aspects of modern British history,

an inspiring story in which a free society mobilized its intellectual

resources against a terrible enemy.” Alan Turing was the central

character in this story.

The teen-aged Turing was already interested in secret codes and

ciphers. At Sherborne, he won an award named in honor of his late

friend, Christopher Morcom. The prize was a copy of Mathematical

Recreations and Essays by Walter William Rouse Ball. Ball first

published Mathematical Recreations in 1892, introducing a new

chapter, “Cryptographs and Ciphers” in the 1905 edition.

The growing Nazi threat in Europe drew Turing’s attention back

to cryptology during his time at Princeton. His friend, the Canadian

physicist Malcolm MacPhail, who was also studying there, later

wrote:

It was probably in the fall of 1937 that Turing first became

alarmed about possible war with Germany. He was at that

time supposedly working hard on his famous thesis but

nevertheless found time to take up the subject of

cryptanalysis with characteristic vigor … on this topic we

had many discussions.

Turing explored building a cipher around the observation that while

multiplication of whole numbers is easy, factoring is hard; i.e.,

efficient algorithms exist for computing the product of two

numbers, but no efficient scheme is known for finding the two

factors if all you know is the product. One of the most secure

systems now in use, the RSA Algorithm, exploits the same facts.

One of Turing’s ideas for enciphering begins with choosing a

secret prime number p with many digits to be the key. The plaintext
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is first converted to a number by replacing each letter with a two-

digit representation of its position in the alphabet. Thus, ALAN

TURING would become 01120114202118091407. Then extend this

number by tacking on additional digits until the resulting number

q is prime. The numerical version of ALAN TURING,

01120114202118091407, is not prime. It factors as

. Appending 07 to the right end

creates q = 112011420211809140707 which is prime. Finally, the

ciphertext N is the product . If we have a plaintext of 250

letters (about 50 words or so), then q has at least 500 digits. If p is

also a 500-digit prime, then N is an integer with 1000 or more digits.

To retrieve the plaintext, an unintended recipient of the ciphertext

needs to factor N, a task even the fastest computers today would

need many years to complete. The intended recipient, however,

knows the secret keyword p and simply divides N by p to obtain

q, which easily converts to the plaintext letters. In contrast to

factoring, division is a quick operation for a computer.

As MacPhail recounted, “The length of the secret number was to

be determined by the requirement that it should take 100 Germans

working eight hours a day on desk calculators 100 years to discover

the secret factor by routine search!”

Turing’s scheme is very secure, provided we only encipher a

single plaintext message. If we use it even one additional time, then

both ciphertexts are easily solved. Suppose our second plaintext

message gets encoded as the prime q* and we transmit N* =

. If enemies intercept both N and N*, they know from elementary

arithmetic that p is the greatest common divisor (gcd) of this pair.

They would also be aware of an ancient but very efficient method,

the Euclidean algorithm, to find the gcd of two numbers.

Unintended recipients of the two messages would quickly discover

the “secret” number p and be able to read not only this pair of

messages, but also any one enciphered the same way.

Turing worked out several other cipher schemes involving

multiplication of large numbers. As usual, he was interested in the

practical side of these ideas, as well as the theoretical. MacPhail lent
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Alan a key to the physics department’s machine shop and showed

him “how to use the lathe, drill, press, etc. without chopping off

his fingers.” Turing designed and constructed a small prototype of a

machine that could multiply numbers. “To our surprise and delight,”

MacPhail recalled, “the calculator worked.”

Sometime after Turing’s return to England late in the summer

of 1938, with war clouds hanging over Europe, the Foreign Office

recruited him to work part-time on cryptology alongside his

Cambridge obligations. He had training at the Government Code

and Cypher School then and later at Christmas time. Created after

World War I and initially headquartered in London, the GC&CS

evacuated to Bletchley Park in August 1939.

Bletchley Park is a 19th-century mansion and 60-acre estate

about 50 miles northwest of London, located midway between

Cambridge and Oxford, a short walk from the railway station linking

the two university towns with trains to England’s major cities. The

mansion and hastily built huts served as the main home for Allied

codebreakers during the war.

Turing reported to Bletchley on September 4, three days after the

war broke out. The first order of business was clear: Crack Enigma!

The Engma: a complex typewriter

Set in a hinged wooden box with a leather handle for easy battlefield

transport, the Enigma machine resembled a complicated typewriter.

On the top face were three rows of old-fashioned typewriter keys,

laid out in approximately the familiar QWERTY pattern. There were

no keys for numerals, punctuation marks, tabs or shifts, and no

spacebar. Above the keys sat three rows of flat-faced lamps, one

for each letter of the alphabet. Poking through slots near the upper

left corner were finger rings, which easily turned the three or four

attached rotors. At the upper right was a controller for the battery
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that powered the electro-mechanical Enigma. A plugboard with 13

sockets sat under the front panel of the wooden enclosure.

The Enigma’s top panel lifted up, revealing a slot for the

scrambling rotors, which could be placed along a shaft or spindle in

any order. A reflector was mounted at the far end of the shaft. The

wooden carrying case also held a compartment for five rotors, 13

switchboard cables, and extra batteries.

Enigma operators changed the settings of many of these

components each day at midnight. A monthly calendar told them

which moveable rotors to put on the shaft in which particular order,

which ring setting to use for each rotor, and which pairs of letters to

join with the switchboard cables on the plugboard. For example, the

rotor order might be III, I, V, indicating that the third rotor should

be on the left end of the spindle, the first in the middle, and the fifth

on the right. The trio 05 18 14 would specify a typical ring setting;

the operator would turn the ring on rotor III until the 05 (E) was at

the zero mark, rotor I’s ring was at the 18 (R) place, and rotor V’s ring

at the 14 (N) mark. If the plug connections for the day were JO AQ
EV TB CM RL SW, the operator would place one end of a cable into

the J plug and the other end into the O plug, take a second cable and

connect A to Q, connect E and V with a third cable, and so on.

To encipher a message beginning with the letter E for example,

the operator presses down the E key, closing a circuit that routes

a signal along a complicated path that eventually lights up one of

the lampboard’s bulbs. The signal travels first along a wire to the E
input on the plugboard. In our example, the letter E is connected

to the V plug, so the first transformation converts the original E to

a V and the signal moves on to a static rotor. If the letter E is not

connected by a switchboard to another letter, the signal remains an

E as it travels to the static rotor.

At the static rotor, the signal begins to move forward through

physical contacts. The static rotor connects to the input of the

rightmost movable rotor. Each movable rotor has an inner ring that

receives the transformed letter from the rotor on its right and then

passes it through a wire to a different letter on its outer ring. That
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outer ring contacts the inner ring of the rotor to its left, where the

letter is transformed again. Thus, the initial E might be changed to a

V via the plugboard, then changed again to a B at the conjunction of

right rotor and static rotor, leave the right rotor as a W, change to a

G at the middle rotor, and then to a Z as it exits the left rotor.

After passing through the three scrambling rotors—in our case in

the order V, I, III, the signal enters a reflector where the letter is

transformed once again, perhaps the Z becoming an N. The signal

then returns through these rotors in the opposite order

transforming the letter on each pass, perhaps from N to M to S to O.

The journey ends with a possible trip through the plugboard; in our

case O goes in and J comes up, finally lighting up the J lamp. The

Enigma operator writes down the final output letter and continues

to the next letter in the plaintext. Once the entire message is

enciphered, it is transmitted by radio or wireless telegraphy to its

intended receiver.

The reflector allows the receiver to retrieve the plaintext by

simply typing in the ciphertext, assuming that his machine was

set up in precisely the same way as the sender’s. The reflector

also ensures that no plaintext letter is ever enciphered as itself,

a feature the Germans mistakenly thought added security to their

communications system.

As described so far, the Enigma machine appears only to be a

complicated way of implementing a monoalphabetic substitution.

The plaintext E was enciphered as a J. The ingenious part of the

Enigma, however, is that after the first rotor converts an input letter

to an output letter, it rotates one position forward much like a wheel

on an automobile odometer. The important consequence of this

rotation is that if another plaintext E immediately follows the first

one, then the resulting signal will follow a different path out of the

first rotor and will be enciphered as some letter other than J. As

the first rotor continues to move forward one position with each

additional letter typed, it will eventually cause the second rotor to

move forward a position as well, and eventually the third rotor will

also move a notch. The action will be similar to an odometer’s with
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only ones, 10s and 100s places. The odometer begins at 000 and

displays a thousand different mileage readings until reaching 999,

after which it rotates to 000 and begins again. Since each rotor

can display 26 different letters rather than the 10 different digits on

an odometer wheel, the Enigma would create (26) (26) (26) = 17,576

different paths for any single plaintext letter typed. The Enigma

would function much like a Vigenère cipher with a keyword 17,576

letters long!

German military practice required that Enigma-encrypted

messages not exceed 250 letters. Longer plaintexts would be broken

up into shorter ones, each piece enciphered with a different initial

setting of the rotors. The brevity of the messages and the length

of the keyword rendered the Kasiski method useless to unravel the

ciphertext.

The Frankfurt-born engineer Arthur Scherbius filed a patent

application in February 1918 for a ciphering mechanism based on

rotating wired wheels. His first model was the size of a cash register

and weighed over 110 pounds. He called the machine “Enigma” after

the Greek word meaning “riddle.” Replacing the printing mechanism

with a lampboard and making other improvements, Scherbius later

produced portable models adopted and subsequently improved by

the German armed forces.

There are an astronomical number of ways to configure the

Enigma machine. The inner and outer alphabets on a single rotor,

for example, could be wired in 26! or about (4.03) ´1026 different

ways. Of these 26! possibilities, pick one for the rightmost position.

The 26!-1 are available for the middle position and 26!-2 for leftmost

slot. The total number of ways of ordering all possible combinations

in a three-rotor Enigma would be (26!) (26!-1) (26!-2) which equals

65,592,937,459,144,468,297,405,473,480,371,753,615,896,841,298,988,7

10,328,553,805,190,043,271,168,000,000 or about (6.6) ´1079.

Each right and middle rotor also contained a moveable clip which

determined when it would force the rotor to its left to advance one

position. The clip could be set at any letter on the outside ring; the

two clips could be configured as (26) (26) = 676 different ways.
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The reflector had 26 contact points like a rotor, but only on

one face. Thirteen wires internally connected these contact points

together in a series of pairs, so that a signal coming into the

reflector from the rotors went back through the rotors by a

different route. In constructing a reflector, the letter A needs to be

connected to some other letter of the alphabet. There are 25 ways

to choose that second letter. After that choice, 24 letters remain

unpaired. Consider the lowest unpaired letter in the alphabet; that

would necessarily be a B or a C. You have 23 choices of letters to find

a mate. After choosing one for a mate, 22 letters remain. The next

lowest letter can be paired with any of the remaining 21. Continuing

in a similar manner, we see that the number of distinct reflectors is

(25) (23) (21) (19) (17) (15) (13) (11) (9) (7) (5) (3) (1) = 7, 905, 853, 580, 625

or about 7.9 × 1012.

The initial position (Grundstellung) of the three rotors could be

chosen in (26) (26) (26) ways.

Turning finally to the plugboard, the number of cables can range

from 0 to 13. Consider a single cable joining two distinct letters.

Some pairs of letters may already be joined. Imagine there are n

letters still unpaired. By the Multiplication Principle, it seems that

there should be (n) (n-1) different ways to do this. We need to divide

this number by two, however, getting (n) (n-1)/2since linking A to B,

for example, is the same as linking B to A.

If we plan to use 4 cables in all, then we have (26) (25)/2 choices

for the first cable, then (24) (23)/2 for the second, (22) (21)/2 for the

third and (20) (19)/2 for the fourth. The number of different pairings

with four cables will be the product of these numbers

which we can write as

With k cables, the number of choices becomes

To determine the total number of different choices for the

plugboard, we add together these fractions for all values of k from 0
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through 13. The sum equals 532, 985, 208, 200, 576 = 5.329852082 ×

1014.

Reviewing the five components and the number of choices of

each, we have

3 Rotors: 6.559293746×1079

Initial Positions: 263

Notches: 262

Reflector: 6.559293746 x 1012

Plugboard: 5.329852082 x 1014

The number of theoretically possible configurations for the

Enigma is the product of these five numbers which is about 3.28

´10114.

Poland’s role

This enormous number of potentialities along with the daily change

in settings, rotors, and plugboard configurations gave the Germans

unwarranted confidence that the Enigma ciphers were virtually

insoluble. A sales pamphlet for the commercial version of the

machine had boasted “[If] a man were able to adjust, day and night,

a new key at every minute, it would take him 4000 years to try all

those possibilities through one after another.” And that was before

the German military significantly improved its security!

The Enigma, however, was vulnerable. A combination of inherent

flaws, brilliant mathematical analysis, technological prowess,

clumsy operator errors, a greedy traitor, and the daring capture

of enemy ships on the high seas enabled the Allies eventually to

read thousands of enciphered messages daily. Supreme Allied

Commander Dwight Eisenhower considered the resulting military

intelligence decisive in victory over the Nazis. Historians judge that

cracking the Enigma cipher likely shortened the war by two years

and saved countless lives.

Polish cryptographers made the crucial initial breakthroughs. On
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July 15, 1928, the German military transmitted its first Enigma-

enciphered messages. Polish radio operators picked up the signals

and passed the garbled sequence of letters to the cryptologists in

Warsaw. Although the Poles had purchased a commercial version of

the machine, they could not at this time decipher these messages.

The military chiefs of Poland’s cipher bureau realized earlier than

other nations that a background in mathematics as well as foreign

languages would be essential for unraveling the secrets of machines

like the Enigma. In late 1928, they began a course in cryptology

in the city of Poznan for selected mathematics students fluent in

German. Three of the graduates began permanent work at the

Warsaw office on September 1, 1932. They were Marian Rejewski,

Jerzy Różycki, and Henryk Zygalski. Rejewski initially worked alone

on Enigma. He was convinced that there must be patterns in the

output that could be exploited. “Whenever there is arbitrariness,” he

wrote, “there is also a certain regularity. There is no avoiding it.”

Rejewski viewed each stage in the Enigma’s enciphering process

as a permutation or rearrangement of the alphabet. If, as in our

earlier example, the plugboard connections for the day were JO
AQ EV TB CM RL SW, we can write the initial transmitted letters

in alphabetical order on one line, and the letters with which the

plugboard transmutes them right below:

A B C D E F G H I J K L M N O P Q R S T U V W X Y Z

Q T M D V F G H I O K R C N J P A L W B U E S X Y Z

What the Enigma machine did in transmitting a signal from a

pressed key to an illuminated lamp was just a succession of

permutations, each composed with the next. Rejewski was keenly

aware that one of the major intellectual developments over the

preceding half-century was a branch of mathematics called group

theory, rooted in the study of compositions of permutations. Group

theory contained a host of powerful theorems that enabled him to

unravel Enigma’s mysteries.

All Enigma machines on a particular network began the day with
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exactly the same settings. To increase security, each message

carried its own key. Originally, the sender transmitted the message’s

key before enciphering the content. Starting with the day’s ground

setting, he turned the three rotors to a supposedly randomly chosen

triple of letters. If, for example, the ground setting was JUD, and he

chose MIK as the key for a particular message, he left the rotor

setting at JUD, and then typed MIKMIK, transmitting the key twice

to ensure its encipherment was received correctly. The Enigma

might encipher the first MIK as dmq and the second, since the

rotors advanced, as ubn. The receiver, using the ground setting

JUD, would type dmq ubn into his machine, lighting up the bulbs

MIK MIK. The receiver knew he had the correct key as the second

triple of letters repeated the first triple. Once the message key was

confirmed, the sender moved the rotors until the key was visible,

then started typing the plaintext.

Thus, the first six characters in every message were the repeated

encipherment of the key. The first and fourth character represented

the same plaintext letter, as did the second and fifth, and the third

and sixth. Rejewski was quickly able to exploit these relationships.

Armed with the first six letters of all messages from a given day, he

used the mathematics of permutation theory to determine critical

information about the entire rearrangement of the alphabet. This

enabled the Poles to build a hand-driven device called a cyclometer

to “catalog” all the possible permutations and use the catalog to

determine which particular rotors were in play on a given day.

Rejewski, Różycki, and Zygalski discovered other patterns within

the permutations that persisted independently of the plugboard’s

configuration. This helped them gain valuable information about the

rotor wiring without knowing the arrangement of the plugs.

As the Nazis moved closer to initiating World War II, they took

pains to make the Enigma more secure. They altered the method

of indicating the message key, rendering the cyclometer no longer

helpful. Zygalski created a set of 26 perforated sheets for each of

the six possible orders of the rotors. There was a sheet for each

starting position of the leftmost rotor. Each sheet had 676 cells,
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corresponding to the possible starting position of middle and right

rotors. Some of the slots would be punched with holes in such a way

that when these “Zygalski sheets” were laid on top of one another

as Rejewski explained, “and moved in the proper sequence and the

proper manner with respect to each other, in accordance with a

strictly defined program, the number of visible apertures gradually

decreased. And, if a sufficient quantity of data was available, there

finally remained a single aperture” revealing the entire initial setup

of the Enigma.

To determine the message key, Rejewski invented the “bomba

kryptologiczna” (cryptologic bomb). Each bomb was an electrically

powered combination of six Enigmas that ran through all the

possibilities.

Early in 1936, the Germans changed the order of the rotors every

month, then implemented a daily change starting in November.

They also equipped each Enigma with five rotors, specifying which

three would go into the machine that day. A new reflector went

into use in November 1937, and 10 months later, they changed

procedures so that all messages on a network no longer shared the

same ground settings.

Each of these modifications caused temporary “blackouts” when

the Poles were unable to read intercepted messages. Rejewski and

his associates had to discard previously successful methods that

could not scale up and develop new ones that could. Increasing the

number of potential rotors from 3 to 5, for example, multiplied the

number of choices for a day’s settings by a factor of 10 from six

to 60. That step necessitated producing 10 times as many Zygalski

sheets and building even more bombs. Unable to secure the

materials and personnel to keep up with the technological demands,

and with a Nazi invasion looming on the horizon, the Poles decided

to share their secrets with their British and French counterparts.
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The QWERTZU Problem

On July 25 and 26, 1939, they gathered at a secret facility in the

Kabaty Forest in Pyry near Warsaw. Major Gustave Bertrand, chief

of radio-intelligence and cryptology, headed the French group. The

British sent Alexander “Alastair” Denniston who ran the GCCS and

Alfred Dillwyn “Dilly” Knox, the chief UK cryptanalyst. The Poles

gave each country Enigma machines they had built, Zygalski sheets,

and Rejewski’s bomba. The French promised refuge for the Polish

Cipher Bureau if they had to flee their country. The British pledged

to prepare two full sets of Zygalski sheets for all 60 possible wheel

orders.

Knox had come very close to figuring out the Enigma wiring

on his own, but did not know how the letters from the keyboard

were matched with the initial entry to the rotors. He called this the

QWERTZU Problem, referring to the characters in the top row of the

Enigma keyboard. Knox’s first question to Rejewski was “Quel est le

QWERTZU?” He was astonished to hear the answer: it was simply

ABCDE.; that is, A was wired to A, B to B, etc. Knox had left a sickbed

to attend the meeting, recovering from an operation for lymphatic

cancer and also suffering from influenza. His family remembers him

“staggering out of bed, ashen grey, but determined.”

Knox had broken several different Axis codes including Enigma

versions of the Italian navy and the German military intelligence

service. He was likely working on Soviet codes at his untimely death

at age 58 in February of 1943. Dilly was a King’s College classics

scholar and papyrologist before joining the British codebreakers

in World War I. He worked at an Admiralty Building office with

an adjoining bathroom. Knox believed he did his best thinking

submerged in water so he frequently spent long hours in the

bathtub figuring out enemy cipher schemes. He and Turing were

both regarded as eccentrics and they got along well together,

possibly due in part to their shared predilection for behavior others

thought odd. Knox once absentmindedly filled his pipe with a
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luncheon sandwich instead of tobacco. No one would ride with him

as he drove gesticulating with his hands free of the steering wheel,

reciting verses from Milton.

Bertrand recruited Hans Thilo Schmidt, “The Spy Who Most

Affected World War II”, as historian David Kahn described him, who

eagerly sold secrets about the Enigma to the French. Schmidt held

a civilian post at the German Cipher Office. Shortly after the

introduction of the military version of the Enigma, he contacted

French intelligence and offered to supply information about the

new machine. Kahn describes Schmidt as “a weakling, a hedonist, a

dissipate” who “wanted money for his women and his high living.”

He supplied copies of the instruction manual, operating procedures,

and lists of key settings. The French were unable to make significant

use of them, but passed them off to the Poles who did. Rejewski

used group theory to develop a system of equations describing the

rotor wiring. The key settings Schmidt provided helped Rejewski fill

in values for sufficiently many unknowns to completely solve the

equations and discover exactly how the rotors were wired.

The information the Poles gave the French and British was

absolutely vital to their efforts to decipher Enigma and provide

military intelligence, designated Ultra, to the western allies. “Ultra

would never have gotten off the ground, if we had not learned

from the Poles, in the nick of time, the details both of the German

military … Enigma machine, and of the operating procedures that

were in use,” wrote Gordon Welchman, who played a prominent role

at Bletchley Park, leading the efforts against the army and air force

Enigma.

The British used Boniface as a cover name for Ultra to ensure

that their code-breaking was not apparent to their enemies. They

created a fictional master spy named Boniface with mythical agents

throughout Germany. The Nazis were so convinced of the

impossibility of breaking Enigma that they ignored warning signs

that it might have been compromised. They preferred believing that

Allied knowledge of secret military operations came from a network

of spies and traitors.
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Five weeks after the Pyry meeting, the Germans invaded Poland

from the north, west, and south. The Soviet Union rushed in from

the east. The Polish military was overwhelmed. Before the end of

October, Hitler’s and Stalin’s armies had carved up the defeated

nation. During the invasion, the Polish Cipher Bureau left the

country, traveling through Romania, Yugoslavia, and Italy until

reaching safety in France. There Rejewski, Zygalski, and Różycki

established a joint Polish-French signals intelligence section in a

chateau 30 miles from Paris. Working in cooperation with Bletchley

Park, they continued to decipher intercepted Enigma messages.

Ironically, the cryptographers in Britain and France communicated

with each other using their Enigma replicas!

When France surrendered to the advancing German army in June

1940, the Polish cryptographers fled to Algeria, secretly returning

in September, and setting up a post on the Mediterranean coast.

They operated there until the Germans occupied southern France

in November of 1942. Earlier that year, Różycki drowned when a ship

carrying him back from an assignment in Algeria was sunk. Rejewski

and Zygalski had a harrowing escape over the Pyrenees mountains

into Spain, eventually reaching England where they continued to

work on ciphers.

The “bombe-ish boy”

During the spring and summer of 1939, Turing met regularly with

Dilly Knox although not yet officially called up for service. Dilly

huddled with Alan on his return from the Polish conference to set

in motion the building of a machine to crack the Enigma. Knox

referred to Turing as his “bombe-ish boy.”

Soon after arriving at Bletchley Park in late autumn, Turing began

designing a device based on Rejewski’s bomba kryptologiczna but

with greater capacity and speed. Several stories have circulated

about how the device acquired its name. One says Różycki
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suggested bomba, an ice cream dessert he, Rejewski, and Zygalski

were eating when they thought of the idea. Another asserts that

the clicking noise it made sounded like a ticking bomb. A U.S. Army

report of June 1945 claims a part of the machine would fall off,

hitting the floor with a loud noise, when it found a possible solution.

The British anglicized the spelling to bombe.

In January 1940, Alan traveled to France to meet with the Polish

cryptographers. They treated him, Rejewski later recalled, “as a

younger colleague who had specialized in mathematical logic and

was just starting out in cryptology.” They did not know that Turing

had already made significant progress on understanding the Enigma

and building a bombe to defeat it.

Turing’s bombe exploited the fact that the Enigma never

enciphered a letter as itself. As with a Vigenère cipher, a frequency

count of letters in an extended Enigma-enciphered message would

normally show each different character appearing about as often as

every other letter. If a character appeared with a comparatively low

frequency in the ciphertext, then it likely appeared very frequently

in the plaintext.

One extreme example was a long Italian navy ciphertext that

an English codebreaker Mavis Lever Batey examined in 1941. She

noticed that the letter L never appeared in the message. She

conjectured that a bored Enigma operator, asked to transmit a test

message, lazily just kept retyping the letter L, the keyboard’s lower

right corner character. The codebreakers determined much about

the Enigma’s configuration using the realization that the machine

was just enciphering the same letter over and over again. Mavis

was a 19-year-old studying German romantic poets at University

College London when she was recruited for a secret government

assignment. “This is going to be an interesting job, Mata Hari,

seducing Prussian officers,” she recalled. “But I don’t think either my

legs or my German were good enough because they sent me to the

Government Code and Cipher School.” She made many important

contributions to British codebreaking.

The codebreakers often knew that the plaintext contained a
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certain phrase, which they called a crib. Suppose, for example, you

believe “HEILHITLER” occurs somewhere but aren’t certain exactly

where. Imagine that the enciphered message begins

SMWRHMHIVKYXB. You begin by lining up the letters of the

plaintext under the letters of ciphertext

S M W R H M H I V K Y X B

H E I L H I T L E R

Since the fifth letters (H) match, the HEILHITLER phrase could not

have come at the very start of the message. So, we shift the plaintext

phrase one position to the right and look again for a match.

S M W R H M H I L K Y X B

H E I L H I T L E R

We see the L in HITLER lined up against an L in the cipher so we

know that MWRHMHILKY is not an encipherment of HITLER. Slide

the plaintext one more position to the right and try again.

S M W R H M H I L K Y X B

H E I L H I T L E R

And once more:

S M W R H M H I L K Y X B

H E I L H I T L E R

Here there are no matches. Thus, HEILHITLER could be a phrase

beginning with the fourth letter in the message. We continue to

shift and find all the places in the enciphered message that could

represent HEILHITLER. The longer the crib, the fewer such places.

Determining these places was a straightforward process a bombe

could easily and swiftly carry out. Unfortunately, for a relatively

short crib, there would be far too many places to test which ones

were true substitutions.
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Turing and Welchman also realized that they could use patterns

within the plaintext crib and its encipherment to limit the number

of possibilities. Turing and cryptologist Jack Good worked out

mathematical techniques, now the basis of Bayesian statistics, for

updating the probability that a particular location in the intercepted

message marked the spot when the crib began. Once they

determined the most likely location, Welchman’s so-called diagonal

board would help fix the most probable rotor ordering that would

generate the particular ciphertext version of the crib. Then an

Enigma replica would be used with those settings to decipher the

message.

The British Tabulating Machine Company constructed the

bombes. The first, named Victory, began working in March 1940. By

August, a second, christened Agnus Dei, incorporating the diagonal

board, was operating.
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8. War Years

The principal focus of Turing’s Bletchley Park work was cracking

the more complex German navy Enigma. Turing and his fellow

cryptographers built on the ideas of Rejewski, Różycki, and Zygalski,

and developed new ones to tackle more complicated Enigmas.

Mathematician Peter Hilton was a young codebreaker working

with Turing on the Naval Enigma. “What you realize when you get

to know a genius well,’’ Hilton said, “is that there is all the difference

between a very intelligent person and a genius. With very intelligent

people, you talk to them, they come out with an idea, and you say to

yourself, ‘I could have had that idea.’ You never had that feeling with

Alan Turing at all. He constantly surprised you with the originality

of his thinking. He was marvelous.’’

What to Alan seemed practical solutions to problems appeared

to others as eccentricities. He chained his tea mug to a radiator, a

seemingly odd behavior, but mugs were in short supply and he did

not want his stolen. It was strange to see him arrive at Bletchley on

his bike wearing a military gas mask, but he could not ride far during

hay fever season when his allergies kicked in. The bicycle, moreover,

had a faulty chain, popping off after so many rotations. Rather than

doing the repairs, Alan simply kept count of the rotations, hopped

off the bike just before the chain was due to come off, made a minor

adjustment, and continued on his way. He noted that this was an

effective method for keeping anyone else from pedaling off with his

bicycle.

Turing was a kind person, taking time to select thoughtful gifts

for his friends and relatives. He paid little attention, however, to

his physical appearance. Since he invariably fainted at the sight of

blood, he used an old electric shaver rather than a regular razor to

avoid accidentally cutting himself. The electric device didn’t work

very well, usually leaving stubble on his chin. His hair was unruly, his

fingernails dirty or chewed down to the quick, and his teeth yellow,
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though he did not smoke. On Alan’s Christmas visit to his mother six

months before his death, she exhorted him once again to wash his

hands and keep his nails clean. “And don’t put your fingers in your

mouth,’’ she admonished.

Turing seemed to care even less about his clothes than his

personal hygiene. His brother John said Alan dressed like a tramp

with shabby clothes rarely, it seemed, sent to the cleaners. His collar

was usually frayed and his tie askew. Sometimes he substituted his

pajama tops for a shirt or used an old rope to hold up his trousers

when his suspenders broke.

Tall for men of his generation at 5′ 10’’, Turing had the physical

build of someone who regularly ran marathon distances. His

handsome face, with a fine nose and long eyelashes, gave him the

appearance of a younger man. He was mistaken for an

undergraduate more than a decade after his graduation.

Turing was shy and socially awkward with strangers. He had no

patience for idle chatter and might rudely walk away from someone

he felt was not serious or truthful. The writer Lyn Irvine, wife of

Turing’s mentor Max Newman, became good friends with Alan, who

frequently visited their home. She gave this powerful description of

Alan:

With ninety-nine people out of a hundred Alan protected

himself by his off-hand manners and his long

silences—silences finally torn up by the shrill stammer and

the crowing laugh which told upon the nerves even of his

friends. He had a strange way of not meeting the eye, of

sidling out of the door with a brusque and off-hand word

of thanks. His oddly-contoured head, handsome and even

imposing, suddenly from another angle, or in a different

mood, became unprepossessing. He never looked right in his

clothes, neither in his Burberry, well-worn, dirty, and a size

too small, nor when he took pains and wore a clean white

shirt or his best blue tweed suit. An Alchemist’s robe, or

chain mail would have suited him, the first one fitting in with
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his abstracted manner, the second with that dark powerful

head, with its chin like a ship’s prow and its nose short and

curved like the nose of an enquiring animal. The chain mail

would have gone with his eyes, blue to the brightness and

richness of stained glass. They sometimes passed unnoticed

at first; he had a way of keeping them to himself, and there

was also so much that was curious and interesting about his

appearance to distract the attention. But once he had looked

directly and earnestly at his companion, in the confidence

of friendly talk, his eyes could never again be missed. Such

candour and comprehension looked from them, something

so civilized that one hardly dared to breathe. Being so far

beyond words and acts, that glance seemed also beyond

humanity.

Heads and Tails

The German navy used ciphering schemes significantly more

complicated than those of the army and air force. U-Boat fleet

commander Karl Dönitz ordered submarine commanders to install

4-rotor Enigmas, while the other German armed forces kept 3-rotor

machines. Admiral Dönitz, who later became the navy’s chief officer,

was obsessed with the security of his communications.

Turing moved into Hut 8 to attack the navy Enigma, since no one

else was making the effort. Denniston, the Bletchley Park chief, was

pessimistic about breaking it. “You know, the Germans don’t mean

you to read their stuff,’’ he told his staff, “and I don’t expect you

ever will.’’ Turing was at least as much intrigued by the intellectual

challenge of cracking the code as by his patriotic duty to assist the

war effort. He relatively quickly developed an effective new method

based on the mathematics of conditional probability. His technique

begins with some elementary ideas.

Imagine that you are shown one side, Head, of a coin but not

War Years | 87



the other side, which might be a Head or a Tail. The coin is fairly

balanced, so that either side is likely to be face-up if the coin is

flipped. What are the odds that the coin is a two-headed one? In

the absence of any information, you make a prior estimate. You are

pretty sure that the coin has both a Head side and a Tail side, but

you’re not absolutely certain. Suppose your initial assessment is that

there is one chance in 10,000 that the coin is two-headed.

You may gather additional evidence about the coin, but only in an

indirect manner. You cannot examine the coin directly but you can

ask that it be flipped and that you be told the result. How will this

evidence affect your judgment? If the flip is a Tail, then you know

with certainty that the coin is an ordinary one, but what about a

Head? Are you more likely to think the coin may be two-headed than

you were before? How much more likely?

Here’s one way to analyze the situation. Suppose we have a pile of

10,000 coins, exactly one of which is two-headed. Randomly choose

a coin from the pile, flip it, and record whether it came up Head

or Tail. Imagine repeating the experiment 20,000 times. We would

expect that we chose the two-headed coin about two times and

the ordinary coin about 19,998 times. We would then record about

two Heads from the two-headed coin and about 9,999 Heads from

the ordinary coin. There would be a total of about 10,001 Heads.

The proportion of these that came from two-headed coins would be

about which is just a little smaller than twice . Before we

knew the outcome of the flip, we thought the probability of a two-

headed coin was 1 in 10,000. Once we know the flip was a Head, this

probability has just about doubled.

The concept of Conditional Probability deals with situations like

this one. We speak of “the probability that statement A is true given

that statement B is true,’’ which is abbreviated as “Probability of A

given B,’’ and even more tersely using notation as Pr(A given B) or

Pr(A | B).

If the coin has two Heads, then the flip must result in a Head, so

the probability of a Head, given the coin is two-headed, is 1. On the

other hand, the probability of a Head, given the coin has both a Head
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and a Tail, is ½. If we let H be the hypothesis that the coin is two-

headed, not H would be the hypothesis that it is an ordinary coin,

and E is the statement that the flip resulted in a Head, then we have

Probability ( E given H) = 1

and

Probability (E given not H) = ½

What we are interested in is the probability that H is true, given

that E is true; that is,

Probability (H given E)

If we think of E as “evidence,’’ then this probability answers the

question of how to update our beliefs in the light of new evidence.

The English mathematician, philosopher, and Presbyterian minister,

Thomas Bayes (1701-1761), had originally conceived this solution. In

his posthumously published Essay Toward Solving a Problem in the

Doctrine of Chances, Bayes derived an equation, now called Bayes’

Theorem, which essentially says

Turing thought of Bayes’ Theorem in terms of odds and

formulated a numerical measure for the weight of evidence that

increased the odds in favor of the truth of a belief. The concept

of odds is closely associated with the idea of probability. If you roll

a fair die, for example, the probability of obtaining a Two is 1/6,

as there are six equally likely outcomes of which exactly one is a

Two. The probability of obtaining an even number (2, 4 or 6) is 3/

6 since there are exactly three outcomes of an even number among

the six equally likely possibilities. The odds of an event are a related

measure that reflects the likelihood of an event. Odds are given as

a ratio p:q of probability, p of an event occurring divided by the

probability, and q of it not happening. Thus, the odds of getting a

Two in our roll of a fair die are 1:5, since p is 1/6 and q is 5/6; the

ratio is (1/6) divided by (5/6), which is 1/5. The odds of obtaining an

even number are 1:1 as p and q are both ½ in this case.

In terms of odds, Turing showed

Turing considered Odds in favor of H as a prior judgment which is
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revised to a posterior judgment of the odds given new evidence by

multiplying by the factor f

If we use the notation O(H) as the prior odds and O(H|E) as the

posterior odds, then we can write Turing’s formula as

Turing found it more convenient to consider the weight of

evidence as the amount added to the prior estimate to get the

posterior estimate. Thus, he looked at the logarithm of this

equation. Recall that the logarithm of a number is the power to

which 10 must be raised to obtain that number. The logarithm of 100

is 2 since 102 = 100. Similarly, the logarithm of .0001 = 1/10000 = 1/

10-4 is -4. We write these results as log (100) = 2 and log (.0001) = -4.

You may recall from high school algebra that log (ab) = log (a) + log

(b) and log (an) = n log (a). Hence, Turing’s formula becomes

or

He defined the unit of measurement for log (f) as a ban, which

was made up of 10 decibans. Thus, the weight of evidence is 10 log

(f) decibans. For our example, with Probability ( E given H) = 1 and

Probability (E given not H) = ½, f is 1 divided by ½ which is equal to 2.

The logarithm of 2 is approximately 0.30103 or 3.0103 decibans.

How were decibans used? Here is one example. Suppose you

intercept two different Enigma enciphered messages. You suspect

that at some point in the second message the rotors lined up in

exactly the same way as they were for the first message. You are not

sure, however, what is the most likely spot. You line up the messages

one above the other and count the number of times the two letters

are the same. Then slide the second message one spot to the right

and count again. Sometimes you will see pairs of consecutive letters

(called a bigram or digram) coincide, or triples (trigram), or even

longer strings.

You might find that when the initial letter of the second message

is offset to the eighth letter of the first message, there is a total of
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15 repetitions, including three bigrams. When the initial letter of the

second is offset to the 10th letter of the first message, there are only

five repetitions, but one is a trigram and the other a bigram. Which

is the more likely offset? Answer: the one with a higher deciban

measure.

To make it easier to spot repetitions, the enciphered messages

were punched onto cards. The cards had numbered columns, one

for each position in the message. Each column displayed the letters

A through Z. If the message began JRO…, for example, then the

cryptographers punched out the letter J in the first column, the

letter R in the second, the letter O in the third, and so on. To

compare two messages, they placed one card on top of the other

and laid both on a lightbox. Wherever light shone through, there

was a repetition. [The Zygalski sheets were used in a somewhat

similar manner as was Różycki’s earlier “clock method.’’] The cards,

about 10 inches high and several yards wide, were printed in the

town of Banbury. Turing adopted the name ban from Banbury. His

technique became known as Banburismus.

The British used Banburismus to determine the most likely

arrangement of the rotors and which pair of messages were most

certain to have the same indicator. Banburismus reduced the bombe

time by identifying the most likely right-hand and middle wheels

of the Enigma. Hut 8 workers used the procedure repeatedly until

1943, when more and faster bombes became available.

A new friend

Variations of Banburismus developed by Turing in 1942, labeled

Turingery, proved invaluable in breaking a new encoding device, the

Lorenz cipher, employed by the German high command.

Joan Clarke was among the most artful practitioners of

Banburismus. She became, second only to Sara Turing, the most

important woman in Alan’s life. Joan Elisabeth Lowther Clarke was

War Years | 91



an outstanding mathematics student at Newnham College,

Cambridge. Welchman, who taught her there, recruited her to

Bletchley Park in June of 1940. Assigned to Hut 8, she worked as

a senior analyst alongside Turing and Alexander. Gender

discrimination meant her pay was lower than her fellow

cryptologists’ but they secured her extra money by promoting her

to Linguist Grade, even though she did not speak another language.

Alan found Joan easy to talk to and discovered they shared many

interests including knitting, botany, and chess. He arranged their

schedules so they had work shifts together and time to enjoy each

other’s company outside Hut 8. A half-century later, Clarke

described Turing’s marriage proposal and their engagement:

We did do some things together, perhaps went to the cinema

and so on, but certainly, it was a surprise to me when he said

… ‘Would you consider marrying me?’ But although it was

a surprise, I really didn’t hesitate in saying yes, and then he

knelt by my chair and kissed me, though we didn’t have very

much physical contact.

Now next day, I suppose we went for a bit of a walk together,

after lunch. He told me that he had this homosexual

tendency. Naturally, that worried me a bit, because I did

know that was something which was almost certainly

permanent, but we carried on.

Alan was disingenuous in speaking only of a homosexual tendency

and not giving Joan the fuller and more honest story his usual

frankness required. Telling her only a partial truth bothered Turing,

as did no doubt the question of sexual intimacy with a woman.

He did profess his love to her on several occasions and spoke of

his interest in having children; yet doubts persisted in his mind.

Still, the engagement went forward. Alan gave Joan an engagement

ring and the couple dutifully visited each other’s families for formal

introductions.

They set out for a vacation in Wales at the end of August, carrying
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bikes and backpacks aboard the train. But after a week together day

and night, Alan realized it would be impossible for him to proceed

with the expectations of a traditional marriage and his needs for

a male partner. He broke off the engagement shortly after their

return. It was a difficult and sad time for them, but he did leave Joan

with the understanding that the fault did not lie with her.

Joan and Alan maintained a strong friendship for the rest of their

time at Bletchley Park and afterward. She had many successes

dealing with the navy Enigma, becoming deputy head of Hut 8, but

gender bias blocked her from being named chief. Clarke remained

a member of the British code establishment after the war. The true

extent of her contributions to cryptology awaits declassification of

still-secret documents.

We may also never know the full story of Turing’s contributions to

cryptology. That German messages were regularly deciphered was

a closely guarded secret for three decades. Everyone at Bletchley

signed the Official Secrets Act and took the vow of silence seriously.

Reports on the cracking of Enigma and the intelligence it provided

only began to appear in the early 1970s. Even 40 years after these

publications, many Bletchley veterans, then in their 80s and 90s,

would not discuss the work they had done. Wartime Prime Minister

Winston Churchill, commenting on the importance of the

codebreakers’ work and their commitment to keeping it secret,

dubbed them “the geese that laid the golden eggs—but never

cackled.’’

As late as April 2012, the British government was still declassifying

documents Turing had written. The Government Communications

Headquarters (GCHQ), the successor to the Government Code and

Cipher School (GCCS), donated two papers by Turing to the British

National Archive. A GCHQ mathematician told the BBC they had

“squeezed the juice’’ out of the papers and he was “happy for them

to be released into the public domain.’’ In these documents, Turing’s

earlier research on the Central Limit Theorem provided a

foundation for a longer discussion of using probability theory to

break codes; a shorter paper, “On Statistics of Repetitions,’’ dealt
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with proving that two passages employed the same key by analyzing

repeated characters. Other Turing reports, papers, analyses, and

proposals may still be classified.

The American connection

The Americans eventually took over the production of the bombes,

with the Navy commandeering space at the National Cash Register

Company in Dayton, Ohio. The lead engineer was Joseph R. Desch,

a Dayton native born a mile from the Wright brothers’ bicycle shop.

Commander Ralph Meader headed the project, dubbed the Naval

Computing Machine Laboratory, with Desch serving as research

director.

German U-Boats were successfully attacking Europe-bound

convoys escorted by U. S. Navy ships. Desch and his associates were

under tremendous pressure to produce the bombes, but they lacked

detailed information on how the British machines functioned and

hadn’t received a promised prototype. Meader told Desch he would

be responsible “for the deaths of a lot of American boys if he didn’t

get the job done.’’ After the war, Desch told his daughter he had felt

so much anguish over the sailors who were drowning in the Atlantic

that he believed his very soul was in jeopardy.

In December 1942, Turing visited the Dayton site to offer advice

about the machines Desch’s crew were building. The Navy used

Desch’s modest home for guests visiting the project. Desch and his

wife used one of the two bedrooms. Meader occupied the other one.

Everyone else who stayed, including Turing, slept on the living room

floor.

After several false starts and redesigns, Desch’s group delivered

the first American bombes to the Navy in 1943. They continued to

improve the capacity and speed of the machines for the rest of the

war.

Turing’s visit to Dayton was a closely guarded secret. Many of his
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Bletchley Park colleagues remained unaware of it until well after

the war. Alan was on an extended trip to the U. S. as the chief

liaison between the British and American codebreakers. In addition

to advising on the design and construction of bombes, Turing also

worked on voice encryption, so that Churchill and President

Franklin D. Roosevelt could speak to each other directly via

telephone without eavesdroppers. In January 1943, Turing arrived

at Bell Labs, the main research facility of the American Telephone

and Telegraph Company (AT&T) in New York City. He spent two

months there, concentrating on cryptology for voice transmission,

but also learning about other Bell Lab projects. The laboratory was

conducting research on many classified programs. Individual

scientists generally only had knowledge of their own “cells,’’ while

everything else was walled off, but the White House gave Turing

access to a wide range of these projects.

He initially worked on cracking voice encipherments, but also

became immersed in Project X, an effort to create a theoretically

unbreakable one-time pad equivalent for speech. Turing helped

develop a successful implementation, which was called by various

names including SIGSALY, Ciphony I, and The Green Hornet, so

named because anyone intercepting the signal would only hear a

buzzing sound like the theme song of a popular radio show, The

Green Hornet. The system worked but was impractical for

widespread use, as the equipment weighed 55 tons, filled 2,500

square feet, required considerable air conditioning, and produced,

in the end, fairly low-quality speech. It did prove unbreakable

though, providing a secure channel between Churchill and

Roosevelt, and between Eisenhower in London and the War

Department in Washington.

During the week-long crossing that brought Alan back to England

in March of 1943, he thought of another approach to voice

enciphering that could be carried out by a simpler, more portable

device. Work on converting his idea into reality occupied a good

part of Turing’s wartime work after his return to Britain. Of greater

lasting impact on him from the Bell Labs sojourn were Alan’s
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conversations with perhaps his only American intellectual peer,

Claude Elwood Shannon.

Discussions about computers and brains

Shannon was a mathematician and electrical engineer, whose

seminal 1948 paper “A Mathematical Theory of Communication’’

created the field of information theory. Shannon’s interests were

close to Turing’s. He had worked on analog computing devices at the

Massachusetts Institute of Technology (MIT) shortly after receiving

his undergraduate degree in 1936. Shannon’s master’s thesis, which

demonstrated that logical relationships could be represented

electronically, founded digital circuit design theory. He earned his

doctoral degree from MIT with a thesis on theoretical genetics

and served as a National Research Fellow at Princeton’s Institute

for Advanced Study before joining Bell Labs. In 1949, he published

“Communication Theory of Secrecy Systems,’’ a declassified version

of a memorandum he had prepared four years earlier, laying out the

foundations for modern mathematical cryptology. Shannon proved

that the one-time pad is unbreakable and conversely that any

unbreakable method must have essentially the same characteristics

as the one-time pad: a secret large random key never reused in

whole or part. Shannon’s measure of information is very close to

Turing’s measure of weight of evidence.

Shannon’s insights into cryptology and communication theory

developed simultaneously. “They were so close together,’’ he wrote,

“you couldn’t separate them.’’ Naturally, Shannon was heavily

involved in the X Project where he and Turing likely first met. One

of Alan’s assignments was advising the British government whether

the system was secure enough for Churchill to use. Although they

no doubt shared critical technical information, Shannon and Turing

were perhaps more affected by their conversations over tea and

lunch about computers and brains.
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The pair met each afternoon during these breaks in the Bell Labs

cafeteria. As Shannon recalled

Turing and I had an awful lot in common, and we would

talk about that kind of question. He had already written his

famous paper about Turing Machines, so called, as they call

them now, Turing Machines. They didn’t call them that then.

And we spent much time discussing the concepts of what’s

in the human brain. How the brain is built, how it works

and what can be done with machines and whether you can

do anything with machines that you can do with the human

brain and so on. And that kind of thing. And I had talked to

him several times about my notions on Information Theory,

I know, and he was interested in those.

Though he admired America’s technological prowess, Turing

generally disdained the nation’s intellectual ability, feeling that

brawn was favored over brain. Shannon was an exception, however.

Both men had thought deeply about machines, minds, and

communication. Each appreciated exchanging views with the other.

Interviewed in the 1970s, Shannon recalled

We had dreams. Turing and I used to talk about the

possibility of simulating entirely the human brain, could we

really get a computer which would be the equivalent of the

human brain or even a lot better? And it seemed easier then

than it does now maybe. We both thought that this should

be possible in not very long, in ten or 15 years. Such was not

the case, it hasn’t been done in thirty years.

One day at lunch, Turing’s exclaimed in a high-pitched voice, “No,

I’m not interested in developing a powerful brain. All I’m after is

just a mediocre brain, something like the President of the American

Telephone and Telegraph Company.’’ It was a rather shocking

declaration for the aspiring AT&T executives sitting nearby.
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In their biography, A Mind at Play: How Claude Shannon Invented

the Information Age, Jimmy Soni and Rob Goodman conclude

At his core, Shannon was a private person, with fewer

confidants than his stature within the scientific community

might suggest. In a life of exposure to many of the world’s

leading scientists, mathematicians, and thinkers, Shannon

always gave the impression of a wallflower … the sort of

person for whom the concept of “networking’’ was

distasteful when applied to anything other than telephone

lines. All of which is to say that the fact he connected as

enthusiastically as he did with Turing is as remarkable as

anything the pair discussed. That Shannon could, in the brief

few months they had together at Bell Labs, win Turing’s

confidence and friendship says a great deal about each

man’s high opinion of the other. Turing was, in Shannon’s

words, ‘a very, very impressive guy.’ Turing even visited

Shannon at home, a rarity for a host who so preferred his

own company-and a guest who did, too.

Although Turing cooperated with his American counterparts and

coordinate efforts, not all knowledge was shared. No one was

supposed to learn precisely what Alan’s role and achievements at

Bletchley Park were. He never hinted to Shannon, for example,

about the work on the Enigma machine.

Only a few years had passed since Turing’s stay at Princeton,

but he was still not used to, or comfortable with, many American

customs. Some coworkers complained that Alan did not greet them

when they crossed paths nor even seem to recognize their

existence. He responded that at Cambridge, it was sufficient to

say hello once on first seeing a colleague in the morning. “It’s

redundant,’’ he said, “to keep saying hallo, hallo, hallo.’’

Turing also found other aspects of American life unsettling. At

the Greenwich Village hotel where he lodged, a man made a direct

casual sexual approach to him, an occurrence that would never

happen in England. Even Alan’s dreams were affected. “I had a dream

98 | War Years



last night,’’ he recounted at Bell Labs. “I dreamt I was walking up

your Broadway carrying a flag, a Confederate flag. One of your

bobbies came up to me and said, ‘See here! You can’t do that’ and I

said, ‘Why not? I fought in the War Between the States.’’’

During his stay, Turing likely consulted on some mathematical

difficulties needing to be resolved in designing the atomic bomb.

John von Neumann, with whom Alan had worked in Princeton, was

heavily involved in tackling such problems. One particularly

important but vexing one was the proper placement of charges

within the bomb to sustain a nuclear reaction. Shortly after his

return to England, Turing proposed a problem to Jack Good:

Consider a collection of barrels of gunpowder distributed on a

rectangular grid throughout the plane. You know probabilities that

if one barrel blows up, then the adjacent barrels also explode. What

is the probability that the explosions will continue to spread out

indefinitely?

The sole civilian aboard the troop transport Empress of Scotland,

Turing returned home in March 1943. Hugh Alexander was now

supervising Hut 8. Conel Hugh O’Donel Alexander was also a

Cambridge-trained mathematician but was recruited to

codebreaking because he was a talented chess player. It was thought

that problem-solving skills needed to master chess or succeed at

challenging crossword puzzles might translate into unraveling

enemy ciphers. Alexander, twice the national chess champion, did

not disappoint. He remained at GCHQ after the war, serving as head

of the cryptanalysis division for a quarter-century.

Alan was not unhappy relinquishing his Hut 8 direction to

Alexander. He never relished being an administrator and the

compromises it necessitated. As Alexander later wrote about Turing

He was always impatient of pompousness or officialdom of

any kind—indeed it was incomprehensible to him; authority

to him was based solely on reason and the only grounds

for being in charge was that you had a better grasp of the

subject involved than anyone else. He found
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unreasonableness in others very hard to cope with because

he found it very hard to believe that other people weren’t

all prepared to listen to reason; thus, a practical weakness

in him in the office was that he wouldn’t suffer fools or

humbugs as gladly as one sometimes has to.

The Colossus and other projects

Turing had led one successful rebellion against authority in the

autumn of 1941. Frustrated at the inability to secure needed

additional personnel through the prescribed channels, the heads

of Hut 6 and Hut 8 wrote directly to Churchill for help. Alan’s was

the first signature on an October 21 letter marked Secret and

Confidential Prime Minister Only that began

Some weeks ago you paid us the honour of a visit, and

we believe that you regard our work as important. You will

have seen that, thanks largely to the energy and foresight

of Commander Travis, we have been well supplied with the

‘bombes’ for the breaking of the German Enigma codes. We

think, however, that you ought to know that this work is

being held up, and in some cases is not being done at all,

principally because we cannot get sufficient staff to deal

with it. Our reason for writing to you direct is that for

months we have done everything that we possibly can

through the normal channels, and that we despair of any

early improvement without your intervention.

Detailing the bottlenecks which delayed the breaking of the Enigma

ciphers, Turing, Welchman, Alexander, and Hut 6 chief P. S. Milner-

Barry vented their frustration: “The trouble to our mind is that as

we are a very small section with numerically trivial requirements, it

is very difficult to bring home to the authorities finally responsible

either the importance of what is done here or the urgent necessity
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of dealing promptly with our requests … if we are to do our job as

well as it could and should be done it is absolutely vital that our

wants, small as they are, should be promptly attended to.’’

Churchill’s response was swift: “ACTION THIS DAY. Make sure

they have all they want on extreme priority and report to me that

this has been done.’’

Alexander assessed Turing’s overall achievements in breaking the

naval Enigma in the strongest possible terms:

There should be no question in anyone’s mind that Turing’s

work was the biggest factor in Hut 8’s success. In the early

days he was the only cryptographer who thought the

problem worth tackling and not only was he primarily

responsible for the main theoretical work within the Hut but

he also shared … the chief credit for the invention of the

bombe. It is always difficult to say that anyone is absolutely

indispensable but if anyone was indispensable to Hut 8 it

was Turing. The pioneer’s work always tends to be forgotten

when experience and routine later make everything seem

easy and many of us in Hut 8 felt that the magnitude of

Turing’s contribution was never fully realized by the outside

world.

Thanks to the substantial number of bombes now available, the

work on deciphering German navy messages was proceeding

smoothly by early 1943. Turing’s insights and problem-solving were

not needed daily to decrypt Enigma messages. His statistical

techniques would be used in the next major Bletchley Park project,

the creation of Colossus, a machine to crack the Lorenz cipher. Alan

opted out of the design and building phase, but as chief cryptology

consultant, he monitored its progress. Most significant for Turing’s

future work was that Colossus was the first electronic,

programmable digital computer, built with vacuum tubes rather

than with relays employed by the electromechanical bombes. Alan

believed that the machine’s success meant it should be possible to

build an electronic “brain’’ where the programming would be done
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by stored instructions rather than by switches and plugs, as the

Colossus used.

Before plunging into building a fully electronic stored program

computer, Alan began improving the American voice scrambler/

unscrambler. The Green Hornet was massive in volume, weight, and

expense. Although secure, the quality of the unscrambled speech

was poor. Voices heard at the receiving end were, in the words

of one historian, “barely recognized, voices not human but polite

artificial replicas of speech rendered from digital pulses 20

milliseconds in length. … [it] reduced the voice to something cold

and tactical. Tinny and dry like soup cans in a sandbox.’’

The British secret projects involving radio communications were

concentrated at Hanslope Park, about 10 miles north of Bletchley.

Alan began working on a voice encoding device there in September

1943. He was determined to have a hand in all aspects from

theoretical design to soldering circuits. His basic idea was to digitize

the speech and encipher it with an analog of Vernam’s one-time pad.

Once he had the mathematical and physical principles worked out,

Turing began constructing his device.

Robin Gandy and Donald Bayley soon joined Turing. Gandy, a

King’s College mathematician and logician, became a close friend

and doctoral student of Alan’s. “Without his encouragement,’’ Gandy

wrote, “I should long ago have given way to despair; without his

criticism my ideas would have remained shallow and obscure.’’

When Gandy first met him, Turing was hunched over a tangled

bird’s nest of wires and vacuum tubes, yelping when hit by a shock

from the electric current he had left on when soldering. Hodges

painted a picture of Alan “with holes in his sports jacket, shiny grey

flannel trousers held up with an ancient tie, and hair sticking out

at the back,’’ swearing when the solder failed to stick, a figure who

would “scratch his head and make a strange squelching noise as he

thought to himself.’’ Gandy suggested naming the speech encoder

Delilah, the Biblical deceiver of Samson.

Bayley graduated from Birmingham University as an electrical

engineer in 1942 and served in the army’s Corps of Royal Electrical
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and Mechanical Engineers. He helped Turing complete Delilah,

packaging both the scrambling and descrambling device into a small

desktop unit particularly useful for field operations. Their work,

however, was not completed until the war was nearly over. The

military never adopted it but kept Bayley and Turing’s report on the

device classified for more than 50 years.

Bayley enjoyed working with Turing and visited him at Cambridge

and Manchester several times after the war. He was, however,

shocked when Alan first casually mentioned that he was a

homosexual. Bayley told Hodges that he responded rather sharply

“that he had never before met anyone who not only admitted to

what he considered at best distasteful and at worst disgusting

propensities, but who seemed to think it perfectly natural and

almost to be proud of it. Alan in turn was upset and disappointed

by this reaction, which he described as only too typical of society

at large.’’ Bayley eventually accepted Alan’s sexual orientation as one

of his eccentricities and continued working on Delilah. He later

recounted that he thought Alan’s revelation was “beyond the pale’’

and he would have reported it to higher authorities if later Cold

War regulations denying homosexuals a place on secret projects had

been in effect.

Turing had now acquired a deeper understanding of electronics

along with hands-on engineering experience. He had witnessed

with Colossus that a very large number of components could work

together speedily and reliably to carry out complicated tasks. He

had created the very idea almost a decade before of a universal

machine. He now saw the potential for actually building one, a

programmable digital computer on which he might pursue the basic

nature of intelligence. He eagerly awaited the opportunity to try.
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9. London and the ACE

O n May 7, 1945, the public address system of Continental

Undergarment Company in Brooklyn, NY broadcast the

announcement of Germany’s surrender. Thirty workers fainted at

the news. After they came to, the firm’s president told the 500

employees to take the day off—with pay.

The war in Europe officially ended the next day when the Allies

accepted Germany’s unconditional capitulation. Celebrations took

place on what became known as “Victory in Europe Day.” In Britain,

more than a million people filled the streets, crowds massing in

Trafalgar Square as they also did in New York’s Times Square. At

Buckingham Palace, King George VI and Queen Elizabeth appeared

on the balcony with Prime Minister Winston Churchill. The future

Queen Elizabeth II and her younger sister, Princess Margaret, got

permission to wander incognito among the cheering crowds and

take part in the rejoicing.

Some 60 miles away, near Hanslope Park, Turing, Bayley, and

Gandy celebrated more quietly with a walk in the countryside.

Bayley recalled saying as they rested in a clearing, “Well, the war’s

over now. It’s peacetime so you can tell us all.” Bayley added Turing’s

response: “Don’t be so bloody silly.”

Turing was also considering the future, especially how the

success of the Colossus opened up prospects for a large-scale,

stored-program universal digital computer. Would Alan have a hand

in creating such a machine?

The answer came quickly.

John Ronald Womersley grew up in Yorkshire, where his father

managed a grocery. John turned down a prestigious Cambridge

University admission to enroll at London’s Imperial College of

Science and Technology. He graduated with first-class honors in

pure and applied mathematics, physics, hydrodynamics, and the

kinetic theory of gasses. Womersley helped develop a method for
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the numerical integration of partial differential equations on an

analogue computing device.

Womersley’s reading of Turing’s 1936 “On Computable Numbers“

paper piqued his interest in machine calculation and he

experimented with constructing a computer with telephone relays.

On September 27, 1944, Sir Charles Galton Darwin, director of the

National Physical Laboratory (NPL), appointed Womersley as the

first superintendent of the newly-created Mathematics Division.

Darwin, a grandson of the famous evolutionist, gave Womersley the

job of building an electronic digital computer.

Womersley traveled to the U.S. in February 1945, to learn about

American efforts to create programmable computers, some of

which were secret projects: the Model K, ENIAC, and EDVAC, which

he described as “Turing in Hardware.” (EDVAC was an acronym for

“Electronic Discrete Variable Computer.”) Womersley returned to

Britain, determined to get the real Turing involved in his project,

named the ACE for Automatic Computing Engine.

Locating Turing in June of 1945, was not a simple task, as he

was still engaged in secret work at Hanslope. Womersley had his

contacts, however, and some knowledge of Bletchley Park’s

achievements. He conveyed his wish to meet Turing to Newman,

who arranged an introduction that day. Womersley showed Turing

an EDVAC report on von Neumann’s plan and offered Turing the

position as Senior Scientific Officer with the opportunity to design

the ACE. For Alan, who had been combining deep mathematical

analysis and hands-on electronics, this was an ideal next step. He

accepted Womersley’s offer, telling Hanslope colleagues that he was

going to make a brain.

“Brain” computer

Turing formally joined NPL in October 1945, and set about putting

together a detailed design for what would be the first stored-

London and the ACE | 105



program electronic computer. Within several months, he completed

Proposed Electronic Calculator, a 48-page report followed by 52

diagrams. Part I, “Descriptive Account,” covers topics such as the

composition of the calculator, storage, arithmetical considerations,

fundamental circuit elements, and logical control, followed by a

time-table for completion and cost estimates. Part II deals with

more detailed technical proposals.

A close examination of Turing’s introduction shows some of his

revolutionary vision of the computer:

Calculating machinery in the past has been designed to

carry out accurately and moderately quickly small parts of

calculations which frequently recur. The four processes

addition, subtraction, multiplication, and division, together

perhaps with sorting and interpolation, cover all that could

be done until quite recently …

It is intended that the electronic calculator now proposed

should be different in that it will tackle whole problems.

Instead of repeatedly using human labour for taking material

out of the machine and putting it back at the appropriate

moment all this will be looked after by the machine itself. …

It is intended that the setting up of the machine for new

problems shall be virtually only a matter of paper work.

Besides the paper work nothing will have to be done except

to prepare a pack of … cards … and to pass them through

a card reader connected with the machine. There will

positively be no internal alterations to be made even if we

wish suddenly to switch from calculating the energy levels

of the neon atom to the enumeration of groups of order 720.

Turing noted that some advantages of the machine include an

enormous increase in speed, the elimination of human fallibility,

and the carrying out of “very much more complicated processes

than could easily be dealt with by human labour.” He had in mind a
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notion of machine understanding and a far greater variety of tasks

for electronic computers than others had imagined.

The two general-purpose computers in existence when Turing

wrote the ACE proposal were the Colossus and the ENIAC. The

Colossus was a tightly held secret and although it had the capacity

for logical operations, it had largely been used for the single

purpose of decrypting German messages. The ENIAC (Electronic

Numerical Integrator and Computer), not made public until

February 1946, was funded by the U.S. Army for preparing complex

artillery tables, although its first test run involved computations for

the hydrogen bomb.

The principal designers of the ENIAC were John Mauchly and J.

Presper Eckert of the University of Pennsylvania, where work on the

machine began in 1943. Von Neumann was instrumental in getting

the ENIAC to work on the development of thermonuclear weapons

and in publicizing it as “the first electronic computing machine.”

The Colossus remained a secret until the mid-1970s and was not

included in the early histories of computing.

Although both Colossus and ENIAC had the potential to be

general-purpose machines, they lacked Turing’s stored-program

approach. To change the task of either of these machines involved

physically setting switches and moving cables, a process that could

take weeks.

At the conclusion of his introductory remarks, Turing asserted

that his report is a “fairly complete account” of the proposed

computer. He recommended that it be read in conjunction with von

Neumann’s document.

One of the most important, famous and infamous documents

in the history of computing, the EDVAC paper that was being

circulated in 1945 and read by Womersley and, in turn, Turing,

carried the title First Draft of a Report on the EDVAC and listed von

Neumann as the sole author.

Mauchly and Eckert also designed and built EDVAC and, later,

the UNIVAC I. They were the ones who obtained funding from the

Army to build the ENIAC and spearheaded its construction. Aware

London and the ACE | 107



of ENIAC’s limitations, they began planning in early 1945 for EDVAC

as a successor. Von Neumann was involved in the discussions and

produced the draft report which was circulated with Eckert and

Mauchly’s names perhaps inadvertently omitted as authors and no

mention of them within the report itself. Eckert and Mauchly

resigned from Penn’s Moore School of Engineering, which had the

Army contract, and started their own company.

The omission of Eckert and Mauchly’s names and contributions

from von Neumann’s report is one of the two major features causing

controversy over the years. The other is a failure on von Neumann’s

part to assign appropriate credit to Turing, whose name is also

omitted. The lasting importance of the EDVAC document is that it

heralded a shift from hardware to software as the primary concern

of computer science. It spelled out the idea that everything the

machine needed to carry out its work—instructions, input data, and

intermediate calculations—could and should all be in one place, the

computer’s memory. As von Neumann wrote

The device requires a considerable memory. While it

appeared that various parts of this memory have to perform

functions which differ somewhat in their nature and

considerably in their purpose, it is nevertheless tempting to

treat the entire memory as one organ.

But the idea of “one organ” is really equivalent to the single tape of

the machine described in Turing’s 1936 Computable Numbers paper

of which von Neumann was certainly aware. Since von Neumann

was internationally known as a leading mathematician, served as a

consultant to many war-time military projects, and wrote and spoke

to many audiences on the subject, stored-program electronic digital

computers became known as von Neumann machines. They were

said to embody the von Neumann architecture. Early histories of the

computer, especially those authored before the work of Bletchley

Park became public, inappropriately focused on von Neumann’s

contributions to the neglect of Turing’s pioneering ideas.

The American physicist Stanley P. Frankel worked alongside von
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Neumann on the Manhattan Project in speeding up the massive

calculations involved in designing the first atomic bombs. Frankel

was also an early user of the ENIAC and familiar with the

development of the first digital computers. He gave compelling

testimony about von Neumann’s understanding and appreciation of

Turing’s work:

I know that in or about 1943 or ’44 von Neumann was well

aware of the fundamental importance of Turing’s paper of

1936 … Von Neumann introduced me to that paper and at his

urging I studied it with care. Many people have acclaimed

von Neumann as the “father of the computer“ (in a modern

sense of the term) but I am sure that he would never have

made that mistake himself. He might well be called the

midwife, perhaps, but he firmly emphasized to me, and to

others I am sure, that the fundamental conception is owing

to Turing.

Turing may have been angry and upset at von Neumann’s “wholesale

appropriation of his ideas,” but he made no public comment; his

references to the EDVAC report are neutral in tone. Indeed, the

remainder of Turing’s Proposed Electronic Computer report assumes

the reader is familiar with von Neumann’s draft.

Womersley secured Darwin’s support, promising that the ACE

would change the pace of scientific research. Darwin convened

NPL’s executive board in February 1946, to consider support for

the project. After listening to Womersley and Turing—the latter’s

technical details soaring over some of their heads—the board

enthusiastically and unanimously voted support. Darwin obtained

10,000 pounds sterling (about half a million U. S. dollars today) from

the government to build the ACE.

Turing based his report not only on the theoretical understanding

of computation he began in 1936, but also on his work with the

bombes and Colossus. The Official Secrets Act prevented him from

saying the Bletchley Park experience gave him the assurance that it

would work. He hoped Tommy Flowers, the architect of Colossus,
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would be the chief engineer, but secrecy concerns and other

demands eventually prevented that. For a time, the work was done

at Flowers’ home base, the Post Office research center at Dollis Hill,

about 14 miles from the NPL. Alan would often run the distance to

attend meetings, tying up his old flannel trousers with a rope at his

waist.

The pursuit of running

Long-distance running became a major activity for Turing. In

addition to the Dollis Hill treks, he frequently trotted the 18 miles

from his Hampton-on-Thames residence to his mother’s Guilford

home. The Turing family was not always keen on his sudden arrivals.

“Alan would descend upon any household at any moment of the day

or night with or without warning and seldom with more than a few

hours’ notice,” his brother complained. “The first we knew of his

impending arrival was a badly made parcel containing a change of

clothing. About twelve noon, he would come running up the steep

hill of Jenner Road and straight up the stairs and into a bath. … Alan

was great on telegrams. ‘Arriving today’ (not specifying exact date

or time but well within the allotted shilling) was typical. My mother

received loads of telegrams of this sort and they drove her wild.”

Alan also ran competitively. While working at the NPL, he joined

the Walton Athletic Club, an amateur group based in a London

suburb. Running for the club, he set records in the 3- and 10-mile

championships. Club secretary J. F. “Pete” Harding recalled his

impressions of Turing:

We heard him rather than saw him. He made a terrible

grunting noise when he was running, but before we could

say anything to him, he was past us like a shot out of a gun.

A couple of nights later, we kept up with him long enough

for me to ask him who he ran for. When he said nobody, we
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invited him to join Walton. He did and immediately became

our best runner.

Looking back, he was the typical absent-minded professor.

He looked different to the rest of the lads; he was rather

untidily dressed, good quality clothes mind, but no creases

in them; he used a tie to hold his trousers up; if he wore a

necktie, it was never knotted properly; and he had hair that

just stuck up at the back. He was very popular with the boys,

but he wasn’t one of them. He was a strange character, a very

reserved sort, but he mixed in with everyone quite well: he

was even a member of our committee.

We had no idea what he did, and what a great man he was.

We didn’t realise it until all the Enigma business came out.

We didn’t even know where he worked until he asked us if

Walton would have a match with the NPL. It was the first

time I’d been in the grounds. Another time, we went on our

first ever foreign trip to Nijmegen in Holland; he couldn’t

come, but he gave me five pounds, which was a lot of money

in those days, and said “Buy the boys a drink for me.”

We never had any indication whatsoever [of his being gay.]

There was our dressing room, with 20 or 30 young men,

running around naked, darting in and out of the showers. He

never approached one of them, invited them out for a drink

or anything. But … we used to go on trips to London. We

booked a show at the Prince of Wales theatre. There were

dancing girls … Of course, the boys in the club, their eyes

were bobbling out of their heads; they were all young lads. I

looked across at Alan, and he was asleep.’

I asked him one day why he punished himself so much in

training. He told me “I have such a stressful job that the only

way I can get it out of my mind is by running hard; it’s the

only way I can get some release.”
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Alan did remarkably well for someone starting to run competitively

only in his 30s and with apparently little, if any, professional

training. Track experts examining photos of Turing running a race

conclude that he had a very poor style with inefficient strides and

his arms in an awkward position. His success was largely due to his

strength, stamina and will to win.

Alan hoped to compete in the 1948 Olympics as a marathoner.

His best time before the trials was 2 hours, 46 minutes, only 11

minutes slower than the eventual gold medal winner. He finished

5th in the Olympic trials to determine the three-man British team.

He looked forward to improving but sustained a hip injury, ending

the possibilities of achieving world-class levels.

Dissention in the ranks

Alan’s approach to creating an electronic digital computer was to

keep the hardware as simple as possible and rely on the software

to carry out the complex tasks. Unfortunately, Womersley seemed

to Turing to be overly impressed with von Neumann’s approach,

insufficiently confident that Alan’s approach would work, and

generally lacking in knowledge and ability to direct the project. Sara

Turing said to Alan that the sole criterion for being a supervisor

should be “that you had a better grasp of the subject involved than

anyone else.” She noted that her son was “intolerant of authority

not justified by ability.” Turing’s respect for Womersley rapidly

deteriorated and Alan tried to ignore his official supervisor as much

as possible.

Womersley, initially proud of snagging a young genius for the ACE

endeavor, also soured on Turing. He may have suspected that Alan’s

disrespect toward him was spreading to others, or was unhappy

when Turing didn’t limit himself to the theoretical work but overly

interfered with the engineers, or perhaps he was skeptical about

the bold claims that Turing made about the potential of the digital
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computer. Darwin and Womersley also worried that Britain was

falling behind the U.S. in computer development. Unaware of what

Turing, Flowers, and others had accomplished during the war, they

were apprehensive that Alan’s approach was less likely to keep up

with the Americans.

Womersley met with von Neumann and was very impressed with

his thinking and his reputation. Another important British figure

captivated by von Neumann was Maurice Wilkes. Sir Maurice, a

former university classmate of Alan’s, was a mathematician and

physicist directing the Cambridge Mathematical Laboratory. Wilkes

was creating a version of the EDVAC at Cambridge with support

from the NPL leadership, who increasingly saw Turing’s ideas as

deviating too far from the mainstream of computer research. Alan,

of course, was candid, perhaps too candid, in his negative response

to Wilkes’ project.

In the end, Turing and his ACE design were eased out of the NPL.

His ACE was shrunk to a Pilot ACE, a preliminary prototype of the

actual ACE. Turing was sidetracked to give a series of lectures on

the ACE.

It was finally agreed that Alan should take a sabbatical leave in

1947-48 at King’s College, where he would work half time on his own

research and dedicate the rest to theoretical aspects of computing

that might be applied to the eventual creation and use of the ACE.

New friends

Back at King’s, Turing studied physiology and neurology, needing to

know more about the human brain now that he was going to create

an electronic one. In a tolerant environment once again, Turing

deepened his connection with Robin Gandy and made several new

friendships. One particularly close younger colleague was Norman

Routledge who wrote his doctoral dissertation on computable

numbers.

London and the ACE | 113



Turing enjoyed conversing with the young Cambridge students

on matters both of mathematics and gossip. “He was shrieking and

giggling all the time,” Routledge observed, but added on a more

serious note that Alan “was totally original, so untouched by fashion,

totally his own man. He invented all his own stuff, it’s how he was

able to make the breakthroughs that he did.”

Turing became more transparent about his homosexuality during

this year, announcing it to Gandy, who felt Alan’s admission made

him a less remote figure. Alan was a bit less shy and more confident

in approaching men for a possible liaison but still lacked the

techniques for a successful seduction. He could be too brusque and

direct; “Sometimes you’re talking to someone,” he told Gandy “and

you know that in three quarters of an hour you will either be having

a marvelous night or you will be kicked out of the room.”

One person with whom Alan had a “marvelous night” was Neville

Johnson, who became his lover on and off for the next four years.

Johnson was an undergraduate mathematics student, a bit older at

24 than his classmates, as he had served in the army. Because of

his military connection and his undistinguished performance as a

mathematician, there were rumors that Johnson had been placed at

Cambridge to spy on Turing. Publicly visible as a couple, Alan and

Neville vacationed together in Switzerland during August of 1948,

mountain hiking and cycling by day, staying at youth hostels by

night.

When Alan left for Manchester University, Neville remained in

Cambridge for a graduate statistics program. Turing would visit

every few weeks and they spent the Easter vacation together in

France. After Johnson completed his degree, he worked for an

electronics company near Reading, moving in with his mother, thus

making intimate visits between the two men much more difficult.

Neville’s mother learned about Turing’s homosexuality in 1952 and

forbade her son to have any more contact with Alan. The closeness

of the two men’s relationship is indicated by Turing’s will, which

gave a substantial share of his estate to Johnson.

The Pilot ACE was completed in 1950, well after Turing left the
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NPL and operated successfully until 1955 when it was

decommissioned and given to London’s Science Museum. The full-

scale ACE, as Turing envisioned it, was never built.

Alan’s 1946 report foresaw something akin to the World Wide

Web. He noted that a remote user could direct the computer over a

telephone line, envisioning telecommunications and telecomputing

decades earlier than anyone else.

Michael Woodger, Turing’s chief assistant at NPL, recalled that

Alan came to the official opening of Pilot ACE and said how much

better they had done than would have been possible if he had

stayed. “That was an amazingly generous thing to say,” Woodger

noted. “So he really had a heart of gold that man. Not only was he

a towering genius—he was a real gentleman. … The modern world

has gone barmy about computers, and it owes the whole shooting

match to Turing. That’s what I think. Sounds like a very big

exaggeration, but I do believe that.”

Turing’s thoughts and vision

While still working at NPL, Turing gave a very important lecture to

the London Mathematical Society on February 20, 1947. Although

the focus was on the ACE, he presented more general views on the

capabilities and future of computers. The complete lecture is readily

available online and in The Essential Turing, but here are some

excerpts that show his thoughts and vision. First, Alan’s comments

on memory vs speed:

The full storage capacity of the ACE … will be about 200,000

binary digits. This is probably comparable with the memory

capacity of a minnow. … I believe that the provision of

proper storage is the key to the problem of the digital

computer, and certainly if they are to be persuaded to show

any sort of genuine intelligence much larger capacities than
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are yet available must be provided. In my opinion this

problem of making a large memory available at reasonably

short notice is much more important than that of doing

operations such as multiplication at high speed. Speed is

necessary if the machine is to work fast enough for the

machine to be commercially valuable, but a large storage

capacity is necessary if it is to be capable of anything more

than rather trivial operations. The storage capacity is

therefore the more fundamental requirement.

At the end of his lecture, Turing addressed the question of

computers and intelligence. I have broken up some of his longer

paragraphs into shorter segments for better readability:

Roughly speaking those who work in connection with the

ACE will be divided into its masters and its servants. Its

masters will plan out instruction tables for it, thinking up

deeper and deeper ways of using it. Its servants will feed it

with cards as it calls for them. They will put right any parts

that go wrong. They will assemble data that it requires. In

fact the servants will take the place of limbs. As time goes

on the calculator itself will take over the functions both of

masters and of servants. The servants will be replaced by

mechanical and electrical limbs and sense organs …

The masters are liable to get replaced because as soon as

any technique becomes at all stereotyped it becomes

possible to devise a system of instruction tables which will

enable the electronic computer to do it for itself. It may

happen however that the masters will refuse to do this. They

may be unwilling to let their jobs be stolen from them in

this way. In that case they would surround the whole of

their work with mystery and make excuses, couched in well-

chosen gibberish, whenever any dangerous suggestions

were made. I think that a reaction of this kind is a very real

danger. This topic naturally leads to the question as to how
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far it is possible in principle for a computing machine to

simulate human activities. …

It has been said that computing machines can only carry

out the processes that they are instructed to do. This is

certainly true in the sense that if they do something other

than what they were instructed then they have just made

some mistake. It is also true that the intention in

constructing these machines in the first instance is to treat

them as slaves, giving them only jobs which have been

thought out in detail, jobs such that the user of the machine

fully understands what in principle is going on all the time.

Up till the present machines have only been used in this

way. But is it necessary that they should always be used in

such a manner? Let us suppose we have set up a machine

with certain initial instruction tables, so constructed that

these tables might on occasion, if good reason arose, modify

those tables. One can imagine that after the machine had

been operating for some time, the instructions would have

altered out of all recognition, but nevertheless still be such

that one would have to admit that the machine was still

doing very worthwhile calculations. Possibly it might still be

getting results of the type desired when the machine was

first set up, but in a much more efficient manner.

In such a case one would have to admit that the progress

of the machine had not been foreseen when its original

instructions were put in. It would be like a pupil who had

learnt much from his master, but had added much more by

his own work. When this happens, I feel that one is obliged

to regard the machine as showing intelligence. …

I would say that fair play must be given to the machine.

Instead of it sometimes giving no answer we could arrange

that it gives occasional wrong answers. But the human

mathematician would likewise make blunders when trying
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out new techniques. It is easy for us to regard these blunders

as not counting and give him another chance, but the

machine would probably be allowed no mercy.

In other words then, if a machine is expected to be infallible,

it cannot also be intelligent. There are several mathematical

theorems that say almost exactly that. But these theorems

say nothing about how much intelligence may be displayed

if a machine makes no pretense at infallibility. To continue,

my plea is for ‘fair play for the machines’ when testing their

I.Q.

A human mathematician has always undergone an extensive

training. This training may be regarded as not unlike putting

instruction tables into a machine. One must therefore not

expect a machine to do a very great deal of building up of

instruction tables on its own. No man adds very much to

the body of knowledge, why should we expect more of a

machine? Putting the same point differently, the machine

must be allowed to have contact with human beings in order

that it may adapt itself to their standards.

Turing gave several talks on computer intelligence and in 1950 he

authored a seminal paper we will discuss in the next chapter, but

this 1947 lecture had themes he emphasized in all his presentations.

There was assurance in his tone that computers would develop

an intelligence parallel to that of humans. Alan also expressed the

concern that humans would fear the potential of digital computers

and seek to impede that development. Some have seen in Turing’s

plea for “fair play” for the machine a perhaps unconscious plea for

respect and equal treatment for himself and others who do not meet

the expected norms of behavior and sexual orientation. His country

certainly did not treat Turing fairly because of his homosexuality.

What human society will consider fair play for computers when they

achieve a level of intelligence close to or beyond our own is yet to

be determined.
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10. Manchester

A s Turing’s sabbatical year drew to a close in the spring of 1948,

he considered what to do next. He remained eager to develop

a computer that might appropriately be called an electronic brain.

Darwin and Womersley did not share that vision. They had

essentially scrapped Turing’s ideas for the ACE. Returning to the

NPL was not an appealing option for Alan.

Turing could have remained at Cambridge, where Wilkes was

designing the Electronic Delay Storage Automatic Calculator

(EDSAC), a stored program computer. Wilkes’ approach, however,

was exactly the opposite of Turing’s. Alan thought Wilkes’s design

was “much more in the American tradition of solving one’s

difficulties by means of much equipment rather than by thought.”

Contemporaries as Cambridge undergraduates, Wilkes and

Turing developed some level of distrust toward each other, along

with envy and competition. Turing kept putting off visiting Wilkes’

laboratory during his sabbatical stay, finally making an appearance

late in the year. All he reported back was that Wilkes looked like

a beetle. Wilkes harbored some resentment toward Turing as well,

perhaps because his own contributions to computers had been less

appreciated than Alan’s.

Thus, neither staying on at Cambridge nor returning to NPL were

attractive options. Fortunately, there was a third possibility.

In September 1945, Max Newman became head of the

mathematics department at Manchester University. His experience

with the Colossus machine showed him the potential for digital

computers. He was determined to build a general-purpose

computing device. He wrote to von Neumann of his hopes “to

embark on a computing machine section here, having got very

interested in electronic devices of this kind during the last two or

three years … I am of course in close touch with Turing.”
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The Mersenne primes

Newman quickly established a computing machine laboratory at

Manchester, secured funding from the Royal Society, and recruited

two electronic circuit design experts, Frederic Williams and Thomas

Kilburn. Based on Turing’s ideas, Williams and Kilburn constructed

the Manchester Baby, which became, on June 21, 1948, the first

stored-program computer to run a program.

Newman encouraged collaboration between the engineers and

the mathematicians, quite unlike the common practice at NPL. He

was eager for Turing to join his efforts and Alan happily accepted.

He became Deputy Director of the lab (there was no formal

director), concentrating on creating software for the Manchester

Mark 1, the successor to the Baby. He also wrote a programming

manual for the machine.

The Manchester computers did carry out some classified work,

including generating sequences of random numbers for one-time

pads and calculations necessary for Britain’s development of atomic

weapons.

As the engineers built the computer, Newman and Turing sought

an interesting mathematics problem to demonstrate the potential

power of the machine and obtain some good publicity for their

work. Newman suggested looking for Mersenne primes and Alan did

the programming.

Father Marin Mersenne (1588–1648) was a French theologian,

philosopher, music theorist, and mathematician. He unsuccessfully

sought a formula that would generate all the primes, but his work

on a special form of prime numbers remains of interest.

Mersenne considered primes of the form where p is itself

a prime. In 1644, he claimed that numbers of this form are prime

for p = 2, 3, 5, 7, 13, 17, 19, 31, 67, 127 and 257 but fail to be prime

for the other 44 primes less than 257. For example, when p = 13,

, which is prime. For p = 11 (not on

Mersenne’s list), , definitely not a prime. In
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Mersenne’s lifetime, his claim was known to be true for all but the

last four numbers in his list. We now know that Mersenne was

wrong about p = 67 and 257 (neither is prime) and that he missed p =

61, 89 and 107 which all make prime. You can verify, if you like,

that .

Despite his errors, primes of the form are called Mersenne

prime.

The last Mersenne prime discovered without a digital computer

has p = 127, which Édouard Lucas found in 1876 after 19 years of

effort. As of March 2020, mathematicians have identified 51

Mersenne primes, the largest of which (for p = 82,589,933) has more

than 24 million decimal digits. No one knows whether there are

infinitely many Mersenne primes.

In the late spring of 1949, the Manchester computer verified all

the then-known Mersenne primes and extended the search to p =

433. [The next largest Mersenne prime occurs at p = 521; it was

discovered in 1952].

Although the result itself is modest, Newman and Turing

established that digital computers can make progress on important

mathematical problems, completing calculations and making

decisions in a few hours that would take humans years to do on their

own.

They also captured the public’s imagination. On June 11, 1949, The

Times of London ran an article “The Mechanical Brain” that said in

part

Experiments which have been in progress in this country

and the United States since the end of the war to produce

an efficient mechanical “brain” have been successfully

completed at Manchester University, where a workable

“brain” has been evolved. Not only is it working satisfactorily,

but for the first time a machine has been brought to the

point at which it can work out problems which it is

practically impossible to execute on paper.
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The reporter, identified only as “Our Special Correspondent,” went

on to quote Alan making some rather bold claims for the future:

Mr Turing said yesterday: “This is only a foretaste of what is

to come, and only the shadow of what is going to be … It may

take years before we settle down to the new possibilities,

but I do not see why it should not enter any of the fields

normally covered by the human intellect, and eventually

compete on equal terms.”

As the Mark I computer took shape, Alan was allotted time (usually

the overnight hours) to run test programs for his own mathematical

research. He developed a new numerical approach to studying the

Riemann Hypothesis, the major unsolved problem about the

distribution of prime numbers. He implemented his idea on this

shaky early digital computer in June 1950. Turing showed that even

relatively slow digital computers with limited storage and frequent

breakdowns could assist mathematicians by automatically carrying

out calculations that had previously required human intervention.

In 1948, Turing and Champernowne worked out a chess-playing

algorithm that would essentially look two moves ahead at each stage

of the game and make an optimal choice among all the possibilities.

Turing wrote the programming code for their system, which they

named “turochamp”, for the Mark I; but it was too complex to run on

that early computer. Turochamp is called the first computer chess

game even though it was never actually executed on a machine in

Turing’s lifetime.

Alan spent his remaining years at Manchester University and

became a first-time homeowner in 1950, purchasing Hollymeade, a

Victorian-era house in the nearby town of Wilmslow. During this

period, he gave considerable thought to the possibilities of machine

intelligence and pioneered an entirely new field within

mathematical biology.
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11. Artificial Intelligence

A s the 20th century reached its midpoint, the major concern

around the world was the conflict between Western

democracy and communism. The Cold War became a hot one. The

Korean War began on June 25, 1950, when troops from the north

(backed by the Soviet Union and China) invaded the south

(supported by the United States and the United Nations). Russian

acquisition of atomic bombs led to fears of nuclear holocaust. Air

raid drills were a regular occurrence in American schools where

students wore ID tags with their blood types in case emergency

transfusions were needed. Citizens were alerted to tune in to

special radio frequencies for civil defense messages. “Red Scare”

hysteria grew with charges of communist traitors infiltrating the

American and British governments, a fear that ultimately impacted

Alan Turing.

Mathematicians and engineers in England and the United States,

meanwhile, were hard at work creating the first digital computers.

They naturally began considering the ultimate limits of what these

machines could accomplish. Turing had strong feelings about their

eventual intellectual abilities, views he presented to a wider

audience.

“Digital computers have often been described as mechanical

brains,” he began a May 15, 1951 talk for BBC radio. “Most scientists

probably regard this description as a mere newspaper stunt, but

some do not. One mathematician has expressed the opposite point

of view to me rather forcefully in the words ‘It is commonly said that

these machines are not brains, but you and I know that they are.’”

Turing had been thinking about this issue for many years.

Government Code and Cypher School colleagues recall his

typewritten paper on machine intelligence and discussions at

Bletchley Park about mechanizing problem solving and having

computers learn from experience. He speculated on the possibility
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of machines solving problems by conducting a guided search

through a myriad of possible solutions. His bombe design

implemented a mechanical search through a space of possible

configurations of the Enigma. A machine might also search through

other spaces, such as the placement of pieces on a chess or

checkerboard, or locations for zeroes of the Riemann zeta

function—problems Turing worked on with the Manchester

computer.

Alan pioneered the subject he called machine intelligence, which

we commonly label artificial intelligence. In addition to his 1947

lecture at the London Mathematical Society, he also prepared

“Intelligent Machinery: A Report by A. M. Turing” for the NPL shortly

after the Manchester computer began running programs in June

of 1948. The first person to carry out meaningful research in this

field, Turing also provided the seminal scholarly paper addressing

the major philosophical questions.

“I propose to consider the question, ‘Can machines think?’” So

begins Alan Turing’s essay, “Computing Machinery and Intelligence,”

in the October 1950 issue of the philosophy journal Mind.

The Imitation Game

Turing’s name is attached to many concepts. Computer scientists

are familiar with Turing Machines and the Church-Turing Thesis.

Developmental biologists write about Turing Patterns and Turing

Instability, ideas that originated in his work on pattern formation.

His best-known idea among the general public, however, is the

Turing Test. Internet browsers return a million results in responses

to a search for “Turing Test.”

Turing used the term Imitation Game to address the main

question of his paper. He preferred a behavioral approach rather

than attempting to define the words machine and think. It replaces

the challenging philosophical problem of what it means to think

124 | Artificial Intelligence



with an empirically observable one: can machines do what human

thinkers can do?

The Imitation Game has three players: a man (A), a woman (B)

and an interrogator (C) who cannot see or hear the others. The

interrogator wins the game by correctly determining their genders.

The interrogator knows them by the labels X and Y and may ask

them each questions. The game ends when the interrogator

declares “X is a man and Y is a woman” or “X is a woman and Y is a

man.”

A’s objective is to cause C to make the wrong identification. The

man (A) will try to answer questions in a manner leading C to think

that A is a woman. The woman (B) will give answers to help the

interrogator. Neither A nor B is required to answer truthfully.

C may direct questions or requests to A or to B. Suppose the

player whom C knows only as X is the man. Turing provides a sample

question and a response X might give:

C: Will X please tell me the length of his or her hair?

X: My hair is shingled, and the longest strands are about

nine inches long.

C might then think that if X is telling the truth, it’s more likely that

X is B (the woman) than A (the man). But X could very well be lying

in order to lead C to make the wrong identification. The woman,

trying to assist the interrogator, might add “I am the woman, don’t

listen to him” to all her answers, but the man could make similar

remarks. (Turing’s understanding of gender as binary and his use

of stereotyped features such as hair length reflect prejudices of his

time and would certainly not be acceptable today.)

Interrogators would win this imitation game sometimes, but not

always. Turing asked what would happen if a machine took the part

of A in this game. The machine is then labeled X. Its objective is

to convince the interrogator that the machine is the human being

and that Y is the machine. Y continues as a human whose goal is to

persuade the interrogator that Y is the human.
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Turing suggested replacing the question “Can machines think?”

with “Will the interrogator decide wrongly as often when the game

is played like this, as he does when the game is played between a

man and a woman?” He expressed the belief that in about 50 years

it would be possible to program computers to play the imitation

game “so well that an average interrogator will not have more than

a 70 percent chance of making the right identification after five

minutes of questioning.” Although he later revised his time estimate

to a century, Turing remained optimistic that “the use of words

and general educated opinion will have altered so much that one

will be able to speak of machines thinking without expecting to be

contradicted.”

At this time, Turing had little evidence of successful experiments

supporting his hope. As Robin Gandy observed,

The 1950 paper was intended not so much as a penetrating

contribution to philosophy but as propaganda. Turing

thought the time had come for philosophers and

mathematicians and scientists to take seriously the fact that

computers were not merely calculating engines but were

capable of behavior which must be accounted as intelligent;

he sought to persuade people that this was so. He wrote

this paper—unlike his mathematical papers—quickly and with

enjoyment. I can remember his reading aloud to me some

passages—always with a smile, sometimes with a giggle.

The laughter Gandy reported probably came from a long section

of the paper where Turing tried demolishing contrary opinions. He

dealt with nine opposing views which he categorizes as Objections

and Arguments. In the former, he considered theological and

mathematical views, “Lady Lovelace’s Objections” and what he

labeled a “Heads in the Sand” attitude. In the latter, he lumped

arguments from Consciousness, Disabilities, Continuity in the

Nervous System, Informality of Behavior, and Extra-Sensory

Perception.
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Turing wittily dismissed some of these views. He summarized the

theological objection as:

Thinking is a function of man’s immortal soul. God has given

an immortal soul to every man and woman but not to any

other animal or to machines. Hence no animal or machine

can think.

As an atheist, Turing was unimpressed with religious arguments, but

cleverly replied with a theological argument.

The argument quoted above implies a serious restriction of

the omnipotence of the Almighty … Should we not believe

that He has freedom to confer a soul on an elephant if He

sees fit? We might expect that He would only exercise this

power in conjunction with a mutation which provided the

elephant with an appropriately improved brain to minister

to the needs of this soul. An argument of exactly similar

form may be made for the case of machines … In attempting

to construct such machines we should not be irreverently

usurping His power of creating souls, any more than we are

in the procreation of children: rather we are, in either case,

instruments of His will providing mansions for the souls that

He creates.

The Mathematical Objection refers to consequences of results in

logic due to Gödel (the incompleteness theorem), Turing (the

halting problem), Church, and others. They showed that within a

sufficiently strong formal system, there must exist true statements

that defy proof within the system. Thus, there are questions that

a computer cannot correctly answer. Turing acknowledged that

“there are certain things that such a machine cannot do. If it is

rigged up to give answers to questions as in the imitation game,

there will be some questions to which it will either give a wrong

answer, or fail to give an answer at all however much time is allowed

for a reply.” Given this mathematical result, the argument continued,
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“it proves a disability of machines to which the human intellect is

not subject.”

The short answer to this objection, Turing noted, is that while

there are limitations to the powers of any particular computer, it

is only a conjecture that no such limitations apply to the human

intellect. A specific machine may give an incorrect answer to a

specific question, but he argued that

We too often give wrong answers to questions ourselves

to be justified in being very pleased at such evidence of

fallibility on the part of the machines. Further, our

superiority can only be felt on such an occasion in relation

to the one machine over which we have scored our petty

triumph. There would be no question of triumphing

simultaneously over all machines. In short, then, there might

be men cleverer than any given machine, but then again

there might be other machines cleverer again, and so on.

In Turing’s view, there were no inherent barriers to keep computers

from learning to solve new problems by modifying their programs

indefinitely to acquire, and perhaps exceed, human intelligence.

“The other minds problem”

The Argument from Consciousness is a two-fold objection to using

the proposed Imitation Game to address the question of artificial

intelligence. First, machines are incapable of feelings. Second, we

cannot concede that the machine is thinking unless it is aware of

itself. Both objections deny that the behavior of the machine—what

it produces—is sufficient to accept that it is thinking.

Turing cited as an example of this argument the lecture “The

Mind of Mechanical Man” by the British neurosurgeon Sir Geoffrey

Jefferson. Speaking before the Royal College of Surgeons on June 9,

1949, Jefferson asserted:
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Not until a machine can write a sonnet or compose a

concerto because of thoughts and emotions felt, and not

by the chance fall of symbols, could we agree that machine

equals brain—that is, not only write it but know that it had

written it. No mechanism could feel (and not merely

artificially signal, an easy contrivance) pleasure at its

successes, grief when its valves fuse, be warmed by flattery,

be made miserable by its mistakes, be charmed by sex, be

angry or depressed when it cannot get what it wants.

Although a digital computer may parallel some simpler activities of

the nervous system, Jefferson concluded

it still does not take us over the blank wall that confronts us

when we come to explore thinking, the ultimate in mind. Nor

do I believe that it will do so … What I fear is that a great

many airy theories will arise in the attempt to persuade us

against our better judgment. We have had a hard task to

dissuade man from reading qualities of human mind into

animals. I see a new and greater danger threatening-that

of anthropomorphizing the machine. When we hear it said

that wireless valves think, we may despair of language.

As the logical extension of Jefferson’s position, Turing asserted that

the only way to know that a particular entity, either a person or a

machine, thinks, is to be that entity itself. This is an ancient puzzle in

philosophy, the “other minds problem.” Since I can only observe the

behavior of others, how can I know for certain that they have minds?

This idea is a tenet of solipsism: the only mind we know exists is our

own. Behavior alone does not guarantee the presence of mentality.

Turing admitted that this might be the most logical viewpoint to

maintain, but that it makes communication of ideas very difficult:

A is liable to believe “A thinks but B does not” whilst B

believes “B thinks but A does not.” instead of arguing
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continually over this point it is usual to have the polite

convention that everyone thinks.

Turing concluded that those who favor the argument from

consciousness would abandon it rather than accept solipsism. Then

they would be willing to accept the imitation game as a reasonable

test. He recognized the difficulty of determining what, if any, self-

awareness intelligent machines might have:

I do not wish to give the impression that I think there is

no mystery about consciousness. There is, for instance,

something of a paradox connected with any attempt to

localise it. But I do not think these mysteries necessarily

need to be solved before we can answer the question with

which we are concerned in this paper.

Lady Lovelace was Augusta Ada Byron King (1815-1852), the only

legitimate child of the famous poet Lord Byron. She worked closely

with the English mathematician Charles Babbage on developing the

idea of a mechanical computer, the Analytical Engine. The first

person to envision potential applications beyond numerical

calculations, Lady Lovelace also published the first detailed

algorithm of how such a machine could carry out a complex

mathematical procedure. Many see her as the world’s first computer

programmer, even though the Analytical Engine was never actually

built.

In August 1843, Lady Lovelace completed an English translation

of Babbage’s lectures from a French account by an Italian military

engineer. Accompanying the translation, she added extensive notes

twice as long as the original paper. In Note G, she writes

The Analytical Engine has no pretensions whatever to

originate anything. It can do whatever we know how to order

it to perform. It can follow analysis; but it has no power of

anticipating any analytical relations or truths. Its province
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is to assist us in making available what we are already

acquainted with.

Turing’s paper responded to Lady Lovelace’s Objection at several

points, noting first that she was referring only to the machine

Babbage and she had envisioned, not what digital computers might

potentially do if provided sufficient storage. Addressing the issue

of originality, Turing asked whether people themselves could be

truly original, whether in fact “there is anything new under the

sun.” Is what we consider an original idea merely the flowering of a

seed planted in us by a parent or teacher, or the consequences of

logically following some prescribed general principle?

Lovelace’s objection implies that machines could never take us by

surprise, but Turing reported that he was frequently surprised by

what a computer outputs:

The view that machines cannot give rise to surprises is due,

I believe, to a fallacy to which philosophers and

mathematicians are particularly subject. This is the

assumption that as soon as a fact is presented to a mind

all consequences of that fact spring into the mind

simultaneously with it. It is a very useful assumption under

many circumstances, but one too easily forgets that it is

false.

In the paper’s final section, “Learning Machines,” Turing returned to

Lady Lovelace’s perspective—that a machine can only do what we

tell it to. He acknowledged that “injecting” an idea into a mind could

be like striking a piano string with a hammer; it reverberates for a

time but then goes quiet. But he suggested a different metaphor: an

atomic pile where shooting in a neutron corresponds to introducing

a new idea. If the pile is small, the arriving neutron will generate a

rippling effect that eventually dies out. If the atomic pile is above a

“critical size,” then the disturbance can magnify and continue until

the whole pile is destroyed.

Turing speculated that there are supercritical human minds
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which, exposed to an idea, may develop an entire theory of new

concepts. He was uncertain but optimistic that the same may be

true for computers. He identified the main problem as storage. Even

today, computer memory size is still dwarfed by the number of

cells in the human brain. The program for the machine would also

necessarily have to be exceedingly long; he estimated it might take

60 programmers steadily laboring, without mistakes, half a century

to complete the work.

“Dreadful” thinking machines

The Mind paper treats several objections to the possibility that

machine intelligence has some merit and deserves a thoughtful

response. Turing found others less rational. In the “Heads in the

Sand,” objection, he posited that “The consequences of machine

thinking would be too dreadful. Let us hope and believe that they

cannot do so.” He conceded that many people believe humans are

superior to the rest of creation. This feeling “is likely to be quite

strong in intellectual people, since they value the power of thinking

more highly than others and are more inclined to base their belief in

the superiority of Man on this power” of thought.

Turing considered this an irrational argument not “sufficiently

substantial to require refutation. Consolation would be more

appropriate.” He returned in his BBC radio talk to the terror some

might feel in a world with thinking machines:

One can see many features that make it unpleasant. If a

machine can think, it might think more intelligently than we

do, and then where should we be?

Here Turing recognized the anxiety growing from the fear that a

creature more intelligent than humans would supersede us and

potentially render us subservient slaves. Sixty years after Turing’s

death, the renowned theoretical physicist Stephen Hawking warned
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that the rise of artificial intelligence could lead to the extinction

of the human race. Hawking noted that while “primitive forms” had

proved useful, advanced artificial intelligence could “take off on its

own, and redesign itself at an ever-increasing rate” against which

human biological evolution could not compete.

Scientists refer to the moment when machine intelligence

surpasses human intelligence as “the singularity.” This “new danger,”

as Turing called it, “if it comes at all will almost certainly come

within the next millennium. It is remote but not astronomically

remote,” he told the BBC audience.

Turing did not believe that a fear of such an outcome should deter

efforts to develop intelligent machines. His radio address concluded

with these thoughts:

It is customary, in a talk or article on this subject, to offer

a grain of comfort, in the form of a statement that some

particularly human characteristic could never be imitated by

a machine. … I cannot offer any such comfort, for I believe

that no such bounds can be set. But I certainly hope and

believe that no great efforts will be put into making

machines with the most distinctively human, but non-

intellectual characteristics such as the shape of the human

body. … Attempts to produce a thinking machine seem to me

to be in a different category. The whole thinking process is

still rather mysterious to us, but I believe that the attempt to

make a thinking machine will help us greatly in finding out

how we think ourselves.

Turing’s ultimate aim in developing machine intelligence may not

have been so much to create a new species capable of thought, as to

understand the development of our own brains. He identified three

components: the initial state of the mind, the formal education we

provide, and other experiences to which it is subjected. “Instead of

trying to produce a programme to simulate the adult mind,” Turing

asked, “why not rather try to produce one which simulates the

child’s?” Recall his comment at AT&T headquarters, when he said
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that he was uninterested in building a powerful brain; a mediocre

one would suffice.

He suggested starting with imitation of a child’s mind to obtain an

adult brain through an appropriate course of education:

Presumably the child brain is something like a notebook as

one buys it from the stationer’s. Rather little mechanism,

and lots of blank sheets. (Mechanism and writing are from

our point of view almost synonymous.) Our hope is that

there is so little mechanism in the child brain that something

like it can be easily programmed. The amount of work in the

education we can assume, as a first approximation, to be

much the same as for the human child.

The quest to create a machine that might succeed at the imitation

game can proceed along two interconnected tracks: the child

program and the education process. Turing wasn’t confident we

would get either right immediately. “We cannot expect to find a

good child machine at the first attempt. One must experiment with

teaching one such machine and see how well it learns. One can then

try another and see if it is better or worse.” He saw the education

process as similar to evolution, but with clever programming

ensuring that it would be much faster. Turing also envisioned some

form of rewards and punishments, as well as built-in randomness to

encourage guided mutations as the machine-learned. He observed

that the concept of educating a computer is difficult one for some

people to appreciate:

The idea of a learning machine may appear paradoxical to

some readers. How can the rules of operation of the

machine change? They should describe completely how the

machine will react whatever its history might be, whatever

changes it might undergo. The rules are thus quite time-

invariant. This is quite true. The explanation of the paradox

is that the rules which get changed in the learning process

are of a rather less pretentious kind, claiming only an
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ephemeral validity. The reader may draw a parallel with the

Constitution of the United States.

Although the ultimate goal in creating intelligent machines may

be a deeper understanding of human reasoning, the outcome, as

Turing foresaw, could be computers as smart as, or even smarter,

than people. Such an eventuality did not worry him. He may even

have welcomed this sort of future where a computer-dominant

society might be more tolerant of nonconforming people like Turing

himself. In any event, he was eager for mathematicians, scientists,

and engineers to take up the challenge. At the conclusion of the

Mind paper, Turing wrote:

We may hope that machines will eventually compete with

men in all purely intellectual fields. But which are the best

ones to start with? Even this is a difficult decision. Many

people think that a very abstract activity, like the playing

of chess, would be best. It can also be maintained that it is

best to provide the machine with the best sense organs that

money can buy, and then teach it to understand and speak

English. This process could follow the normal teaching of a

child. Things would be pointed out and named, etc. Again

I do not know what the right answer is, but I think both

approaches should be tried.

He ended the paper with the words that have become his most

quoted: “We can only see a short distance ahead, but we can see

plenty there that needs to be done.”
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12. Mathematical Biology

I n his last major work, Turing turned to a fundamental scientific

problem: how do biological forms originate? One early

inspirational reading, as mentioned in Chapter 1, was Edwin Tenney

Brewster’s Natural Wonders Every Child Should Know. Another

influence on his thinking was On Growth and Form by D’Arcy

Thompson, a Scottish mathematician, biologist, and classics scholar.

Turing published only one paper in this field, “The Chemical Basis

of Morphogenesis” in the Philosophical Transactions of the Royal

Society of London in 1952. He left behind, however, a number of

manuscripts in various stages of completion.

Morphogenesis is the biological process governing the

development of an organism’s shape. Together with cellular

differentiation and the control of cell growth, morphogenesis forms

the trio of developmental biology’s fundamental aspects. Turing

focused on how morphogenesis organized the spatial distribution of

cells during embryonic development, but the process can also occur

in mature organisms and other instances.

Alan was fascinated with the appearance of the Fibonacci

sequence in the patterns of many flowers and plants. The Fibonacci

sequence is the endless string of numbers

1, 1, 2, 3, 5, 8, 13, 21, 34, 55, 89, 144,…

where each term after the initial pair of 1’s is the sum of the

two immediately preceding terms (2 = 1 +1, 3 = 1 +2, 5 = 2 +3, etc.).

The sequence is named after Leonardo of Pisa, known as Fibonacci,

whose 1202 book Liber Abaci introduced it into European

mathematics.

It’s remarkable that this apparently arbitrarily defined list of

numbers makes an appearance in many different natural settings,

including the spirals in pine cones, sunflowers, and pineapples.

The ratio of successive terms in this sequence
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quickly approaches a limit = 1. 618033989… called the Golden

Mean. The Golden Mean appears throughout nature, one place

being the proportions of successive spirals of snail shells. Scientists

long thought that physical processes and constraints must affect

biological growth in a way that produces such patterns.

Thompson thought animal body shapes and plant patterns

resulted from variations in the rates of growth in different

directions. Turing had a different idea, one that proved to be

correct. He hypothesized the existence of what he called

morphogens, chemical substances reacting and diffusing through

a cell, activating and deactivating growth, setting up different

patterns of development.

As in his Computable Numbers paper, where he worked out the

characteristics and limitations of computers decades before such

machines were built, Turing used mathematics to develop a theory

of how morphogens would work a quarter-century before they were

actually discovered. The German developmental biologist

Christiane Nusslein-Volhard identified the first actual morphogen

in the embryo of the common fruit fly. She won the 1995 Nobel Prize

in Physiology and Medicine for her work.

In many chemical reactions within a tissue, the outcome is an

equilibrium in which the resulting substances spread

homogeneously throughout the cell. But not all equilibria are the

same. Imagine a baseball cap with a fabric-covered button on the

crown. Turn the cap upside down and place a marble above the

button. It will remain there, resting in equilibrium. If the cap is

shaken and the marble rolls away from the button, it will roll back to

its resting position. This is a stable equilibrium.

If the cap is turned to its normal orientation with the button on

top, then you can carefully place the marble on the button so it

will remain at rest there if you do not move the cap. The slightest

disturbance in the cap’s position, however, causes the marble to roll

off the cap. This is an unstable equilibrium.
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Differential equations

Turing was especially interested in the onset of instability. Could a

study of unstable equilibria help explain pattern and form in living

organisms? Surely genes play a role, but they must carry out their

work subject to physical and chemical laws. Turing sought to

express these laws mathematically and use mathematical reasoning

and tools to derive their consequences.

The classic expression of such laws in mathematics employs

systems of differential equations. An equation in this context means

an identity true at every instant of some time period. The adjective

differential refers to derivatives, a mathematical concept for

expressing rates of change. An object moving along a straight line—a

car driving along a road, for example—may continuously change its

position. How fast the position is changing is called the velocity and

the rate of change of velocity is the acceleration. Mathematicians

say that velocity is the derivative of position and acceleration is the

derivative of velocity. We measure rates of change with respect to

time; for instance, we talk about a runner’s velocity in terms of feet

per second and an automobile’s in terms of miles per hour.

Newton’s famous second law of motion asserts that the

acceleration of a body is, at all moments, the sum of all the forces

acting on it divided by its mass. Since acceleration is a derivative,

Newton’s law is a differential equation. If we are lucky, we may be

able to solve the differential equation to find an explicit expression

for the position of the body at each value of time. Mathematicians

developed powerful tools to solve certain systems of simple

differential equations, but most differential equations governing

complex growth and decay in the real world are not amenable to

an explicit solution. In such instances, we might be able to say

something definitive about the qualitative nature of the underlying

movement. We might conclude, for example, that an object moving

in accordance with a certain differential equation must exhibit

oscillatory behavior, like the Earth revolving about the Sun. If we
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want to know the object’s location more precisely, then we can

turn to a computer simulation—as Turing did in a number of

situations—which will give an approximate answer.

As another example, consider a small bacterial colony in its early

stages of growth, changing at a constant percentage rate. In other

words, the rate of change of the population is always proportional

to the size of the population itself. There would be a constant b so

that if P represents the population size, then we have the identity

(Rate of Change of P) = b times P.

Mathematicians use the notation P’ to denote the derivative or

rate of change of P. Hence, we have the differential equation

P’ = (b) (P) or, more simply, P’ = bP.

Observe first that if the constant b is 0, then the rate of growth

is zero; the population never changes from its initial size. If the

constant b is positive, then the population grows, while it declines if

b is negative.

To understand the behavior of a complex developmental process

using available mathematical tools, we must, unfortunately, limit

ourselves to more simplified models. Turing began the first initial

portion of his paper, “A Model of the Embryo. Morphogens,” with

appropriate caution:

In this section, a mathematical model of the growing embryo

will be described. This model will be a simplification and

an idealization, and consequently a fabrication. It is to be

hoped that the features retained for discussion are those of

greatest importance in the present state of knowledge.

Changes in a system’s state may render previously-valid laws no

longer appropriate. Imagine a small population, say, 1000

individuals, living in an environment with a large food supply and

plenty of space. It might be realistic to model the population growth

using an equation of the form P’ = bP with b as large as a 10th

(0.1). Then at the initial instant, we have P = 1000 and P’ = (1000)

(0.1) = 100. In the first time interval, then, we expect to see the

population increase to 1100. Not only is the population larger than it
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was initially, but its rate of growth will also be larger too: (1100) (0.1)

= 110. Thus, it will rise to 1210 by the end of the second interval when

its growth rate will jump to 121. In each successive time period, it will

grow by a larger amount than it grew in the previous period. Soon

the population will become exceedingly large. When the population

“has reached some billion, the food supply can no longer be

regarded as unlimited,” Turing observed, and the equation P’ = bP

will no longer apply.

“A Model of the Embryo. Morphogens”

Turing’s morphogenesis paper is long, some 23,000 words spread

over 36 closely printed pages. It discusses many ideas from

mathematics, physics, chemistry, and biology. Summarizing its

contents and making all the science understandable is a daunting

task, but we can point out several important ideas.

The chemical and physical processes taking place in an embryo

evolving from a single cell to an adult with 1,000,000,000,000,000

cells of 200 different types, often reach unstable equilibria. These

unstable steady states may be disrupted, moving to a number of

different equilibria, but Turing asserted that “the variety of such

new equilibria will normally not be so great as the variety of

irregularities giving rise to them.”

To produce stripes, spots, and other natural patterns, a chemical

reaction must occur in some cells but not in others. Turing asked

what would happen if two other chemicals, one activating the

reaction and one inhibiting it, diffused through a group of cells

at different rates. He formulated a system of differential equations

representing the situation. He worked out the mathematics to show

there would be higher concentrations of the activator in some areas

and the inhibitor in others. Hence, the reaction takes place in some

regions but not in others. Depending on how quickly each chemical
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diffuses, that process would form spots, stripes or other familiar

patterns.

This theory assumes that reaction rates are linear functions of the

concentrations of the morphogens. These may be justifiable claims

in the case where a system is just beginning to leave a homogeneous

condition to give the appearance of a pattern, but, Turing noted,

they are the exception rather than the rule. Most of an

organism, most of the time, is developing from one pattern

into another, rather than from homogeneity into a pattern.

One would like to be able to follow this more general process

mathematically also. The difficulties are, however, such that

one cannot hope to have any very embracing theory of such

processes, beyond the statement of the equations.

He suggested, however, that at least in some cases progress can be

made with computers to simulate the necessarily more complicated

equations needed to describe more accurately the underlying

processes. Using the computer to carry out the numerical

calculations and display results graphically has the advantage of not

needing the simplifying assumptions required in a more theoretical

analysis. “The essential disadvantage is that one only gets results for

particular cases,” he admitted, “but this disadvantage is probably of

comparatively little importance.”

Besides the quest to learn more about organism development,

Turing was also motivated to pursue his ideas about morphogens for

deeper philosophical reasons. He intended to defeat the argument

from design. Alan was eager to challenge this argument as a proof

for God’s existence. Accepting or rejecting this argument is a crucial

issue in contemporary biology.

Argument from design

The argument from design dates back as far as ancient Greece. It
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asserts that there must be an intelligent creator responsible for

the apparent evidence of deliberate design we perceive in nature.

Newton himself believed that the physical laws he uncovered

revealed a clockwork universe, a mechanical perfection akin to that

of a watch crafted by God. The English clergyman George Paley

wrote the most widely known analogy, In Natural Theology or

Evidences of the Existence and Attributes of the Deity (1802), where

he talked about finding a watch on the ground:

There must have existed, at some time, and at some place

or other, an artificer or artificers, who formed [the watch]

for the purpose which we find it actually to answer; who

comprehended its construction, and designed its use. …

Every indication of contrivance, every manifestation of

design, which existed in the watch, exists in the works of

nature; with the difference, on the side of nature, of being

greater or more, and that in a degree which exceeds all

computation.

A watch designed for keeping time accurately must have a designer.

By a similar token, the vastly complex natural world filled with all

manner of plants, animals, and the human species must also have

a designer. That designer must necessarily possess the attributes

we ascribe to God. Paley compared the man-made telescope to the

human eye, the door hinge to animal joints and similar parallels. His

book, still in print, introduced the term argument from design.

Although the argument had numerous critics over the centuries,

many people accepted it, as no other alternative than an

omnipotent, omniscient God could explain our natural world.

Charles Darwin was the first to provide a validated scientific

refutation. Ironically, Darwin had once accepted Paley’s thesis. In his

autobiography, the great evolution theorist wrote:

Although I did not think much about the existence of a

personal God until a considerably later period of my life, I

will here give the vague conclusions to which I have been
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driven. The old argument of design in nature, as given by

Paley, which formerly seemed to me so conclusive, fails, now

that the law of natural selection has been discovered. We

can no longer argue that, for instance, the beautiful hinge of

a bivalve shell must have been made by an intelligent being,

like the hinge of a door by man. There seems to be no more

design in the variability of organic beings and in the action of

natural selection, than in the course which the wind blows.

Everything in nature is the result of fixed laws.

See also Michael Ruse’s Simply Darwin.

Turing was not content with Darwin’s idea that organisms are

created by natural selection out of random variation. He wanted to

dig deeper into D’Arcy Thompson’s thought that biological forms

result from chemical and physical processes. The first goal of

science is to discover what forms are possible. That should precede

questions about which ones will be selected. Turing wanted to use

mathematics to elucidate the conceivable forms.

The morphogenesis paper and the unfinished manuscripts on

applications of mathematics to biology share similar features of

earlier work that Turing completed. Whether it was the central

limit theorem, Hilbert’s Entscheidungsproblem, the nature of

computability, the German ciphers, the possibility and

consequences of machine intelligence, or the origin of biological

form, Turing’s approach was characterized by the following actions:

• selecting an important problem whose solution would have

far-reaching effects,

• relying on his own creative thinking rather than the work of

others,

• choosing an appropriate mathematical model, and

• using enormous skills in handling a wide range of

mathematical tools.

The three papers we have discussed in some detail—“On

Computable Numbers With An Application to the
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Entscheidungsprobem,” “Computing Machinery and Intelligence,”

and “The Chemical Basis of Morphogenesis”—are all seminal works.

Researchers have used Turing’s ideas in the morphogen paper to

explain a range of natural and very diverse phenomena, including

ripples in sand dunes, movements of predator and prey species,

ridges on mouth roofs, the firing of neurons, vegetation patches

in arid environments, and high-crime areas in residential

neighborhoods, as well as the patterning of animals’ skin and the

distribution of hair follicles. In 2018, the chemist Zhe Tan of Zhejiang

University and her colleagues designed a membrane that filters salt

out of water much more efficiently than the ones currently in use.

Using Turing’s ideas, they created a quicker and less expensive way

to produce clean drinking water from the ocean.

Over the last seven decades, biologists have confirmed Turing’s

essential ideas. He was aware of the limitations of what he achieved

in this first pioneering work, “The Chemical Basis of

Morphogenesis,” stating explicitly in the final paragraph:

It must be admitted that the biological examples which it

has been possible to give in the present paper are very

limited. This can be ascribed quite simply to the fact that

biological phenomena are usually very complicated. Taking

this in combination with the relatively elementary

mathematics used in this paper one could hardly expect to

find that many observed biological phenomena would be

covered. It is thought, however, that the imaginary biological

systems which have been treated, and the principles which

have been discussed, should be of some help in interpreting

real biological forms.

Had Turing lived a normal life span, he would undoubtedly have

been able to make more progress on these questions. The 1953

discovery of the structure of DNA and the later development of

molecular biology and biochemistry, along with new mathematical

tools, enabled others to carry forward a program he had begun.

Although Turing prepared drafts of subsequent papers and carried
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out continued research with the assistance of his generation of

digital computers, his work remained incomplete.

Alan Turing submitted “The Chemical Basis of Morphogenesis” for

publication review on November 9, 1951. Three months later, Great

Britain declared him a criminal.
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13. Regina vs Turing

A lan Turing was the paramount figure at Bletchley Park during

the most critical years of World War II. The work he and his

team did cracking Nazi codes saved millions of lives. Deciphering

the navy Enigma disrupted Hitler’s plan to starve Great Britain into

surrender with devastating U-Boat attacks. Decrypting intercepted

radio messages allowed the Allies to route vital supply convoys

safely to England.

How should a government have treated an individual like Turing,

who clearly ranked—and still ranks—high on the list of the nation’s

saviors? Thoughts of tickertape parades, solemn ceremonies,

tributes, highest of accolades, and a knighthood bestowed by the

sovereign spring to mind. But these were never to be Alan’s rewards.

Because the British government wished to hide from the world

the fact that it had solved the Enigma, it extended little, if any, public

recognition to those who had done the job. In 1946, Turing received

by mail an OBE (Order of the British Empire), the normal honor for

civil servants of the same official rank. Alan did not crave or even

desire the limelight; he was angered when the letters OBE were

placed after his name on his office door at the NPL. He would likely

have been content to remain obscure to the general public, as long

he was able to move forward with his own work.

Instead of well-deserved honors or even security-required

indifference, the great tragedy of Turing’s life was the attack on

him by the British government: arrest, criminal prosecution, and

chemical castration—all because he was gay.

Meeting Murray

The sad sequence of events began in December 1951, near the Regal

Cinema on Manchester’s Oxford Road. Alan had sent his paper on
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morphogens to the Proceedings of the Royal Society for review and

gave a seminar on his work on the 11th. It was time to shop for

Christmas gifts for others and perhaps a special one for himself. As

he looked into shop windows and scanned the movie posters, Turing

exchanged beckoning glances with 19-year-old Arnold Murray.

We can piece together what happened next from subsequent

police reports, biographer Andrew Hodges’ reports based on

interviews with Murray, and a segment of a short story Turing

himself wrote later. In this fictional fragment, Alan created an alter

ego, Alec Pryce:

Alec had been working rather hard until two or three weeks

before. … This last paper was real good stuff, better than he’d

done since his mid-twenties. … He always liked to parade

his homosexuality … It was quite some time now since he

had ‘had’ anyone, in fact not since he had met that soldier in

Paris last summer. Now that his paper was finished, he might

justifiably consider that he had earned another gay man, and

he knew where he might find one who might be suitable.

Undereducated, underemployed and underfed, Arnold Murray was

looking for a better life, one that might help him escape petty

thievery and an abusive father in a Manchester slum house. He

eagerly accepted Alan’s invitation to lunch at Clynes pub across the

road from the movie house. Murray and Turing began an affair on

Monday, December 17 at Alan’s Wilmslow house.

Arnold returned for dinner and an overnight stay on January 12.

Alan had great hopes for a future together in which he would

mentor Arnold and lead him to a better life. In the morning, Turing

offered him cash but Murray declined, not wanting an appearance

of sex for hire. Alan was greatly disappointed to discover later that

money was gone from his wallet. He temporarily broke off relations

with Arnold, but resumed them after Murray denied the theft.

Turing subsequently lent or gave him money on several occasions,

although he harbored doubts about Arnold’s honesty.

Those doubts intensified on January 23, when Alan discovered
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a burglar had broken in. “I am still every few hours finding fresh

things missing,” he wrote the next day. “Fortunately, I am insured,

and little has gone that is really irreplaceable. But the whole thing

has had a very disturbing effect … I go about expecting a brick to fall

on my head or something disagreeable and unexpected anywhere.”

Alan reported the burglary to the police, hoping perhaps to

recover his grandfather’s gold watch. The other missing items did

not amount to much—some clothing, a set of fish knives, a compass,

an opened bottle of sherry—but the feelings of personal invasion

and Murray’s likely betrayal were strong. Alan once more broke off

relations with Arnold, but again relented. He let him return when

Arnold denied participating in the burglary, but claimed he knew

who had done it. Murray had boasted of his relationship with Alan to

an acquaintance named Harry. As Harry and Arnold chatted in the

Uneeda Milk Bar, the former suggested a robbery. Arnold would not

join in, but was aware it was likely to happen.

Alan passed Harry’s name on to the police as the thief, fabricating

a story to protect Arnold about how he acquired this information.

Lying was difficult for Turing, anathema to his core principles. Harry

(Harold Arthur Thacker) was already in custody for another crime.

The detectives matched his fingerprints with ones found at Turing’s

house. Harry subsequently told the police about hearing from

Arnold about his dealings with Turing. Detectives Robert Wills and

Ray Rimmer shifted their investigation from the burglary to why

Turing gave a false description of the person who told him about

Harry and, more alarming to them, why a university researcher

would repeatedly invite to his home a much younger man of a lower

social class.

The detectives returned to Hollymeade on Thursday, February

7, with Wills confronting Turing: “We have reason to believe your

description is false. Why are you lying?” Given Alan’s lifelong

devotion to truth, he had no choice then but to give an honest

response. He named Arnold, revealing an affair whose physical

manifestation included mutual masturbation but not penetration.

Turing had admitted committing what the law deemed an act of
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“gross indecency,” a criminal offense. The police arrested Arnold,

showed him Alan’s statement and had him sign his own detailed

account of their relations, which Alan agreed was “materially

correct.” The next step would be prosecution in the court.

Alan was in jeopardy. Although he felt he had done nothing wrong,

that homosexuality was part of his nature and ought to be tolerated,

he could not tell what his future held once the police filed charges.

He realized that criminal proceedings were public and reported in

the newspapers. He needed to alert his family and friends quickly.

Alan wrote his brother, John, a lawyer, summarizing what had

happened, indicating that he planned to fight the charges in court,

and asking John to inform their mother. The letter began frankly: “I

suppose you know I am a homosexual,” but John had not the faintest

notion. The elder brother, who knew little about homosexuality,

shared the general public’s opprobrium and stereotypes. He refused

to be the one to tell Sara and thought Alan’s plan to plead not

guilty was foolish, as he had already signed statements conceding

the illegal acts. John rushed down to Manchester to consult local

attorneys, who persuaded Alan to enter a guilty plea.

Turing and Murray appeared before a special court on February

27, where they were committed for trial. Alan was released on bail

but Arnold remained in custody. The case, Regina v. Turing and

Murray, was scheduled for hearing on Monday, March 31.

Turing was naturally concerned about a trial in which he

confessed to a criminal offense. He might be imprisoned for several

years, ending his employment and career, destroying his reputation,

and discrediting his work. Turing expressed several of his worries to

his colleague, Norman Routledge:

My Dear Norman,

I am not at present in a state in which I am able to

concentrate well, for reasons explained in the next

paragraph.

I’ve now got myself into the kind of trouble that I have
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always considered to be quite a possibility for me, though I

have usually rated it at about 10:1 against. I shall shortly be

pleading guilty to a charge of sexual offences with a young

man. The story of how it all came to be found out is a long

and fascinating one, which I shall have to make into a short

story one day, but haven’t the time to tell you now. No doubt

I shall emerge from it all a different man, but quite who I’ve

not found out.

I’m afraid that the following syllogism may be used by some

in the future.

Turing believes machines think

Turing lies with men

Therefore machines do not think

Yours in distress,

Alan

Particularly poignant is Turing’s anxiety that his arguments about

the potential of computers manifesting intelligence would be

dismissed because of his homosexuality.

For each of the dates December 17, January 12, and February 2,

Turing was charged with both committing and being a party to the

commission of “an act of gross indecency,” a total of six counts of

criminal behavior. Murray faced the same charges. Gross Indecency

was an undefined legal term intended to criminalize sexual relations

between men. The term first appeared in Section 11 of the Criminal

Law Amendment Act of 1885. It formed the basis for the prosecutions

of both the poet and playwright Oscar Wilde in 1895 and Alan Turing

in 1952.
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Cruel punishment

Societal antipathy toward gay and lesbian activity has a long and

dark history. Condemned in the Old Testament, homosexuality

became a civil offense in England during the reign of King Henry

VIII. Parliament passed An Acte for the Punishment of the Vice of

Buggerie in 1533. It was a capital offense until 1861 under various

revisions of the law passed in the 19th century. Men were executed

by hanging for sodomy in England as late as 1835.

Britain decriminalized private consensual homosexual acts

between adult males in 1967, lowered the age of consent to 18 in

1994, and then to 16 in 2000. In the U.S., sodomy laws remained

in force in many states until the Supreme Court ruled them

unconstitutional in 2003. Unfortunately, these revisions came too

late to help Alan.

The “enlightened” view of homosexuality in the middle of the

20th century dismissed the ages-old presumptions of evil and

wickedness. It replaced them with the notion that it was a mental

health problem: those who wished to have intimate relations with

members of the same sex must suffer from a psychological

disturbance, “curable” by some combination of physical treatment

and counseling.

Such was apparently the thinking of Judge James Fraser Harrison

who presided at Turing’s trial at the end of March. Since both

defendants pleaded guilty, the hearing was not lengthy. Hugh

Alexander and Max Newman both testified as character witnesses

for Turing. Alexander called Alan a “national asset” and Newman said

he was “one of the most profound and original mathematical minds

of his generation” and “particularly honest and truthful.” Although

the prosecution stressed Turing’s unrepentant attitude, the judge

decided against a prison sentence, placing Alan on probation for a

year under the condition that he “submit for treatment by a duly

qualified medical practitioner.”

Many of the techniques employed in the “treatment” of
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homosexuals were ghastly. They included ice-pick lobotomies,

electric shock to the hands or genitals, testicular transplants, and

nausea-producing drugs administered simultaneously with the

presentation of homoerotic pictures or films. Other methods

included visiting prostitutes, fatiguing bicycle riding, fluid

deprivation, and hypnosis. In the post-war period, hormone

injections became popular. At first, testosterone was administered

in the expectation that it would build up the “masculinity” of the

subject and ensure his conversion to heterosexuality. Testosterone

treatment often had the effect of heightening the sex-drive but not

altering sexual orientation. Researchers then went in the opposite

direction and tried injecting men with large quantities of the female

hormone estrogen with the intention of decreasing interest in sex.

In effect, estrogen treatment was a form of chemical castration.

Alan Turing was subjected to estrogen injections for a year.

Increasing estrogen levels in men produces a number of side

effects in addition to the intended lowering of libido and erectile

dysfunction. Estrogen often leads to the enlargement of breasts

which Alan complained of, increased abdominal fat, loss of muscle

mass, fatigue, reduced penile and testicular size, and type-2

diabetes. It can also result in emotional disturbances, particularly

depression.

Some of the bad side effects of estrogen injections were known by

the early 1950s but not all. There was, moreover, no solid scientific

evidence that it was a “cure” for homosexuality. Neither have

psychological and religious “therapies” worked. Anecdotal claims of

successes seemed to be more in the eyes of the practitioners than

the subjects. The American Psychiatric Association, for example,

now considers attempts to change sexual orientation to be

ineffective, harmful’ and unethical.

Turing had the courage to neither deny his sexual orientation nor

admit that there was anything wrong about it. This was an especially

brave stand at a time when gay people faced heightened hostility.

In 1950, the United States launched a secret investigation into the

sexual orientation of government employees. A report, Employment
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of Homosexuals and Other Sex Perverts in Government, concluded

that “those who engage in overt acts of perversion lack the

emotional stability of normal persons,” and as such, “constitute

security risks.” Thousands of gay men and women lost their

positions within the government and military.

Gay persons were also considered security risks because they

might be targets of blackmail. A foreign agent, the argument ran,

might approach those in sensitive positions, threatening to expose

them as homosexuals unless they passed on government secrets or

carried out sabotage or spying. The revelation that they were gay

would mean public humiliation and ostracism. Such an argument

meant little in Turing’s case; he saw nothing wrong with his sexual

orientation or others finding out about it. Nonetheless, he was to

suffer much from the state he had helped save.

Web of spies

Heightened anxiety which gripped the United States and Great

Britain over espionage was not without basis. The American couple

Ethel and Julius Rosenberg were convicted in March 1951 of passing

secrets to the Soviet Union. They allegedly provided top-secret

information about radar, sonar and jet engines, along with nuclear

weapon designs, to the Soviets. They were sentenced to death and

executed in June of 1953.

The British also experienced a major security scandal, the

Cambridge Spy Ring. Kim Philby, Guy Burgess, Donald Maclean,

Anthony Blunt, and John Cairncross were Turing’s contemporaries

at Cambridge in the 1930s, where they joined the communist cause.

They passed on many diplomatic secrets to the Soviet Union during

and after World War II. Several had risen to high positions within

Britain’s domestic counter-intelligence service (MI5) and foreign

intelligence agency (MI6). Philby was the head MI6 person in

Washington in the spring of 1951 when he tipped off Burgess and
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Maclean that they were under suspicion of being Soviet agents.

They hastily left Britain and defected to Russia, where Philby joined

them in 1963. Blunt and Cairncross confessed but their admission

was kept secret for decades.

The American Central Intelligence Agency (CIA) was deeply

disturbed that these double agents had risen to high levels of

responsibility. Americans were also worried by the attempts of UK

officials to cover up their disloyalty. The CIA distrusted MI5 and

MI6, increasingly putting pressure on them to prevent those

possessing highly classified information from passing it to the

enemy. The Americans had possibly urged the British to keep an

extra careful eye on Alan Turing, now publicly identified as a

homosexual, whose mind held deep secrets about cryptologic

technology on both sides of the Atlantic.

Continued projects

Turing had continued consulting the cryptanalytic establishment

after the war, maintaining a security clearance; but this relationship

was now terminated. Alan would no longer be privy to such secrets.

His former Bletchley Park colleagues knew his patriotism was

sincere and inviolable. They thought it was counterproductive, at

the least, to close off access to Turing’s brilliance and imagination.

As Jack Good commented, it “was a good thing the authorities hadn’t

known Turing was a homosexual during the war, because if they

had, they would have fired him—and we would have lost.”

Turing weighed the choice of accepting a prison sentence or

agreeing to estrogen injections. The police jailed Alan after his initial

arrest until he was freed on bail. The possibility of spending more

time behind bars was not particularly daunting. “Whilst in custody

with the other criminals,” he wrote Philip Hall, “I had a very

agreeable sense of irresponsibility, rather like being back at school.”

Imprisonment, however, meant loss of access to the computer and a

154 | Regina vs Turing



halt to his experiments on pattern formation in plants and animals.

So Turing chose to have the intellectual freedom to pursue his ideas,

even though it meant subjecting his body to sexual impotence, the

development of breasts, and other unknown consequences. In his

letter to Hall, Alan described the court’s judgment and his own

concern:

I am both bound over for a year and obliged to take this

organo-therapy for the same period. It is supposed to

reduce sexual urge whilst it goes on, but one is supposed to

return to normal when it is over. I hope they’re right. The

psychiatrists seemed to think it useless to try and do any

psycho-therapy.

The imposition of probation rather than incarceration meant that,

technically speaking, Turing had not been convicted of a crime and

so he would not automatically lose his position at Manchester

University. Indeed, Newman was able to secure for Alan an

appointment to a specially designed Readership in the Theory of

Computing, running through at least 1958.

The editors of the Philosophical Transactions of the Royal Society

suggested some changes in Turing’s manuscript on the chemical

basis of morphogenesis, which he submitted on March 15. Somehow

in this period between his arraignment and trial, he was able to

complete the work. The paper appeared in the August 14 issue,

with the initials FRS (Fellow of the Royal Society) appended to his

name as the author. In March 1951, just months before Alan’s legal

problems began, he was elected to this organization, the oldest

scientific academy in continuous existence, dating back to the 17th

century.

Nominated by Newman and Bertrand Russell, Turing was cited for

his computable numbers paper. Election as a Fellow is a prestigious

lifetime honor for a “substantial contribution to the improvement

of natural knowledge.” The Guardian described election as an FRS

“the equivalent of a lifetime achievement Oscar.” Newton, Darwin,
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and Einstein had all been Fellows; Turing was gratified to be joining

those he dubbed “the Olympians.”

During his year of probation, Alan needed to refrain from any

sexual activity in Great Britain that might provoke new charges of

“gross indecency” but he was free to travel overseas. Turing heard

that the Scandinavians were more tolerant of homosexuals and one

could find dances for men only in Norway. He promptly began to

study the Norwegian language and went on vacation there in the

summer of 1952.

Turing didn’t find the dances, but he did meet several young

men with whom he had at least a flirtation. Alan brought back

a photograph of one, Kjell Carlson, from Bergen. “Perfect virtue

and chastity had governed all our proceedings,” Turing confided

to Routledge. “A very light kiss beneath a foreign flag under the

influence of drink, was all that had ever occurred.” Yet there grew

some infatuation between them. Kjell hoped to visit in England

where Alan was naming several computer programs and algorithms

after the young Norwegian.

In the autumn, Turing searched for a psychiatrist who might help

him, He became a patient of Franz Max Greenbaum, a pre-war

refugee from Nazi Germany. Greenbaum, a medical doctor later

trained as a Jungian analyst, was described by friends as a person of

great personal charm and sincerity, a warmhearted colleague with a

subtle sense of humor.

Alan found Greenbaum “rather more cooperative” than other

psychiatrists. Greenbaum accepted Alan as a “natural homosexual”

and rejected Freud’s notion that human behavior should be seen

through the lens of displaced or unconscious sexuality. He sought to

help Turing integrate intellectual and emotional life, and to navigate

a hostile society and a government increasingly willing to punish

overt homosexual practice. “If he can put me in a more resigned

frame of mind,” Alan wrote to Gandy in November 1952, “it would be

something.”

The estrogen pills and injections took a toll on Turing’s body and
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he perceived a tightening ring of supervision and suspicion. As he

wrote Routledge in February 1953:

Being on probation my shining virtue was terrific and had to

be. If I had so much as parked my bicycle on the wrong side

of the road there might have been 12 years for me. Of course,

the police are going to be a bit more nosy, so virtue must

continue to shine.

He expressed an interest in moving to France, but progress with

Greenbaum was going well. His letter to Routledge concluded:

`I’ve also been having psychoanalysis for a few months now,

and it seems to be working a bit. It’s quite fun, and I think

I’ve got a good man. 80% of the time we are working out the

significance of my dreams. No time to write about logic now!

Turing supervised Gandy’s doctoral thesis on axiomatic systems in

mathematics and physics. He was also a co-director of the first

Ph.D.in modern computer science, “Serial Programming for Real and

Idealised Digital Calculating Machines” by Beatrice Helen Worsley.

Turing’s last research student was Bernard Richards, who was

eager to learn more about computers and intrigued by the idea of

applying them to problems in biology. He found Turing an excellent

mentor:

He was most courteous and helpful if there was ever

something I didn’t understand. He was full of patience and

would go over things again. The subject was entirely new

to me and I knew very little about computers, which I was

expected to use. … As the months went on, I learnt more

about his work from colleagues but he never revealed very

much. He was only anxious to see how quickly we were

making progress.

Richards was unaware of the gross indecency charge against Alan,

the estrogen treatments and probation. Turing never mentioned it
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nor did anyone in the laboratory. Richards felt Alan’s colleagues had

great sympathy for him and did not want to “drag him down by

talking about it.”

Turing asked Richards to solve a special case of his diffusion

model for morphogenesis on a sphere and then program the

computer to find the solutions, checking whether they generated

pictures matching what appeared in nature. This was a difficult

problem, taking 30 pages of Richards’ thesis to work out the details

which verified that Turing’s ideas were correct.

Alan was also making progress in mathematical biology, filling

pages with notes and calculations that were never published. The

state security apparatus was bearing down on Turing, tightening a

noose around his activities and contacts.

The government could strip away Alan’s security clearance and

block him from working as a cryptology consultant. It could not

erase from his mind his knowledge of British and American top-

secret projects. If even a small fraction of what he knew passed on

to the enemy, major military and diplomatic damage would result.

The British, for example, were encouraging the Israeli government

in the late 1940s to use Enigma machines for their enciphering,

extolling their virtues but all the while reconstructing the plaintext

of messages the U. K. intercepted.

“I want a permanent relationship”

In 1952 and 1953, Alan’s domestic movements were no doubt tracked

by MI5. From the 1940s through at least the 1960s, the British

domestic security office kept surveillance on many citizens

suspected of being Communist Party members, sympathizers of

the communist cause, or even friends of such sympathizers. MI5

tapped and recorded their telephone calls, intercepted and read

their mail, and monitored their contacts. An action as innocent as
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signing a letter supporting a march against nuclear weapons would

be sufficient to initiate a secret investigation.

MI5 cooperated with MI6 and its American equivalents, the

Federal Bureau of Investigation (FBI) and the CIA, in keeping watch

on suspected individuals. In 1954, the FBI believed physicist J.

Robert Oppenheimer might use a trip to Britain to defect to the

Soviet Union. Oppenheimer, who led the Manhattan Project building

the first atomic bomb, had been investigated for left-wing

sympathies. MI5 eagerly agreed to the FBI’s request to keep an eye

on Oppenheimer should he visit the UK. The rumors were a false

alarm; Oppenheimer was a loyal citizen and had no intention of

defecting.

Although Alan was still free to travel abroad in 1952 and 1953, men

he met outside Britain could be blocked from visiting him. In the

early months of 1953, Turing wrote to several friends about Kjell’s

failed attempt to do so. The Norwegian had sent Alan a postcard

indicating that his route would be through Newcastle. The

authorities read the card before Turing received it and scoured the

north of the country looking for Kjell. They intercepted him before

he reached Manchester, hustling him out of the country for a return

to Bergen. In his letters, Turing treated the incident somewhat

lightheartedly, but could not help feeling that the nation he served

so well during wartime was intent on constraining his life.

Turing went to the Greek isle of Corfu for his 1953 summer

vacation. Before leaving, Alan wrote his friend Nick Furbank:

I expect to lie in the sun, talk French and modern Greek,

and make love, though the sex and nationality … has yet to

be decided: in fact it is quite possible that this item will be

altogether omitted. I want a permanent relationship and I

might feel inclined to reject anything which of its nature

could not be permanent.

Philip Nicholas Furbank, the English biographer and literary critic,

later served as Turing’s literary executor. Still, under estrogen and

psychiatric treatments, Alan confided to Furbank: “I have had a
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dream indicating rather clearly that I am on the way to being hetero,

though I don’t accept it with much enthusiasm either awake or in

the dreams.”

After Turing’s death, his psychiatrist, Greenbaum, told his brother

John that Alan loathed their mother. These feelings abated

somewhat when Sara stuck by him after his admission of

homosexuality to her during the court proceedings. “Mother has

been staying here,” he wrote Furbank, “and we seem to be getting

on a good deal better. I have been subjecting her to a good deal of

sexual enlightenment and she seems to have stood up to it very well.

There was a rather absurd dream I had the other night in which I

asked mother’s opinion about going to bed with some men and she

said: ‘Oh very well, but don’t go walking about the place naked like

you did before.’”

Alan was reflecting more on his emotional issues and sharing

these thoughts with others as his sessions with Greenbaum

continued. He developed a strong friendship with Max Newman’s

wife, Lyn. She had not welcomed Max’s decision to leave Cambridge

for what she described as the “perpetual gloom” of Manchester. She

felt homesick in this new setting, burdened with domestic drudgery,

and boring visits from her husband’s mathematician colleagues. A

journalist and author, she had no interest in mathematics itself and,

in the words of her son William, “was mystified how Max, with a

lively and versatile mind, could find it appealing.”

Turing was a notable exception for Lyn, who was attracted by

his “very simple, humble gentle personality.” Alan frequently visited

the Newmans. She expanded his literary interests, pointing him

to Leo Tolstoy’s works. Turing was especially impressed with War

and Peace, expressing appreciation for Tolstoy’s insight and

understanding.

Sara Turing wrote her memoir about Alan in 1959. Lyn contributed

a foreword but was constrained by Mrs. Turing’s decision that there

should be no hint of Alan’s homosexuality. Turing himself was quite

open with the Newmans about his sexual preferences. Lyn had

written a friend: “I remember his saying to me so simply & sadly ‘I
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just can’t believe it’s as nice to go to bed with a girl as with a boy’

and all I could say was ‘I entirely agree with you—I also much prefer

boys.’”

Alan did have his holiday in Corfu. The intelligence agencies,

certainly aware of Turing’s travels, must have had major concerns.

The northeastern part of Corfu is but a short boat ride from Albania,

then a firmly communist country within Moscow’s control. It would

be quite simple to defect to the other side. Just as easily, Soviet

agents could track down someone, attempt to persuade him to

switch allegiances, or even kidnap him if he refused to cooperate.

Who knew what someone like Alan Turing—in MI6 and CIA eyes an

unstable eccentric professor and a homosexual to boot—might have

done?

The Cold War was intensifying. At his 1953 inaugural, President

Dwight Eisenhower warned: “We sense with all our faculties that

forces of good and evil are massed and armed and opposed as rarely

before in history. … Freedom is pitted against slavery; lightness

against the dark.” Eisenhower and Secretary of State John Foster

Dulles developed twin policies of “massive retaliation,” with greater

reliance on nuclear weapons and “brinksmanship,” pushing the

Soviet Union to the edge of war in order to exact concessions.

In October 1952, Britain tested its first nuclear weapon. A month

later, the U. S, exploded the first fusion bomb, and the following year

deployed the first nuclear-tipped rockets as the Russians conducted

their first hydrogen bomb tests. In February 1954, the U. S.

detonated the first deliverable thermonuclear weapon. War

appeared imminent and anticommunist hysteria was commonplace.

In such an atmosphere, wouldn’t a prudent government attempt

to restrict the activities of an Alan Turing, a man who knew the most

classified secrets about its communications methods, but was now

considered a potential security risk?
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14. Breaking The Enigma of
Death

A lan Turing never went on a summer vacation in 1954. He died

on Monday, June 7.

The most controversial question about Turing’s life was its ending.

Was it suicide? An accident? Murder?

On the previous Tuesday, Alan invited his next-door neighbors,

the Roy Webbs, to dinner. The Webbs were moving to Styal, two

miles closer to Manchester. It was a “most delightful evening,”

reported Mrs. Webb, who saw Alan several times that Wednesday

and Thursday. On their June 3 moving day, Mrs. Webb and her young

son Rob were Alan’s guests for tea. Joined by Eliza Clayton, Turing’s

housekeeper, they had a “jolly party.” Alan seemed in the best of

spirits, promising to visit the Webbs often on his way home from the

university.

The Pentecost festival occurs on Whitsun, the seventh Sunday

after Easter. In 1954, the succeeding Monday, June 7, was a public

holiday in the United Kingdom, giving the British public a three-day

weekend.

Alan Turing bicycled home from campus on Friday, June 4 for

the Whitsun break, leaving behind a messy pile of working papers

and reserving time to run programs on the computer the following

Tuesday night. His research student Bernard Richards had come for

their thrice-weekly meetings; they planned to confer again on the

7th.

On his Sunday morning walk, Alan crossed paths with a neighbor

who observed nothing out of the ordinary—“as usual, he looked

very disheveled.” The weekly London Observer was waiting at his

doorstep and Turing brought it inside to read, doing likewise with

Monday’s Manchester Guardian.

That afternoon, June 7, he spoke with another neighbor and her
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child on his walk, and appeared very cheerful. He dined on lamb

chops at home alone, leaving dirty dishes to be cleaned later.

Mrs. Clayton arrived at Turing’s home at about 5 PM on Tuesday

to do the day’s housekeeping and prepare Alan’s dinner. She noticed

that neither the morning’s milk delivery nor the day’s newspapers

had been taken in and that his bedroom light was still on. Hearing

no response to her knock on the bedroom door, she opened it. He

was lying on his back in bed. She touched his hand and recoiled in

fright because it was cold. Alan Turing was dead, two weeks short of

his 42nd birthday.

Clayton ran to a neighbor to notify the police, as Turing had no

telephone. Quite quickly, Sergeant Leonard Cottrell of the Cheshire

Constabulary arrived. He observed that Turing’s body was “in

practically a normal position in the bed,” one hand resting on his

stomach, the other projecting over the edge. The sheets and

blankets were pulled up toward his chest and neck. The description

indicates a peaceful death.

Cottrell noticed a white frothy liquid around Turing’s mouth

towards the left side and cheek. He detected a faint smell of bitter

almonds, a characteristic odor of cyanide. There were no obvious

signs of violence or marks of injury on the body. On a small table

beside the bed, there was an apple, from which several bites had

been taken.

More evidence of cyanide surfaced. A strong smell of bitter

almonds pervaded the small back bedroom Turing used as a

laboratory. On a side table, Cottrell found a one-pound jam jar with

a similar odor. In the top drawer of a chest in a third bedroom was a

small bottle labeled “Poison. Potassium Cyanide.”

At 7:40 PM that evening, Alan’s body was taken to Wilmslow’s

public mortuary, where Dr. Charles Bird immediately began a post

mortem examination. Bird concluded that the cause of death was

“asphyxia due to cyanide poisoning. Death appeared to be due to

violence.” Cyanide prevents sufficient oxygen from flowing through

the respiratory system to enable one to continue breathing.

If Turing died this way, how did the cyanide enter his body? Was it
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ingested? Inhaled? Injected? Did he commit suicide by deliberately

swallowing cyanide? Was the poisoned liquid forcibly poured down

his throat? Had he accidentally bitten into an apple carelessly placed

in a pool of cyanide liquid? Could he have inhaled toxic fumes while

conducting an experiment? Had an assassin emptied a toxic syringe

into his body?

Suicide remains the most commonly accepted explanation of

Turing’s death. It was the formal finding of the official inquest

hastily convened on June 10. The coroner, J. A. K. Ferns concluded, “I

am forced to the conclusion that this was a deliberate act. In a man

of his type, one never knows what his mental processes are going to

do next.” What Ferns meant by “his type” is unclear.

Alan’s brother John accepted this verdict as, grudgingly, did many

of his friends, although they saw no clear reason he might kill

himself. Turing’s principal biographer, Andrew Hodges, and his

literary executor, Nick Furbank, also concluded he died by his own

hand. Suicide fits a contemporary narrative that Turing was

hounded to his death by a hostile government and society, a martyr

for the freedom to act on a different sexual orientation.

Greenbaum’s daughter Barbara recalled a troubling incident

occurring about three weeks before Alan’s death. He joined the

family for a day trip to Blackpool.

It was a lovely sunny day and Alan was in a cheerful mood

and off we went … We found a fortune-teller’s tent and Alan

said he’d like to go in so we waited around for him to come

back. And this sunny, cheerful visage had shrunk into a pale,

shaking, horror-stricken face. Something had happened. We

don’t know what the fortune-teller said but he obviously was

deeply unhappy. I think that was probably the last time we

saw him before we heard of his suicide.

Turing said nothing about what the woman billing herself as “Gypsy

Queen” told him, remaining silent as they took the bus back to

Manchester. It may seem strange that Alan, brilliant scientist that he
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was, would put faith in a fortune-teller, but one had predicted his

genius at a church fair when he was 10 years old.

Others cite the public humiliation of the arrest and judicial

punishment, as well as side effects of the estrogen treatments, as

provoking a downward spiral in Turing’s mental and emotional

wellbeing.

A closing cage

Turing had turned 40 in 1952 and was certainly aware of the

admonition voiced by the eminent British mathematician G. H.

Hardy, that “No mathematician should ever allow himself to forget

that mathematics, more than any other art or science, is a young

man’s game.” Perhaps Alan feared he would never reach the creative

heights displayed in his computable numbers paper and in the work

at Bletchley Park. Facing a middle age possibly devoid of major

mental achievement might have been intolerable for Turing. The

newspapers of June 6 and June 7 carried accounts of the 10-year

anniversary celebration of the D-Day invasion, perhaps making him

recall the great contributions he had made during the war. The

thought he might never again solve a problem as challenging as the

Enigma may have prompted an impulsive suicide.

The last papers Turing read also conveyed depressing news. A

special security personnel board in Washington recommended that

Oppenheimer be stripped of his security clearance. Though the

board concluded that his loyalty was not in question, he could no

longer be trusted. Oppenheimer was the leading scientist in the

development of the atomic bomb, the most carefully guarded

American secret of World War II. Turing held a parallel position on

his side of the Atlantic, as the chief scientist cracking the German

cipher system, the most carefully guarded British secret of the war

years.

One of the last items Turing likely read was the Guardian article
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observing that the proposed action in the Oppenheimer case “added

to the feeling of defencelessness which the triumphant anti-

intellectualism of the past year has created among highly educated

Americans of all political colours.” The current political climate was

threatening Turing as well. He could no longer safely seek

homosexual contacts in England and the authorities had shown in

the “Kjell crisis” that it would block foreigners from visiting him.

Perhaps a frightened British government had told Alan he could no

longer travel abroad. A closing cage around his personal freedom

might have led to a desperate act of self-destruction.

Suicide or accident?

Many popular accounts state that Turing took several bites out of an

apple laced with cyanide. They refer to Alan’s fascination with Walt

Disney’s 1937 film Snow White and the Seven Dwarfs. They claim that

he often chanted the evil queen’s lines as she prepared the poisoned

fruit

Dip the apple in the brew,

Let the sleeping death seep through.

Thus, eating an apple he had coated with poison would be a

plausible way for Turing to end his life.

Hence, the deliberate ingestion of cyanide appears to be a strong

possibility.

This case, however, is not airtight.

Let’s begin with the apple. Turing often ate one before retiring

for the night; its bedside presence was not unusual. The apple itself

was never tested for cyanide, so it’s not certain that this was the

way the poison entered Turing’s body. Even if it was, the apple may

have been contaminated by accident. Don Bayley had witnessed

Turing’s sloppy soldering work and said it would not be surprising
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if Alan accidentally placed the apple in a puddle of liquid containing

cyanide and wouldn’t notice it.

Turing enjoyed doing hands-on experimenting, but he was known

to be careless. He also often identified chemicals by tasting them.

Near the time of his death, he was electroplating spoons with gold,

a process requiring potassium cyanide. He might well have ingested

the poison unintentionally.

The electroplating process could have created cyanide fumes that

Turing unwittingly inhaled. His home laboratory was a small,

confined space. Although cyanide is often recognized by a faint odor

of bitter almonds, a substantial portion of the population cannot

detect this smell. Alan could have inhaled a lethal volume of cyanide

gas without realizing it until too late.

Further evidence that Turing inhaled rather than ingested

cyanide appears in Dr. Bird’s autopsy. He found that Turing’s liver

appeared normal, while other organs emitted the bitter almond

smell. Ingestion results in a high concentration of cyanide in the

liver, while inhalation produces a higher concentration in other

internal organs.

The autopsy appears rushed and incomplete. Dr. Bird reported no

details of the cyanide concentration in different parts of Turing’s

body, apparently content to rely on his own sense of smell. He

concluded only that the death was due to cyanide poisoning. He did

not speculate on how the toxin entered Turing’s body.

No one gave evidence at the coroner’s hearing that Alan was in a

state of mind teetering on suicide. His brother testified that Turing

had no financial problems and was in good health.

Many who knew Turing well or worked closely with him thought

his death must have been accidental.

“Nobody had any inkling” he might kill himself, his student

Richards said. “He certainly gave no indication to me. The last time

I saw him alive was two or three days before his death. We would

meet three times a week and I was due to see him on the day he

died. I was devastated. It was almost as if I had been driving through
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a tunnel with the lights on but suddenly in this mile-long tunnel

someone had switched the lights off.”

Lynn Newman, whose descriptions of Turing show she was a keen

observer of the physical and psychological, had not thought he

might be contemplating suicide. His death, she wrote, was “the most

shattering thing that has ever happened to me.” She also observed

that “the explanation of suicide will never satisfy those who were in

close touch with Alan during the last months and days of his life.”

Greenbaum had been treating Alan for months, was privy to the

journals he was keeping, and spent time with Turing socially. He

rejected the inquest’s finding of suicide, writing to Alan’s mother

that “There is not the slightest doubt to me that Alan died by an

accident.”

In December 1953, Owen Ephraim began his duties as a computer

engineer maintaining the Mark 1, working alongside Turing. He was

the last person to spend time with Alan at the university. “If I had

been asked,” he said, “I would have said that Alan Turing acted

perfectly normally during those last days, and with as much

dedication as ever.” Neither the police nor the coroner made

inquiries at Manchester University about Alan’s behavior or state of

mind. There seems to have been a rush to judgment.

One motive for hastening the inquest may have been to spare

Sara the anguish of hearing details of the autopsy or testimony that

might have been particularly painful for her, especially details of

Alan’s homosexual experiences. There were a number of newspaper

reporters at the hearing, hoping, John Turing believed, for such

revelations, but they never emerged. John felt it was “great good

fortune” that his mother was vacationing in Italy and unable to

return to England until after the inquest.

Sara Turing always believed Alan’s death was accidental. She had

repeatedly warned him to wash his hands and clean his fingernails

before eating, but he ignored this advice. She emphasized the

observations of Mrs. Clayton, the Webbs, and Robin Gandy that Alan

appeared in very good spirits before his death. Gandy had spent the

previous weekend at Turing’s home and reported that Alan “seemed,
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if anything, happier than usual: we planned to write a joint paper

and to meet in Cambridge in July.” Alan’s outgoing mail included a

promise to attend a Royal Society event. There were theatre tickets

for a forthcoming performance he was to attend with guests.

Sara was angry that John did not push for a verdict of accident

at the inquest. “She made no secret of her belief that I had grossly

mishandled the case,” he wrote later:

She evolved various theories of her own to establish to her

own satisfaction that it was really an accident. But I had

worked on the very same theories myself in Manchester for

nearly three days and there was one fatal flaw in them. This

was the half-eaten apple beside Alan’s bed where his body

was found. The apple was to disguise the bitter taste of the

cyanide and thus ensure that the poison would do its work.

We’ve noted, however, that John’s belief was never substantiated by

an actual examination of the apple.

Another theory embraces both suicide and accident: Alan did kill

himself but left sufficient clues so his mother could reasonably

conclude that his carelessness led to an inadvertent death. This

idea explains why he left no suicide note. Deliberately disguising

a suicide to spare his mother’s feelings is at odds, however, with

Greenbaum’s report that Turing loathed his mother. The

psychiatrist also showed John Alan’s notes where he discussed his

dreams and thoughts. John found his brother’s comments on Sara

“scarifying” and made sure she never saw them.

For every argument supporting suicide, there is a countervailing

rejoinder. Some argue that the chemical castration treatment

rendering Turing unable to achieve sexual intimacy so depressed

him that he could see no future happiness and decided to end his

life. But Turing’s estrogen regimen ended more than a year before

his death. The side effects had apparently worn off, and he did

report taking lovers during his Greek vacation in 1953.

Turing’s morphogenesis work also is a counterexample to

thoughts that creative mathematics was solely a young person’s
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achievement. He was accomplishing visionary and original work,

generating creative ideas, and displaying a mastery of mathematical

techniques. Alan had completed the drafts of several research

papers and had piles of notes for others. His employment at

Manchester was secure and he could, in all likelihood, have returned

to Cambridge for a position, if he chose to do so.

Different theories abound

In recent years, speculation has arisen that Alan’s death was an

assassination by British intelligence agencies (MI5 or MI6) or

perhaps the American CIA. A motive was clear: Cold War hysteria

was rampant and Turing’s mind held too many secrets that

governments wanted to preserve. He might be kidnapped by hostile

nations when traveling abroad or perhaps he might even defect.

Was there an as yet undiscovered link between Turing and the

Cambridge spies? Government bureaus worried (certainly

unnecessarily) that he would be subject to blackmail threats, forcing

him to reveal classified information in return for keeping his sexual

preference secret. An anti-homosexual witch hunt gripped Great

Britain in the early 1950s, ousting gay people from government

agencies and military forces. Doubts were regularly cast on their

loyalty to the state.

There is no direct evidence publicly available of a political murder

of Alan Turing. There are, however, some disquieting facts in the

official record relating to his death. They possibly point to some

person or persons killing Turing and then trying to “tidy up” the

scene.

There is, first, the matter of Turing’s shoes. On the day his body

was discovered, his shoes had been placed outside his bedroom.

This was a common habit of British gentlemen, as one’s servant

was meant to shine them before the master woke. Turing, however,
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never did this. Mrs. Clayton testified that it was highly unusual for

his shoes to be left where they were found.

A conspiracy theorist might suggest that agents killed Turing

while he was still fully dressed, removed his clothes and dressed

him in pajamas before moving the body into his bed. An MI5 or MI6

operative who normally put out his own shoes would instinctively

do the same with Alan’s footwear.

The second suspicious matter was the observation of Mrs.

Clayton and Sergeant Cottrell that Turing was lying in a normal

position in bed with the covers pulled up to his neck, the posture

of a man peacefully sleeping. A restful outcome is inconsistent with

cyanide poisoning. It is not a comfortable death, but an awful and

agonizing one, involving gasping and thrashing followed by strong

muscle spasms before the victim loses consciousness. As Dr. Bird

concluded in his pathology report, “Death appeared to be due to

violence.”

Public enemies

Western governments have not shied away from attempts to

assassinate those they considered as threats. Winston Churchill

oversaw efforts intended to kill Italian leader Benito Mussolini and

Gestapo chief Reinhard Heydrich, a chief architect of the Holocaust.

A later prime minister, Anthony Eden, made clear his desire to

have Egyptian President Gamal Abdel Nasser murdered for his

nationalization of the Suez Canal. MI6 was unable to find an

appropriate opportunity to carry out the mission.

President Eisenhower secretly directed the CIA to assassinate

Patrice Lumumba, the first Prime Minister of the Democratic

Republic of Congo, because of his leftist leanings. The CIA planned

to put poison in Lumumba’s toothpaste but did not succeed. Eight

American Presidents from Eisenhower through Bill Clinton oversaw

numerous failed efforts to kill Cuban leader Fidel Castro, including
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the use of exploding cigars, infected scuba-diving suits, and a

booby-trapped conch.

But these murder plots were all directed by a government against

a foreign national. Is it conceivable that a Western democratic

government would ever execute its own civilians far from any

battlefield without proper judicial hearings? President Barack

Obama not only claimed the authority to do so, but approved the

killing in September of 2011 of U. S. citizens Anwar Awlaki and Samir

Khan in a drone strike in Yemen.

Many people suspected official British government involvement

in the 2003 death of David Kelly, a biological warfare authority and

United Nations weapons inspector. Kelly privately told journalists of

doubts that Saddam Hussein had the weapons of mass destruction,

as US and UK leaders claimed. He also worried that Prime Minister

Tony Blair misrepresented the evidence to persuade the public that

a war with Iraq was essential. Such accusations of misusing

intelligence were deeply embarrassing to Blair’s government.

Authorities found Kelly’s body in a wooded area a mile from his

home. They claimed Kelly ingested a large number of painkilling

drugs and committed suicide by cutting his wrist with a knife. No

fingerprints were found on the knife. Some physicians doubted

death would have resulted from the type of wound claimed.

Another mysterious death of a British mathematician and

cryptographer occurred in 2010. Authorities found the badly

decomposed body of Gareth Williams locked inside a duffle bag in

a London safe house. The inquest found his death was “unnatural

and likely to have been criminally mediated” but a police inquiry

concluded it was probably accidental. Williams was a GCHQ

employee working closely with MI6. Some people conjectured that

Williams’ interest in bondage made him a potential target of

blackmail and that he was killed by MI6 itself. At the time this book

is being published (April 2020), the case is still unresolved.

It is not inconceivable then that Turing was adjudged a “man who

knew too much” and eliminated by government agents of Britain

or the U.S. In the Cold War years of the early 1950s, many citizens

172 | Breaking The Enigma of Death



thought homosexuality was as great a threat to American interests

as communism.

In 2013, human rights activist and Parliamentary candidate Peter

Tatchell called on the prime minister for an official inquiry into

Turing’s death. Although murder by agents of the state seems

unlikely, Tatchell conceded, an investigation might at least dispel

doubts about the true cause of his demise. Questions that Tatchell

posed include: If the security services did not kill him, did they

pressure him, and did this pressure contribute to his suicide? Was

Turing subjected to MI5 or MI6 surveillance, pressure or threats?

Were the security services in contact with Turing in the two years

prior to his death? What was the frequency and nature of this

contact? Can the security service files on Turing be made public?

The British government has not responded to these reasonable

questions. Until it does, there is little possibility that we will know

the full story of Alan Turing’s death. It remains an enigma.
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15. Turing’s Legacy

W ithin the short span of 20 years, Alan Turing created or

revolutionized each of the fields to which he turned his

brilliant mind: computer science, cryptology, artificial intelligence,

mathematical and computational biology. It is universally

recognized now that he was one of the greatest scientists of the past

100 years.

That recognition did not come quickly, however. Few people were

initially interested in his computable numbers paper. He received

hardly any requests for reprints in the 1930s. Now called “father

of computer science,” his contributions were overshadowed by

accounts that gave major credit to his better-known and better-

connected colleague, John von Neumann. Turing’s role in cracking

the Nazi codes only began to emerge in the 1970s, almost two

decades years after his death.

The distinguished logician, mathematician, and computability

theorist S. Barry Cooper recounted that when he was an Oxford

undergraduate in the 1960s, Turing’s name rarely came up. Cooper

later studied at Manchester University, Alan’s workplace for six

years, where he found that Turing was “a well-kept secret. There

was a shadow hung over him at that time—partly for being openly

gay before the law allowed, and partly because of his mysterious

suicide.”

Turing was certainly the victim of homophobia during his life

and likely afterward. His government should have publicly embraced

him as the hero he was. Instead, he was stamped a criminal and

forced to undergo chemical castration.

There is a long unfortunate record of hiding the achievements

of oppressed minorities from our history. The accomplishments

of homosexuals, women, and people of color were often omitted

from the textbooks. Alan Turing may have been the target of such

prejudice as well. Other computer scientists of Cooper’s generation
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also reported learning little or nothing at all about Turing during

their formal education.

The veil covering Turing’s accomplishments slowly began to lift.

As the development of computers grew in the 1950s, scientists

began to examine the theoretical foundations for these digital

devices, looking for ideas that might lead to better designs, more

efficient algorithms, and a better understanding of their

potentialities and limitations. The underlying models all seemed

logically equivalent to the one Turing created in 1936. The Theory

of Computation became a required course in the computer science

curriculum. Students learn to design Turing machines to carry out

simple calculations in their first computer courses.

Turing’s contributions to codebreaking took longer to become

public due to the widespread adherence to the Official Secrets

Act by the nearly 9,000 people who worked at Bletchley Park. The

British military command adopted the name Ultra for the

intelligence gathered by breaking encrypted enemy

communications. The information obtained was considered even

more important than the previous highest security classification,

Most Secret.

In 1967, military historian Władysław Kozaczuk revealed that

Polish cryptographers first broke a version of the Enigma machine

before the war. Kozaczuk’s work was not translated from Polish into

English until 1984. David Kahn’s epic 1967 book The Codebreakers

provided hints about the scale and operational importance of Ultra.

French intelligence officer Gustave Bertrand publicly disclosed

wartime Enigma decryption in 1973 but details were scant.

Her Majesty’s government lifted the ban on disclosure in 1974 and

a major participant on the distribution side of Ultra, Frederick W.

Winterbotham, wrote The Ultra Secret, the first popular account

published in England. Although Winterbotham purports to give an

extensive account, he made a number of serious errors and

misrepresentations. The name Turing never appears in his book.

The person most responsible for introducing the life and work

of Alan Turing to the general public is Andrew Hodges. In 1983,
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he published a monumental 700-page biography Alan Turing: The

Enigma of Intelligence. Hodges was uniquely qualified to undertake

this project when he did. He was able to interview many of Turing’s

friends and coworkers. With deep training in mathematics and

physics, Hodges earned his Ph.D. from the University of London

and serves as a tutorial fellow in mathematics at Oxford. In the late

1960s, as an undergraduate student at Cambridge, Hodges became

acquainted with Turing’s work on the foundations of computer

science. Later, through his contacts as a gay rights campaigner,

Hodges learned about Turing’s personal life from some of Alan’s

friends.

As a gay man, Hodges was especially attuned to the history of

British attitudes toward homosexuality. His book is a sensitively

rendered treatment of a man and his times. Everyone who writes

about Alan Turing, including this author, is deeply indebted to

Hodges’ pioneering work. Readers wishing to dive more deeply into

the subject should consult the book and the companion website

https://www.turing.org.uk/.

Turing’s story reached a wider audience when Hugh Whitemore’s

1986 play Breaking the Code, based on Hodges’ book, was adapted for

television a decade later. Many regional theatre companies continue

to produce this drama on a regular basis. In 1999, TIME magazine

named Turing as one of the 100 most important people of the 20th

century.

The scientific community marked the 90th anniversary of Alan’s

birth with a conference, The Turing Day, held at the Swiss Federal

Institute of Technology (EPFL) in Lausanne, Switzerland on June 28,

2002. The organizer, Christof Teuscher, gathered a dozen of the

major presented papers in an influential collection, Alan Turing: Life

and Legacy of a Great Thinker. In 2004, B. Jack Copeland published

a number of Turing’s writings with detailed commentary in The

Essential Turing. David Leavitt, the well-known novelist, offered The

Man Who Knew Too Much: a 2006 biography that sees Turing’s

homosexuality and the world’s reaction to it reflected in Alan’s

writings as well as in his personal life.
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Computer scientist John Graham-Cumming launched a petition

drive in summer, 2009 demanding a formal apology from the British

government for its punishment of Turing in 1952. More than 25,000

people signed the petition within a couple of weeks of its creation.

On September 10, Labour Prime Minister Gordon Brown issued a

lengthy apology. Brown noted, in part:

It is no exaggeration to say that, without his outstanding

contribution, the history of the Second World War could

have been very different. He truly was one of those

individuals we can point to whose unique contribution

helped to turn the tide of war. The debt of gratitude he is

owed makes it all the more horrifying, therefore, that he was

treated so inhumanely. …

Thousands of people have come together to demand justice

for Alan Turing and recognition of the appalling way he was

treated. While Turing was dealt with under the law of the

time, and we can’t put the clock back, his treatment was of

course utterly unfair, and I am pleased to have the chance

to say how deeply sorry I and we all are for what happened

to him. Alan and the many thousands of other gay men who

were convicted, as he was convicted, under homophobic

laws, were treated terribly. Over the years, millions more

lived in fear in conviction … This recognition of Alan’s status

as one of Britain’s most famous victims of homophobia is

another step towards equality, and long overdue …

It is thanks to men and women who were totally committed

to fighting fascism, people like Alan Turing, that the horrors

of the Holocaust and of total war are part of Europe’s history

and not Europe’s present. So on behalf of the British

government, and all those who live freely thanks to Alan’s

work, I am very proud to say: we’re sorry. You deserved so

much better.
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The celebratory centenary

The centenary of Alan Turing’s birth saw a worldwide celebration of

his life and the scientific impact of his work. There were a number

of major conferences, symposia, lectures, seminars, colloquia,

workshops, museum exhibits, films, concerts, and performances.

The official Turing Centenary website listed more than 350 events

in three dozen countries in 2012 alone with similar subsequent

“Turing Days” in the years that followed.

Prime Minister Brown had opposed pardoning Turing, arguing

that Alan had broken the law that was in effect in 1952. Public

pressure for a pardon mounted after the centennial celebrations. At

the request of Conservative Prime Minister David Cameron, Queen

Elizabeth II issued the proclamation in December 2013: “Now Know

Ye that We, in consideration of circumstances humbly represented

unto us, are Graciously pleased to grant Our Grace and Mercy

unto the said Alan Mathison Turing and grant him Our Free Pardon

posthumously in respect of the said convictions; AND to pardon and

remit unto him the sentence imposed upon him.”

Hodges’ book was also the inspiration for Graham Moore, who

wrote the Academy Award-winning screenplay for the popular 2014

film The Imitation Game, which drew an audience of more than 20

million. Although the movie contains many historical inaccuracies,

the Human Rights Campaign—the largest LGBT advocacy group in

the U. S.—honored the cast and crew “for bringing the captivating

yet tragic story of Alan Turing to the big screen.”

In 2017, the British Parliament passed legislation pardoning men

who were convicted under earlier legislation outlawing homosexual

acts. This legislation, informally known as “The Alan Turing Law,”

has resulted in more than 50,000 pardons. In July 2019, the Bank

of England announced that Turing will be the face of the new

50-pound note, scheduled for release in late 2021.

Alan Turing’s seminal contributions continue to lead researchers

to new discoveries in a variety of scientific and philosophical fields.
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The dramas of his life provide inspiration for poets, dramatists,

painters, sculptors, printmakers, novelists, short story writers,

filmmakers, pop musicians, opera composers, and choreographers.

Computers and artificial intelligence will dominate more and more

of our daily existence and our society will hopefully understand and

appreciate the diversity of humankind. As we move into that future,

our debt to Alan Turing will increase and recognition of his central

role in the intellectual history of our times will surely grow.
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Suggested Reading

T he earliest Turing biography is a 1959 memoir, Alan M. Turing,

by his mother Sara with a foreword by Lyn Irvine Newman. It

is the source of many anecdotes about Turing’s early life, but omits

any mention of his homosexuality and codebreaking work. A new

centenary edition appeared in 2012 with an extended foreword by

Martin Davis and includes John Turing’s essay “My Brother Alan.”

Dermot Turing includes a number of photographs, documents, and

family recollections in his 2016 portrait of his uncle, Prof: Alan

Turing Decoded.

Andrew Hodges’ biography remains the best and most

comprehensive single account of Turing’s life and work. First

published in 1983 as Alan Turing: The Enigma, it was reprinted with a

new extended preface by Hodges in 2012. Justifiably hailed as one of

the finest scientific biographies ever written, Hodges’ work weaves

mathematics, computing, science, philosophy and Turing’s sexuality

into a compassionate narrative. B. Jack Copeland’s Turing: Pioneer

of the Information Age (2013) is a shorter biography with additional

information on the building of the first British computers. Copeland

also provides a detailed critique of the postmortem autopsy.

Hodges and Copeland are the world’s leading authorities on

Turing. Each maintains a website providing online access to digital

versions of documents, photographs, letters, newspaper clippings,

letters, memoirs, and other material. Hodges’s Alan Turing: The

Enigma at website https://turing.org.uk is an electronic extension

of his biography and features updates to the book and many

additional features. Copeland and Diane Proudfoot are the directors

of the Turing Archive for the History of Computing at

http://alanturing.net. King’s College Cambridge maintains the

Turing Digital Archive, a website featuring 3,000 images of letters,

photographs, newspaper articles and unpublished papers by or

about Turing; its URL is http://turingarchive.org.
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David Leavitt brings a novelist’s sensitivity in his 2016 nonfiction

study The Man Who Knew Too Much: Alan Turing and the Invention

of the Computer. Physicist Janna Levin’s 2006 novel A Madman

Dreams of Turing Machines treats the lives of Turing and Gödel in

alternating chapters.

P. N. Furbank, Turing’s literary executor, has organized the

Collected Works of A. M. Turing (1992) into four volumes: Mechanical

Intelligence, Pure Mathematics, Morphogenesis, and Mathematical

Logic. They contain all of Turing’s published scientific work as well

as a substantial number of unpublished papers. Much of Turing’s

writings are challenging for the general reader as they were

intended for academic specialists. Charles Petzold’s The Annotated

Turing: A Guided Tour Through Alan Turing’s Historic Paper on

Computability and the Turing Machine (2008) presents Turing’s 1936

paper with lengthy, excellent annotations explaining the work.

Jack Copeland has also provided in-depth introductions and

commentaries on Turing’s papers in The Essential Turing: Seminal

Writings in Computing, Logic, Philosophy, Artificial Intelligence, and

Artificial Life (2004). These include the Computable Numbers paper,

material on the Enigma machine, and several papers, reports, and

lectures on artificial intelligence.

Three collections of shorter essays about Turing’s life and

achievements are also worth delving into:

• Alan Turing: Life and Legacy of a Great Thinker edited by

Christof Teuscher (2006),

• Alan Turing: His Work and Impact, edited by S. Barry Cooper

and Jan van Leeuwen (2013), and

• The Turing Guide, edited by Jack Copeland, Jonathan Bowen,

Mark Sprevak and Robin Wilson (2017).

For a history of computing before Turing, two books stand out:

David Alan Grier’s When Computers Were Human (2005) and Martin

Davis’s The Universal Computer: The Road from Leibniz to Turing

(2000). Davis was a doctoral student of Alonzo Church and has
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written several volumes on theoretical computer science. George

Dyson’s Turing’s Cathedral ( 2012) continues the history with an

account of the development of the digital computer in the years

after World War II; the title is a bit misleading as Dyson focuses

more on von Neumann than Turing. Walter Isaacson provides a

broader history beginning with Charles Babbage in The Innovators:

How a Group of Hackers, Geniuses, and Geeks Created the Digital

Revolution (2015)

The history of cryptology is well documented in David Kahn’s The

Codebreakers: The Comprehensive History of Secret Communication

from Ancient Times to the Internet (1996) and Simon Singh’s The

Code Book: The Science of Secrecy from Ancient Egypt to Quantum

Cryptography (2000).

Perhaps the best overall account of the efforts to crack the

Enigma is Hugh Sebag-Montefiore’s Enigma: The Battle for the Code

(2004). A full story of the Polish breakthroughs is given in Enigma:

How The Poles Broke the Nazi Code (2004) by Wladyslaw Kozaczuk

and Jerzy Straszak. Gordon Welchman is the most important figure

at Bletchley Park who published his own account of the work there:

The Hut Six Story: Breaking the Enigma Codes (1982). For a full

biography, see Joel Greenberg’s Gordon Welchman: Bletchley Park’s

Architect of Ultra Intelligence (2016). Mavis Lever Batey, another

Bletchley insider who worked closely with Dilly Knox, recounts his

life in Dilly: The Man Who Broke Enigma (2009).

There is an enormous literature about the Turing Test and its

relevance to the question of artificial intelligence. A good place to

begin delving into the controversy is Robert French’s “The Turing

Test: The First Fifty Years” published in Trends in Cognitive Science,

volume 4 (200), pages 115–121. See also Hector J. Levesque’s Common

Sense, the Turing Test, and the Quest for Real AI (2017).
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A Word from the Publisher

Thank you for reading Simply Turing!

If you enjoyed reading it, we would be grateful if you could help

others discover and enjoy it too.

Please review it with your favorite book provider such as Amazon,

BN, Kobo, iBooks or Goodreads, among others.

Again, thank you for your support and we look forward to offering

you more great reads.
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