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Foreword

M

y own interest in science began when I was a young boy
growing up in Tibet and I came to understand the importance of
science as another approach to understanding reality. Not only have I
sought to grasp specific scientific ideas, but I have also tried to grasp
the wider implications of the advances in human knowledge and technological power brought about through science. Some might wonder,
“What is a Buddhist monk doing taking such a deep interest in science?
What relation could there be between Buddhism, an ancient Indian
philosophical and spiritual tradition, and modern science?”
Although the Buddhist analytical and contemplative tradition and
modern science have evolved from different historical, intellectual, and
cultural roots, I believe that at heart they share significant things in
common, especially in their basic philosophical outlook and methodology. On the philosophical level, Buddhism and modern science both
share a deep suspicion of any notion of absolutes. Buddhism and science both prefer to account for the evolution and emergence of life and
the universe in terms of interdependence and the principle of causality.
In methodological terms, both traditions take an empirical approach.
For example, in the Buddhist investigative tradition, among the three
recognized sources of knowledge—experience, reason, and testimony—the evidence of experience takes precedence, with reason coming second and testimony last. In the Buddhist investigation of reality,
at least in principle, empirical evidence should triumph over scriptural
authority. Even in the case of knowledge derived through reason or
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inference, it must derive from observed facts of experience. As a result,
I have remarked to my Buddhist colleagues that the empirically verified insights of modern astronomy and cosmology compel us now to
modify, or in some cases reject, several aspects of the description of the
universe found in ancient Buddhist texts.
For more than thirty years I have been engaged in conversations
with scientists, led initially by my own personal interest. However, it
became increasingly clear that exposure to a scientific worldview would
be important and beneficial for my Buddhist colleagues, particularly
in the academic centers of Buddhist learning. Consequently, we began
to try to introduce formal scientific studies into the monastic colleges.
Humble before the Void is an account of the progress made by the
first group of monks to complete the Science for Monks leadership
program, an important element in our project to introduce science into
the Tibetan Buddhist monastic tradition. It also contains a description
of the universe according to the latest scientific research. I trust that this
book will also provide readers with a greater awareness of the spirit of
curiosity and inquiry that lies at the heart of the Buddhist analytical and
investigative tradition, as well as the fruitfulness of maintaining active
communication between the Buddhist and scientific communities. I
believe these communities complement each other in their attempts to
understand reality.
Tenzin Gyatso, the Dalai Lama
April 8, 2013
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Prologue

The Edge of the Roof of the World

P

eering into distant realms of space is nothing new for astronomers. We wrestle daily with concepts such as infinite space and
ancient time. I thought I’d reached the summit of these considerations—
until I was invited into another world, where I was forced to deal with
time and space in a new and challenging manner.
This was my eight-thousand-mile journey from Arizona to India’s
border with Tibet, where the Himalayas tower over everything. After
a grueling thirty-six hours on the road, nearly half of it in airplanes,
my son and I arrived at the “edge of the roof of the world.” It was our
first time there, and when you arrive, the Himalayas can easily put an
individual’s life, minuscule by comparison, in perspective.
We cheated the diurnal cycle as we traveled east; the Sun set but then
crawled above the horizon as we crossed the Arctic Circle. We rushed
headlong into the sunset of the next day and slid into a steamy New
Delhi as the lights were going on across the city. Getting to the hotel
was a wild fairground ride in a taxi from the 1950s, with weaving
traffic, close brushes with auto-rickshaws, and a cacophony of blaring
horns. The next morning we completed the journey in a small propeller plane that climbed from the baking plateau and angled toward the
crumpled silhouette of the Himalayan range. Cumulus clouds filled
the sky, and we were tossed like a child’s toy on the descent into the
Kangra Valley.
My journey to North India led to an encounter with a remarkable
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people, the Tibetans in exile. It was also a modern-day encounter
between Buddhist philosophy and science. I’d been given the opportunity to teach a select group of three dozen Tibetan monks about
modern astronomy, physics, and cosmology. We met under the aegis
of the Science for Monks program, an initiative supported by His
Holiness, the Dalai Lama. The lives of Western science teachers and
Tibetan monks mingled over a three-week workshop of teaching and
exchanges, straining all of our notions of time, space, and being in
different worlds—East and West, terrestrial and cosmological.
It was a life-changing experience for me and my son Paul, who was
about to start his university education. Like most young people he was
searching for his vocation and calling in life. Veteran science educators
should not put that burden only on students. I found that late in my
career, I could also rejuvenate my search for a higher calling and strive
for a deeper commitment. In India I was served up a generous helping
of questions about life and my priorities. The story in this book is told
through my eyes.
At home in Arizona I work at an observatory in the desert, ringed by
mountains. I use telescopes with gigantic mirrors and powerful digital
cameras, able to snare light from near the beginning of time. During
my time near Dharamsala, India, we had only handheld telescopes and
the naked eye. But we also had a place at the edge of the rooftop of the
world, and a ringside view of the pristine sky that backs the haunting,
timeless Himalayas.
This technological and geographical contrast alone could tell much
of the story of my experience as a Western scientist immersed in a
distant world of Buddhist tradition, which anchors itself in so much
that is ancient. The West seeks to understand and control the material
world. Buddhism views the material world as, in many ways, illusory.
I wasn’t the only person experiencing these stark contrasts. The
monks who attended the science classes were also confronted with
a world unfamiliar, and in some respects contrary, to their own. The
monks and I brought stereotypes—romantic and occasionally derogatory—into our encounter, and one of the most profound experiences
we had was to shatter many of them. We also felt like pathfinders. We
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were engaging in a freewheeling dialogue after centuries of persistent
antagonisms between science and religion.
In Arizona I had been curious about Buddhism, and I still consider
myself a disinterested, if sympathetic, observer of Eastern religious
traditions. I once attended a talk given by the Dalai Lama at our Tucson convention center. It was a huge, impersonal setting, but the small
figure on the stage acted as if everyone was in a small, cozy room with
him. I was far away in one of the upper-tier seats, and the floor seating
was filled with schoolchildren. They were wriggling and whispering
and not settling down. With embarrassment I recall my thought at the
time: “This is the Dalai Lama. Show him some respect!” I was more
preoccupied with the distraction than with what the Tibetan man in
maroon robes was saying.
The Dalai Lama is a visionary leader. He and many of his followers
have been exiled from Tibet by the Chinese, who have attempted to
systematically suppress Buddhism. The Dalai Lama worries that exile
is causing Tibetan culture to fade. Although I’m an agnostic, I’m struck
by the Dalai Lama’s openness to science. In his autobiography he said
he would have been an engineer if he hadn’t been identified at age two
as the fourteenth manifestation of the Bodhisattva of Compassion. He
believes Buddhist monks need to be trained for a modern world that’s
heavily dependent on math and science.
This approach contrasts with the stance of some of the more conservative Christian groups that are active in the United States and in
Britain, my native country. The Dalai Lama has met in forums with
neuroscientists and philosophers to discuss the nature of consciousness,
and the question of doctrine or dogma never arose. Generally speaking,
Buddhism has teachings about mysteries and wisdom, but it doesn’t
assert a theology, especially the formal type known to monotheism.
One could argue that Buddhism has doctrines, yet the central teachings strike me more like a practical form of wisdom. Buddhism believes
that humans are temporary vessels of thoughts and emotions, and that
the goal of human life is to attain freedom from greed, hate, and ignorance. For Tibetans, this piece of wisdom has proved necessary, since
they live in uncertainty and displacement from their homeland.
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The same Tibetan Buddhist detachment seems to apply to scientific
progress as well. In one famous conversation with the astronomer Carl
Sagan, echoed in the foreword to this book, the Dalai Lama said that
Buddhism was willing to give up various metaphysical beliefs if they’re
refuted by clear scientific knowledge. I felt that in the area of science
and religion, Buddhism was going to be a welcome partner, so I keenly
anticipated my journey to participate in Science for Monks.
When my son and I arrived in India, hopscotching international
airports until a small plane took us to the outskirts of Dharamsala,
we were met by someone who has been very close to the Dalai Lama’s
contemporary activity.
Stepping forward to shake our hands was the Venerable Geshe Lhakdor, a monk with walnut-colored skin, high cheekbones, and a broad,
lineless face. As with many Tibetans, his age was impossible to guess.
He looked forty but the gray flecks in his stubble suggested he was
closer to sixty. His face was capable of switching from solemnity to
mirth in an instant. To my son and I he had the visage of the seniority
expressed in the title geshe. Geshe is the most elite designation in the
Buddhist academic tradition, the equivalent of a doctorate. It means
“spiritual friend.” Geshe Lhakdor was also the local host for the Science for Monks program.
At the airport we bundled into his tiny Toyota minivan and headed
out on the dusty road toward Dharamsala, the city in northern India
that’s home to the Tibetan government in exile. Before long we were
sitting in Geshe Lhakdor’s cramped office in one of the Tibetan government buildings. Outside, a light drizzle had intensified into a pounding
rain, a hint of the coming monsoon season. The rain echoed off the
corrugated tin roof. The roof was leaking—a by-product of the rapid
construction of the buildings, put up after the Dalai Lama had fled
Lhasa, Tibet. Such buildings are placeholders for the fabulous Potala
Palace in Lhasa, which has a thousand rooms and ten thousand shrines
and soars a thousand feet above the valley floor.
Tibetans have been fleeing Tibet ever since the Chinese occupation in
1950. After the failed uprising nine years later, the Dalai Lama escaped
to India as well. At that time, his Norbulingka summer palace was hit
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with eight hundred artillery shells, and two of the three major monasteries in Lhasa were damaged beyond repair. During the difficult period
that followed, thousands of monks were executed and many religious
artifacts were destroyed. Geshe Lhakdor told us that the rickety Dharamsala buildings were supposed to be temporary. And yet we are still
here, he indicated with a gesture.
Geshe Lhakdor served for more than a decade as the Dalai Lama’s
translator and religious assistant. Although the Dalai Lama is leader
of the lineage of Gelug Buddhism, established in Tibet (as the so-called
Yellow Hat school) in the sixteenth century, he was also Tibet’s head
of state for many years. Lhakdor was his go-to guy for travel, public
speaking, and arranging accommodations. Now he’s director of the
Library of Tibetan Works and Archives and thus the chief guardian of
Tibetan culture. The library houses eighty thousand manuscripts, many
of which are unique. It also holds thousands of photos and hundreds
of thangkas—finely painted banners of religious motifs. Yet with the
ongoing destruction in Tibet, much has been lost forever.
My first day in Dharamsala is still a vivid memory, even though it
took place six years ago. Science for Monks has brought Western science educators like me to India twice a year since 2000. We’ve taught
intensive three-week sessions. We’ve lived in simple and cloistered surroundings. None of us came as Buddhists, as far as I know, and I was as
poorly informed as anyone about the subtleties of this ancient religious
tradition. Nevertheless, every day I sat cross-legged with monks on
mats in a Spartan classroom. We ate simple food and slept and woke
with the Sun. We transcended our bodies and projected our minds
into the universe. We explored black holes, exoplanets, the interiors
of stars, and the early stages of the big bang. We became the geshes of
time and space.
In recounting our experiences, this book is part memoir, part journalistic reportage, and part primer on science pedagogy. The scientist in
me at first rebelled against writing anything that wasn’t as accurate as
the account of a scientific experiment. But to tell this very human story,
scientific methodology had to take a backseat to the kind of narrative
that writers of novels use, sometimes called a continuous dream—or, in
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journalism, creative nonfiction. The aim in these pages isn’t to depart
from facts and reliable eyewitness events. Rather, the goal is to take
my six years of traveling to teach in India and condense what I saw
and learned into an emblematic three-week experience of Science for
Monks (relying mostly on my actual first visit in May 2008).
My chronicle is also the story of an indomitable people who have
suffered greatly for their religious beliefs and their culture. They bear
their burdens with grace and lightness. The monks in the Science for
Monks program have been virtual ambassadors of this kind of character, revealed especially in their commitment to selfless patience and
learning.
Over twenty thousand monks are part of the Tibetan diaspora and
it takes at least three years to fully train a single small group in science. When the millennial scale of the Science for Monks project was
pointed out to the Dalai Lama, he wasn’t dismayed. Instead, he gave
his signature giggle. Buddhists are experts in taking the long view. The
goal is to take monks to a level where they can learn on their own and
train other monks in their home monasteries. My time in India was
brief, even ephemeral, yet it’s a story worth telling, beginning with the
memorable first day.
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Knowledge and Uncertainty

T

raveling twelve time zones has turned my body clock upside
down. Before teaching the monks I have one day to adjust to India.
First impressions are important, and they start flooding my senses.
They begin in Dharamsala, where an Indian community coexists with
exiled Tibetans. My son Paul and I navigate the small town in a light
rain. On top of our jet lag, we’re enveloped by the heat and humidity
that precede the monsoon season. We try to anchor our bodies and
minds in this enchanting yet disorienting environment. At some risk
to my Western palate I sample Tibetan tea. It’s made with yak butter
and salt. The taste is beyond words.
We don’t see many people in Dharamsala, to which we will make
occasional visits during our three-week stay at the nearby College for
Higher Tibetan Studies. Scattered groups of monks walk between the
buildings. A few Tibetan men are in Western dress. We learn they are
translators for Western visitors. The Tibetan women wear dark, coarse
woolen dresses—even in the summer—that they wrap over a blouse.
They sport colorful woven aprons if they’re married. To keep their
hands free, they carry backpacks made from cotton or hemp. With
heads lowered, they smile shyly as they pass us.
Local Indian kids have taken advantage of a flat courtyard in Dharamsala to set up an impromptu cricket pitch. For all my existential
dread—a new land, a challenging encounter of cultures, a deeply emotional time with my son—my native British heart is warmed. I feel

Humble_Interior_Final.indd 9

3/31/14 7:30 PM

10 | Humble before the Void

strangely at home when I realize that Dharamsala boasts the highest-
altitude cricket stadium in the world.
Our final destination is the College for Higher Tibetan Studies. It’s
about ten miles down the mountain ridge from Dharamsala, located in
rural Himachal Pradesh, a province that extends south to the Kangra
Valley floor. The school is a cluster of buildings set into a grove of pine
and cedar trees. The cramped site is full of dilapidated buildings. The
monks will be living in a campus temple during the three-week Science
for Monks program. We’ll congregate in separate common areas for
eating, and the monks will join me in an unfurnished room for classes
from nine to five, six days a week.
As Western visitors, and part of the teaching staff, we’ll live in a
plain three-story building made of cement and concrete blocks. Down
the hall from us is our American host, Bryce Johnson, an environmental engineering PhD out of Berkeley. At age thirty-three Bryce quit a
promising postdoctoral position to become organizer of the Science
for Monks program. His commitment will sustain us through thick
and thin.
Paul and I unpack in our small room. It has a linoleum floor, two
cots, and a narrow table. The windows have canvas curtains and ill-
fitting screens. We bypass the small wardrobe, deciding it will be easier
to live out of our suitcases. The bathroom is bare tile with a shower
head coming out of the wall on one side, a small sink, and a toilet with
a cracked seat. Toilet paper is thin, unbleached, and pale gray. There’s
a bucket on the floor for washing clothes.
Outside, the campus is sleepy in summer, with few people beyond
those associated with our program. Dogs lie in the shade of most buildings. The school’s classrooms and offices fill one of those concrete
buildings, and I’ll be teaching in a classroom on the second floor, in a
space no more than five meters on a side. But the plainness that characterizes the Tibetan enclave also reveals hidden splendors, as Paul and
I have already discovered.
Back in Dharamsala we tour the Library of Tibetan Works and
Archives. We leave our shoes at the entrance, and red curtains are
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drawn so we can enter a room suffused with soft, warm light. The
room is filled with floor-to-ceiling cabinets. Behind their glass doors
are hundreds of scrolls tied with ribbons and encased in wooden planks
wrapped in colorful fabric. Some are in Tibetan and others are in Sanskrit. They’re the painstaking work of monks over the centuries.
In time I will also see the Tibetan art of making sand mandalas.
These symmetrical designs, created on a flat surface with colored sand,
are an expression of the Kalachakra, the Tibetan wheel of life. They’re
exquisitely colored and perfectly formed patterns of sand grains. The
monks create them with a small brass funnel that pours sand through
a narrow opening. They tap gently on the side to ensure smooth flow,
“drawing” on the surface with lines a dozen grains wide. One mandala
takes four or five skilled practitioners several days to make. Then, to
my amazement, they’re swept away in seconds as a powerful reminder
of the impermanence of reality.
It takes time for me to understand why such an exquisite undertaking
ends intentionally in destruction. In my Western tradition, progress and
success are expected. Scientists want to learn new things and build an
edifice of knowledge, and we intimately tie our careers and institutions
to that quest. All of this seems irreconcilable with the Buddhist precept
of evanescence, as illustrated by the sand mandala. Buddhists believe
we live in a cosmos with endless cycles of time and existence. Human
concerns are insubstantial and impermanent, so the best way to live,
according to the Buddha, is to avoid all attachments. Is this Buddhist
idea going to have any appeal for me?
At moments like this, I’m reminded of a Western analogy. A century
before the Buddha, the Greek poet Archilochus said, “The fox knows
many things, but the hedgehog knows one big thing.” That, of course,
is how to escape the wily fox, making the hedgehog the final victor.
Over time I’ll come to see that Buddhism has “one big thing” that has
allowed it to endure, even prosper, under difficult circumstances, and
it is exactly this idea of impermanence and nonattachment. Buddhism
sees us as merely temporary vessels of thoughts and emotions, so freedom from worldly attachments is the goal of life. This outlook has an
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obvious wisdom, and even a psychological payoff. What appeals to
me especially is that Buddhism delivers its wisdom without theology
or gods. From what I understand, it’s also very pragmatic, like science.
On arriving here, I’ve also recognized that Western science has one
big thing: its critical, experimental, and logical method. This may be a
kind of attachment, but it seems necessary to overcome our ignorance.
I’m waiting to see how this comes across to my new friends, the Buddhist monks. If I have a somewhat romantic view of Buddhism, the
same goes for how the monks seem to view science. As I’ll soon learn,
most of them are new to science. They idealize it as a way to measure
everything with perfect accuracy. Science in their eyes is authoritative
but also aloof. I hope to teach them that science has a wisdom tradition, too. Like the making of scrolls and mandalas, it can embrace art,
play, and mystery.
Our first day has been exhausting. My mental aspirations struggle
against an incredible fatigue. Paul and I flop onto our narrow cots. I feel
ragged but must try to get some sleep. Tomorrow morning class begins.

Hitting the Mark
Through the drizzle of the coming monsoon, the Sun rises across the
campus. It catches mountain peaks and corners of trees and taller
buildings. It scatters off the water drops to fill the air with a warm glow.
I’ve arrived at the second-floor classroom to find three dozen monks—
at first almost indistinguishable with their bronze complexions, black
hair, and maroon robes—ready to learn about science. From the sea of
faces, they will emerge as individuals with distinct personalities, and
some of them will teach me lessons I couldn’t learn anywhere else.
One of these monks is Thupten Tsering. He will become an ally in
my efforts to make the science instruction interactive and interesting. I
will often call him “Thupten B” during my time in India since Tibetan
names are limited in number; there’s another Thupten Tsering in the
class. You’ll get to know Thupten by his appearance: age twenty-nine,
he’s sturdy like an ox, compact and muscular, with a soft, round face
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and sleepy eyes. He’s also prone to giving bear hugs and lifting others
off the ground.
Thupten is from a large monastery in the south, and like many in
the region he shows the mild facial scars of tuberculosis. He overcame
the disease but it cut short his studies by a year. Now he’s two years
away from his geshe exam. While not as senior as some monks in the
group, he radiates a quiet authority. For me he’s a godsend: his English
is perfectly articulated, his note-taking superb. He’ll be able to help
other monks to write journals on what they’ve learned and add reflections. I can’t go wrong with Thupten B. He carries in his bag a hefty
and popular Western book on cosmology, Simon Singh’s Big Bang, but
even better, he effortlessly conspires with me to teach the other monks.
For the first day of instruction I begin with something lighthearted,
even comical. Thupten helps me orchestrate our first lesson: how scientists deal with uncertainty.
Picture a classroom with a whiteboard, a few windows, and thin
pads for sitting. We’re all standing, and after we clear an area, I bring
Thupten forward, blindfold him, and give him a red marker. He knows
what’s coming so I spin him around five times. When he stops, he staggers a bit, playing a drunk. It’s amusing since Buddhists are teetotalers.
I aim him toward the whiteboard. On the board is a black dot at eye
level. Thupten walks forward to try to hit the dot. A natural-born actor,
he lurches around and careens into the monks standing near a side wall.
He stabs the marker at them, but they dodge and duck. He finally hits
the wall, but very wide of the mark. More blindfolded monks will try
this feat, minus the spinning. But the point is the same: we’re coming
to grips with uncertainty. Science calls this random error.
The monks take their turns, moving ahead tentatively or with vigor.
Some of their marks are close to the target black dot, others are several
feet off. Those who miss by a lot receive friendly guffaws. But I tell
the monks that this is exactly the way that science—often blindfolded
when it comes to measurements of the universe—arrives at as precise an
estimate as possible. For example, the monks’ overall result shows very
little dispersion of the red marks vertically. With fairly good accuracy,
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they get near the black dot by lining up their hands before moving
forward. However, their red marks scatter broadly in the horizontal
plane, which they had no fixed way to judge.
I approach the whiteboard and draw a squat oval that includes two-
thirds of the marks; this is a classic error “ellipse.” Whether wide of
the mark or on target, there are no “good” monks and “bad” monks.
All the hits are part of a normal error distribution. I imagine the ghost
of Carl Friedrich Gauss watching in pleasure; the German wunderkind
developed the theory of random errors when he was just a teenager.
Now we do a second version of the experiment. Without being blindfolded, the monks aim magnetic darts at a metal sheet attached to the
whiteboard. Everyone has a few practice throws before the one that
counts. Some monks come close to hitting the black dot that’s the target.
Others spray darts across the metal sheet, and a few miss it altogether.
The monks quickly realize that they can align themselves horizontally
with the black dot but can’t help shooting well above or below the target. They have trouble judging the arcing trajectory caused by gravity.
I draw an ellipse around the majority of the hit locations, and this time
it’s elongated vertically. Compared to the blindfolded experiment, the
second experiment produces an ellipse that’s smaller. Being able to see
the target helps the accuracy, but it still produces random error.
When astronomers face the vast universe, I tell the monks, they
do something like what we’ve pulled off in the classroom. Astronomers point their markers and throw their darts, so to speak, and
like the monks, they live with the random error associated with any
measurement.
During our first day in class we’ve broken a lot of ice. Our classroom
breaks are dedicated to tea time, Tibetan or Western. As the monks
walk past me, they flash smiles, a welcoming experience indeed. Their
fraternity is obvious. Some walk with arms around each other’s shoulders. They’re unafraid of physical contact and genuinely seem to like
each other. After just one day, the experience of teaching these gentle
men is starting to change me. For my break, I go for a brisk walk and
begin to take stock.
I’m struck by how completely the monks throw themselves into
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these experiments. In Arizona I teach hundreds of freshmen, and they
arrive at the university with a limited knowledge of science. By contrast, however, they’re exceedingly sophisticated in their awareness
of social status and the opinion of their peers. To volunteer in class,
for example, is generally uncool. The enthusiastic students are in a
minority and swimming upstream. Clearly, this isn’t the case with the
monks. In Arizona, it’s hard to find students willing to risk their dignity
in a demonstration or experiment. In my humble classroom by the
Himalayas, they volunteer with vigor. I’m reminded of the unbridled
enthusiasm of fourth-graders back home.
I try not to be too cynical about Western education because it’s still
the best in the world and I love my job. And yet . . . teachers mostly
stay behind a “fourth wall” and try to maintain order and structure.
Students mostly accept the peer pressure that favors passivity. In the old
Soviet Union, the trope was “They pretend to pay us and we pretend
to work.” The equivalent in too many American classrooms is “The
teacher pretends to teach us, and we pretend to learn.” Information
is dispersed, memorized, and regurgitated in exams. We hope that it
sticks or, even better, that students are “learning how to learn.” But the
awkward truth is that creativity in the classroom—from either teachers
or students—is disruptive and tends to be discouraged.

Knowing
Meaning

Space

Life

Time

Structure

Matter
Energy

Figure 1.1. The subject matter of the course overlaid on a Buddhist
dharma wheel, an allusion to the eightfold path to enlightenment and the
eightfold way that led to the quark model of subatomic structure.
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The brisk walk is pumping oxygen to my brain, but I don’t think
my impressions are just euphoria. After one session in this drab classroom in the foothills of the Himalayas, I’ve had a new kind of teaching
experience. I was ready for resistance, but the door was already open.
These monks seem happy to accept the fact of human ignorance. If
you’re not attached to knowledge, learning is simply a gift. They will
risk embarrassment to learn. My need to control the class isn’t as pressing as usual. The monks are cocreating our lessons. One educational
aphorism says, “Learning occurs at the boundary between structure
and chaos.” I think I’m watching it happen. Before I left Arizona, I
was so uncertain about how to present the material that I jettisoned
my previous notes and lectures. I started from scratch, a scary move at
first, but one that’s proving liberating.
By the time I return, the monks are filing back into the classroom.
They sit cross-legged on their mats, and we continue our discussion of
error and uncertainty. My translator today, and for most of the days
to come, is Tenzin Sonam. Tenzin has a degree in engineering and is on
staff at the Library of Tibetan Works and Archives. He’s not a monk.
You’ll know him, too, by his appearance. In his late twenties, he wears
T-shirts and chinos, and he has the high forehead of a thinker and the
milky coffee complexion of a Tibetan. He’s a superb translator between
English and Tibetan, a process that still amazes me.
I tell Tenzin we’re going to cement our earlier lesson. Each monk
receives a wooden ruler in millimeters and I ask them to measure the
width of the whiteboard. It’s about eight meters across, so they have to
place the rulers carefully end to end twenty-five times. As they finish I
collect the answers and make a histogram, which is a kind of chart of
results, ideally looking like a bell curve in the end. Our result is slightly
ragged but it’s also pleasingly symmetric, with a mean of about 785
centimeters and a scatter of about four centimeters.
“Who got the answer right?” I ask.
Half the monks put their hands up, and the other half guffaw and
hoot with mock derision. I notice they like to joke with each other
about such conceits as, “Who got the right answer?” “Who throws
best?” and by implication, “Who is the best monk?” So I play on
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this, because it’s a good lesson in science as well. With random error
there’s no single “best” result, only averaging of intrinsically uncertain
measurements.
“Who’s the best monk?” I ask.
They look sidelong at each other and remain silent. With the markers
and darts, we’ve learned that the good and bad throws are really just
the same in a random scheme. I also suspect they prefer to avoid the
brazen ego associated with claiming to be “the best.”
The averaging of the values in the histogram, however, gives an
estimate of the true value. So I ask, “What’s the best answer?” Now
there’s agreement. They all point to the numbers at the peak of the
histogram, the high point of the bell curve. This is how we make the
best measurements in science, I tell the group.
In astronomy, I explain, it makes no sense to ask where exactly in
the sky a star is. If I gave each of you an identical telescope and asked
you to measure the two angles that define the position of any star on
the sky, which are the equivalent of X and Y on a plane, you’d each get
different answers. The “best” position would be given by the average of
each set of angles. The tolerance or uncertainty in the position would be
given by the scatter or spread in each set of angles. It’s possible that no
individual measurement with a telescope will match the best position.
A murmur of approval ripples around the room. They like this egalitarian principle, since Buddhism teaches that people must contribute
to the common good.
A question comes from a tall and slender monk over to my side.
“What if you use a better telescope?” he asks. His name is Gelek
Gyaltsen, and as I will learn later, he’s from a remote village in eastern Tibet. As the days pass, I will hear stories of many of the monks,
including Gelek. For now, his long arms, delicate hands, and dark eyes
make a formidable impression. His stare seems slightly intimidating.
He’s no stranger to Western science pundits like me because he’s already
studied in the United States. He later tells me, “I noticed a huge difference between students there and monks here in the monastery. People
there tend to have sudden emotional changes, often for trivial matters;
they easily get too excited or too disappointed. Monks don’t react that
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way; they neither get too elated nor too sad.” They inhabit the middle
of the bell curve.
“A better telescope?” I reply. You’d get a tighter cluster of data
points. The best position might shift but there would still be uncertainty in the measurement. Even if you could get your hands on the
best telescope money could buy, the measurement of a position would
be limited by the blurring of Earth’s atmosphere. And if you spent even
more money to put a telescope in orbit, the image would be sharp, but
the light path would be slightly bent by gravity along the sight line.
You’d still be slightly unsure of the star’s position.
Gelek Gyaltsen nods. For all the monks, the impossibility of a perfect
measurement in astronomy is sinking in.

Here are observations of Saturn made in
the first fifty years after the telescope’s
invention, from 1610 to 1660.
Which one shows the way Saturn
“really looks”?
Science progresses at the limit of
observation. Scientists always want
more and better data.
Figure 1.2. O
 bservations always have limitations and at the limit
of observation, interpretation is uncertain. Plato’s supposition of an
underlying objective reality is not meaningful in modern science.

What this means in practice, I continue, is that a single measurement with a telescopic instrument is only “good” at best. Better would
be multiple measurements with that instrument. However, the best is
this: independent measurements by various investigators using different instruments. You can make a careful measurement yourself, but
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until you see the measurement repeated independently, you don’t really
know how accurate it is.
Twenty minutes later, with the taste of a sweet-tea-and-biscuits break
on our lips, we return, and I take the class through one more exercise.
I hope they find it a challenge and will be able to follow my story line.
It’s a kind of play acting—what science calls a “thought experiment.”
I announce that I’m an alien from outer space who has come to Earth.
My mission is to report back to my planet what earthlings are like.
During my data collection I list human features: two eyes, two ears,
two legs, and two arms. This strongly suggests the earthlings are symmetrical. They have two of almost everything. But then I notice that
they tend to make scratchy marks—human writing—with just one arm.
This isn’t symmetrical behavior. My faithful translator, Tenzin, tries to
get this across.
One by one I ask them, “What arm do you use to make scratchy
marks?”
Through the first and second rows, everyone uses their right hand to
write. So, I ask them, can I report to my home planet that the symmetry
of earthlings is an illusion, since they only use the right arm to make
their scratchy marks?
Someone in the back throws a wrench in the works. He’s Dawa
Dorjee, and he waves his left hand in challenge to my statistical report.
“This is the hand I write with,” he says. Two more left hands go up
in the crowd. I return to my role as the alien investigator. I must have
done my statistics badly, I say. I concluded that earthlings only use the
right side because I asked only twelve monks. Three left-handed monks
were left out of my data. The lesson? Sample size and selection are core
issues in any kind of data gathering. If a phenomenon is rare, a lot of
data is needed to know how often it occurs.
The ruse works pretty well. We’re now discussing how much data is
enough if you want to look for small or subtle effects. Then we segue
into a freewheeling discussion of why humans are dominantly right-
handed. Several monks say they were naturally left-handed but were
“persuaded” to use the right hands by parents or teachers. Indeed, one
of them is ambidextrous. He opens his journal, borrows a pen, and
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writes on both pages at once, each hand a perfect mirror of the other.
I’m exhausted but I marvel at this sight. I doubt this monk knows that
Leonardo da Vinci was famous for writing this way. We break for the
day.

The Importance of Evidence
• There is no science without evidence.
• All assertions must be supported by data.
• Every claim in science is subject to verification.
Science is data-driven, so progress is made by:
1. Gathering more data
Good!
2. Repeating the experiment
Better!
3. Someone else repeating the experiment Best!
Figure 1.3. Science is fundamentally empirical, resting on ceaseless
observation and experimentation of the natural world. Limitations of the
evidence can lead to areas of disagreement, but ultimately to progress.

That night my role-playing as an alien comes back to haunt me. The
jet lag and cultural dislocation have made my body feel like it truly has
landed on another planet. A falling brick of fatigue hits me at various
points in the day and then resurfaces as insomnia at night. On the first
night, back at our room, Paul has fallen asleep at dinner time. With
the capacity of a teenager, he won’t stir the entire night. As for me, the
first glimmer of sunrise trickles through the window before I roll into
a deep sleep. The only consolation is that I don’t have to teach again
until the afternoon. When I wake the Sun is high and pouring through
a gap in the canvas window covering. Groggy, I splash my face with
water, make myself presentable, and head downstairs just in time to
catch lunch.
This is indeed my planet, stories of aliens notwithstanding. At the
lunch table I see my four Western colleagues in Science for Monks:
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Bryce Johnson, our organizer; Gail Burd, who’s teaching the biology
section; and Mark St. John and Richard Sterling, our two evaluators
and education analysts. They’re feasting on noodles mixed with vegetables and popping into their mouths a chief staple of Tibetans: momos.
Momos are dumplings filled with lamb or vegetables and dipped in
soy sauce. In a Tibetan home, the meat would be yak. Tibetans also
like beef, but since cows are sacred through most of India, they settle
for mutton.
As I join them, Gail is to my left. She has the look of a new initiate.
Like me, it’s the glazed look of travel. She pushes the noodles around
her plate without much interest. I feel a vested interest in Gail having
a good experience; I helped recruit her, and she’s the associate dean of
science at my university. In contrast, Mark and Richard look chipper.
They’ve been here for a week. Mark has red hair, a droopy mustache,
and a soft Californian accent. He’ll be evaluating the program. Richard
is somewhat older, with short, gray hair, a crisp English accent, and
a military bearing. He’s going to oversee the monks keeping journals
and writing about their learning experiences and their perspectives on
Buddhism and science.
Bryce is our natural interlocutor. He has the big picture, and from
extensive experience he knows how to survive in India better than
anyone. As he tucks into momos, he dispenses useful tips: where to
hang wet laundry to dry, interesting local temples, auto-rickshaw rates,
unwritten rules of haggling in street markets, and how to find the best
coffee in Dharamsala. With a pale complexion set off by bushy eyebrows and a shock of thick black hair, Bryce has a refreshingly casual
attitude to the inefficiencies and routine frustrations of trying to do
business in rural Himachal Pradesh. He’s never flustered.
One thing that even Bryce can’t do for us is improve the infrastructure. In this rural province, cows may be sacred but electricity is not. It
goes out daily, often for hours at a time. When it’s working, the current
surges so much that we fear for our gadgets. Plugs spark and crackle
every time they connect to a wall outlet. There’s Internet, but it’s slow
and fitful, and the connection often times out before a web page can
load. I will suffer intense Internet withdrawal for the first few days.
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Practical as usual, Bryce has given us flashlights and candles, which we
use daily. But there’s little he can do about hot water. There are solar
units on the roof, but by the second day something has gone wrong.
We take cold showers the rest of the trip. We flinch on chilly mornings,
but on blistering afternoons it can be a pleasure.
As we adjust to low technology, the beautiful scenery of India is a
welcome distraction. When Paul and I look out our bedroom window,
we see a lush landscape of vines and mangroves, rhododendrons and
acacias. Below us spreads a mosaic of rice paddies etched onto the
fringes of the Kangra Valley. Above us are pine groves and neatly
pruned tea plantations clinging to the undulating contours of the hillside that rises up to Dharamsala.
With the flora of the countryside also comes the fauna. Besides monkeys on the edge of town, and dogs everywhere, the fauna is mostly
insects. They come by land, sea, and air—through cracks in the walls,
up the bathroom drain, and via gaps under the door and at the edges
of the window screens. Mosquito coils and repellant do little to stop
them, and they are legion: centipedes, millipedes, dragonflies, wasps,
ladybugs, cockroaches, tiny red fire ants that pack a blistering sting,
bugs that startle when they fly past with a loud whir, and three-inch
long beetles with iridescent blue-green carapaces.
To top it all off, an early monsoon has arrived in full force. Every
day after class the sky crackles and rumbles before delivering a deluge.
Every morning we wake to the din of rain thrumming off the tin roof.
Water, water everywhere, but drinking it is hazardous. Paul and I stick
to bottled water, and we’re careful to keep our mouths closed while
showering. Nothing dries, nothing heals.

The Art of Estimation
The morning after our second night I return to the classroom with great
expectations—even if our topic today is mathematics, a hazardous
bridge to cross even at American universities. Buddhist monastic
tradition involves extensive instruction in theology, philosophy,
rhetoric, and history. But math is not a central part of the curriculum.
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As well as I can judge, most of the monks have only reached the level of
a seventh-or eighth-grade student back home. They exhibit an unusual
combination of technical naivety and conceptual sophistication.
Scientists use mathematics as their central tool. They’re not afraid of
algebra or calculus, and most aren’t even intimidated by second-order
differential equations (to be totally honest, the latter can induce slightly
sweaty palms even in seasoned professionals). But showy math isn’t
always required in science. The simpler skill of estimation is equally
important. An artist might be able to painstakingly render a human
face with layers of oil paint but the ability to capture a likeness with a
few strokes of pencil or charcoal is also prized.
Precision isn’t always possible in astronomy, I tell the monks, picking
up where we left off. Astronomical objects are remote and unreachable.
The best-determined numbers are known with an accuracy of 10 percent while others are uncertain by a factor of two. In other words, the
true answer might be as much as two times higher or as little as two
times lower than the estimate. The art of estimation allows a scientist
to learn something roughly but reliably, when learning it precisely is
impossible. Among the sciences, astronomy works most routinely with
the problem of large numbers. But biologists are uncertain of their
estimate of 10 million plant and animal species, and neuroscientists
have to estimate the number of neural connections in the brain, which
may be as large as 1,000 trillion.
Poets deal with large numbers by speaking of “all the stars” in the
sky or “every grain of sand” on the Earth. I tell the monks that astronomy also inhabits the realm of incredibly large numbers, and for many
people this simply becomes too abstract to comprehend. My goal is to
give them a visceral sense of massive numbers and how astronomers
make these estimates, since nobody can actually count the stars in the
sky or grains of sand on the beaches.
I ask the monks, “What’s the biggest number you know not just in
your head, but in your real experience?”
They ponder this for a time, and the responses range from four
thousand monks at the largest monastery near Bangalore, where they
occasionally gather in a single room, to 6 million Tibetans, which is a
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bit more abstract but still conceivable. We all have our first experiences
with large numbers. Mine was a child when I collected pennies and
turned them into dollars. Over the years, my comprehension grew with
such experiences as watching a hundred thousand rock concert fans
wave hand lights at Wembley Stadium in London, or walking beside a
wheat field with my grandfather in the Scottish Borders. With his help
I estimated that the field contained 100 million ears of wheat—a truly
impressive number.
To take the monks down this path, I use two items in countable reality that they know very well: books and sand. They revere books for
their ancient wisdom, and sand is the medium by which they produce
mandala paintings, only to sweep them away. First, I ask them to imagine all the books ever written. How many pages would be in all these
books and how high would the pile be? We do simple scaling and try to
base it on their real experience (not an Internet search, which wouldn’t
be possible anyway given its flakiness here). They begin estimating the
number of books at the Library of Tibetan Works and Archives, but the
issue is settled by Tenzin, who works there. There are eight thousand
books and three thousand scrolls.
Tenzin elaborates further. If Tibetan culture had not been systematically destroyed, the number of books would be more like a hundred
thousand. So we use that number to make an estimate of the total
number of books in the world, presuming that Tibetan book generation is typical of other cultures. If Tibetans have created one hundred
thousand books and they’re 0.1 percent of the world’s population, then
the whole world has produced roughly 100 million books. The fact
that some works have been translated into multiple languages would
reduce this number slightly.
I suggest that books average two hundred pages, and the monks
note that their notebooks have one hundred pages and are a centimeter
thick. Two centimeters per book, times 100 million books, gives two
thousand kilometers. Therefore, a shelf holding all books ever written
would stretch across India from north to south. Reading them all at
the rate of a book a day would take 250,000 years. I hear murmurs
of satisfaction at this number; the monks are dedicated readers. These
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speculations about books have no practical value but they show the
monks how to go from numbers they “know in their gut” to numbers
that are meaningful but almost imponderable.

Science Limitations
Uncertainty, imprecision, and error arise three different
ways:
Conceptual Making a false premise, confusing correlation with causation, inferring a pattern
where none is present.
Macroscopic There is no such thing as perfect data.
Every data set is limited and every instrument has limitations.
Microscopic Heisenberg’s uncertainty principle sets a
fundamental limit to precision for measurement of particle position and velocity,
or energy and time.
Figure 1.4. In science, and in astronomy particularly, estimation is a skill
by which scientists develop their intuition. There is a fundamental limit
to our knowledge of the microscopic world of the atom.

Sand is definitely something they know in their gut. To make a mandala, monks almost literally put the colored grains down one by one,
a project best characterized as a labor of love. Today’s discussion of
humble silica will be our first, but I’ll use sand frequently in the days
ahead. It will be a microcosm and a metaphor for large numbers, and
later on, it will stand for distant worlds in space. We begin, though,
with a mere bucket of sand, which I uncover and carry to the center
of the classroom. Our goal is to estimate how many grains are in the
bucket. The stepping-stone will be their gut-level familiarity with the
amount of sand in a mandala. I begin by asking the monks to calculate
how many grains are in a cubic centimeter, about the size of a sugar
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cube. They do this with a ruler and I’m happy to see that it becomes a
project in peer learning.
The monks are in six groups based on their home monasteries. I plan
on routinely breaking the class into smaller groups to do experiments
and hands-on activities. I consider forming the groups randomly, but
monastery groups make sense since they know each other already, and
I want to forge working relationships that they can benefit from after
the workshop is over.
They don’t have to fill a tiny cube with grains one at a time; I tell them
how to take a shortcut. In each group, the monk with the best eyes and
the steadiest hand lines up sand grains on the floor, just touching, until
they span a centimeter. This number cubed approximates the number of grains in one cubic centimeter. My students back home would
struggle with this activity, not because it’s mathematically difficult, but
because it’s painstaking and tedious. The red-robed men perform the
task without a hint of self-consciousness, and with care and delicacy,
like a devotion.
I caution them about errors in the method. They’re lining up grains
edge to edge, but this is artificial. In any real volume of sand, the grains
don’t sit in neat rows and layers; they settle and scrunch together. Furthermore, the monks have understandably avoided the tiniest grains in
the bucket. Both these tendencies will make their final estimate of the
number of grains in a cubic centimeter too low.
My mention of variations in sizes and configurations of sand sets off
a spirited debate, a debate that probably only Tibetan monks would
enter. It escapes me for a moment until Tenzin translates. The monks
know that mandala sand is by no means ordinary. It’s high-grade
quartz sand, made by grinding larger rocks until the fragments reach
a nearly uniform size. The sheen and sparkle of quartz is part of what
gives a sand mandala its allure. All I could get hold of was builder’s
sand, which is crude. Rubbed between the fingers the smallest particles
are little more than dirt. I watch as the monks heatedly argue over sand.
They engage in a little jostling and shoving. Back home, three dozen
men would only get this worked up over sports.
As Tenzin translates I begin to catch on. They’re not arguing over
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who knows mandala sand best but how even the coarse sand I brought
averages out in its small and large pieces to be about the same average
size as a crystal of high-quality mandala quartz. Once I hear this I feel
a surge of pride. They’re displaying perfect scientific form, weighing
systematic errors like hard-nosed professionals.
They follow geometric logic to calculate the number of grains in the
bucket. The sand mandala, being a circle, is like a slice of the cylindrical
bucket, and they figure that the slice is ten grains of sand tall. Each
group now has a height for the bucket and the mandala, so they begin
to calculate. They emerge from their groups, average their six different
conclusions, and arrive at a consensus: 80 million grains in a mandala,
and therefore 700 million in the bucket. They now have a gut-level
feeling for numbers like 100 million and even 1 billion.
This kind of calculating catches on as the monks try to make it personal and tangible. In fact, that’s the assignment they’re to bring back
for the next morning’s class. First up is a monk named Sherab Tenzin,
and for his homework he estimates that he’s taken 18 million breaths
in his life. I like his example. It’s concrete yet evanescent—those breaths
have merged seamlessly into the air, leaving no trace of their existence.
Then Gelek Gyaltsen announces that he eats 7 million grains of rice
a year. When I ask him about the population of India, he makes this
calculation on the whiteboard: sixty thousand grains in a cup, three
meals a day, and a billion Indians. As he works, I think that my university students in this situation would turn to Google or a calculator.
The monks are low tech but they also have the patience for a hands-on
approach. Still, they struggle with numbers when there are too many
variables. But Gelek, with a little help from the sidelines, finally gets
there: Indians eat 7,000 trillion, or 1016, grains of rice a year. He looks
around at the class and flashes a megawatt smile. It’s a prodigious
number.
The monks like working with large numbers at a gut level. Soon they
will realize that even best scientists rely on a similar intuition of experience in approaching higher theoretical realms of physics. I have a colleague who’s a gravity theorist; I once asked him, “How many people
understand general relativity?” General relativity is Einstein’s theory
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A.D. 1600

Naked Eye
~100,000 B.C,

Visible light is a halftone range where EM spectrum is full piano.
Figure 1.5. In the history of astronomy, huge gains in understanding have
come with the invention of the telescope and the development of technologies
to detect invisible waves. The detection of gravity waves lies ahead.

that describes how gravity curves space-time. He said that maybe ten
thousand people have taken a graduate class in general relativity. But,
he quickly added, that’s not a good measure. “If you mean those who
have fully absorbed its insights and elegance and can apply it in new
situations, less than a hundred,” he said. In other words, very few
know relativity at gut level. The monks may never get into the Relativity Club, but in their intuitive grasp of large numbers associated with
books, sand, and rice, they’re experiencing the beating heart of science.

Bits of Information
In my university classes I use an audience response device to poll
students on questions or their opinions. Each student holds a clicker,
and in response to a prompt on a large screen at the front of the class
they select from multiple-choice answers. We immediately see the class
response in the form of a chart. Here in India, I’ve opted for the lowtech version of clickers.
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The monks and I are about to explore the information revolution
behind computer calculations, which is based on the bit, and the on/
off switching system used to harness fast electronics into doing calculations and solving problems. For this lesson they’ll respond to a question
and possible answers I project onto a screen, and their “clickers” will
be handheld sheets of paper. The monks have four answers to choose
from, listed A to D. I give them each a piece of paper printed with A, B,
C, and D in quadrants (and color coded as well), which they can hold
up to signal their choices. With a couple of folds they can hold up just
a quarter of the sheet with their preferred answer showing. We practice with a simple question, and once the monks have the knack of the
system, we move to our central topic: how bits of information work.
I turn to a monk named Dawa Dorjee. “Dawa, think of a number
from one to a thousand.” Then I ask the card-wielding monks, “How
many guesses would it take to get Dawa’s number?” Before they reply,
I display the four possible answers using our simple alphabetical code:
A is 10, B is 100, C is 500, and D is 800. I give them a minute to
think. Then I do a countdown with my fingers, ending with, “Now!”
The monks hold up a sea of paper. The responses are equally divided
between C and D, with a couple of monks choosing B. Nobody picks
A. After all, who can imagine guessing Dawa’s number in merely ten
tries when there are a thousand possibilities? After a few minutes of
discussion, there’s general agreement that to guess the number in only
a hundred tries would be exceedingly good luck.
So how many guesses does it take? We find out—the hard way. The
patience of the monks makes this hands-on demonstration possible. A
few of them go to the whiteboard and literally write out every number
from one to one thousand. Once that’s done, everyone sits. The monks
begin to offer guesses. For ten minutes they call out numbers. Each
time, Dawa shakes his head, and I cross the numbers off on the board.
Finally, after 420 tries, someone guesses right: 178.
We try a more systematic approach for the next number that Dawa
privately chooses: the monks call the numbers out in sequence and it
quickly becomes a lilting chant. But this takes even more tries: 667
numbers are counted until we land on Dawa’s pick. Discussing this
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tiresome exercise, the monks conclude that each of these guessing methods is equivalent. If the number is selected randomly, they think it will
on average take 500 attempts to guess it. More than 500 is unlucky
and less than 500 is lucky.
Among the “precept violations,” or sins, that are forbidden in the
Buddhist monastic tradition, gambling may not be the worst—but it’s
definitely on the list. I now delicately cross that line and tempt the
monks to gamble. “I’m going to make you a bet,” I say. When translated, this gets their attention. “What if I told you that I could always
guess the number by asking ten questions?” They look dubious. Many
shake their heads. I ask if they’d bet their burgundy robes against all
the mutton momos they can eat on the wager that I won’t succeed.
Nobody speaks, but I can see I have their total attention. It seems that
some of the monks, if they were betting men, would see it as a sucker
bet in their favor.
With no takers I call upon a monk named Yeshi Choephel, a quiet
older student who merits the title “geshe,” and I ask him to think of a
number. Now I begin my ten questions: Is it over 500? No. Is it over
250? Yes. Is it over 375? No. Is it over 312? Yes. I continue in this way
four more times. My ninth question: Is it 343? He looks crestfallen. Yes.
My method is no secret, and it has nothing to do with luck, so I
explain it to the monks and they try it out. The key is not to waste
questions by guessing specific numbers. Imagine a number line from
1 to 1,000. The answer to the first question pins the number to either
the low half or the high half of the range. Each succeeding question
divides the remaining range in half. After ten questions, the mystery
number is uniquely defined. This method is perfectly reliable and it
works every time.
What the monks don’t know up to this point is that we’ve been using
the method of the “bit,” which is a minimum unit of information. A bit
is also known as a binary digit, because it can only be in two states: on/
off, up/down, yes/no, loud/quiet, male/female, and so on. In a binary
counting system, the only digits are 0 and 1. A single bit is the crudest
kind of information. Adding more bits increases the detail and the
descriptive power. For heat, one bit would be the distinction between
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hot and cold. Two bits of information about temperature would divide
the scale into four parts: hot, warm, cool, and cold. For light intensity,
one bit would be the distinction between black and white. Adding more
bits of information would distinguish various shades of gray.
This reasoning applies to any quantity we can measure. For counting, one bit describes 21 or two numbers, two bits describes 22 or 4
numbers, three bits describes 23 or 8 numbers, and so on, up to ten bits
which specifies 210 or 1,024 numbers. That’s how my “trick” works.
Each question with a yes or no answer added one bit of information,
and ten bits were enough to specify any number up to 1,000. The logic
and the process can keep going. Twenty bits specifies any number up
to 1 million, and thirty bits any number up to 1 billion. It occurs to
me that the monks might have been willing to play the game up to a
million the hard way. I smile to myself at the thought.
The bit is at the heart of information technology. Perhaps the monks
who pursue this topic into higher studies will realize that the humble bit
makes possible every call on a cell phone, every e-mail, every task run
on a computer, and every word and image seen on TV or the Internet.
They all result from a blazing-fast torrent of 1s and 0s. It’s no shame to
have overlooked the omnipresence of the bit, whether in Dharamsala
or Arizona. American college students are digitally savvy as users but
are on a par with the monks in being innocent of how their high-tech
life works. Facebook might as well be magic.
I hold up a sheet of paper and make a dot on it with a pen. I ask half
of the monks to split into their monastery groups to do the same thing.
Their task is to see how many folds it takes to isolate the dot to within
a square centimeter. I hand each group a pair of scissors. The other half
of the monks also split into groups. I also ask them to calculate how
many times they would have to subdivide the paper, but to use only
mathematics to solve this problem.
Obviously, I’ve made it easier for one side of the room, the groups
using paper and scissors. They make a dot on the sheet of paper, fold
it in half, and then cut along the fold to discard the half without the
dot. They fold the half-sheet of paper that remains, cut it again, and
discard the half without the dot. They repeat this until they’re folding
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and cutting bits of paper smaller than a stamp. Nine or ten sequential
cuts are enough for them to get down to a piece of paper about a centimeter on a side. I peer over the shoulders of monks sitting cross-legged
on pads on the floor, and several groups have gone beyond the call of
the experiment. They hold up their index fingers with squares of paper
adhering to them that are no bigger than the ink dots.

Bits of Information
Suppose you have
a piece of paper
and want to know
where the dot is.
With factors of two,
folding the paper
over and over, or
dividing into areas
two times smaller,
you will home in
on the dot’s location.

No fold, 1 piece. Dot could
be anywhere on the paper.

One fold, 2 pieces. Dot is
in top half of the paper.

Two folds, 4 pieces. Dot is
in top right quadrant.

Three folds, 8 pieces. Dot
is in the top right corner.

Four folds, 16 pieces. Dot
is left of top right corner.

Five folds, 32 pieces. Dot is 1
down, 1 left of the corner.

Each new step is a “bit” of information.
Figure 1.6. E
 ach question asked and answered about the natural world refines
our knowledge. Any physical measurement can be boiled down to bits of
information; more bits correspond to increased precision.

On the other side of the room, the monks are struggling to solve
the problem with pure mathematics. Only one of the groups is close
to the right answer. I call off the effort and instead begin a discussion
of how it works.
The experiment is different from the number guessing, which would
be analogous to defining positions in one dimension along a piece of
string. The sheet of paper has two dimensions, so bits are needed to
specify a postion in each dimension: five bits to define the width to a
precision of about a centimeter and five bits to define the length to a
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precision of about a centimeter. This is because 25 is 32 so subdividing
30 centimeters five times reduces it to about one centimeter. Ten bits
would define the position within a thousandth of the width of the
sheet and ten bits for defining the position within a thousandth of the
height of the sheet. So a process of twenty folds (or cuts) could narrow
down the position of our dot down in each dimension by a factor of
a thousand, which is less than a millimeter in each direction. But the
monks quickly discover that it’s physically impossible to fold a piece
of paper in half and then in half again more than seven or eight times.
Math is tough but brain beats brawn. Defining something with bits is
very efficient.
Voila! It has taken only twenty bits of information to precisely locate
the dot on a sheet of paper. Fifty bits would be enough to specify its
position to the level of a molecule of cellulose.
For sheer fun—at least I’m trying for that—we extend the calculation
to three dimensions. I get them to think about how many bits would
specify the position of any molecule of air in the room. The mental
exercise is similar to the paper folding; we imagine asking whether the
molecule is in the back half of the room or the front half, the left side
or the right side, or the top half or the bottom half. Each yes or no
answer narrows down the volume by a factor of two.
This calculation is also a struggle for the monks. The numbers
become very large very quickly. Still, they pull through. The room is
about five meters on a side. A single nitrogen or oxygen molecule is
about 5 × 10–11 meters on a side. That’s a ratio of a trillion, which, in
terms of divisions by a factor of two, would take 40 bits to specify.
Each other dimension needs another 40 bits, so 120 bits are sufficient
to specify the position of any molecule in the room. The monks have
now gone beyond the call of duty by participating in these manual
calculations. It has had unparalleled educational value. They deserve
to see how bits work in an actual computer, which will provide a big
dose of fun for them in the coming days.
I’ve brought to India a dome-shaped computer the size of half a
honeydew melon. It’s designed to simulate a classic guessing game. You
may call it “twenty questions,” but we’ll just call this plastic gizmo the
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“mystery ball.” With a flick on a switch at the base, it whirs into life.
Red words project onto the inside of the dome and scroll from left to
right. It says, “Do you want to play a game?” I hit the button labeled
yes. “I can read your mind,” it replies. The machine is very sure of
itself. “Think of something, anything,” it says. “I will guess it with no
more than twenty questions.”
The monks all crane forward to look. Who wants to go first, I ask?
A monk named Jigme Gyatso shoots his hand into the air. He has
thought of a cloud. As the machine asks questions by scrolling them
across the dome, and as Jigme replies, I hit the appropriate button for
his answer: yes, no, maybe, sometimes, or unknown. On the fifteenth
guess, the machine stops beating around the bush: “Is it a cloud?”
Jigme’s eyebrows rise and his jaw drops. He’s shocked.
Thupten goes next. The machine is even quicker. After eleven guesses
it asks, “Is it a banana?” Three more monks fail to stump the machine.
Yet this little computer isn’t clairvoyant. Twenty yes-no questions yield
twenty bits of information, enough to specify 220, or 1 million, items.
Conceptually the guessing game is similar to our earlier exercises. Yet

This toy seems like it can read your mind.
Think of anything you want, but try to
avoid things that are very specific to your
own culture or geography.
The game uses more than 20 bits
because possible answers are:
YES
NO
MAYBE
SOMETIMES
UNKNOWN
Figure 1.7. The 20Q toy is made by Radica, now owned by Mattel. It has a
custom-designed chip to deliver and process answers to millions of questions.
It narrows down and selects among the many options.

Humble_Interior_Final.indd 34

3/31/14 7:30 PM

Knowledge and Uncertainty | 35

the computer can rarely be beat. Since most people can’t think of a million different things and the programmers have anticipated and coded
the most likely choices, the machine’s odds of winning are excellent.

The Quantum World
The next morning in class we discuss one of the milestones in modern
physics. It’s the revolution from classical physics, which describes one
kind of reality, to the realm of quantum mechanics, another reality
entirely. Classical physics began with Isaac Newton, who formulated
one law that explained gravity, and thus the motion of objects on Earth
and in space. Science is rooted in the search for cause and effect, and
so Newton’s theory seemed to offer a very deterministic world, which
some of his followers would call a “clockwork universe.” This concept
worried a lot of people because it seemed to threaten the notion of free
will.
That worry was misplaced, however, because the real world is more
complicated than the simple physical description that Newton’s law
of gravity offered. Newton’s law refers only to the force between two
objects. In any realistic astronomical situation, such as the solar system
or a star cluster or a galaxy, many bodies are moving and attracting
each other. Even a powerful computer can’t calculate with absolute
accuracy how all the bodies determine each other’s movements and
fates.
Nevertheless, Newton’s simple, deterministic law was so successful
that physicists were unprepared for its partial overthrow in the 1920s.
At that time physicists working on a microscopic theory of nature
found that atoms and particles weren’t finite entities. For example,
particles didn’t have sharp edges but could behave like waves. Also,
they didn’t operate like clockwork but could behave unpredictably.
Newton’s determinism gave way to “uncertainty” in physical laws.
The result: science faces a fundamental limit to the precision of any
measurement. Nature is fuzzy, not sharp, and it’s probabilistic, not
deterministic.
This approach is called “quantum” theory for the way particles

Humble_Interior_Final.indd 35

3/31/14 7:30 PM

36 | Humble before the Void

now seem to move between different states by a discrete leap called a
quantum. Quantum theory was, and still is, shocking and counterintuitive. Niels Bohr, the architect of the modern theory of the atom, said,
“Everything we call real is made of things that cannot be regarded as
real.” John Wheeler, a leading American physicist, stated, “If you are
not completely confused by quantum mechanics, you do not understand it.” So disruptive was quantum theory that Albert Einstein fervently hoped that it was wrong. He wrote gloomily, “If it’s correct, it
signifies the end of physics as a science.”
Even mortals can play around with quantum theory, and I give the
assignment to the monk Jigme Gyatso, who had cleverly thought of a
cloud for the twenty-questions game we played earlier. I position him
in the corridor outside the classroom, clutching a rupee coin. These
coins can be hard to find in northern India, since the steel it’s made of
is worth more than one rupee. Some people even melt them down to
make razor blades of higher value. I’ve asked Jigme to take his coin and
spin it on the tile floor in the hallway so that it finally lands on heads
or tails. He is to do this a minute after I leave him, and then he’ll wait
five minutes before bringing us the results.
Back in the classroom, all the monks agree that the coin has equal
odds of ending up as heads or tails. Then we hear the sound of the coin
spinning. I ask the monks, what’s the state of the coin? It has no state,
many of them say, it’s still spinning. Then we hear the coin clatter to a
stop. Now what’s the state of the coin? Heads, some shout out. Others
say tails. I tell the monks they’re just guessing. What’s the most rational
way to describe the coin? They discuss this in their monastery groups,
and I walk among them, sampling discussions that are punctuated by
hand claps and gusts of laughter.
Most groups decide the question can’t be answered, even after the
coin stops spinning. But, as I point out, the question does have an
answer. Jigme knows whether the coin is heads or tails, and so does
anyone who happens to walk past. It’s just we who are in a state of
ignorance. With that assertion, a few groups of monks say that such
ignorance is fine; they can accept that the coin is in an indeterminate
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state. Then Jigme comes back in. “It landed heads,” he says. Now that
we all know, the uncertainty has evaporated.
This, in a nutshell, is the weirdness of quantum theory. The world of
subatomic particles is one where behavior is governed by probability.
The spinning coin shares two equally probable states. It’s not heads and
it’s not tails—it’s both. Even after it stops spinning, we have no better
description of its state. Only when we make the observation, through
Jigme or by going out into the corridor, does the uncertainty disappear.
The key point in quantum theory is that the moment of observation
changes the quantum reality, and you get one state only. Technically
speaking, the observation causes the wave function of the particle to
“collapse,” becoming, in effect, heads or tails. Put another way, whatever nature truly is, we make it a reality by our observation only. Einstein found this situation abhorrent. He imagined a deeper description
of reality that wasn’t affected by our observation and that we could
“know” that description, like Jigme “knowing” the state of the coin
when it stopped spinning (even though those of us in the room knew
only probabilities). After nearly a century of testing, quantum theory
has proven to be a robust way to describe the behavior of subatomic
particles. It’s the only way we have to describe microscopic reality.
We’re stuck with its weirdness.
Another foundation stone of quantum theory is Heisenberg’s
uncertainty principle. I caution the monks that the spinning coin is an
analogy, and all human-scale analogies fail to capture the subtlety of
quantum theory. It turns out we can’t “know” the state of any particle
with absolute precision. Heisenberg’s principle says that when interrogating the state of a particle—which has velocity and position—we
can’t measure both at the same time with absolute precision. Knowing
the velocity well means we know the position poorly, and vice versa.
The accuracy of our measurements has a limit. We’re not uncertain
because of bad equipment or incompetence of the experimenter, but
because nature presents us with a fundamental barrier.
To make this quantum world real, we clear the floor. Jigme stands
in the middle of it. I switch off the lights and shine a flashlight around
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Some events are individually unpredictable,
but the statistical average is well determined.
Energy

Radiation
Radioactive
Atom
Particle
The roll of a single die is unpredictable; each outcome has 1/6
odds of happening each time.

It is impossible to predict the radio
active decay of any single atom, but the
mean rate is very well determined.

Figure 1.8. The microscopic world is governed by indeterminacy, and
Heisenberg’s uncertainty principle sets a limit to knowledge. But the behavior
of a large ensemble of particles or objects is repeatable and predictable.

the room. It catches him; he flinches and blinks in the beam. “This is
how we locate ‘Jigme the monk,’” I say. “Light bounces off him, and
we see where he is.” In reflecting off him, the light does actually transfer momentum to him and give him a “push” but it’s a tiny effect, too
small to measure.
Now we shrink to quantum scale. Jigme is still the object we want to
locate but now he’s “Jigme the particle.” Three other monks stand on
the side of the room blindfolded, holding foam balls. The foam balls
are photons—particles of light. If they want to know where Jigme is,
they have to shine a light on him, which means throwing foam balls at
him. I tell him to shout if a foam ball hits him. The ball will give him
energy, and he’ll move in an appropriate direction. If the foam ball hits
him head-on, he should move backward, and if it glances off him on
either side, he should move backward and sideways, like a pool ball.
With the rules established, the foam balls start flying.
The first dozen miss and the rest of the monks are greatly amused.
Then a ball hits him on the shoulder and he shouts, “I’m hit!” So where
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is Jigme? I ask the monk who threw the ball. He’s blindfolded, but he
points in the direction of the shout. The other monks laugh, because
Jigme has in fact ricocheted to the other side of the room. The act of
observing Jigme’s position has given him motion, which leaves him in
a different place. We can’t know about something without interacting
with it. Quantum indeterminacy casts a veil over our knowledge of
the world.
We’ve encountered one of the dualities that will arise often in our
journey through science and Buddhist philosophy, I say to the monks.
We’ll explore the large and the small and the duality of nothing and
something. In this case, we’ve pitted everyday reality against quantum
reality. Our normal world of large objects is smooth and measurable.
At the subatomic level, quantum properties are discrete and seemingly unknowable. We move through our lives oblivious to the evanescent and shifting landscape of subatomic particles. I hear murmurs of
approval. The idea of impermanence sits well with Buddhist monks.
That night in our little enclave down the slopes from Dharamsala,
a crescent moon casts pale yellow light on the fields and rice paddies
to the south. It also hits the front edge of the Himalayan range to the
north. The stars twinkle through the humid air. Paul and I are relishing
the sensory experience; the air here is fragrant with mimosa, sandalwood, and cumin. There’s a rustle of insects and the call of night birds
in every direction. Neither of us is sleepy, so we go to the rooftop of
the dormitory building to survey this sumptuous tableau. We keep
away from the edge since there’s no railing and it’s a sixty-foot drop.
Above us is a familiar sky. To see it back in Arizona I can drive from
the desert floor to a silver-domed observatory on a mountaintop, a
complex with millions of dollars’ worth of high-tech equipment. Here
on the rooftop, I’m reduced to my essence as a naked-eye observer. Yet
it’s the same sky everywhere. The stars seem to move, but really they
just pass from one country to another and from one tribe to another as
the planet turns. Paul and I linger in silence and reflection.
Like stars, people can change locations and yet stubbornly stay the
same. Paul and I have traveled to a new place believing, perhaps, that
we will experience a magical change, but in reality, we take who we
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are with us—often the revelation of travelers and wanderers. We’re
hoping to change our state of mind after my recent divorce. Our family
dissolved after twenty years of marriage, and I know it has taken a toll
on my son. Now we’ve come to an unfamiliar world and we’re waiting to see what happens to our inner lives. Paul hasn’t been anywhere
more exotic than Italy. I’m still worrying about how he’ll fare and what
he’ll do while I’m teaching. But we’ve decided. We’ve embarked on an
adventure that lets us escape the routines of our daily lives and regroup.
There’s more. Being in a strange place is loosening chunks of introspection, like an ice floe breaking up. I’m here to teach science, and
I’m convinced of its essential importance and validity. I’m personally
invested too—my career and status are tightly bound to the pursuit of
knowledge. But I’ve just been talking about the primacy of doubt. How
do I square this with my expertise as a scientist and my authority as a
teacher? If I’m being totally honest, it also relates to the high value I
place in knowing something, and in not being wrong, which is a personal failing. Can I really be humble before the void?
These thoughts are personal and existential. But among the monks
they can become cosmological as well. We can compare our individual fates to the much larger processes of the universe, and even to
“reality” itself. A few hours earlier the monks and I took our science
discussion into this realm of philosophical reflection. We talked about
uncertainty as a core truth of reality. Acceptance of uncertainty is
part of the Buddhist outlook, but it has its parallel in physics. Some
of the best scientists have embraced the tension between knowledge
and uncertainty. As James Glieck says in his biography of Richard
Feynmann, “He believed in the primacy of doubt, not as a blemish on
our ability to know, but as the essence of knowing.” Buddhist tradition accords with this perspective. The humility and playfulness of the
monks suggest they don’t need final conclusions. But they still like to
talk about “what’s real.”
Soon after I arrived, Geshe Lhakdor, head of the Tibetan Library,
offered me this pithy definition of reality: “The core of Buddhist thought
is that nothing has independent, permanent, or absolute existence.”
The universe is a limitless web of interconnections and undergoes a
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continual process of transformation. Everything affects everything else.
This law of mutual causation, so complex that it remains elusive to our
human apprehension, is what Buddhism calls karma. And it sounds a
lot like the quantum mechanics we discussed earlier in class.
Today, quantum mechanics has forced many scientists to give up the
old view of reality as material and recognize that what seems concrete
to us—matter and consciousness—results from interactions of matter
and energy. The idea began in ancient Greece with Thales and Anaxagoras, and it entered Buddhist tradition soon afterward. The cofounder
of quantum theory, Werner Heisenberg, offered this summation of the
elusive subatomic world: “The ontology of materialism rested upon the
illusion that the kind of existence, the direct ‘actuality’ of the world
around us, can be extrapolated into the atomic range. This extrapolation, however, is impossible. . . . Atoms are not things.”
Echoing Heisenberg’s outlook, many scientists now prefer to speak
of “naturalism,” which is a broader philosophical position than old-
fashioned materialism. Naturalism holds that everything in the universe
can be explained by natural causes. It has no place for supernatural
phenomena such as miracles. Going further, naturalism also supposes
that the universe is devoid of purpose and indifferent to human desires
and needs. Naturalism squeezes the magic and mystery out of life.
And in a sense, that’s the whole point. There must be a natural cause,
science declares, even if it isn’t discernible. This assumption has been
borne out by experience, but it must be constantly tested. I find naturalism an optimistic worldview because it says we’re not subject to
mysterious forces, and it assigns us the power of understanding and
then controlling our own destiny.
Similar to naturalism is the Buddhist concept of “dependent origination.” According to the Dalai Lama, two kinds of viewpoints must be
rejected: “[First] that things can arise from nowhere, with no causes and
conditions, and the second is that things can arise on account of a transcendent designer or creator.” While very few people go around saying
that nothing causes everything, many people seem to favor a Creator.
On this, I agree with the Dalai Lama’s view, though I call myself an
agnostic on such metaphysical questions. But like most human beings

Humble_Interior_Final.indd 41

3/31/14 7:30 PM

42 | Humble before the Void

I can tremble in the face of a universe that’s ultimately transient and
meaningless. Buddhism goes even further than quantum mechanics,
stating that reality itself is an illusion. “So, reality is an illusion,” I say
to myself. I try to find the benefits in such a view. What solace does it
give me at a time of difficult personal relations? The bruised feelings of
my heart and my concern for my son don’t seem illusory.
Short of an answer, we all—myself, the monks, and even Paul—
throw ourselves into activity in the hope that learning will be a balm.
We did this in our last class by putting aside the “mystery ball” and
creating a human guessing game in the spirit of the American physicist
John Wheeler. He spent a lifetime trying to understand—or explain
in simple stories—how quantum reality works. We played Wheeler’s
game like this: We have chosen Nyima Gyaltsen to be our twenty-
questions computer, so to speak. He leaves the room believing we’ve
thought of a “thing” that he has twenty questions to guess. However,
when Nyima returns we really have not thought of a thing. Each monk
is to instead think of any “thing” he wants as Nyima asks his questions.
The game is challenging because each successive monk has to think of
a thing consistent with all the questions and answers that have come
before. In effect, everything is contingent.
After eleven questions, receiving yes and no replies, Nyima makes
his guess. The room explodes in laughter. The item Nyima declares into
existence had no prior existence. Instead it emerged in response to the
questions asked. Its nature depended not only on the questioner but
on the responses. As a quantum physicist, Wheeler saw this version
of the game as symbolic of the strangeness of quantum theory. We
live in a world where no phenomenon exists independent of the act
of observation. With our game, the monks and I have felt the thrill of
cocreating reality.
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