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‘An absolutely riveting read. Like the best detective story, West lays out the amazing challenge of understanding why animals, cities and companies all scale so uniformly and then skilfully lets us into the secrets that his detective work has uncovered. This book captures the spirit of science in the twenty-first century, revealing the deep connections not just across physics and biology but across society and life’

Marcus du Sautoy, Simonyi Professor for the Public Understanding of Science at Oxford University and author of The Great Unknown

‘Scaling is the most important yet most hidden and rarely discussed attribute – without understanding it one cannot possibly understand the world. This book will expand your thinking from three dimensions to four. Get two copies, just in case you lose one’

Nassim Nicholas Taleb, bestselling author of The Black Swan

‘I can think of no more exciting thinker in the world today than Geoffrey West. By bringing a physicist’s razor-sharp mind to wonderfully surprising questions – “Why Aren’t There Mammals the Size of Tiny Ants?” or “Are Cities and Companies Just Very Large Organisms?” – West forces us to see everything anew, from our own bodies to the megacities our species increasingly chooses to inhabit. Scale is a firework display of popular science’

Niall Ferguson, senior fellow, the Hoover Institution, Stanford University

‘This is an important and original book, of immense scope. Geoffrey West is a polymath, whose insights range over physics, biology and the social sciences. He shows that the sizes, shapes and lifetimes of living things – despite their amazing diversity – display surprising correlations and patterns, and that these follow from basic physical principles. He then discovers, more surprisingly, the emergence of similar ‘scaling laws’ in human societies – in our cities, companies and social networks. This fascinating book deserves a very wide readership’

Lord Martin Rees, Astronomer Royal


‘Geoffrey West’s Scale is a revelation. Based on his path-breaking theory and research on super-linear scaling, it provides powerful new insights into the basic scientific laws that power our modern society and economy, its start-up companies, large corporations and cities. The book is a must read for CEOs, technologists, mayors, urban leaders and anyone who wants to understand the simple laws that shape the complex, self-organizing world in which we live’

Richard Florida, author of The Rise of the Creative Class and a senior editor at The Atlantic

‘It’s rare in the history of science that someone has a big, bold, beautiful, stunningly simple new idea that also turns out to be right. Geoffrey West had one. And Scale is its story’

Steven Strogatz, Professor of Mathematics, Cornell University, and author of The Joy of X

‘If there were a Nobel Prize for transdisciplinary science, Geoffrey West would have won it for the work covered in Scale. This is a book of great originality and deep importance, containing startling insights about topics as seemingly unrelated as ageing and death, sleep, metabolism, cities, energy use, creativity, corporations, and even the sustainability of our existence. If you are curious about how the world really works, you must read this book’

Bill Miller, chairman emeritus of the Santa Fe Institute, named ‘Fund Manager of the Decade’ by Morningstar

‘When Geoffrey West, a brilliant theoretical physicist, turned his lens to the study of life spans, biological systems and cities he stumbled onto a game-changing universal insight about growth and sustainability. Scale is dazzling and provocative and West proves himself to be a compelling and entertaining writer – this is a book we will be talking about for a long time’

Abraham Verghese, author of Cutting for Stone






[image: Images]

[image: Images]








To
Jacqueline
Joshua and Devorah
and
Dora and Alf
With Gratitude and Love







CONTENTS

[image: Images]

 

Praise for Scale: The Universal Laws of Life and Death in Organisms, Cities and Companies

Title Page

Dedication

SCALE

1.

THE BIG PICTURE

Introduction, Overview, and Summary • We Live in an Exponentially Expanding Socioeconomic Urbanized World • A Matter of Life and Death • Energy, Metabolism, and Entropy • Size Really Matters: Scaling and Nonlinear Behavior • Scaling and Complexity: Emergence, Self-Organization, and Resilience • You Are Your Networks: Growth from Cells to Whales • Cities and Global Sustainability: Innovation and Cycles of Singularities • Companies and Businesses

2.

THE MEASURE OF ALL THINGS:
An Introduction to Scaling

From Godzilla to Galileo • Misleading Conclusions and Misconceptions of Scale: Superman • Orders of Magnitude, Logarithms, Earthquakes, and the Richter Scale • Pumping Iron and Testing Galileo • Individual Performance and Deviations from Scaling: The Strongest Man in the World • More Misleading Conclusions and Misconceptions of Scale: Drug Dosages from LSD and Elephants to Tylenol and Babies • BMI, Quetelet, the Average Man, and Social Physics • Innovation and Limits to Growth • The Great Eastern, Wide-Gauge Railways, and the Remarkable Isambard Kingdom Brunel • William Froude and the Origins of Modeling Theory • Similarity and Similitude: Dimensionless and Scale-Invariant Numbers


3.

THE SIMPLICITY, UNITY, AND COMPLEXITY OF LIFE

From Quarks and Strings to Cells and Whales • Metabolic Rate and Natural Selection • Simplicity Underlying Complexity: Kleiber’s Law, Self-Similarity, and Economies of Scale • Universality and the Magic Number Four That Controls Life • Energy, Emergent Laws, and the Hierarchy of Life • Networks and the Origins of Quarter-Power Allometric Scaling • Physics Meets Biology: On the Nature of Theories, Models, and Explanations • Network Principles and the Origins of Allometric Scaling • Metabolic Rate and Circulatory Systems in Mammals, Plants, and Trees • Digression on Nikola Tesla, Impedance Matching, and AC/DC • Back to Metabolic Rate, Beating Hearts, and Circulatory Systems • Self-Similarity and the Origin of the Magic Number Four • Fractals: The Mysterious Case of the Lengthening Borders

4.

THE FOURTH DIMENSION OF LIFE:
Growth, Aging, and Death

The Fourth Dimension of Life • Why Aren’t There Mammals the Size of Tiny Ants? • And Why Aren’t There Enormous Mammals the Size of Godzilla? • Growth • Global Warming, the Exponential Scaling of Temperature, and the Metabolic Theory of Ecology • Aging and Mortality

5.

FROM THE ANTHROPOCENE TO THE URBANOCENE:
A Planet Dominated by Cities

Living in Exponentially Expanding Universes • Cities, Urbanization, and Global Sustainability • Digression: What Exactly Is an Exponential Anyway? Some Cautionary Fables • The Rise of the Industrial City and Its Discontents • Malthus, Neo-Malthusians, and the Great Innovation Optimists • It’s All Energy, Stupid


6.

PRELUDE TO A SCIENCE OF CITIES

Are Cities and Companies Just Very Large Organisms? • St. Jane and the Dragons • An Aside: A Personal Experience of Garden Cities and New Town • Intermediate Summary and Conclusion

7.

TOWARD A SCIENCE OF CITIES

The Scaling of Cities • Cities and Social Networks • What Are These Networks? • Cities: Christalls or Fractals? • Cities as the Great Social Incubator • How Many Close Friends Do You Really Have? Dunbar and His Numbers • Words and Cities • The Fractal City: Integrating the Social with the Physical

8.

CONSEQUENCES AND PREDICTIONS:
From Mobility and the Pace of Life to Social Connectivity, Diversity, Metabolism, and Growth

The Increasing Pace of Life • Life on an Accelerating Treadmill: The City as the Incredible Shrinking Time Machine • Commuting Time and the Size of Cities • The Increasing Pace of Walking • You Are Not Alone: Mobile Telephones as Detectors of Human Behavior • Testing and Verifying the Theory: Social Connectivity in Cities • The Remarkably Regular Structure of Movement in Cities • Overperformers and Underperformers • The Structure of Wealth, Innovation, Crime, and Resilience: The Individuality and Ranking of Cities • Prelude to Sustainability: A Short Digression on Water • The Socioeconomic Diversity of Business Activity in Cities • Growth and the Metabolism of Cities

9.

TOWARD A SCIENCE OF COMPANIES

Is Walmart a Scaled-Up Big Joe’s Lumber and Google a Great Big Bear? • The Myth of Open-Ended Growth • The Surprising Simplicity of Company Mortality • Requiescant in Pace • Why Companies Die, but Cities Don’t


10.

THE VISION OF A GRAND UNIFIED THEORY OF SUSTAINABILITY

Accelerating Treadmills, Cycles of Innovation, and Finite Time Singularities

 

 

Afterword

Science for the Twenty-first Century • Transdisciplinarity, Complex Systems, and the Santa Fe Institute • Big Data: Paradigm 4.0 or Just 3.1?

 

Postscript and Acknowledgments

Notes

List of Illustrations

Copyright






SCALE

[image: Images]





 

1

[image: Images]

THE BIG PICTURE

1. INTRODUCTION, OVERVIEW, AND SUMMARY

Life is probably the most complex and diverse phenomenon in the universe, manifesting an extraordinary variety of forms, functions, and behaviors over an enormous range of scales. It is estimated for instance that there are more than eight million different species of organisms on our planet,1 ranging in size from the smallest bacterium weighing less than a trillionth of a gram to the largest animal, the blue whale, weighing up to a hundred million grams. If you visited a tropical forest in Brazil you’d find in an area the size of a football field more than a hundred different species of trees and millions of individual insects representing thousands of species. And just think of the amazing differences in how each of these species lives out its life, how differently each is conceived, born, and reproduces and how it dies. Many bacteria live for only an hour and need only a tenth of a trillionth of a watt to stay alive, whereas whales can live for over a century and metabolize at several hundred watts.2 Add to this extraordinary tapestry of biological life the astonishing complexity and diversity of social life that we humans have brought to the planet, especially in the guise of cities and all of the remarkable phenomena they encompass, ranging from commerce and architecture to the diversity of cultures and the innumerable hidden joys and sorrows of each of their citizens.

Compare any of this complex panoply with the extraordinary simplicity

and order of the planets orbiting the sun, or the clockwork regularity of your watch or iPhone, and it’s natural to ponder whether there could possibly be any analogous hidden order underlying all of this complexity and diversity. Could there conceivably be a few simple rules that all organisms obey, indeed all complex systems, from plants and animals to cities and companies? Or is all of the drama being played out in the forests, savannahs, and cities across the globe arbitrary and capricious, just one haphazard event after another? Given the random nature of the evolutionary process that gave rise to all of this diversity, it might seem unlikely and counterintuitive that any regularity or systematic behavior would have emerged. After all, each of the multitude of organisms that constitute the biosphere, each of its subsystems, each organ, each cell type, and each genome has evolved by the process of natural selection in its own unique environmental niche following a unique historical path.

Now take a look at the panel of graphs in Figures 1–4. Each represents a well-known quantity that plays an important role in your life and each is plotted against size. The first graph is metabolic rate—how much food is needed each day to stay alive—plotted against the weight or mass of a series of animals. The second is the number of heartbeats in a lifetime, also plotted against the weight or mass of a series of animals. The third is the number of patents produced in a city plotted against its population. And the last is the net assets and income of publicly traded companies plotted against the number of their employees.

You don’t have to be a mathematician, a scientist, or an expert in any of these areas to immediately see that although they represent some of the most extraordinarily complex and diverse processes we encounter in our lives, they reveal something surprisingly simple, systematic, and regular about each of them. Almost miraculously, the data have lined up in approximately straight lines rather than being arbitrarily distributed across each of these graphs, as might have been anticipated given the unique historical and geographical contingency of each animal, city, or company. Perhaps the most startling of these is Figure 2, which shows that the average number of heartbeats in the lifetime of any mammal is roughly the same, even though small ones like mice live for just a few years whereas big ones like whales can live for a hundred years or more.
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FIG. 1
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FIG. 2
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FIG. 3
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FIG. 4

Examples of scaling curves, which express how quantities scale with a change in size: (1) illustrates how metabolic rate3 and (2) how the number of heartbeats in a lifetime4 scale with the weight of an animal; (3) illustrates how the number of patents produced in a city5 scales with its population size; and (4) illustrates how assets and income of companies6 scale with the number of their employees. Notice that these graphs cover a huge range of scales: for example, both weights of animals and numbers of employees vary by a factor of a million (from mice to elephants and from one-person businesses to the Walmarts and Exxons). In order to be able to put all of these animals, companies, and cities on these plots, the scale on each axis increases by factors of ten.

The examples shown in Figures 1–4 are just a tiny sampling of an enormous number of such scaling relationships that quantitatively describe how almost any measurable characteristic of animals, plants, ecosystems, cities, and companies scales with size. You will be seeing many more of them throughout this book. The existence of these remarkable regularities strongly suggests that there is a common conceptual framework underlying all of these very different highly complex phenomena and that the dynamics, growth, and organization of animals, plants, human social behavior, cities, and companies are, in fact, subject to similar generic “laws.”

This is the main focus of this book. I will explain the nature and origin of these systematic scaling laws, how they are all interrelated, and how they lead to a deep and broad understanding of many aspects of life and ultimately to the challenge of global sustainability. Taken together, these scaling laws provide us with a window onto underlying principles and concepts that can potentially lead to a quantitative predictive framework for addressing a host of critical questions across science and society.

This book is about a way of thinking, about asking big questions, and about suggesting big answers to some of those big questions. It’s a book about how some of the major challenges and issues we are grappling with today, ranging from rapid urbanization, growth, and global sustainability to understanding cancer, metabolism, and the origins of aging and death, can be addressed in an integrated unifying conceptual framework. It is a book about the remarkably similar ways in which cities, companies, tumors, and our bodies work, and how each of them represents a variation on a general theme manifesting surprisingly systematic regularities and similarities in their organization, structure,

and dynamics. A common property shared by all of them is that they are highly complex and composed of enormous numbers of individual constituents, whether molecules, cells, or people, connected, interacting, and evolving via networked structures over multiple spatial and temporal scales. Some of these networks are obvious and very physical, like our circulatory system or the roads in a city, but some are more conceptual or virtual, like social networks, ecosystems, and the Internet.

This big-picture framework allows us to address a fascinating spectrum of questions, some of which stimulated my own research interests and some of which will be addressed, sometimes speculatively, in the ensuing chapters. Here’s a sampling of some of them:



• Why can we live for up to 120 years but not for a thousand or a million? Why, in fact, do we die and what sets this limit to our life spans? Can life spans be calculated from the properties of cells and complex molecules that make up our bodies? Can they be changed and can life span be extended?

• Why do mice, made of pretty much the same stuff as we are, live for just two to three years whereas elephants live for up to seventy-five? And despite this difference, why is the number of heartbeats in a life span roughly the same for elephants, mice, and all mammals, namely about 1.5 billion?7

• Why do organisms and ecosystems ranging from cells and whales to forests scale with size in a remarkably universal, systematic, and predictable fashion? What is the origin of the magic number 4 that seems to control much of their physiology and life history from growth to death?

• Why do we stop growing? Why do we have to sleep for eight hours every day? And why do we get relatively far fewer tumors than mice, but whales get almost none?

• Why do almost all companies live for only a relatively few years whereas cities keep growing and manage to circumvent the apparently

inevitable fate that befalls even the most powerful and seemingly invulnerable companies? Can we imagine being able to predict the approximate life spans of companies?

• Can we develop a science of cities and companies, meaning a conceptual framework for understanding their dynamics, growth, and evolution in a quantitatively predictable framework?

• Is there a maximum size of cities? Or an optimum size? Is there a maximum size to animals and plants? Could there be giant insects and giant megacities?

• Why does the pace of life continually increase and why does the rate of innovation have to continue to accelerate in order to sustain socioeconomic life?

• How do we ensure that our human-engineered systems, which evolved only over the past ten thousand years, can continue to coexist with the natural biological world, which evolved over billions of years? Can we maintain a vibrant, innovative society driven by ideas and wealth creation, or are we destined to become a planet of slums, conflict, and devastation?

In addressing questions such as these, I will emphasize conceptual issues and bring together ideas from across the sciences in a transdisciplinary spirit, integrating fundamental questions in biology with those in the social and economic sciences, though shamelessly from the perspective and through the eyes of a theoretical physicist. So much so, in fact, that I will also touch on how the same framework of scaling has played a seminal role in developing a unified picture of the elementary particles and fundamental forces of nature, including their cosmological implications for the evolution of the universe from the Big Bang. In this spirit, I have also tried to be provocative and speculative where appropriate, but in the main, almost all of what is presented is based on established scientific work.

Although many, if not most, of the results and explanations presented in the book have their origins in arguments and derivations couched in the language

of mathematics, the book is decidedly nontechnical and pedagogical in spirit and is written for the proverbial “intelligent layperson.” This presents quite a challenge and means, of course, that a certain poetic license has to be taken when providing such explanations, and my fellow scientists will have to try to refrain from being overly critical if they find that I have oversimplified the translation from mathematical or technical language into English. For those with a more mathematical inclination, I refer to the technical literature referenced throughout the book.

2. WE LIVE IN AN EXPONENTIALLY EXPANDING SOCIOECONOMIC URBANIZED WORLD

A central topic of the book is the critical role that cities and global urbanization play in determining the future of the planet. Cities have emerged as the source of the greatest challenges the planet has faced since humans became social. The future of humanity and the long-term sustainability of the planet are inextricably linked to the fate of our cities. Cities are the crucible of civilization, the hubs of innovation, the engines of wealth creation and centers of power, the magnets that attract creative individuals, and the stimulant for ideas, growth, and innovation. But they also have a dark side: they are the prime locus of crime, pollution, poverty, disease, and the consumption of energy and resources. Rapid urbanization and accelerating socioeconomic development have generated multiple global challenges ranging from climate change and its environmental impacts to incipient crises in food, energy, and water availability, public health, financial markets, and the global economy.

Given this dual nature of cities as, on the one hand, the origin of many of our major challenges and, on the other, the reservoir of creativity and ideas and therefore the source of their solutions, it becomes a matter of some urgency to ask whether there can be a “science of cities” and by extension a “science of companies,” in other words a conceptual framework for understanding their dynamics, growth, and evolution in a quantitatively predictable framework. This is crucial for devising a serious strategy for achieving long-term sustainability, especially as the overwhelming majority of human

beings will be urban dwellers by the second half of this century, many in mega-cities of unprecedented size.

Almost none of the problems, challenges, and threats we are facing are new. All of them have been with us since at least the beginnings of the Industrial Revolution, and it is only because of the exponential rate of urbanization that they have now begun to feel like an impending tsunami with the potential to overwhelm us. It is in the very nature of exponential expansion that the immediate future comes upon us increasingly more rapidly, potentially presenting us with unforeseen challenges whose threat we recognize only after it’s too late. Consequently, it is only relatively recently that we have become conscious of global warming, long-term environmental changes, limitations on energy, water, and other resources, health and pollution issues, stability of financial markets, and so on. And even as we have become concerned, it has been implicitly presumed that these are temporary aberrations that will eventually be solved and disappear. Not surprisingly, most politicians, economists, and policy makers have continued to take a fairly optimistic long-term view that our innovation and ingenuity will triumph, as indeed they have in the past. As will be elaborated on later, I am not so sure.

For almost the entire time span of human existence most human beings have resided in nonurban environments. Just two hundred years ago the United States was predominantly agricultural, with barely 4 percent of the population living in cities, compared with more than 80 percent today. This is typical of almost all developed countries such as France, Australia, and Norway, but it is also true for many that are considered as “developing,” such as Argentina, Lebanon, and Libya. Nowadays, no country on the planet comes close to being just 4 percent urban; even Burundi, perhaps the poorest and least developed of all nations, is over 10 percent urbanized. In 2006 the planet crossed a remarkable historical threshold, with more than half of the world’s population residing in urban centers, compared with just 15 percent a hundred years ago and still only 30 percent by 1950. It is now expected to rise above 75 percent by 2050, with more than two billion more people moving to cities, mostly in China, India, Southeast Asia, and Africa.8

This is an enormous number. It means that, when averaged over the next thirty-five years, about a million and a half people will be urbanized each

week. To get an idea of what this implies, consider the following: today is August 22; by October 22 there will be the equivalent of another New York metropolitan area on the planet, and by Christmas another one, and by February 22 yet another, and so on. . . . Inextricably, from now to well into the middle of the century another New York metropolitan area is being added to the planet every couple of months. And note that we are talking of a New York metropolitan area consisting of 15 million people, not just New York City, which has only 8 million.

Perhaps the most astonishing and ambitious urbanization program on the planet is being carried out by China, where the government is on a fast track to build up to three hundred new cities each in excess of a million people over the next twenty to twenty-five years. Historically, China was slow to urbanize and industrialize but is now making up for lost time. In 1950, China was not much more than 10 percent urbanized but will very likely cross the halfway mark this year. At the present rate it will be moving the equivalent of the entire U.S. population (more than 300 million people) to cities in the next twenty to twenty-five years. And not far behind are India and Africa. This will be by far the largest migration of human beings to have ever taken place on the planet and will very likely never be equaled in the future. The resulting challenges to the availability of energy and resources and the enormous stress on the social fabric across the globe are mind-boggling . . . and the timescales to address them are very short. Everyone will be affected; there is no hiding place.

3. A MATTER OF LIFE AND DEATH

The open-ended exponential growth of cities stands in marked contrast to what we see in biology: most organisms, like us, grow rapidly when young but then slow down, cease growing, and eventually die. Most companies follow a similar pattern, with almost all of them eventually disappearing, whereas most cities don’t. Nevertheless, biological imagery is routinely used when writing about cities as well as companies. Typical phrases include “the DNA of the company,” “the metabolism of the city,” “the ecology of the marketplace,” and so on. Are these just metaphors or do they encode something of real scientific

substance? To what extent, if any, are cities and companies very large organisms? They did, after all, evolve from biology and consequently share many features in common.

There are clearly characteristics of cities that are not biological, and these will be discussed in detail later. But if cities are indeed some sort of superorganism, then why do almost none of them ever die? There are, of course, classic examples of cities that have died, especially ancient ones, but they tend to be special cases due to conflict and the abuse of the immediate environment. Overall, they represent only a tiny fraction of all those that have ever existed. Cities are remarkably resilient and the vast majority persist. Just think of the awful experiment that was done seventy years ago when atom bombs were dropped on two cities, yet just thirty years later they were thriving. It’s extremely difficult to kill a city! On the other hand, it’s relatively easy to kill animals and companies—overwhelmingly, almost all of them eventually die, even the most powerful and seemingly invulnerable. Despite the continuing increase in the average life span of human beings over the last 200 years, our maximum life span has remained unchanged. No human being has ever lived for more than 123 years, and very few companies have lived for much longer—most have disappeared after 10 years. So why do almost all cities remain viable, whereas the vast majority of companies and organisms die?

Death is integral to all biological and socioeconomic life: almost all living things are born, live, and eventually die, yet death as a serious focus of study and contemplation tends to be suppressed and neglected, both socially and scientifically, relative to birth and life. At a personal level, it wasn’t until I reached my fifties that I started thinking seriously about aging and dying. I had gone through my twenties, thirties, and forties and into my fifties without being much concerned about my own mortality, unconsciously maintaining the myth common among the “young” that I was immortal. However, I come from a long line of short-lived males, so perhaps it was inevitable that at some stage in my fifties it would begin to dawn on me that I might be dead in five to ten years and that it would be prudent to start contemplating what that would mean.

I suppose that one could view all religion and philosophical reflection as having its origins in how we integrate the inevitable imminence of death into

our daily lives. So I started thinking and reading about aging and death, first in personal, psychological, religious, and philosophical terms, which though extremely engaging, left me with more questions than answers. And then, because of other events that I shall relate later in the book, I started thinking about them in scientific terms, which serendipitously led me on a path that changed both my personal and professional life.

As a physicist thinking about aging and death it was natural not only to ask about possible mechanisms for why we age and why we die but, equally important, to ask where the scale of human life span comes from. Why hasn’t anybody lived for more than 123 years? What is the origin of the mysterious threescore years and ten deemed to be the scale of human life span in the Old Testament? Could we possibly live for a thousand years like the mythical Methuselah? Most companies, on the other hand, live for only a few years. Half of all U.S. publicly traded companies have disappeared within ten years of entering the market. Although a small minority live for considerably longer, almost all seem destined to go the way of Montgomery Ward, TWA, Studebaker, and Lehman Brothers. Why? Can we develop a serious mechanistic theory for understanding not only our own mortality but also that of companies? Can we imagine being able to quantitatively understand the processes of aging and death of companies and thereby “predict” their approximate life spans? And what is it about cities that they manage to circumvent this apparently inevitable fate?

4. ENERGY, METABOLISM, AND ENTROPY

Addressing these questions naturally leads to asking where all the other scales of life come from. Why, for instance, do we sleep approximately eight hours a night whereas mice sleep fifteen and elephants just four? Why are the tallest trees a few hundred feet high and not a mile? Why do the largest companies stop growing when their assets reach half a trillion dollars? And why are there roughly five hundred mitochondria in each of your cells?

To answer such questions, and to understand quantitatively and mechanistically processes such as aging and mortality, whether for humans, elephants,

cities, or companies, we must first come to terms with how each of these systems grew and how each stays alive. In biology these are controlled and maintained by the process of metabolism. Quantitatively, this is expressed in terms of metabolic rate, which is the amount of energy needed per second to keep an organism alive; for us it’s about 2,000 food calories a day, which, surprisingly, corresponds to a rate of only about 90 watts, the equivalent of a standard incandescent lightbulb. As can be seen from Figure 1, our metabolic rate has the “correct” value for a mammal of our size. This is our biological metabolic rate living as naturally evolved animals. As social animals now living in cities we still need just a lightbulb equivalent of food to stay alive but, in addition, we now require homes, heating, lighting, automobiles, roads, airplanes, computers, and so on. Consequently, the amount of energy needed to support an average person living in the United States has risen to an astounding 11,000 watts. This social metabolic rate is equivalent to the entire needs of about a dozen elephants. Furthermore, in making this transition from the biological to the social our overall population has increased from just a few million to more than seven billion. No wonder there’s a looming energy and resource crisis.

None of these systems, whether “natural” or man-made, can operate without a continuous supply of energy and resources that have to be transformed into something “useful.” Appropriating the concept from biology, I shall refer to all such processes of energy transformation as metabolism. Depending on the sophistication of the system, these outputs of useful energy are allocated between doing physical work and fueling maintenance, growth, and reproduction. As social human beings and in marked contrast to all other creatures, the major portion of our metabolic energy has been devoted to forming communities and institutions such as cities, villages, companies, and collectives, to the manufacture of an extraordinary array of artifacts, and to the creation of an astonishing litany of ideas ranging from airplanes, cell phones, and cathedrals to symphonies, mathematics, and literature, and much, much more.

However, it’s not often appreciated that without a continuous supply of energy and resources, not only can there be no manufacturing of any of these things but, perhaps more important, there can be no ideas, no innovation, no growth, and no evolution. Energy is primary. It underlies everything that we do and everything that happens around us. As such, its role in all of the questions

addressed will be another continuous thread that runs throughout the book. This may seem self-evident, but it is surprising how small a role, if any, the generalized concept of energy plays in the conceptual thinking of economists and social scientists.

There is always a price to pay when energy is processed; there is no free lunch. Because energy underlies the transformation and operation of literally everything, no system operates without consequences. Indeed, there is a fundamental law of nature that cannot be transgressed, called the Second Law of Thermodynamics, which says that whenever energy is transformed into a useful form, it also produces “useless” energy as a degraded by-product: “unintended consequences” in the form of inaccessible disorganized heat or unusable products are inevitable. There are no perpetual motion machines. You need to eat to stay alive and maintain and service the highly organized functionality of your mind and body. But after you’ve eaten, sooner or later you will have to go to the bathroom. This is the physical manifestation of your personal entropy production.

This fundamental, universal property resulting from how all things interact by interchanging energy and resources was called entropy by the German physicist Rudolf Clausius in 1855. Whenever energy is used or processed in order to make or maintain order within a closed system, some degree of disorder is inevitable—entropy always increases. The word entropy, by the way, is the literal Greek translation of “transformation” or “evolution.” Lest you think there might be some loophole in this law, it is worth quoting Einstein on the subject: “It is the only physical theory of universal content which I am convinced will never be overthrown” . . . and he included his own laws of relativity in this.

Like death, taxes, and the Sword of Damocles, the Second Law of Thermodynamics hangs over all of us and everything around us. Dissipative forces, analogous to the production of disorganized heat by friction, are continually and inextricably at work leading to the degradation of all systems. The most brilliantly designed machine, the most creatively organized company, the most beautifully evolved organism cannot escape this grimmest of grim reapers. To maintain order and structure in an evolving system requires the continual supply and use of energy whose by-product is disorder. That’s why to stay alive

we need to continually eat so as to combat the inevitable, destructive forces of entropy production. Entropy kills. Ultimately, we are all subject to the forces of “wear and tear” in its multiple forms. The battle to combat entropy by continually having to supply more energy for growth, innovation, maintenance, and repair, which becomes increasingly more challenging as the system ages, underlies any serious discussion of aging, mortality, resilience, and sustainability, whether for organisms, companies, or societies.

5. SIZE REALLY MATTERS: SCALING AND NONLINEAR BEHAVIOR

In addressing these diverse and seemingly unrelated questions, the lens I shall use will predominantly be that of Scale and the conceptual framework that of Science. Scaling and scalability, that is, how things change with size, and the fundamental rules and principles they obey are central themes that run throughout the book and are used as points of departure for developing almost all of the arguments presented. Viewed through this lens, cities, companies, plants, animals, our bodies, and even tumors manifest a remarkable similarity in the ways that they are organized and function. Each represents a fascinating variation on a general universal theme that is manifested in surprisingly systematic mathematical regularities and similarities in their organization, structure, and dynamics. These will be shown to be consequences of a broad, big-picture conceptual framework for understanding such disparate systems in an integrated unifying way, and with which many of the big issues can be addressed, analyzed, and understood.

Scaling simply refers, in its most elemental form, to how a system responds when its size changes. What happens to a city or a company if its size is doubled? Or to a building, an airplane, an economy, or an animal if its size is halved? If the population of a city is doubled, does the resulting city have approximately twice as many roads, twice as much crime, and produce twice as many patents? Do the profits of a company double if its sales double, and does an animal require half as much food if its weight is halved?

Addressing such seemingly innocuous questions concerning how systems

respond to a change in their size has had remarkably profound consequences across the entire spectrum of science, engineering, and technology and has affected almost every aspect of our lives. Scaling arguments have led to a deep understanding of the dynamics of tipping points and phase transitions (how, for example, liquids freeze into solids or vaporize into gases), chaotic phenomena (the “butterfly effect” in which the mythical flapping of a butterfly’s wings in Brazil leads to a hurricane in Florida), the discovery of quarks (the building blocks of matter), the unification of the fundamental forces of nature, and the evolution of the universe after the Big Bang. These are but a few of the more spectacular examples where scaling arguments have been instrumental in illuminating important universal principles or structure.9

In a more practical context, scaling plays a critical role in the design of increasingly large human-engineered artifacts and machines, such as buildings, bridges, ships, airplanes, and computers, where extrapolating from the small to the large in an efficient, cost-effective fashion is a continuing challenge. Even more challenging and of perhaps greater urgency is the need to understand how to scale organizational structures of increasingly large and complex social organizations such as companies, corporations, cities, and governments, where the underlying principles are typically not well understood because these are continuously evolving complex adaptive systems.

A greatly underappreciated case in point is the hidden role that scaling plays in medicine. Much of the research and development on diseases, new drugs, and therapeutic procedures is undertaken using mice as “model” systems. This immediately raises the critical question of how to scale up the findings and experiments on mice to humans. For instance, huge resources are spent each year on investigating cancer in mice, yet a typical mouse develops many more tumors per gram of tissue per year than we do, whereas whales get almost none, begging the question as to the relevance of such research for humans. To put it slightly differently: if we are to gain a deep understanding and solve the challenge of human cancer from such studies we need to know how to reliably scale up from mice to humans, and conversely, down from whales. Dilemmas such as this will be discussed in chapter 4 when addressing scaling issues inherent in biomedicine and health.

To introduce some of the language that will be used throughout the book

and ensure that we’re all on the same page as we begin this exploration, I want to review some commonly used concepts and terms that most people have some familiarity with—because they are used colloquially—but about which there are often misconceptions.

So let us return to the simple question posed above: does an animal require half as much food if its weight is halved? You might expect the answer to this to be yes, because halving its weight halves the number of cells that need to be fed. This would imply that “half as big requires half as much” and, conversely, that “twice as big requires twice as much” and so on. This is a simple example of classic linear thinking. Surprisingly, it is not always easy to recognize linear thinking, despite its apparent simplicity, because it often tends to be implicit rather than explicit.

For instance, it is not usually appreciated that the ubiquitous use of per capita measures as a way of characterizing and ranking countries, cities, companies, or economies is a subtle manifestation of this. Let me give a simple example. The gross domestic product (GDP) of the United States was estimated to be about $50,000 per capita in 2013, meaning that, averaged over the entire economy, each person can effectively be thought of as having produced $50,000 worth of “goods.” Metropolitan Oklahoma City, with a population of about 1.2 million people, has a GDP of about $60 billion, so its per capita GDP ($60 billion divided by 1.2 million) is indeed close to the average for the United States, namely $50,000. Extrapolating this to a city with a population ten times larger, having 12 million people, would predict its GDP to be $600 billion (obtained by multiplying the $50,000 per capita by the 12 million people), ten times larger than Oklahoma City. However, metropolitan Los Angeles, which is indeed ten times larger than Oklahoma City with 12 million inhabitants, has a GDP that is actually more than $700 billion, which is more than 15 percent larger than the “predicted” value obtained by the linear extrapolation implicit in using a per capita measure.

This, of course, is just a single example which you might think is a special case—Los Angeles is simply a richer city than Oklahoma City. While that is indeed true, it turns out that the underestimation from comparing Oklahoma City with Los Angeles is not a special case but on the contrary is, in fact, an example of a general systematic trend across all cities across the globe which

shows that simple linear proportionality, implicit in using per capita measures, is almost never valid. GDP, like almost any other quantifiable characteristic of a city, or indeed of almost any complex system, typically scales nonlinearly. I will be much more precise about what this means and what it implies later but, for the time being, nonlinear behavior can simply be thought of as meaning that measurable characteristics of a system generally do not simply double when its size is doubled. In the example given here, this can be restated as saying that there is a systematic increase in per capita GDP, as well as in average wages, crime rates, and many other urban metrics, as city size increases. This reflects an essential feature of all cities, namely that social activity and economic productivity are systematically enhanced with increasing size of the population. This systematic “value-added” bonus as size increases is called increasing returns to scale by economists and social scientists, whereas physicists prefer the more sexy term superlinear scaling.

An important example of nonlinear scaling arises in the biological world when we look at the amount of food and energy consumed each day by animals (including us) in order to stay alive. Surprisingly, an animal that is twice the size of another, and therefore composed of about twice as many cells, requires only about 75 percent more food and energy each day, rather than 100 percent more, as might naively have been expected from a linear extrapolation. For example, a 120-pound woman typically requires about 1,300 food calories a day just to stay alive without doing any activity or performing any tasks. This is called her basal metabolic rate by biologists and doctors and is to be distinguished from her active metabolic rate, which includes all of the additional daily activities of living. Her big English sheepdog, on the other hand, which weighs half as much as she does (60 pounds) and therefore has approximately half as many cells, would therefore be expected to require only about half as much food energy each day just to stay alive, namely about 650 food calories. In fact, her dog requires about 880 food calories each day.

Although a dog is not a small woman, this example is a special case of the general scaling rule for how metabolic rate scales with size. It operates across all mammals ranging from tiny shrews, weighing just a few grams, to giant blue whales, weighing greater than a hundred million times more. A profound consequence of this rule is that on a per gram basis, the larger animal (the

woman in this example) is actually more efficient than the smaller one (her dog) because less energy is required to support each gram of her tissue (by about 25 percent). Her horse, by the way, would be even more efficient. This systematic savings with increasing size is known as an economy of scale. Put succinctly, this states that the bigger you are, the less you need per capita (or, in the case of animals, per cell or per gram of tissue) to stay alive. Notice that this is the opposite behavior to the case of increasing returns to scale, or superlinear scaling, manifested in the GDP of cities: in that case, the bigger you are, the more there is per capita, whereas for economies of scale, the bigger you are, the less there is per capita. This kind of scaling is referred to as sublinear scaling.

Size and scale are major determinants of the generic behavior of highly complex, evolving systems, and much of the book is devoted to explaining and understanding the origins of such nonlinear behavior and how it can be used to address a broad range of questions with examples drawn from across the entire spectrum of science, technology, economics, and business, as well as from daily life, science fiction, and sports.

6. SCALING AND COMPLEXITY: EMERGENCE, SELF-ORGANIZATION, AND RESILIENCE

I have already used the term complexity several times in just these few short pages and have cavalierly referred to systems as being complex as if this designation were both well understood and well defined. Neither, in fact, is the case, and I want to make a short detour here to discuss this much-overworked concept because almost all of the systems that I’m going to be talking about are usually thought of as being “complex.”

I am hardly unique in my casual use of the word or its many derivatives without defining it. Over the past quarter of a century, terms like complex adaptive systems, the science of complexity, emergent behavior, self-organization, resilience, and adaptive nonlinear dynamics have begun to pervade not just the scientific literature but also that of the business and corporate world as well as the popular media.

To set the stage, I’d like to quote two distinguished thinkers, one a scientist, the other a lawyer. The first is the eminent physicist Stephen Hawking, who in an interview10 at the turn of the millennium was asked the following question:



Some say that while the 20th century was the century of physics, we are now entering the century of biology. What do you think of this?



To which he responded:



I think the next century will be the century of complexity.



I wholeheartedly agree. As I hope I have already made clear, we urgently need a science of complex adaptive systems to address the host of extraordinarily challenging societal problems we face.

The second is a well-known quote from the eminent U.S. Supreme Court justice Potter Stewart, who when discussing the concept of pornography and its relationship to free speech in a landmark decision of 1964 made the following marvelous comment:



I shall not today attempt further to define the kinds of material I understand to be embraced within that shorthand description [“hard-core pornography”]; and perhaps I could never succeed in intelligibly doing so. But I know it when I see it.



Just substitute the word “complexity” for “hard-core pornography” and that’s pretty much what many of us would say: we may not be able to define it but we know it when we see it!

Unfortunately, however, while “knowing it when we see it” may be good enough for the U.S. Supreme Court, it’s not considered good enough for science. Science has progressed famously by being concise and accurate about the objects that it studies and the concepts it invokes. We typically demand them to be precise, unambiguous, and operationally measurable. Momentum, energy, and temperature are classic examples of quantities that are precisely defined

in physics but are used colloquially or metaphorically in everyday language. Having said that, however, there are a sizable number of really big concepts whose precise definitions still engender significant debate. These include life, innovation, consciousness, love, sustainability, cities, and, indeed, complexity. So rather than trying to give a scientific definition of complexity, I am going to resort to a middle ground and describe what I view as some of the essential features of typical complex systems so that we can recognize them when we see them and distinguish them from systems we might describe as simple or “just” very complicated, though not necessarily complex. This discussion is by no means complete but is intended to help clarify the more salient features of what we mean when we call a system complex.11

A typical complex system is composed of myriad individual constituents or agents that once aggregated take on collective characteristics that are usually not manifested in, nor could easily be predicted from, the properties of the individual components themselves. For example, you are much more than the totality of your cells and, similarly, your cells are much more than the totality of all of the molecules from which they are composed. What you think of as you—your consciousness, your personality, and your character—is a collective manifestation of the multiple interactions among the neurons and synapses in your brain. These are themselves exchanging continuous interactions with the rest of the cells of your body, many of which are constituents of semi-autonomous organs, such as your heart or liver. In addition, all of these are, to varying degrees, continuously interacting with the external environment. Furthermore, and somewhat paradoxically, none of the 100 trillion or so cells that constitute your body have properties that you would recognize or identify as being you, nor do any of them have any consciousness or knowledge that they are a part of you. Each, so to speak, has its own specific characteristics and follows its own local rules of behavior and interaction, and in so doing, almost miraculously integrates with all the other cells of your body to be you. This, despite the huge range of scales, both spatial and temporal, that are operating within your body from the microscopic molecular level up to the macroscopic scales associated with living your daily life for up to a hundred years. You are a complex system par excellence.

In a similar fashion, a city is much more than the sum of its buildings,

roads, and people, a company much more than the sum of its employees and products, and an ecosystem much more than the plants and animals that inhabit it. The economic output, the buzz, the creativity and culture of a city or a company all result from the nonlinear nature of the multiple feedback mechanisms embodied in the interactions between its inhabitants, their infrastructure, and the environment.

A wonderful example of this that we’re all very familiar with is a colony of ants. In a matter of days, they literally build their cities from the ground up, one grain at a time. These remarkable edifices are constructed with multilevel networks of tunnels and chambers, ventilation systems, food storage and incubation units, all supplied by complex transportation routes. Their efficiency, resilience, and functionality would be considered major award-winning accomplishments by our very best engineers, architects, and urban planners had they been the designers and builders. Yet there are no tiny brilliant (or for that matter even mediocre) ant engineers, architects, or urban planners, and there never have been. No one is in charge.

Ant colonies are built without forethought and without the aid of any single mind or any group discussion or consultation. There is no blueprint or master plan. Just thousands of ants working mindlessly in the dark moving millions of grains of earth and sand to create these impressive structures. This feat is accomplished by each individual ant obeying just a few simple rules mediated by chemical cues and other signals, resulting in an extraordinarily coherent collective output. It is almost as if they were programmed to be microscopic operations in a giant computer algorithm.

Speaking of algorithms, computer simulations of such processes have successfully modeled this kind of outcome in which complex behavior emerges from a continuous iteration of very simple rules operating between individual agents. These simulations have given credence to the idea that the bewildering dynamics and organization of highly complex systems have their origin in very simple rules governing the interaction between their individual constituents. This discovery was only possible beginning about thirty years ago once computers were sufficiently powerful for such large calculations to be carried out. Nowadays, these computations can readily be done on your laptop. These computer investigations were very important in providing strong support for

the idea that there might actually be a simplicity underlying the complexity that we observe in many such systems and that they might therefore be amenable to scientific analysis. Thus was conceived the conceptual possibility of developing a serious quantitative science of complexity, to which we shall return later.

In general, then, a universal characteristic of a complex system is that the whole is greater than, and often significantly different from, the simple linear sum of its parts. In many instances, the whole seems to take on a life of its own, almost dissociated from the specific characteristics of its individual building blocks. Furthermore, even if we understood how the individual constituents, whether cells, ants, or people, interact with one another, predicting the systemic behavior of the resulting whole is not usually possible. This collective outcome, in which a system manifests significantly different characteristics from those resulting from simply adding up all of the contributions of its individual constituent parts, is called an emergent behavior. It is a readily recognizable characteristic of economies, financial markets, urban communities, companies, and organisms.

The important lesson that we learn from these investigations is that in many such systems there is no central control. So, for example, in building an ant colony, no individual ant has any sense of the grand enterprise to which he is contributing. Some ant species even go so far as to use their own bodies as building blocks to construct sophisticated structures: army ants and fire ants assemble themselves into bridges and rafts for use in crossing waterways and overcoming impediments during foraging expeditions. These are examples of what is called self-organization. It is an emergent behavior in which the constituents themselves agglomerate to form the emergent whole, as in the formation of human social groups, such as book clubs or political rallies, or your organs, which can be viewed as the self-organization of their constituent cells, or a city as a manifestation of the self-organization of its inhabitants.

Closely related to the concepts of emergence and self-organization is another critical characteristic of many complex systems, namely their ability to adapt and evolve in response to changing external conditions. The quintessential example of such a complex adaptive system is, of course, life itself in all of its extraordinary manifestations from cells to cities. The Darwinian theory of

natural selection is the scientific narrative that has been developed for understanding and describing how organisms and ecosystems continuously evolve and adapt to changing conditions.

The study of complex systems has taught us to be wary of naively breaking the system down into independently acting component parts. Furthermore, a small perturbation in one part of the system may have giant consequences elsewhere. The system can be prone to sudden and seemingly unpredictable changes—a market crash being a classic example. One or more trends can reinforce other trends in a positive feedback loop until things swiftly spiral out of control and cross a tipping point beyond which behavior radically changes. This was spectacularly manifested by the 2008 meltdown of financial markets across the globe with potentially devastating social and commercial consequences worldwide, stimulated by misconceived dynamics in the parochial and relatively localized U.S. mortgage industry.

It is only over the last thirty years or so that scientists have started to seriously investigate the challenges of understanding complex adaptive systems in their own right and seeking novel ways of addressing them. A natural outcome has been the emergence of an integrated systemic transdisciplinary approach involving a broad spectrum of techniques and concepts derived from diverse areas of science ranging from biology, economics, and physics to computer science, engineering, and the socioeconomic sciences. An important lesson from these investigations is that, while it is not generally possible to make detailed predictions about such systems, it is sometimes possible to derive a coarse-grained quantitative description for the average salient features of the system. For example, although we will never be able to predict precisely when a particular person will die, we ought to be able to predict why the life span of human beings is on the order of one hundred years. Bringing such a quantitative perspective to the challenge of sustainability and the long-term survival of our planet is critical because it inherently recognizes the kinds of interconnectedness and interdependencies so frequently ignored in current approaches.

Scaling up from the small to the large is often accompanied by an evolution from simplicity to complexity while maintaining basic elements or building blocks of the system unchanged or conserved. This is familiar in engineering, economies, companies, cities, organisms, and, perhaps most dramatically,

evolutionary processes. For example, a skyscraper in a large city is a significantly more complex object than a modest family dwelling in a small town, but the underlying principles of construction and design, including questions of mechanics, energy and information distribution, the size of electrical outlets, water faucets, telephones, laptops, doors, et cetera, all remain approximately the same independent of the size of the building. These basic building blocks do not significantly change when scaling up from my house to the Empire State Building; they are shared by all of us. Similarly, organisms have evolved to have an enormous range of sizes and an extraordinary diversity of morphologies and interactions, which often reflect increasing complexity, yet fundamental building blocks like cells, mitochondria, capillaries, and even leaves do not appreciably change with body size or increasing complexity of the class of systems in which they are embedded.

7. YOU ARE YOUR NETWORKS: GROWTH FROM CELLS TO WHALES

I began this chapter by pointing out the very surprising and counterintuitive fact that, despite the vagaries and accidents inherent in evolutionary dynamics, almost all of the most fundamental and complex measurable characteristics of organisms scale with size in a remarkably simple and regular fashion. This is explicitly illustrated, for example, in Figure 1, where metabolic rate is plotted against body mass for a sequence of animals.

This systematic regularity follows a precise mathematical formula which, in technical parlance, is expressed by saying that “metabolic rate scales as a power law whose exponent is very close to the number 3⁄4.” I’ll explain this in much greater detail later but here I want to give a simple illustration of what it means colloquially. So consider the following: elephants are roughly 10,000 times (four orders of magnitude, 104) heavier than rats; consequently, they have roughly 10,000 times as many cells. The 3⁄4 power scaling law says that, despite having 10,000 times as many cells to support, the metabolic rate of an elephant (that is, the amount of energy needed to keep it alive) is only 1,000 times (three orders of magnitude, 103) larger than a rat’s; note the ratio of 3:4

in the powers of ten. This represents an extraordinary economy of scale as size increases, implying that the cells of elephants operate at a rate that is about a tenth that of rat cells. Parenthetically, it’s worth pointing out that the subsequent decrease in the rates of cellular damage from metabolic processes underlies the greater longevity of elephants and provides the framework for understanding aging and mortality. The scaling law can be expressed in the slightly different way that I used earlier: if an animal is twice the size of another (whether 10 lbs. vs. 5 lbs. or 1,000 lbs. vs. 500 lbs.) we might naively expect metabolic rate to be twice as large, reflecting classic linear thinking. The scaling law, however, is nonlinear and says that metabolic rates don’t double but, in fact, increase by only about 75 percent, representing a whopping 25 percent savings with every doubling of size.12

Notice that the 3⁄4 ratio is just the slope of the graph in Figure 1, where the quantities (metabolic rate and mass) are plotted logarithmically—meaning that they increase by factors of ten along both axes. When plotted this way, the slope of the graph is just the exponent of the power law.

This scaling law for metabolic rate, known as Kleiber’s law after the biologist who first articulated it, is valid across almost all taxonomic groups, including mammals, birds, fish, crustacea, bacteria, plants, and cells. Even more impressive, however, is that similar scaling laws hold for essentially all physiological quantities and life-history events, including growth rate, heart rate, evolutionary rate, genome length, mitochondrial density, gray matter in the brain, life span, the height of trees and even the number of their leaves. Furthermore, when plotted logarithmically this dizzying array of scaling laws all look like Figure 1 and therefore have the same mathematical structure. They are all “power laws” and are typically governed by an exponent (the slope of the graph), which is a simple multiple of 1⁄4, the classic example being the 3⁄4 for metabolic rate. So, for example, if the size of a mammal is doubled, its heart rate decreases by about 25 percent. The number 4 therefore plays a fundamental and almost magically universal role in all of life.13

How do such surprising regularities emerge from the statistical processes and historical contingencies inherent in natural selection? The universality and predominance of 1⁄4 power scaling strongly suggests that natural selection has been constrained by other general physical principles that transcend

specific design. Highly complex, self-sustaining structures, whether cells, organisms, ecosystems, cities, or corporations, require the close integration of enormous numbers of their constituent units that need efficient servicing at all scales. This has been accomplished in living systems by evolving fractal-like, hierarchical branching network systems presumed optimized by the continuous “competitive” feedback mechanisms implicit in natural selection. It is the generic physical, geometric, and mathematical properties of these network systems that underlie the origin of these scaling laws, including the prevalence of the one-quarter exponent. As an example, Kleiber’s law follows from requiring that the energy needed to pump blood through mammalian circulatory systems, including ours, is minimized so that the energy we devote to reproduction is maximized. Examples of other such networks include the respiratory, renal, neural, and plant and tree vascular systems. These ideas, as well as the concepts of space filling (the need to feed all cells in the body) and fractals (the geometry of the networks), will be elaborated upon in some detail.

The same underlying principles and properties operate across the networks of mammals, fish, birds, plants, cells, and ecosystems even though they have evolved different designs. When expressed in mathematical language, they lead to the explanation for the origin of universal 1⁄4 power scaling laws but they also predict many quantitative results that capture essential features of these systems, including, for example, the size of the smallest and largest mammal (the shrew and whale), blood flow and pulse rate in any vessel of the circulatory system of any mammal, the height of the tallest tree anywhere in the United States, how long elephants or mice sleep, and the vascular structure of tumors.14

They also lead to a theory of growth. Growth can be viewed as a special case of a scaling phenomenon. A mature organism is essentially a nonlinearly scaled-up version of the infant—just compare the various proportions of your body with those of a baby. Growth at any stage of development is accomplished by apportioning the metabolic energy being delivered through networks to existing cells to the production of new cells that build up new tissue. This process can be analyzed using the network theory to predict a universal quantitative theory of growth curves applicable to any organism, including tumors. A growth curve is simply a graph of the size of the organism plotted as a function

of its age. You are probably familiar with growth curves if you have had children, as pediatricians routinely show them to parents so that they can see how their child’s development compares with the expectations for the average infant. The growth theory also explains a curious paradoxical phenomenon that you might have pondered, namely, why we eventually stop growing even though we continue to eat. This turns out to be a consequence of the sublinear scaling of metabolic rate and the economies of scale embodied in the network design. In a later chapter, the same paradigm will be applied to the growth of cities, companies, and economies to understand the fundamental question as to the origins of open-ended growth and its possible sustainability.

Because networks determine the rates at which energy and resources are delivered to cells, they set the pace of all physiological processes. Because cells are constrained to operate systematically slower in larger organisms relative to smaller ones, the pace of life systematically decreases with increasing size. Thus, large mammals live longer, take longer to mature, have slower heart rates, and cells that don’t work as hard as those of small mammals, all to the same predictable degree. Small creatures live life in the fast lane while large ones move ponderously, though more efficiently, through life; think of a scurrying mouse relative to a sauntering elephant.

Having established this way of thinking, the scene will shift to ask how the network and scaling paradigm, successfully established in the biological arena, can be fruitfully applied to ask similar questions about the dynamics, growth, and structure of cities and companies with a view to developing an analogous mechanistic science of cities and companies. This will in turn be used as a point of departure for addressing the big questions of global sustainability and the challenge of continuous innovation and the increasing pace of life.

8. CITIES AND GLOBAL SUSTAINABILITY: INNOVATION AND CYCLES OF SINGULARITIES

Scaling as a manifestation of an underlying network theory implies that despite external appearances and habitats, a whale is to a good approximation a scaled-up elephant, an elephant is a scaled-up dog, and a dog is, in turn, a

scaled-up mouse, when viewed in terms of their measurable characteristics and traits. At an 80 to 90 percent level they are scaled versions of one another following predictable nonlinear mathematical rules. Put slightly differently, all mammals that have ever existed including you and me are, on average, approximately scaled versions of a single idealized mammal. Could this be true of cities and companies? Is New York a scaled-up San Francisco, which is a scaled-up Boise, which is a scaled-up Santa Fe? Is Tokyo a scaled-up Osaka, which is a scaled-up Kyoto, which is a scaled-up Tsukuba? Even within their own national urban systems all of these cities surely look different from one another, and each has a different history, geography, and culture. However, the same could have been said of whales, horses, dogs, and mice. The only way to answer such questions seriously is to look at data.

Remarkably, analyses of such data show that, as a function of population size, city infrastructure—such as the length of roads, electrical cables, water pipes, and the number of gas stations—scales in the same way whether in the United States, China, Japan, Europe, or Latin America. As in biology, these quantities scale sublinearly with size, indicating a systematic economy of scale but with an exponent of about 0.85 rather than 0.75. So, for example, across the globe, fewer roads and electrical cables are needed per capita the bigger the city. Like organisms, cities are indeed approximately scaled versions of one another, despite their different histories, geographies, and cultures, at least as far as their physical infrastructure is concerned.

Perhaps even more remarkably they are also scaled socioeconomic versions of one another. Socioeconomic quantities such as wages, wealth, patents, AIDS cases, crime, and educational institutions, which have no analog in biology and did not exist on the planet before humans invented cities ten thousand years ago, also scale with population size but with a superlinear (meaning bigger than one) exponent of approximately 1.15. An example of this is the number of patents produced in a city shown in Figure 3. Thus, on a per capita basis, all of these quantities systematically increase to the same degree as city size increases and, at the same time, there are equivalent savings from economies of scale in all infrastructural quantities. Despite their amazing diversity and complexity across the globe, and despite localized urban planning, cities manifest a surprising coarse-grained simplicity, regularity, and predictability.15

To put it in simple terms, scaling implies that if a city is twice the size of another city in the same country (whether 40,000 vs. 20,000 or 4 million vs. 2 million), then its wages, wealth, number of patents, AIDS cases, violent crime, and educational institutions all increase by approximately the same degree (by about 15 percent above mere doubling), with similar savings in all of its infrastructure. The bigger the city, the more the average individual systematically owns, produces, and consumes, whether goods, resources, or ideas. The good, the bad, and the ugly are integrated in an approximately predictable package: a person may move to a bigger city drawn by more innovation, a greater sense of “action,” and higher wages, but she can also expect to confront an equivalent increase in the prevalence of crime and disease.

The fact that the same scaling laws are observed for diverse urban metrics in cities and urban systems that evolved independently across the globe strongly suggests that, as in biology, there are underlying generic principles transcending history, geography, and culture and that a fundamental, coarse-grained theory of cities is possible. In chapter 8 I will discuss how the inextricable tension between benefits and costs of social and infrastructural networks has its origins in the underlying universal dynamics of social network structures and group clustering of human interactions. Cities provide a natural mechanism for reaping the benefits of high social connectivity among very different people conceiving and solving problems in a diversity of ways. I will discuss the nature and dynamics of these social network structures and show how scaling laws emerge, including the intriguing link between the 15 percent enhancement of all socioeconomic activities, whether good or bad, and the equivalent 15 percent savings on physical infrastructure.

When humans began forming sizable communities they brought a fundamentally new dynamic to the planet. With the invention of language and the consequent exchange of information in social network space we discovered how to innovate and create wealth and ideas, ultimately manifested in superlinear scaling. In biology, network dynamics constrains the pace of life to decrease systematically with increasing size following the 1⁄4 power scaling laws. In contrast, the dynamics of social networks underlying wealth creation and innovation leads to the opposite behavior, namely, the systematically increasing pace of life as city size increases: diseases spread faster, businesses are born and

die more often, commerce is transacted more rapidly, and people even walk faster, all following the approximate 15 percent rule. We all sense that life is faster in the big city than in the small town and that it has ubiquitously accelerated during our lifetimes as cities and their economies grew.

Resources and energy are the necessary fuel for growth. In biology, growth is driven by metabolism whose sublinear scaling leads to a predictable, approximately stable size at maturity. Such a behavior would be considered a disaster in traditional economic thinking where healthy economies, whether for cities or nations, are characterized by continuous open-ended exponential expansion of at least a few percent per annum ad infinitum. Just as bounded growth in biology follows from the sublinear scaling of metabolic rate, the superlinear scaling of wealth creation and innovation (as measured by patent production, for example) leads to unbounded, often faster-than-exponential growth consistent with open-ended economies. This is satisfyingly consistent, but there’s a big catch, which goes under the forbidding technical name of a finite time singularity. In a nutshell, the problem is that the theory also predicts that unbounded growth cannot be sustained without having either infinite resources or inducing major paradigm shifts that “reset” the clock before potential collapse occurs. We have sustained open-ended growth and avoided collapse by invoking continuous cycles of paradigm-shifting innovations such as those associated on the big scale of human history with discoveries of iron, steam, coal, computation, and, most recently, digital information technology. Indeed, the litany of such discoveries both large and small is testament to the extraordinary ingenuity of the collective human mind.

Unfortunately, however, there is another serious catch. Theory dictates that such discoveries must occur at an increasingly accelerating pace; the time between successive innovations must systematically and inextricably get shorter and shorter. For instance, the time between the “Computer Age” and the “Information and Digital Age” was perhaps twenty years, in contrast to the thousands of years between the Stone, Bronze, and Iron ages. If we therefore insist on continuous open-ended growth, not only does the pace of life inevitably quicken, but we must innovate at a faster and faster rate. We are all too familiar with its short-term manifestation in the increasingly faster pace at which new gadgets and models appear. It’s as if we are on a succession of accelerating

treadmills and have to jump from one to another at an ever-increasing rate. This is clearly not sustainable, potentially leading to the collapse of the entire urbanized socioeconomic fabric. Innovation and wealth creation that fuel social systems, if left unchecked, potentially sow the seeds of their inevitable collapse. Can this be avoided or are we locked into a fascinating experiment in natural selection that is doomed to fail?

9. COMPANIES AND BUSINESSES

It is natural to extend these ideas to ask how they might relate to companies. Could there possibly be a quantitative, predictive science of companies? Do companies manifest systematic regularities that transcend their size and business character? For example, in terms of sales and assets, are Walmart and Exxon, whose revenues exceed half a trillion dollars, approximately scaled-up versions of smaller companies with sales of less than $10 million? Amazingly, the answer to this is yes, as can be seen from Figure 4: like organisms and cities, companies also scale as simple power laws. Equally surprising is that they scale sublinearly as functions of their size, rather than superlinearly like socioeconomic metrics in cities. In this sense, companies are much more like organisms than cities. The scaling exponent for companies is around 0.9, to be compared with 0.85 for the infrastructure of cities and 0.75 for organisms. However, there is considerably more variation around precise scaling among companies than for organisms or cities. This is especially so in their early stages of development as they jostle for a place in the market. Nevertheless, the surprising regularity manifested in their average behavior suggests that, despite their broad diversity and apparent individuality, companies grow and function under general constraints and principles that transcend their size and business sector.

For organisms, the sublinear scaling of metabolic rate underlies their cessation of growth and a size at maturity that remains approximately stable until death. A similar life-history trajectory is at work for companies. They grow rapidly in their early years but taper off as they mature and, if they survive, eventually stop growing relative to the GDP. In their youth, many are dominated

by a spectrum of innovative ideas as they seek to optimize their place in the market. However, as they grow and become more established, the spectrum of their product space inevitably narrows and, at the same time, they need to build a significant administration and bureaucracy. Relatively quickly, economies of scale and sublinear scaling, reflecting the challenge of efficiently administering a large and complex organization, dominate innovation and ideas encapsulated in superlinear scaling, ultimately leading to stagnation and to mortality. Half of all the companies in any given cohort of U.S. publicly traded companies disappear within ten years, and a scant few make it to fifty, let alone a hundred years.16

As they grow companies tend to become more and more unidimensional, driven partially by market forces but also by the inevitable ossification of the top-down administrative and bureaucratic needs perceived as necessary for operating a traditional company in the modern era. Change, adaptation, and reinvention become increasingly difficult to effect, especially as the external socioeconomic clock is continually accelerating and conditions change at a faster and faster rate. Cities, on the other hand, become increasingly multidimensional as they grow in size. Indeed, in stark contrast to almost all companies, the diversity of cities, as measured by the number of different kinds of jobs and businesses that comprise their economic landscape, continually and systematically increases in a predictable way with increasing city size. From this perspective it comes as no surprise that the growth and mortality curves of companies closely resemble the corresponding growth and mortality curves of organisms. Both cases exhibit systematic sublinear scaling, economies of scale, bounded growth, and finite life spans. Furthermore, in both cases, the probability of dying, usually referred to as the mortality rate, which is the rate at which deaths are occurring relative to the number still alive, is the same no matter the age of either the animal or the company. Publicly traded companies die through acquisitions, mergers, and bankruptcies at the same rate regardless of how well established they are or what they actually do. The mechanistic basis for understanding the growth, mortality, and organizational dynamics of companies, comparing and contrasting them with the growth and mortality of organisms and the unbounded growth and apparent “immortality” of cities, will be discussed in greater detail in chapter 9.
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