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Introduction



Computing as the Supreme Connection Machine


Computing is a wonder of the world, standing alongside the Great Pyramid and the Hoover Dam as something worth marveling at, our jaws agape and minds expanded. Chances are, though, you don’t feel this way. Computers and their powers have receded to a sort of background noise, an ever-present technological scenery. Or we look, many times rightly so, at computers with worry and concern, anxious of their powers and their hold on us. Wonder does poke through from time to time, when we notice that, for instance, artificial intelligences have started to write poetry or can generate images by request. We are then forced to acknowledge that, yes, at least at some level, computers are impressive.


But for me, this impressiveness is not the only—or even the most important—cause for wonder when it comes to computing. In the same way that science fiction is not just about whiz-bang gadgetry or swooping starships but also about engaging with mind-boggling ideas and thought experiments, the wonder of computing is not just the cool technologies we see around us. The wonder is that learning about computers—their nature, their history, and the snaking tendrils of their impact—leads to marveling at basically everything around us. Understanding computers and code and computation—in all their weirdness and delights, features and implications—can lead you to think about so many aspects of our world, from biology and life itself to how we use language and how we think. It is the ultimate connector.


The novelist Richard Powers has described the novel as a “supreme connection machine.” Computing can be the same thing: when you take it seriously, it’s a massive connective engine to everything around us and what we know, acting like a centripetal force that draws together so much of our knowledge and is cause for a kind of panoptic wonder. While we might relegate computer science to a corner of engineering, it is much bigger and unifying, swirling around, drawing in, and touching every other way of thinking and area of knowledge.
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In his book Philology: The Forgotten Origins of the Modern Humanities, James Turner claims that, before there were fields of history, linguistics, anthropology, and other domains of the humanities, there was philology, a sort of ur-field, similar to how natural philosophy preceded all of the scientific disciplines that we know and love. Philology was the “king of the sciences,” examining the origins and etymologies of words and languages but in the process ranging over linguistics, history, archaeology, literature, theology, art, and more.


Philology was a sort of intellectual attractor, using the study of language to draw a huge number of topics into its orbit. J. R. R. Tolkien was a philologist, and, while no doubt an outlier, The Lord of the Rings is the kind of wide-ranging and all-encompassing work you can create if you take your philology seriously. But as the study of different humanistic fields expanded and deepened, there was a fracturing and specialization. As historians, literature professors, and archaeologists each carved out their niche, philology slowly faded away from the humanities.


The study of computing is in many ways similar to philology: computation is the same kind of universal solvent, absorbing and melding with many other domains. Computation is not simply a subdiscipline of mathematics or science but almost a liberal art that can range across and interact with other fields.


This is due to the particular nature of code and software. Computer code is not concrete, it’s not steel, but it’s also not just text. Software consists of spells of crystallized thought. When a programmer writes code, she constructs a model in her mind of how a system works, or how something in the world works, and embodies that mechanic into computer logic. When my daughter works on rudimentary coding projects at school in her technology classes—programming a digital monkey to collect bananas on the screen, for instance—she has to imagine herself as the machine, determining how it operates and how a loop might work. This process of precipitating whatever was imagined by the programmer into an object of language and action is what brings us into an almost magical realm: for the computer, logic is not inert; it is set to running and is given a life of its own.


In fact, once you scratch on the idea of software as the stuff of language marinated with power—scraping your thumbnail over the gray substance of that lottery ticket of technology—so much is revealed. If you study computation, you are not simply thinking about the nature of loops, data structures, or databases. By thinking of computation broadly and grappling with its profound ideas, you are able to interrogate so much about the world around us. Software is capable of revealing connections to biology, human language, physics, society, and even philosophy. Massive simulations can be built in silico that span civilizations, contain the interactions of a million stars, or even embody the properties of life itself. The complexities of human communication are revealed in large AI systems that chat with the user or translate from one language to another. When we take this wide view toward the nature of code, we can see that its deep history touches on everything from machines to myth. In fact, code is the embodiment of the fantastical stories we have been telling ourselves for millennia that speak of controlling the world through our words. Code is spellwork and magic made concrete.


When we think of computation, then, we must recognize that it touches on all aspects of the human condition. However, most of computing’s implications have occurred in this post-philological fracturing: we employ code for specific uses and in different subspecialties but rarely think of it as part of a unifying, all-encompassing domain of thought. But computation is beyond computer science, or computational biology, or any other field developed by tacking “computational” onto some other word. This broad sense of computation is a smashing together of computer science, the humanities, and the sciences both natural and social.


Think of this book as a guide to broadening our understanding of the wonders and weirdness of computation, as a vehicle for understanding the history and nature of computing and its relationship to us as humans. For only when we understand the true breadth of computing can we figure out how best to incorporate it into our lives, making it work for us, rather than the other way around.


This will necessarily be a personal and subjective exploration of some of my favorite scenic views, as it were, in the wide world of computing, and is organized into three sections—Code, Thought, and Reality—with each one spiraling outward in impact and implications.






[image: image]








What is in store for the reader? After first exploring the nature of wonder itself in computing, Part I, Code, begins by examining what code is—this strange stuff that we use to control our computers—and how it works. After this exploration into code, we move on to what it means to take the magical nature of computation seriously: If coding really is like sorcery, what does this mean for how we think about computers? Is this a fruitful analogy that can teach us something about both code and our relationship to it?


With this foundation laid for understanding code itself, we move to two different aspects of open-ended software creation. The first focuses on how software is made, specifically open source software. It turns out that the world of open source is a kind of textual tradition, and if we view it this way, we can better understand how computer programs are built. The second aspect of open-ended computing is an exploration of one of the quintessential properties of computer programs: that if you do lots of little calculations and operations over and over, you can get something qualitatively new and beautiful. Specifically, by taking this feature of computers seriously, you can write programs that combine mathematics and computing, and from this seeming simplicity unfurl complex and surprisingly rich microcosms. Entire digital universes emerge from computation, from infinitely deep fractals to tiny computer programs that generate artworks, each one different every time they are run.


Part II, Thought, begins to examine how we actually use code and how it impinges on our thinking. The first chapter of this section is all about language, both natural and computational. Humans are a linguistic species, but so are machines: we interact with them using a variety of languages, and so understanding the nature of programming languages and the ways that they are both similar to and profoundly different from natural language is vital. I then explore what it means when we are able to let everyone, not just a computational elite, code—when each of us can imagine computer programs, take these ideas in our minds, and encapsulate them in software. This democratization of programming, from spreadsheets to AI tools, changes how each of us can think about our relationship with computers. And finally, in this section’s last chapter, I directly confront thought itself: What does it mean to build computational tools for improving our thinking? I look at the interaction between thought—this most human of tasks—and machines and also focus on the new artificial intelligence software that is allowing these interactions to blossom.


Part III, Reality, completes the spiral outward into how code impacts our view of the world and the entirety of the cosmos. I first explore the powers and perils of computational simulation, the process of modeling our world inside computers. The next two chapters examine different aspects of biology: the ways in which computing and biology are similar, different, and increasingly colliding, and then what it might mean to create artificial life and encapsulate features of biology within computers. We then examine glitches and errors in computers, and how this is intertwined with the fact that computers are deeply physical objects; they are not disembodied spirits but machines made of metal and sand. After this exploration of the physical nature of computing, we finish this section with the simulation hypothesis: What if all of reality is but a computer program, and each of us are part of this massive piece of software? What would this even mean, and what might it mean for our humanity? And can you still learn something interesting about computers and the world, even if you don’t take this idea that seriously?


I conclude with a bit of philosophizing, a summation but also a sort of reckoning with how to be human in this age of computation. You will find that throughout the book there is a drumbeat of humility—what we can know and what we cannot, what we can do with machines and what might be forever beyond our grasp—and it also appears in this concluding chapter.


While this book is aimed toward those with no programming experience (yet!), I hope seasoned developers might also get something out of it, both due to its broad scope but also because of what I hope is a somewhat distinctive and novel perspective on the world of computation. Whether or not you’ve experienced computer code firsthand, my sincere goal is that this book becomes a compass-like guide to this broad humanistic perspective, that there is grandeur in this view of computation.


It is a love letter to the computer, in all its glory and implications.
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The biblical scholar and translator Robert Alter has noted that ancient Israel was far from a significant player in its world, surrounded by the major empires of Mesopotamia and Egypt and buffeted by their geopolitical machinations. These empires had a physical splendor—ziggurats, pyramids, temples—that the world of ancient Israel could not hope to match. And yet this tiny country produced some of the most timeless and beautiful literature in all of history.


I wonder if there is a larger point here: an enduring edifice can be built in many ways. Some build pyramids or skyscrapers. Others construct worlds from words. The primacy of text and its subtle sophistication—whether to convey ideas, tell stories, teach lessons, or, now with code, act in the world and process information—is something that we need to rededicate ourselves to. Textual splendor is no less an accomplishment than physical richness. But we need to pay attention to the power of text.


In the book of Genesis, Jacob—soon after fleeing his home to avoid his brother’s murderous rage—falls asleep on the way to his mother’s family. Upon waking from a dream of prophetic wonder, Jacob declares the awesomeness and majesty of his location, “and I did not know it!”


We are surrounded by the power of code and computation, weaving a future of unparalleled emergent strangeness and wonder. It’s time we know it.
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Let’s begin with wonder.
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Computational Wonder


Entering the Garden of Computing Delights


The computer—at least its parts and technologies—is on a continuum with many advances that came before it. Mechanical devices had been built for arithmetic hundreds of years before the twentieth century. The nineteenth century and early twentieth century saw a burst of clockwork-like mechanisms designed for such calculations. And components of the digital computer itself—from vacuum tubes to wires—already existed, though were used for other purposes. Nevertheless, when all of this came together, something qualitatively new was created: the modern computer was distinct from what had come before it. But many features of this difference have only slowly been recognized, taking nearly a century for us, as a society, to unspool the implications of this idea of computing.


Intriguingly, though, the features of computing that connect it to so much and make it feel like a liberal art have been with us since its origins. If we look at the development of Stanford University’s computer science department in the mid-twentieth century, it emerged from the mathematics department but also touched on early work in artificial intelligence and chemistry. The computer science department at the University of Michigan was said to have grown out of its philosophy department. Early in the history of the digital computer, experiments on digital “organisms” within a machine were already being run, and almost as soon as the computer was invented it was being used for large-scale simulations that spanned the entire planet.


However, while the seeds of the all-encompassing nature of the computer were evident almost from the start—if you looked for them—it has taken decades for these seeds to mature. To borrow another plant metaphor, the tendrils of computation extended far and wide, but they needed time to thicken and grow in order to touch so many different domains.


The history of computing—as we will see—is one of unearthing these veins of computational wonder and tracing how they have moved from the subterranean depths of our experience and slowly bubbled upward, infiltrating more and more of our lives and seeping into the world. Alongside all of this are two mindsets—utilitarian and wondering—that have coexisted throughout the history of computing, sometimes intersecting but more often eyeing each other warily across a chasm.


To understand them, we must examine the idea of enchantment, the ways we have thought about wonder throughout history.


COMPUTING ENCHANTMENT


In Philadelphia’s Franklin Institute science museum there is a small, brass, doll-like torso attached to a wooden box and table: a mechanical automaton. This machine is designed to draw various images. You put a pen in its right hand and, following its gear-like memory disks—their rough edges contain its “memory”—it will create one of a handful of images, from a sailing ship to short poems. This was all made over two hundred years ago and is an engineering work of art and wonder, using clock-style mechanisms to produce behaviors that appear to require intelligence.


But during this same era, there were other engineered automata that were a bit less “real.” In the eighteenth century, a mechanical duck automaton was developed, a self-operating device with an internal mechanism that allowed it to appear that it was digesting food it consumed. It didn’t actually do this: there were separate compartments for food intake and for excrement. But many observers were impressed by the appearance of this feat. Arguably the most famous of all mechanical automata was the Mechanical Turk, which could play chess at a high level. But it, too, was a fraud, with a person hidden inside the machine to operate it.


For hundreds of years, there was a tradition in Europe of devices known as “brazen heads”: bronze magical or mechanical heads that could answer questions and chat with the user (one from the thirteenth century was apparently so talkative and annoying that it was destroyed). There is no evidence that these brazen heads were real.


These stories imply something intriguing about this early modern era: despite society being in the throes of the Enlightenment, technology was still mingled with magic, and humbuggery with possibility. The society of that time and place was still working out the boundaries between reason and irrationality, what was truly possible with technology and what was not.


However, we have since passed this time and are firmly in the realm of disenchantment, a shift in Western civilization described by the German sociologist Max Weber. Beginning with the Enlightenment and accelerating through the Industrial Revolution, the argument goes, the process of disenchantment removed any place for magic—or even supernatural religion—within society, replacing it with science, reason, logic, and a resolutely secular world. The days of demons and elves, witches and wizards, were behind us.


Of course, this is not quite true. We are still surrounded by enchantment. We might believe in ghosts and angels, or in the power of kabbalistic red threads worn by Madonna. Modern humanity is still steeped in irrational thinking, from the paranormal to QAnon. In fact, as Kurt Andersen lays out in his book Fantasyland, not only is this enchantment still with us, but it is a constant thread in the history of the United States, from before its founding with the Puritans and their witch trials to a cornucopia of New Age ideas more recently.


More properly then, we are in a world where, according to the philosopher Charles Taylor—whose magisterial work A Secular Age explores these changes over the past several centuries—we went from enchantment as the default mode five hundred years ago to it being simply one among many options in our modern world. We now have a buffet of worldviews from which to choose.


When it comes to technology and science, however, we are supposed to be immune to such claptrap. For those of us who reject all of this, the world does indeed seem disenchanted. There are no gods to call upon or witches to provide us with amulets. We can’t indulge in magical thinking.


When we look at the history of computation, we see something of this disenchantment, though of a different sort. I do not mean a belief in irrationality or something supernatural. Rather, there is a sense that there has been a loss of wonder when it comes to certain aspects of computation and software. This “wondering stance” has vanished from our approach to computing. We have replaced a sense of the sublime and delight with one of utility and hard work.


Previous decades of computing seem filled with analogies to magic and programming wizardry, as we will see, but it has given way to the logical and streamlined process of corporate software engineering. Programming by bureaucracy is a far cry from referencing the “Wizard Book,” the nickname of Structure and Interpretation of Computer Programs, a foundational computer science textbook used widely to provide an introduction to computing (including in my own college experience).


How did this happen? There’s a kind of folk history for this that can be told that primarily comes down to scale, explaining how we moved from playful hackers to the cubicle-based software engineers required for the creation of software by large teams. As computers and operating systems became more sophisticated, they required more coordinated effort, turning projects into works of engineering, not feats of wizardry. The work of software creation went corporate, denuded of any such playfulness: in order to enable a large group to work toward making a slick product, software teams had to abandon this feeling of sorcery. Developing an application for a personal computer does not feel like magic; it feels like work, with project milestones and Slack channels and brief daily stand-ups. This can be good for producing these commercial applications, but in the process something has likely been lost.


Sorcery, on the other hand, should be more solitary, haphazard, and playful. We see this in the hackers of decades ago, who proudly wrote arcane and powerful computer code; Steve Wozniak wrote the implementation for Apple’s BASIC language on paper entirely by hand. These were swaggering cowboys of the command line. Overall, the inability to work individually on a piece of software often feels like it has changed our experience of this world, even just for its users.


This is part of a disenchantment with technology more broadly: we have become captives of Big Tech, the corporations who do everything in their power to build mass-market software devoid of any whimsy, from Google Docs to Microsoft Teams. We have coding academies, draining the delight from software and turning it into a method of mass production. We have forgotten that computing should be viewed with wonder and a sense of digital alchemy. Or if we do indulge in magic in the realm of technology, it is more along the lines of magical software that “just works.” Or the desire to utter a benediction to the gods of the cloud when searching for a document that, pretty please, has been successfully backed up and not lost forever.


The history of computing is, however, more complicated, messy, and interesting than my simple narrative. The earliest computers—those room-filling monstrosities—were found in universities and corporate environments and were necessarily complex and team-oriented affairs. Programming these machines in the 1950s and 1960s was not just the province of the playful individual but involved acting as a component of a larger behemoth. There were hints of a different, more enchanted approach, such as the hackers during this time at MIT, including the creators of the early video game Spacewar!, which was developed for the Digital Equipment Corporation (DEC) PDP-1 “minicomputer”—smaller than a mainframe but still far larger than a personal computer, a sort of evolutionary pit stop on the way to personal computing.


Once personal computers were introduced in the second half of the 1970s, a greater space for this wondering stance was created by exposing everyday users to the world of computing. But alongside the personal computer revolution was the professionalization of software development—the utilitarian stance. Building software was the endeavor of companies like Microsoft or Lotus, a spreadsheet and business-tool maker. By the late 1980s, software development could be managed like a construction project, with massive charts hung on walls and progress tracked in detail, with very little room for quickly adapting to changes or problems that arose over the course of the project (I’d like to think by now we’ve realized that making software should be different from a manufacturing process that cranks out widgets).


But alongside the manufacturing or construction model, there were other ways of making software. My family has been using Apple Macintoshes since the late 1980s, and in addition to the software we had that was made by Microsoft, Apple, or other large companies, there was an entire world of software coming from small, independent developers and teams. These programs were wackier and stranger, ranging from little games to tweaks of your operating system that would, for example, make Oscar the Grouch emerge out of your digital trash can and sing his love of trash. I loved these kinds of programs when I was younger.


In the modern era, we have individual creators and artists building software that coexists with the tech titan conglomerates—just as we don’t have to choose between industrial agriculture and having a backyard vegetable garden or between frequenting chain restaurants and cooking at home. The novelist and writer Robin Sloan has written of the delight of creating your own artisanal software as a kind of “home-cooked meal.” For example, Sloan built a smartphone app designed to share photos and videos, but just for his own family members. It was a home-cooked piece of software for his family. Large corporate efforts could sometimes yield a sense of wonder too: for example, the McDonald’s website from 1996 is adorable, with graphics that appear hand drawn and the web design sophistication of a grade-schooler.


Enchantment and the belief in nonsense never disappeared in our modern scientific age. Similarly, the worlds of enchantment—or really, wonder—and disenchantment have existed alongside each other in the realm of computing. The utilitarian road of staid and corporate coding has always run beside the path walked by those delighted by the marvels of these machines, those who have played with computers at a more human scale. In fact, a lot of the human-scale computational wonder might only be possible because it is built on top of hardware and software created using a utilitarian stance. There is a bit of a symbiosis here between these two approaches.


Many of us have had these experiences of wonder with computers, even if we have forgotten them. For me, one such memory was sitting as a kid with my father while he entered BASIC computer programs into our Commodore VIC-20 personal computer. He’d type a program from a magazine, hit a key, and a pixelated game would unfurl across the screen. A few years later we got an early Macintosh computer, and that giddy feeling compounded. There was the smile-like slit on the front face of the computer: its disk drive, able to swallow your disk whole and spit it out on command. It could talk, with rudimentary text-to-speech, which I had never before experienced. It even had a mouse, which was something rare and special at that time (our Mac came with gamelike software specifically to teach you how to use the mouse properly).


Or there was the experience when my father and I logged onto the pre-Web Internet using an early modem, heard a series of beeps, whistles, and crash of static, and then downloaded a text from Project Gutenberg. Or the first time I built my own website on GeoCities, learning the angle-bracketed runes necessary to generate everything from a table of rows and columns to blinking lines of text. These and other moments like them validated the belief that software and computation could be a source of delight.


It is a conscious choice to choose the path of wonder. But I think we can make an even stronger claim. Not only must we seek out and choose this wondering stance—which can teach us about many aspects of the world—but in doing so, we can learn more about how to be the best versions of ourselves, to even reclaim some of our humanity that many feel has been lost in the march of technological progress.


You might feel that we outsource too much of our humanity to machines, or simply that we become horrible versions of ourselves when we spend time online. But these are the paths of least resistance: we do what is easiest for us to do, because the companies that have designed the hardware and software have incentivized these kinds of behaviors. Or if we really want to be glib, it’s utilitarianism, but in terms of the utility that we, as people, are providing to the world of computing. We humans are the ones being used by these technologies and their creators.


In the process of appreciating the wonder of computing, not only can we shed light on so much else around us, but we can be more deliberate about how we relate to computers and what we choose to have humanity mean. This is the true end of the spiraling aspect of computation as humanistic endeavor: it touches on so many different aspects of our world, but this should be in service of helping us to become better people, whether in understanding ourselves or in acting toward each other. Admittedly, this is a very large task—advocating wonder toward computation, showing how it impacts numerous different domains, and providing a lens for thinking about us as people—but if computing is omnipresent, it’s at least worth trying.


THE CURRENT COMPUTATIONAL MOMENT


We are in a particularly critical moment in time when it comes to software and its impact on the world. Modern digital computers are less than a century old, and their powers have been growing exponentially the entire time. Certain philosophical thinkers who focus on the risks to human existence even speak about this time as a kind of “hinge of history,” with our current moment’s importance due at least in part to the rapidly accelerating powers of our machines. If we are in this special time of wonder, not only are we lucky to be alive right now, but it’s imperative that we be aware of software’s novel way of intersecting with our world and what might yet be possible.


But we’ve forgone this opportunity. Surrounded by ever-more powerful technologies, we have been conditioned to view them not as the product of software wizardry but as no more than baubles meant to capture our attention and our dollars. Even though these wonders still exist around us, we too often fail to recognize them as such or don’t even notice them at all.


One seemingly dazzling advance right now is that of artificial intelligence, an issue I will focus on throughout this book. Can I predict what will happen in the coming years? No. I am constantly surprised by what is possible, as well as how quickly we have adjusted to the changes we have seen already. We effectively blew past the Turing Test—as commonly understood, an assessment based on a 1950 article by the mathematician Alan Turing that revolves around being unable to distinguish between a computer and a human after a short yet wide-ranging text chat—in late 2022 with OpenAI’s large language model ChatGPT. But instead of marveling at this fact, we spent much of our time arguing about how worried we should be about malfunctioning chatbots. If you want to worry about job replacement and the future of work, or how it might affect critical thinking—and I do—that’s reasonable, but that worry should at least be partly mingled with wonder. Decades of computer science research have resulted in these profound achievements, and it’s worth celebrating, alongside all of the valid concerns.


Of course, this is the way of the world and what happens with technology more broadly. We yearn for an advance, see an early and incomplete version, and quickly move from impressed to disappointed. Then, when a better version finally arrives, sometimes we adapt to it so quickly that we forget we might have ever been surprised by it. It’s the hype cycle mingled with a hipster affect: we forget the first flowering of excitement—followed by rapid disappointment—and blend it with an attitude of forever remaining unimpressed.


But send your thoughts into the mists of your technological past. I remember when it was possible to imperfectly remember a commercial from your childhood and not be able to summon it instantly. Or to argue over a half-recalled fact and not be able to determine its veracity right away. Or to arrange to meet friends somewhere and have to be there, because no last-minute messages could be sent. Equanimity in the face of never seeing that advertisement again, or not knowing some fact, or being unable to contact your friends was expected. Then YouTube, Wikipedia, and smartphones swept these experiences away. And they are marvelous inventions (usually). So let’s appreciate them for a beat.


We must allow space for wonder and curiosity when thinking about AI, in addition to all the valid concerns. These are not either-or. Being worried about a technology can be rational. My wife and I have had many conversations, both together and with our fellow parents, about smartphones and their effects on children, for example. All of these technologies have a time and a place, and using them everywhere and for everything is an abdication of human choice and responsibility. But not being able to recognize certain aspects of computing’s radical difference from what has come before it? Not being surprised and delighted by it? Come on. Yes, an undifferentiated, pessimistic stance toward the new and the different allows you to hang out with the cool kids, but constantly uttering, “Over it,” just because AI hallucinates or stumbles on logic problems? Grab yourself and shake hard. That unexcited stupor doesn’t do you any favors.


The counterpoint here is that all of these computational advances—which seem so grand and earth-shattering—might be relatively small so far. Humans are great at adapting to change when the changes are small or the stakes are low. But when there was last a vast, destabilizing change—the Industrial Revolution—it did take us much longer to adjust than we would care to admit. As the Internet scholar Clay Shirky has argued, the changes wrought by the Industrial Revolution, particularly urbanization, were so shocking that an entire generation of Londoners self-medicated with an ocean of gin before they figured out how to handle them. As technological advances accelerate, particularly in AI, we must do better than creating a Gen Gin.


And what of code? Some might say that with all of these AI technologies we don’t even need to learn about coding any longer, something that will certainly disrupt the world of software. I don’t think that will be entirely true for a long time to come, if ever. But separate from that debate, understanding the relationship between computation and the capacious wonders of the world around us—not simply knowing how to code—is going to be more vital than ever. Computing is a window into everything from mythology and history to philosophy. Furthermore, as we’ll see, AI is only one in an ever-lengthening series of tools we have built to ease the distance between humans and machines, something that has been happening for decades. It is part of a much larger story.


The rest of this book will be a guide to these many changes, as well as to what is unchanging in how to think about the world of technology. But let’s first begin with examining code itself.















PART I



Code
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Algebra and Fire


What Is Code?


For a long period of time, hundreds of years ago in the Western world, wilderness and unspoiled nature were not objects of veneration or wonder. They were blights upon the scenery. Mountains despoiled our vistas, and the untamed outdoors was a pox upon the earth.


Attempt to range your mind back toward this moment, where mountains were not the pinnacle—pardon the word choice—of the landscape but objects that ruined our views, described as “warts” or “boils.” Humanity’s goal was to avoid the wilderness, and our instinct was to recoil before it. To behold a mountain was not to be humbled, or to feel your heart leap, but to be mortified and disgusted.


This is almost impossible to imagine and entirely foreign to our modern view, where we enjoy nature, spend time in it, paint it, look at it, use our vacations to escape into it. But prior to the seventeenth and eighteenth centuries, such was the case in Western society. There was a mortal fear of the natural state of the world. So greatly did this part of humanity shrink from untamed nature that some travelers even asked to be blindfolded as they crossed the Alps, lest they get a glimpse of terrifying wilderness.


But beginning several centuries ago, writers began to write of the sublime, scientists examined mountainous regions, artists began to depict these outdoor scenes, and slowly our views changed.


When it comes to computation, we are stuck in the mindset of hundreds of years ago. When seeing a snippet of code, many nonprogrammers view it the same way, looking away or allowing their eyes to glaze over. They can’t focus on it, or at least opt not to. Computer code is an object of fear.


I’m not sure all of us will ever revere pages of computer code quite like how we enjoy sunsets or mountainscapes. But this is a goal worth aiming for: we must strive toward appreciating code and the world of computing. If we focus on code and take it seriously, understanding its properties and quirks, it’s possible to admire it—even if you’re not a programmer—and see some of its beauty.


This will not be a coding tutorial; those are easily found on the Internet. Rather, this is an exploration of the details of code that highlight the quirkiness and strangeness of computing. It is a guide to the computational roadside attractions available as we think about programming our machines.


THE ORIGINS OF CODE


Software differs from any other material that we use to build things. It is at the intersection of the physical and the textual, a technological membrane between reality and words. And software is built from code.


But what is computer code? Code, programming languages, even how computers work: these are all complex matters, and I am in danger here of making sweeping generalizations that miss caveats and exceptions. Nevertheless, simply put, code consists of a series of instructions designed to be run by the machine. There might be loops, branches, objects of intangible abstraction, and a particular grammar to computer code. The logic of the instructions—under what conditions certain lines are run, how a program describes these loops in the code, and more—dictates how the machine will run the program. But only once it is evaluated by the computer does the code actually do anything. Without this step, code is just inert word stuff typed into a text editor or into some sort of prompt. It is simply carefully ordered symbols.


So converting this logical text into action requires a process of interpretation and execution to make it come alive. The Argentine writer Jorge Luis Borges, whose essayistic short stories betray an obsession with the infinite and the fantastical, was prone to highlighting the intersection of algebra and fire: where the logical and rigid meets the fiery and living. In my view, computation itself—this animated logic—is algebra mingled with fire.


And how does a machine go from text to action? Beneath a computer program lies a vast edifice. On good days, it might conjure up the Newtonian phrase of standing on the shoulders of giants, and on bad ones, a Lovecraftian description of paddling about on a dark sea, ignorant of what lies beneath. While most programmers are either ignorant of or don’t worry about this fiery, algebraic admixture, a brief examination of the process of converting text to action is worth the effort. Dig beneath the surface and so much is revealed.


Code can only be run by virtue of a descent into simpler kinds of instructions, ones closer to how the parts of a computer chip actually work. For example, a computer program might start as a text file full of lines of code but then is transmuted by a separate computer program into another set of instructions that your machine interprets directly. These instructions are written in the machine code of ones and zeros and specify the most basic of operations that a computer’s processor can actually do: adding two numbers together, or comparing two numbers, or storing a number in a digital bin to be used later. Like the individual motions of a weaver, these actions are simple and straightforward. But when you combine enough of these motions together, a spectacular tapestry might be revealed.


There are two kinds of functions involved in this task, compilers and interpreters. The job of a compiler is one of translation: take a set of instructions in one language and convert it into another one. While the input and output languages can be many things, one common type of compiler takes instructions that are written in the structured form of a programming language, such as C, and converts them into a long list of instructions that can eventually be carried out by the microchip, like the example above. This process involves numerous steps, including “parsing” the text—figuring out how the specific words of a program are related and what they are supposed to be doing—followed by translating these words into machine instructions. This process of compilation allows a programmer to write out the logic of her tapestry without having to enumerate a laborious and mind-numbing series of machine code instructions.


The task of the interpreter, on the other hand, is to actually make the computer do something. The interpreter runs whatever it has been given. It might interpret Python code and run the result directly on your computer, or the processor itself might interpret some compiled machine code it has been handed. Eventually, though, the program is run by the processor.


How were these first compilers written? The first widespread compiler—for FORTRAN—was written in assembly code, another language that is essentially a somewhat more human-readable version of machine code. It couldn’t be written in a modern high-level programming language with English-like keywords and a specific grammar, because none could yet be used. So it had to be constructed from assembly: these machine instructions that could determine this translation process from a programming language to the operations of a chip.


And how does the chip carry out these instructions? The microchip itself is made up of a mind-boggling number of microscopic switches. These are the transistors whose numbers double every couple years or so according to the wondrous logic of Moore’s law. When combined, they allow for these instructions to be carried out.


But whatever the language, we are still left with a strange truth about code: programmers are writing a long list of carefully constructed sentences whose commands are carried out by a sparking bit of sand found within the bowels of a machine. This fact is something that modern-day programmers can only glance at briefly before being blinded. Older coders might have been well aware of these facts, and some actually spent their time thinking about the specific instruction sets of their microprocessor or using their knowledge of binary or assembly language to wring out results from the small amounts of memory and slow processor speeds they had available at the time. Nowadays, many software engineers are far from these roots of the machine. In many ways, this is actually a good thing, because software writing has become so complex and sophisticated that concerning yourself with the details that lurk below the digital surface is the computational equivalent of spending your whole day thinking about how you’re breathing: you would simply be unable to think about anything else (and possibly wouldn’t even breathe all that well). Modern software is more than complex enough without having to also contend with those details that once consumed older hackers. This can allow a programmer to develop a web application without having to worry about the allocation of memory resources, or to make a program that draws images to the screen without ever having to think about the specific properties of a machine’s graphics card.


For this, we can thank the process of abstraction. Computer programming is ultimately the act of taking small bits of structure and combining them together, and then combining them further, until these larger pieces can be used for a specific purpose and the underlying bits entirely ignored. Just as using a bathroom faucet doesn’t require me to know the details of where the water comes from or how it has found its way to my home, software is built upon these kinds of interfaces that allow me to not worry about the underlying implementation. I can read and write files using Python without concerning myself with the intricacies of how the bits and bytes of a file might be stored in memory. This is the process of abstraction—new structures are created, and then the details are abstracted away—and it is a fundamental feature of computing. Even the nature of how we store information is a rich and multilevel one. There are straightforward variables that can act as repositories for numbers or strings of text. But there is also an entire bestiary of data structures—specific forms designed to handle more complex and diverse types of information—from linked lists and hash tables to stacks and binary trees, ones that can be bootstrapped from yet simpler kinds of variables.


Just as abstraction is a powerful feature of computing, it is also fundamental to scientific progress. A physicist is able to understand mechanics and motion without recourse to subatomic particles, having abstracted away these details. An economist can contend with supply and demand without thinking about chemistry. The idea of abstraction is far more than just for code and programming; it can even be applied to our ability to understand the world around us.


Some have described computer programming as like playing with LEGO bricks. And it is, in a way. But it’s really a lot stranger. It’s more like the situation where some of your LEGO pieces might look like normal brightly colored bricks that can snap with all the others, but they might also tell you the number of seconds since the first day of 1970. There can be a huge amount of complexity hidden within each LEGO piece.


The power of abstraction excuses those who work with computers from knowing the physical details of computation. Moreover, the physical details are fungible. While we think about a computer as composed of silicon microchips laced with transistors, this is not the only way to make one. As long as a particular substrate can allow for logic and storing data, you can make a computer out of pretty much anything.


Everything in our machines, from the ability to multiply two numbers to playing with a spreadsheet, is built from the rules of logic first developed by the English mathematician George Boole nearly two hundred years ago. Boole created his approach to logic far before anyone was thinking about electronic computers, but his ideas are deeply relevant. These rules dictate how we might process simple inputs and are far different from our usual mathematical operations of addition and subtraction; they are based on logic. For example, the Boolean logical operator and is only true (it yields a binary 1) if both inputs are true. So True and False yields False, but True and True yields True (1). If you want to flip a bit from False to True, or True to False, on the other hand, you need a new operation, something known as a not operator: not 0 yields 1, for example.


Another basic kind of switching logic used in making computational decisions is something known as a nand gate. A nand gate is a combination of not and and—think the opposite of and—so its output is only false if both inputs are true; otherwise it outputs true. It turns out that if you can encode this kind of nand logic into a physical device, then you can build a computer. You don’t have to use actual zeros and ones; you can just use any distinct features: up and down, in or out, whatever. As long as these numbers can be represented by particular differences, then computers can be made from transistors, or mechanical components, or even interacting LEGO bricks. If you can represent digits and differences somehow, then a computer can be constructed.


But we can go further, and encapsulate computation in cascades of dominoes crashing together or in flowing water in tubes and bins. If you can cleverly design a way for embodying logic based on how water combines or how lines of dominoes come together—inputs and outputs—or even how LEGO pieces move in a mechanical way, you can build a computer. A computer can be built out of Tinkertoys, and researchers have even shown how to build a primitive piece of computational logic out of crabs. It turns out that swarms of crabs are predictable in certain ways, and this predictability in how they move together can be used to make logic gates, the building blocks of modern machines. I do not, however, recommend running a browser on crabOS, even if theoretically possible.


This is an aspect of a fundamental idea within computer science (we will see more of this when programming languages are explored): that the substrate of computing doesn’t really matter. Computation is an idea that is independent of whether we are working with crabs or LEGO bricks or transistors. As long as the something we are working with—whatever it is—can do certain kinds of operations (and it can be even broader than the logic described here), these things are all on some level equivalent.


The reason that we have settled on transistors, and their true power in our case, is that their simple operations are done so quickly and reliably (and in such a small space) that we can take these primitive pieces and combine them into a massive edifice that winks on and off billions of times a second and can be constructed to allow for higher levels of abstraction. We can build computer programs on top of bits of silicon.


THINKING LIKE A PROGRAMMER


But what of these computer programs themselves? What of the nature of code? For many of us, if we’ve seen code, it appears to be a pseudo-English pidgin, full of words like “while” and “for,” along with numbers and symbols, from “+=” to an inordinate number of semicolons or parentheses, depending on the specific programming language. It might look something like this:


def factorial(n):


    result = 1


    for i in range(1,n+1):


        result = result * i


    return result


I implore you, dear reader, do not look away! Let us dare to confront the nature of code and the mind of the programmer, looking into the sun, as it were, where the fun is.


To write such text requires taking a fuzzy problem and breaking it down into a set of straightforward tasks. But in practice, the mind of the programmer is equal parts logic puzzles, lists of half-remembered function names, and head-pounding frustration at glitches. For writing a program can often mean keeping a huge amount of information in one’s mind: how the program is running, what exceptions and edge cases there are that have to be handled, what functions and software libraries can be used, and why something might possibly break. It is fun and exciting but also intensely maddening. Leap years must be accounted for, or temperature conversions, or dealing with names that have unexpected lengths or symbols. All of this is something that has to be accounted for, because computers can be unforgiving.


For example, imagine constructing a thermostat program. Before digital thermostats, they were at their core very simple: a metallic coil and a switch. But even though they weren’t computers, they did have a kind of rudimentary intelligence. They adapted to their environment in a specific, and even computational, way. In fact, they were an analog computer of sorts (more on this in later chapters), with a coil that would change with the temperature around it. Very roughly, as the temperature rose, the coil would expand and trigger a switch for cooling, and as the temperature went down, the coil would tighten, ready for the next time it became warm.


Thermostats have become more complex over time. We now have computerized thermostats, for example, and even ones that are incredibly sophisticated and connected to the Internet, both for good (receiving weather data) and for bad (your home might now be hackable via your thermostat).


Independent of the specific mechanism, the underlying logic of a thermostat is one of adaptation to its environment. If a room gets too hot, the thermostat ensures the room is cooled; if it gets too cold, the heat kicks in. Over time, it responds to its surroundings and creates an equilibrium. This process of adaptive response and making sure that the system stays close to a set point is what is known as negative feedback. The output is fed back into the system and makes sure nothing gets too far out of whack (it tries to undo any change, hence “negative” feedback). This is opposed to positive feedback, which is what we normally think of when we hear the term “feedback,” like when a microphone magnifies the sounds from its speakers, causing it to become louder and louder, ending up with a squeal. Positive feedback magnifies small phenomena and swamps the system, but negative feedback creates balance.


What would it mean to encode this balancing logic into software? If we wanted to write a computer program that could mimic a thermostat, how would we do this? We would need to know the temperature we wanted the room to be set at, the actual temperature of the room, and a way of altering this temperature by turning heating or cooling on and off. We need if-then logic for sensing conditions, we would need to have some sort of loop that runs this continuously (but also makes sure that it doesn’t cause the HVAC system to cycle too often), we might need to store the temperature we want for different days and times, and much more. Embedded within the simple idea of a software-based thermostat is so much: precision, logic, and the capacity to call on both data and abilities from other parts of the machine or even external data sources.


So, when someone tells you that coding is like writing recipes for a machine, he’s not wrong. But by no means is that all there is. There is complex recombination, the sharing of inputs and outputs, and the use of powerful and sometimes seemingly esoteric commands. The very act of programming a computer can also teach you more about the problem you are trying to solve; only when you have the solution might you be said to truly understand it. As the titan of computer science and author of the series The Art of Computer Programming Donald Knuth has noted, “People often find that the knowledge gained while writing computer programs is far more valuable than the computer’s eventual output.” Maybe the true treasure was the knowledge we gained along the way.
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