




1. Ironically, Yamamoto himself would die because of a bit of information intercepted by the Allies. In April 1943, a signals intelligence group in Australia discovered that Yamamoto was going to fly to New Guinea to visit the troops there. A squadron of P-38 fighters was waiting and shot down the admiral’s plane over Bougainville in the South Pacific.

3. When physicists of the seventeenth and eighteenth centuries found a fundamental rule that the universe seemed to obey, they dubbed it a law. Many of these laws are profound and important, such as the laws of motion, the law of universal gravitation, and the laws of thermodynamics. Some laws are less deep—such as Hooke’s law (which talks about how springs behave) or Snell’s law (which describes how light bends when it moves from one medium to another). Modern physicists tend not to use the word law, as it implies an infallibility that isn’t truly there when you examine the laws closely. That’s why quantum mechanics and general relativity tend to be referred to as theories rather than laws, though the two terms can be used (more or less) interchangeably. (Theories also tend to refer to a framework, while a law is usually a single equation.)

4. So where does the energy in coal come from? Coal is highly compressed organic material, such as wood; the chemical energy is stored in carbon-based molecules. Wood is full of stored energy because the tree it came from took sunlight—a form of energy—and used it to convert water and carbon dioxide into energy-storing carbon-based molecules. So where did the sunlight come from? The sun is taking hydrogen atoms and fusing them together. The fusion of the two atoms releases energy that is stored in them (in the form of mass, as described by Einstein’s theory of relativity). So where did the mass of the atoms come from? It came with our universe—from the big bang. So where did the big bang come from? Good question…and nobody’s really sure, though there are some possible explanations. But all the energy (including Einsteinian mass-energy) currently in our universe was created with the big bang, and the amount hasn’t changed since the universe’s birth.

5. Those of you with a physics background might recognize that equilibriumness is really a way of saying entropy. More on this later in the chapter.

6. It came to be known as the H theorem, apparently because an English physicist mistook an ornate German capital letter E for an H.

7. “Equilibriumness” was a way of talking about entropy without having to formally introduce it.

8. Don’t worry too much about this equation. I mention it so that you’re familiar with its form, as it will crop up again later. See appendix A for a brief refresher on logarithms if you’d like to examine the equation in more detail.

9. Boltzmann’s H theorem was, in fact, a theorem about entropy. When it comes to speed, the atoms maximize their entropy by assuming a somewhat distorted bell curve distribution of speeds: the Maxwell-Boltzmann distribution. But for clarity’s sake, I’m going to ignore this distribution and just talk about “hot” and “cold” atoms, just as if I were talking about a billiard ball that was painted red or blue.

10. This is a mathematical principle known as the law of large numbers. In essence, it says that the size of a deviation from expected behavior gets smaller and smaller as the number of random events gets larger and larger.

11. Quoted in Lindley, Boltzmann’s Atom, 71.

12. Ever the Englishman, Thomson replaced the single demon and sliding shutter with a legion of demons wielding cricket bats.

2. This is also why shorthand schools could advertise their courses with signs that said, “If u cn rd th ad u cn gt btr jb & mo pa.”

1. Shannon credits his Bell Labs colleague John Tukey with coining the word; thankfully, bit replaced the much uglier bigit, which was beginning to circulate at the time. Later wags would coin the terms byte for eight bits and nibble for four bits—half a byte. (Tukey, incidentally, would be known for codeveloping one of the most important algorithms in computer science, the fast Fourier transform, but that’s another story altogether.)

2. In this case, the log symbol represents the logarithm base 2. That is, x = log N is the solution to the equation N = 2 x. Mathematicians often ignore the base of the logarithm; see appendix A on logarithms to find out why.

3. In actuality, computers tend to represent letters with more than five bits. One very common scheme, ASCII, encodes each letter with a byte of information—eight bits. This is more than you need to encode the English alphabet, but it gives you room for lowercase and capital letters, punctuation marks, foreign letters, and a number of other useful symbols.

4. In fact, look at the beginning of this book. On the page with the copyright information, there is an ISBN, a code that has built-in redundancy; the last digit/letter is a check to make sure that the others have been entered correctly. For the really curious and geeky, here’s how the ISBN code works: ignore the check digit for the moment—the last one set off by a dash—and then multiply the first digit by 10, the second digit by 9, and so forth, until you’ve multiplied the ninth digit by 2. Add them all together, divide that sum by 11, and take the remainder. Subtract that remainder from 11 and that’s your check digit; in the case that your answer is 10, the check digit is the symbol X. Of course, there’s also a bar code on the back, which also has a built-in check, but that’s another story.

5. It’s not only written language that’s redundant. Spoken language is also a stream of symbols, though the symbols are auditory rather than written. The basic symbol of spoken language is the phoneme rather than the letter, but once you take that into account, the same analysis applies. One of the great strengths of Shannon’s theory is that it really doesn’t matter how the information is conveyed; the mathematics stays the same.

6. Tribus and McIrvine, “Energy and Information,” 180.

7. How can one message of “11111111…” contain no information and another message of “11111111…” contain lots of it? If the streams of digits are infinitely long, then there is absolutely no chance of a “random-seeming” source producing a message of all 1s, thanks to a mathematical law known as the law of large numbers. So in the infinitely long message case, you can always distinguish a “random-seeming” source from an “always 1” source by looking at a single message. In other words, there is no difference between the entropy/information content of a message and the entropy/information content of a message source. In the real world, though, messages are finite. There is a small probability that a “random-seeming” high-information source will produce a message that looks nonrandom. It can even look like one produced by an “always 1” no-information source. This probability is extremely small—in an eight-bit message, the chance is less than 0.1 percent; in a sixteen-bit message, less than 0.0016 percent. In fact, it’s just like tossing marbles in boxes. The probability of getting a message from a “random-seeming” source that looks like it comes from a nonrandom source is similar to the probability of having all or almost all of the marbles land on one side of the box. It’s a possibility, but in reasonably large systems it’s so improbable that it can be ignored. Therefore, in most cases—especially those where messages are sufficiently large or where a stream represents a sufficiently large collection of messages—the entropy/information content of a stream of digits is precisely the same as the entropy/information capacity of the source of that message. The equivalence is statistical, just as the second law of thermodynamics is statistical.

8. For a full examination of the different entropy functions, and a deeper explanation of the relationship between entropy and information, see appendix B.

9. Arthur C. Clarke described Shannon’s “ultimate machine”: “Nothing could be simpler. It is merely a small wooden casket, the size and shape of a cigar box, with a single switch on one face. When you throw the switch, there is an angry, purposeful buzzing. The lid slowly rises, and from beneath it emerges a hand. The hand reaches down, turns the switch off and retreats into the box. With the finality of a closing coffin, the lid snaps shut, the buzzing ceases and peace reigns once more. The psychological effect, if you do not know what to expect, is devastating. There is something unspeakably sinister about a machine that does nothing—absolutely nothing—except switch itself off.” Quoted in Sloane and Wyner, “Biography of Claude Elwood Shannon.”

10. Brillouin’s notation—that the higher a system’s entropy, the lower the information it contains—seems to be the reverse of what I implied in the marbles-in-a-box derivation. In truth, the two are the same; see appendix B for an explanation.

3. Though it’s a perfectly valid word under the rules of Polish. It means “third.”

11. As we shall see in a later chapter, we’re talking about “classical” computers here, not quantum computers.

12. Quoted in Leff and Rex, eds., Maxwell’s Demon 2, 335.

1. The enzymatic algorithm was easy to perform because the knight problem can be reduced to a set of simple logical statements. One statement might be: “Either the upper-left corner is blank, or the two squares that a knight threatens from that position must be blank.” To satisfy that statement, Landweber split the library into two. Into one jug she poured an enzyme that targeted the sequence that meant “there is a knight in the upper-left corner.” To the other jug she added two enzymes that targeted the sequence that signaled the presence of a knight in the two threatened positions. After the broken fragments were all weeded out, neither jug contained a strand that included sequences that had both a knight in the upper-left corner and a knight in one of the two squares threatened from that position. And then Landweber combined the jugs; there was no sequence in the library that had a knight in the upper-left corner and a knight in one of the positions that the knight threatened. She then repeated the procedure for all the squares—either there’s no knight in square 1 or there’s no knight in squares 6 and 8; either there’s no knight in square 2 or there’s no knight in squares 7 and 9; and so forth. After all the splitting, cleaving, and combining, no strands were left where one knight threatened another.

2. The “obey the queen” gene is a convenient fiction. With many traits and behaviors, such as “obey the queen,” no single, individual gene can be pinpointed as the cause. They are the products of complex interactions of instructions in the genetic code together with cues from the environment. Nevertheless, the overall argument I’m making remains the same, whether the program is a simple, single gene or something considerably more complex. Thus, I will refer to things like an “obey the queen” gene, even though the behaviors and traits I talk about are seldom controlled by something so simple as a single gene.

3. Dawkins tells the story of the t gene (as well as a number of other reasons for believing that organisms should be considered the vehicles for the information inside them) in his famous book The Selfish Gene.

4. Because the mitochondria are hitchhikers, they can dispense with creating some of the important proteins that are responsible for cellular machinery. Human mitochondrial DNA contains about 33,000 bits of information, considerably less than what is contained in the string of letters that make up this chapter.

5. These error checkers are very, very good, but they’re not perfect. Once in a while, they fail to catch an error, which winds up being duplicated when the cell divides. This is a mutation. Often, mutations are harmful, causing an unwanted effect, perhaps even killing the organism that sports the mutation. In a sense, this is the final error-checking mechanism. Mutations to genes that are essential to the organism’s survival are unlikely to be passed on (because they will probably mess up that essential function), but mutations to nonessential information (such as hitchhikers’ stuff or extra copies of genes) don’t have this last error check. This means that the nonessential information is less stable from generation to generation; it is more likely to contain a mutation. And in the rare event that a mutation has a beneficial effect, it becomes more likely to be passed on, because the host organism benefits from the gene’s expression.

6. A small number of organisms are not dependent on the sun as their source of energy. Certain creatures are able to use heat from the Earth’s insides (which comes, nowadays, largely from radioactive decay of elements) and the chemicals that spew forth from the Earth’s hot interior. It doesn’t really matter where the energy comes from, but energy must be there in some usable form for life to exist.

7. Scientists are able to come up with rough dates for significant events in genetic history—such as a genetic bottleneck or the creation of a new branch on the tree of life—because the information in genes is equipped with a clock. Mutations. Though there is quite a lot of inherent uncertainty in the technique, and considerable controversy about how accurate these clocks are, scientists can get a rough estimate of how far back these events occurred by watching how mutations propagated through humanity’s genes. If you have a handle on how often mutations occur, you can figure out how far back two peoples, or two species, split from each other. By comparing a similar stretch of information in the two groups’ genomes and seeing how different the two genomes are—how many mutations have occurred since the two stretches were identical—you get a rough sense of when the split occurred.

8. Even though information is witness to evolution, creationists attempt to use information theory to attack evolution. Indeed, information theory is supposedly a bulwark of the “intelligent design” movement, but the information-theoretic arguments they make have severe flaws. For example, they argue that it is a violation of the laws of thermodynamics for a genome to gather more information over time, yet it is a fact that the sun’s energy and Earth’s entropy shedding allow organisms to preserve, duplicate, and modify their genomes, often increasing the amount of information that the genomes contain. Information theory doesn’t undermine evolution; the situation is quite to the contrary.

4. A cliché is nothing more than an overused—and highly redundant—turn of phrase. Just as you can replace the vowels in a sentence where they’ve been removed, you can often reinsert a missing word if it’s just what the doctor…

9. Though it need not be. If someone so desired, he could use a virus to insert, say, a passage from Gulliver’s Travels into his genome, and it would be preserved for many, many generations.

10. Mark Twain offered this description in the late nineteenth century: “You observe how far that verb is from the reader’s base of operations…,” he wrote. “Well, in a German newspaper they put their verb away over on the next page; and I have heard that sometimes after stringing along the exciting preliminaries and parentheses for a column or two, they get in a hurry and have to go to press without getting to the verb at all.” Mark Twain, A Tramp Abroad (New York: Penguin, 1997), 392.

11. There is one possible exception to this, which will be described later in the book: that the information in our heads is quantum information rather than classical information.

12. The conversion to bits is not as straightforward as it looks on the surface, though. A neuron’s signals are 0s and 1s, but the coding scheme in the brain makes use of the timing of those 0s and 1s rather than simply treating them as a string of bits. Nevertheless, Shannon’s theory says that this code, as complicated as it might be, is reducible to a string of bits.

1. The easiest way to make a nice interference pattern is to shine a laser pointer parallel to a mirror in the bathroom—make a spot on the wall perpendicular to the mirror. When you look in the mirror at the reflection of that spot, you will see a pattern of bright and dark lines, an easy-to-see interference pattern. This pattern is caused by phenomena a little more complicated than the two-slit phenomenon: it is due to the laser light’s bouncing off the mirror and interfering with the laser light that bounces off the glass that covers the mirror. Nevertheless, the principle is the same as the two-slit experiment.

2. Since modern physicists know that the speed of light is a constant, they use a Michelson interferometer to measure distance rather than speed. If the two arms are of slightly different length, then you can get a dark spot rather than a bright spot.

3. There was another experiment that, in retrospect, seemed to belie the idea of an ether. In the mid-nineteenth century, the French physicist Armand Fizeau measured the speed of light in moving streams of water, expecting to see the ether dragged along with the water. He didn’t see any such effect. In fact, it seems that Einstein was more influenced by Fizeau’s experiments and observations of how the apparent positions of stars in the sky change depending on the Earth’s orbit—a phenomenon known as stellar aberration that is due to the finite speed of light—than he was by the Michelson-Morley experiment.

4. Interestingly, in school Einstein was ignorant of the Michelson-Morley experiment and proposed doing a similar test of the ether. The aforementioned narrow-minded teacher, Heinrich Weber, refused to allow the young Einstein to do the experiment. Weber apparently didn’t think much of the newfangled physics of the day.

5. The numbers do work out, even though it is not obvious. The mathematics used for swapping perspectives is known as the Lorentz transformation, and it is slightly more complicated than the simple addition of the everyday speed conversions we’re used to.

6. This technique is known as a Fourier transform, after its inventor, Jean-Baptiste-Joseph Fourier. Fourier was nearly sent to the guillotine in 1794, during France’s Reign of Terror, and eventually wound up as a science adviser to Napoleon.
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