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			For Karen.
Without you, I am nowhere.
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			INTRODUCTION
LOST AND FOUND

			There is a ritual that all parents must endure from time to time, known as the weekend camping trip. This involves piling the car high with everything from cooking utensils and plastic tarps to a few spare pairs of Bob the Builder underwear and then setting off for a drive to a local park where, more often than not, visions of campfires under starlit skies are replaced by shivering huddles in soggy, windblown tents. It is a brilliant tribute to the human spirit that we always come home from such adventures with nothing but happy memories and eager anticipation for the next close encounter with the Land. It was on one such excursion that I came into intimate contact with my own fragile grip on physical space.

			My wife, Karen, and I had blown off the idea of a simple visit to a friendly park containing clearly marked camping plots, complete with firepits and driveways, user-friendly toilets and nearby convenience stores. Instead, we chose to drive for most of a day with friends of ours and our children to one of the northernmost parts of Algonquin Park—a piece of protected land in the heart of Ontario with an area that is not much smaller than Portugal. Most of the park, populated by moose, wolves, deer, and the occasional black bear, is accessible only on foot or by canoe. We wanted our children to experience true adventure, so, along with our friends, we ventured into the woods with the barest of supplies and one small canoe. Our destination was a canoe-in campsite on the edge of a small lake. The setting was stunning. Our site looked out on a tiny island with one tall, bare tree containing an osprey nest. We were able to sit on the shore and watch the majestic birds fly off in search of food for their chicks.

			Soon after we arrived, the rain began. Determined to make the best of things, we spent as much time as we could hiking, canoeing, and exploring. Between adventures, we huddled under a small blue tarp and wrung out wet clothes; when the children weren’t watching, the adults passed a small silver flask of liquid warmth back and forth. On the second day of our trip, we planned an ambitious journey to visit a scenic waterfall. It was too far for our youngest daughters, Jessica and Rebecca, to walk, so they rode in the canoe with our two friends, and Karen and I set off on foot with our oldest daughter, Sarah. We had warned the children beforehand that there was a remote chance we would see a bear, and that the best deterrent was to make plenty of noise as we walked, preferably by singing and clapping. Truthfully, though, we knew that bear sightings were so rare here that many park regulars went years without spotting a single specimen. As much as anything, our safety lecture was meant to heighten our children’s excitement and enjoyment of the trip.

			Sarah was a teenager at the time and was in no temper for either singing or clapping. As she skulked along the trail some distance ahead of the rest of us, doing her best to pretend not to be with us, I ran to catch up to her, and told her that if she was determined to lead the group, she would need to make some sort of noise. She responded by dropping to the back of the pack, leaving me in front. A minute later, as I sang the theme song from The Flintstones, I noticed a sapling swing first toward me and then away. I heard a loud rustle just off to my left, but couldn’t see anything. Whatever it was must have run off. I called back, “I think I just startled a big animal! Maybe a deer!” As I turned back to the trail, my view was occluded by the flank of a very large bear, close enough to me that I could have reached out to touch it. It may have been sleeping near the trail and, despite my racket, I think that I might have startled it. In as calm a voice as I could muster, I told Karen and Sarah to back down the trail slowly. I told them not to turn their backs on the bear and not to run. I did much the same, even though by this time the bear had crossed the trail and disappeared into the thicket of woods.

			Much later, back at the campsite, our nerves calmed and our children asleep, we spent much time emptying the silver flask and reflecting on our close call and on our vulnerability to whatever unexpected curves nature might throw our way. Stripped of the normal network of support that urban human beings use to get themselves through a day, stumbling along a marked trail in the woods, every slight misstep might spell disaster. If I had walked at a different pace, in a different direction, or without making such a din, my life could have been ended by a single angry swipe of a bear’s paw. Our fate hinged on a crude park map and good luck. What were we doing out here with our kids?

			In the morning, we broke camp. Remembering the four trips across the lake in our tiny canoe to move people and gear between trail and campsite, I pulled out a tattered trail map and argued that if some of us blazed a trail through the woods behind the campsite, we ought to come across a trail that skirted the lake. Karen and I offered to make the trip with a full pack of gear and some of the children in order to shorten the time before we were all sitting in a dry room and digging into a hot breakfast. The route was simple, and is laid out roughly in Figure 1. All we would need to do would be to walk in a straight line for about 100 meters and then, once we found the trail, make a right turn. It is never a good idea to leave a marked trail in wilderness. Our fragile understanding of where we are can collapse quickly, leaving us lost, disoriented, and in peril. In this case, though, the simple shortcut seemed like such a no-lose proposition that, given the rain, the wind, and the hungry bellies, it seemed a risk worth taking.
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			Figure 1: The ideal route away from our campsite in Algonquin Park

			About an hour after setting off on what should have been about a 45-minute hike, Karen and I knew something was wrong. We had crashed through thick underbrush, no easy feat while hauling a large backpack, and had found the trail exactly where we expected it. But as we walked along, the terrain looked less and less familiar. New lakes appeared where our map suggested none should exist. One of these lakes even had a small island with what looked much like a second osprey nest. It is a testament to the disorienting power of wilderness that this remarkable discovery did not give us an obvious clue as to where we were. Our feeling of unease was only increased when we encountered several piles of fresh bear droppings on the trail. After another fifteen minutes of walking, and with little awareness of our whereabouts, both Karen and I fought a rising tide of panic. We were lost. We were convinced that more bears were nearby. We had heavy gear, including some food that might draw the bears closer to us, and we had young children to protect. We stopped walking and did our best to put together a few rational thoughts. Eventually, we stumbled upon the mistake we had made. Figure 2 shows what we had done.
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			Figure 2: The route we actually took from our campsite in Algonquin Park

			We had made critical errors: not only had we somehow crossed the trail without noticing that we had done so but we had then made a complete turnabout, all the while believing that we had been walking in a straight line. Anyone who has tried to walk in a straight line through a cluttered environment like a forest will not be surprised by this error. Even with extensive training, this is a difficult task. Try it. Close your eyes and walk in a straight line. Surprisingly difficult, isn’t it? As if this wasn’t bad enough, we had compounded our error by failing to recognize that the lake we saw with the second osprey island was the same lake that we had just spent two days camping beside. In fact, from the vantage point of the trail’s edge where we stood trying to orient ourselves, we ought to have been able to see our old campsite. Eventually, after much head-scratching and a few more pauses to reassure ourselves that we now had our bearings, we stumbled into the parking lot at the end of the trail and drove, humbled, following an abundance of clearly marked road signs, to the local diner for a restoring feast.

			What kind of creatures are we that we can design technology to navigate across oceans, continents, and even the forbidding reaches of space, yet we become hopelessly lost in a small forest? Why can’t we walk in a straight line for more than a few steps or recognize landmarks that we’ve lived among for days?

			You might say that what I’ve described is nothing more than the fumbling of a longtime urban dweller, off on a weekend lark with no training, no compass, and perhaps a bit too much good whiskey in his bloodstream to be able to keep his bearings. Yet both the lore and the science of human navigation suggest that compared to most other animals, human beings are mere beginners at navigation. In my laboratory at the University of Waterloo, the Research Laboratory for Immersive Virtual Environments (RELIVE), we have spent many years studying the performance of both animals and people in a great variety of navigation tasks. Some striking differences between species have emerged.

			There is something of a paradox here. Our ability to understand physical space, the lengths and widths of objects, places, and even entire planets, is unrivaled among all of the animals. We make maps, draw graphs, and design sophisticated measuring machines. We have even launched arrays of satellites into outer space that we can use to guide the movements of everything from a jogger in the park to a jumbo jet or a gigantic cruise ship in the Mediterranean Sea.

			As preponderantly cognitive beings, we bring our staggering intellect to bear on the technological conquest of space, yet we become lost in tiny patches of green space. We are forced to take frustrating interludes from our busy lives trying to locate our own car in a parking lot. We can even become lost in the spaces we build, such as office buildings, shopping malls, and hospitals. How do we reconcile these two basic facets of the human relationship with space and place—our theoretical mastery of abstract space and our ineffable clumsiness in finding our way? Is it possible that there might even be a connection between the two? Have we been so successful in building an environment that relieves us of the need to find our way from place to place that we have fundamentally changed our nature?

			A black bear, like the one that I disturbed in the woods, can find its way home after being displaced distances of hundreds of kilometers using methods that have rebuffed the efforts of scientists to understand them.1 What do bears know that we don’t? How do monarch butterflies or migrating songbirds navigate even larger distances, thousands of kilometers in some instances, to targets that they might never even have seen before? How is it that a homing pigeon can be driven halfway across a continent in a light-proof box and then, on release, find its way unerringly back to its loft? How do newborn sea turtles waddle off a beach in Florida and migrate thousands of kilometers through ocean depths to rich foraging grounds near the coast of Africa? Perhaps most interestingly of all, how is it that the only existing animal that has come close to understanding how some of these magnificent navigational feats are performed is rendered helpless by a confusing thicket of woods or an unexpected hallway in an office building?

			THINKING SPACE

			Considered as a purely physical thing, space is the set of dimensions that defines locations, distances, and the relationship between one thing and another. Mathematicians and physicists tell us that there are many possible different kinds of spaces, each with their own set of dimensions and rules, but the space that operates on our biology is much like that envisioned by Euclid in his version of the geometry of space that we all learn in elementary school. Like all other animals, we live with the everyday reality that the dividing line between those things that are possible and those that are not is sharply drawn by the nature of space and time. I cannot be in both Chicago and Toronto at the same time, and my ability to move from one place to another, and the route that I must take to get there, depends on mathematical geometry and physical law.

			There is, of course, much more to space than the pragmatics of getting from place to place. Since the dawn of thought, philosophers and scientists have struggled to define and to understand what space is. Our creation stories, whether they come from the ancient Greeks, the Indian Rig Veda, or the Old Testament, help us to come to terms with the idea that something came from nothing, and in managing this gigantic mental step, we have no choice but to ruminate on what the real difference is between nothing and something. Modern philosophers have had to struggle with such basic metaphysical questions about the nature of space in a context that is increasingly constrained by the discoveries of science.2 Some physicists now tell us that spaces with twenty dimensions, in which parallel lines might curve and meet, may be much more than the fancies of mathematicians and philosophers, and may be physically real, whether we are able to perceive them or not. Classical ideas about time as the gatekeeper of events and the arbiter of simultaneity are also becoming frayed at the edges, as new discoveries in quantum physics suggest that there can be connections between objects separated by vast expanses of physical space, as if information can be passed from place to place through the universe with no intervening passage of time.3

			Psychologists and other social scientists have long understood that there is much more to space than a set of points drawn on a graph or a map. Our language is inundated with spatial metaphors (“Let’s not get ahead of ourselves,” “The case is under review,” “His behavior was over the top”), and our everyday understanding of space often departs from Euclidean order in spectacular fashion. Think of the way that your understanding of a new and unfamiliar space—a new home or place of work—changes over the course of your experience. The space itself does not change, but the mental representation of it is transformed dramatically.

			Throughout much of this book, we will be preoccupied with questions related to navigation and wayfinding. Where am I? Where are you and how do you know? We will explore some of the details of the tools that both we and other animals use to find our way through spaces from one location to another. Though we will find much common ground between ourselves and other creatures of field and forest, some stark differences will emerge between our abilities and those of the many other animals with whom we share the planet. Some animals possess specialized senses and abilities that help them to know where they are. We do not. But we have come to an entirely new type of relationship with physical space. This new relationship, the markings of which are literally written into parts of our brain, not only allows us to cope with the problems of space but also in a way liberates us from space. It is as if our prodigious brains have grown to allow us to stand outside of space so that even as we struggle to find ways to survive in it, we can reflect on it at a distance, even reduce it to a set of mathematical formulas and abstract maps. It is this ability to stand outside real space mentally that has allowed us to conceive, develop, and use the technologies—rapid transit and communication, mass media, virtual reality—that have allowed us to further unshackle ourselves from space. In the chapters that follow, we will look at some of these space-bending technologies and the influence they have had on the way we live our lives, effects that extend from the way we design our homes and cities to the ways that we work, communicate, and play with one another.

			In the first part of the book, we will survey the types of spatial information that are available to all animals as they move about the planet, and how they take advantage of them to find their way. We will begin by exploring the very simplest forms of navigation: how do we make our way from our current position to a target that we can see? At this early station point in our journey, we will see that we share much with all animals, from single-celled bacteria to lumbering bears and buzzing bees. In later chapters, we will explore more complicated navigational routines. Landmarks aren’t always the targets of our movements, but they can be used to lead us to our targets (“Just keep the mountains on your left and you can’t miss it”). Maps are endemic to navigators, but there are different kinds of maps. The maps we find in the glove compartments of our cars can be very different from those we hold in our minds as we try to give a set of directions. In turn, our maps can be different from those put together with a handful of neurons in the speck-sized brain of a bee. When we are trying to find our way through unfamiliar terrain, we may try to maintain our orientation by attending to and memorizing our outbound route (“Two lefts and a right at the next light”). We share this ability with many animals, but some animals, such as the desert ants of Northern Africa, can manage this kind of trip with exacting precision over staggering expanses of space, as if they possess tiny odometers that click off the miles with clockwork precision.

			As we explore the details of these different means of wayfinding, we will gradually mark out the boundary that separates human abilities to deal with problems of space from those of other animals. Some animals rely on special senses, such as magnetic field sensitivity or the ability to analyze special properties of light waves that we cannot see. Other animals possess prodigious talents for memorizing their paths or the appearance of thousands of subtle landmarks in a seemingly featureless expanse of forest or meadow. Human beings follow a somewhat different course. Though some of us, particularly ancient wayfinders in preliterate societies, have been able to train ourselves to be sensitive to subtle perceptual cues about locations and routes, we more commonly find our way by connecting different types of images of places with stories that link one image to another. This kind of navigation can sometimes get us effectively from one place to another, but we sacrifice much of our understanding of how places are connected, the geometry of the world, in favor of a simpler view of the spaces we inhabit as a series of connected nodes. We can learn what is connected, but our command of the hows and wheres of such connections is shaky at best.

			In the second part of the book, we will explore the implications of the differences between human beings and other animals for problems that involve our understanding of where we are. How do the sizes and shapes of our dwellings, offices, factories, civic buildings, and cities reflect our abilities (or inabilities) to come to terms with physical space? How does our unique conception of space as a topology of connected nodes influence the way that we interact with colleagues at work? How has modern technology, especially instantaneous communication using everything from the telephone to the Internet, changed our understanding and use of physical space? Has the fact that our minds are fuzzy about the geometry of the everyday world accelerated the extent to which such technologies have penetrated our lives? Would an animal that understood in its bones the meaning of space have been able to adapt to the hyperspace of the World Wide Web and virtual environments spanning the globe?

			RECAPTURING PLACE BY RETHINKING SPACE

			There can be little doubt that our ability to stand outside of real space and look back into it, reflect upon it, and shape it to our own designs and purposes has been responsible for much of the form of modern life. We have used technology to adapt the world to our purposes, and our own ability to adapt to technology is made possible by the way our brains perceive space. At the same time, our ability to step outside of the world’s geometry mentally has resulted in a sad kind of detachment between us and the rest of the planet. This state of detachment may contain some important clues about another of the great paradoxes of human nature: how can a being whose mind is capable of such dramatic acts of understanding and creation wreak such havoc on its own home that its very future stands in some doubt? Perhaps the more pressing question is whether understanding where mental space comes from and what is done with it can help us to find solutions to such vexing problems. Can we rethink our relationship with space to make us more aware of the effects of our actions on the state of the planet? Can the artful design of buildings and cities encourage us to make connections to our spaces and places that will help us to take more responsibility for them? Could the secret to recapturing our sense of environmental stewardship reside in recapturing some of the connections with the planet that were possessed by ancient human forebears whose lives depended at every moment on their understanding of where they were? Can we co-opt some of the same technology that has helped us to conquer space in our personal lives to make us more aware of the wider sweep of space that is beyond the purview of our senses?

			I hope you will find this book an optimistic one. It would be sad to think that a species that can produce Einstein, Mozart, Mother Teresa, and Shakespeare could short-circuit its own future, and the future of its home planet, because of a curious cerebral glitch that has simultaneously allowed us to conquer the wide spaces of the solar system but to become lost in a shopping mall. It seems more important than ever that we recognize that the most important impediments to our survival and flourishing are not technological barriers but psychological ones. More than anything else, moving forward in time and space will require that we understand not just who we are but where we are.

		

	
		
			PART I

WHY ANTS DON’T GET LOST
AT THE MALL

			HOW HUMANS AND ANIMALS NAVIGATE SPACE

		

	
		CHAPTER 1
LOOKING FOR TARGETS

		SIMPLE TACTICS FOR FINDING OUR WAY
THAT WE SHARE WITH ALL OTHER ANIMALS

		
			Following the light of the sun, we left the Old World.

			CHRISTOPHER COLUMBUS

		

		We’ve all done it. At a meeting, a conference, a wedding, or a simple potluck gathering with friends, the food appears. Though manners may prompt us to restrain ourselves for a few minutes, our antennae wave, our restless feet shuffle, and we make a beeline for the tables. If a scientist were to hover above us and measure our movements, it would be easy to show the average guest-to-plate distance as a steadily decreasing mathematical function. This class of behavior, called taxis, is the simplest kind of spatial behavior that can be imagined. All that is required is a target (that magnificent roast of beef), a sensor or two (our well-tuned nostrils and eyes), and some kind of motive force (sore feet squeezed into formal shoes will do nicely).

		Life does not always treat us so kindly, though. On our way to the table, Longtalker Larry makes a perfect intercept course. How to rearrange the missile trajectory so as to home in on the canapés while avoiding verbal entanglement with Larry? The buffet table has two rows of food. On the closest side is Aunt Betty’s famous potato salad, but it looks a little bland. The better bet is Sarah’s Spicy Potatoes, but they’re just out of reach. We’ll need to thread our way through a crowd, momentarily losing sight of the target completely, in order to plan the return foray to starch Valhalla on the distal side of the room. What’s the quickest way? Perhaps the party is in a building we’ve never seen before. The sweet aromas are everywhere, but compared to what vision gives us, they don’t make much of a spatial cue. Which way do we go first? How do we conduct an efficient search?

		Compared with many of the stories of feats of navigation that I will relate to you, finding your way to and then around a table full of food is small potatoes (Sarah’s if you’re lucky). Nevertheless, all such behaviors, ranging from the trivially simple taxis to the complex wayfinding task, point to one basic truth of biology. Unlike the potted geranium sitting in my window, you and I, like all other animate beings, need to be able to move from one place to another to survive. In order to remain nourished, I must get up from my chair and go to the fridge to find food. In order to avoid a premature demise, I need to leap out of the way of the bus that hurtles down the road toward me. The whole raw biological point of my individual survival is to reproduce. But this, too, requires movement. In order to pass my genes on, I need to be able to get up and walk around until I find a mate. (This, you may argue, is something of an oversimplification.) To survive, we must come to terms with space and time. Whatever the physicists and philosophers might say about these things, movement is defined as a change in place over some duration of time. Given this, it is not at all surprising that nature has produced a wide array of mechanical devices that produce movement (legs, wings, fins, and so on). In addition, we have evolved an even more impressive arsenal of tools that allow us to know where to move—that is, to find our way through space to important goals such as sustenance, warmth, safety, and sex.

		The simplest tricks of navigation are perhaps so obvious that we don’t even think of them as being tricks. You are walking down the aisle in a grocery store when, just ahead of you, you see the box of spaghetti you’ve been seeking. With little or no conscious effort, the box is soon in your hand and then in your shopping cart. What’s to explain? This seemingly trivial piece of behavior—moving to a clearly visible target—is something that we do hundreds of times a day. Such behaviors are required of all animals that move, yet they are accomplished in a wide variety of ways.

		The most primitive kinds of animals, one-celled creatures such as bacteria, though their needs may be simple, must still possess a basic toolkit that allows them to find their way to conditions that sustain life: light, heat, and sustenance. Sometimes these unicellular denizens of our soil, water, and even our own bodies can employ a search strategy much like a child playing a game of blind man’s bluff. Their rates of movement rise and fall with the activity of sensors tuned to the concentrations of heat, light, or chemicals that surround them, and these changes in movement bring them inexorably into contact with their goal. Other than the movement of a plant bending toward the light, it is difficult to imagine a simpler mechanism by which a living thing can deal with the problems of space.

		In other cases, such tiny creatures as these may possess specialized equipment to help them guide their movements. In 1996, a group of scientists, headed by Dr. David McKay of NASA’s Johnson Space Center, claimed they had discovered fossil evidence for the existence of life on Mars in a lump of meteoric rock that had been collected from the Antarctic.1 Analysis of the chemical composition of the rock left little doubt that it was of Martian origin, and the peculiar formations inside the rock looked suspiciously biological. Researchers thought they could see tiny cell bodies, reminiscent of our own earthly bacteria.

		As some of McKay’s early evidence has been disputed by others,2 the initial excitement has died down, but he remains convinced that the particles of magnetite that were found in the sample once constituted a part of a Martian life form. Magnetite is found in various places on our planet, but one of the most interesting homes for this magnetic mineral is inside single-celled organisms that employ a unique style of navigation. So-called magnetotaxic animals use particles of magnetite as tiny compasses that orient their bodies with planetary geography. Though these magnetite bodies take advantage of the earth’s magnetic field in exactly the same way that makes the Boy Scout compass face north, in this case it is not to help them to read maps correctly but to do something much simpler: the magnetite pulls these tiny aquatic animals downward into the lakebeds lining their watery homes, where they find food, safety, and comfortable temperatures. The origin of the magnetite found in McKay’s samples is a matter that still swirls in controversy, but if he is correct, not only will his discovery constitute the first evidence of extraterrestrial life but his claim will be based on an elementary form of navigation.

		The rudimentary navigational tools that I have described are based on a mechanism that allows an animal to drift up or down a gradient of light, heat, magnetism, or the concentration of some chemical. Such mechanisms can serve a variety of functions where animals need to get from where they are to an easily defined target such as a strong source of light or a warm pool of water. Simple as they are, some things are still not well understood about these elementary mechanisms. Indeed, some of the fine details of bacterial navigation have led researchers to suggest that these tiny beings possess a type of cognition not different in kind from that found in much larger multicellular animals.

		When a hungry urban primate tries to zero in on Sarah’s Spicy Potatoes in the buffet line, this is yet another form of taxis, but for reasons that will soon be clear, the technical hurdles that must be overcome to reach such targets are considerably more complicated than those faced by the average amoeba or slime mold.

		THE POWER OF TWO

		A frog sits motionless at the edge of a muddy stream, seemingly oblivious to the passage of time and the flow of events. When a fly happens within striking range, the frog’s tongue lashes out to capture it with such speed and precision that the fly seems to have vanished into thin air. Clever scientific experiments using time-lapse photography have shown that the frog can not only discern the direction of the fly’s movement but also assess the fly’s distance with enough precision to ensure accurate contact between sticky tongue tip and hapless fly torso.3

		Though prey catching in frogs might seem very different from taxic behavior in bacteria, what they share is that they are simple behaviors designed to help an animal make a connection with a spatial target. One advantage that an animal like a frog has over a microscopic one-celled critter is simply that of size. With a big enough body, sensors can be placed in such a way that they can be used to triangulate on the location of a target. A pair of sensors—the eyes in this case—can make precise estimates of the locations of target objects without having to engage in the complicated trial-and-error methods used by much smaller animals.

		Bilateral symmetry (that is, a body composed of two more or less identical halves) is common in nature, and with such symmetry comes paired sense organs. The mechanism by which pairs of sensors can produce useful orienting behaviors can be exceedingly simple. A basement hobbyist can easily construct a small machine capable of such seeking behaviors using nothing more than a pair of sensors (for example, simple light detectors that can be purchased for a few pennies at an electronics shop), a pair of wheels, and a powered motor. By wiring the machine together in such a way that each sensor is attached to a wheel on the opposite side of the body, the machine can be made to roll rapidly toward sources of light. Alternatively, reversing the wiring will produce a timid machine that seeks out dark corners.4

		More sophisticated uses of paired sensors involve comparing the images that are presented to each sensor to arrive at an estimate of the location and distance of a target. When we look at an object, its image falls in slightly different locations in each of our two eyes, and our brain can compute the distance of the object based on such differences. When we listen to a sound, the differences in the qualities of sounds arriving at our two ears can be used in similar fashion to compute the location of the sound source. The power of two in this case means that animals possessing paired sensors do not need to engage in hit-and-miss games of blind man’s bluff in order to get close to the things they need. Instead, comparing the messages conveyed by each of the two sensors provides a rapid and accurate estimate of the location of a target. In simple machines built with light detectors and wheels, or in frogs and toads sitting stoically waiting for dinner to come within tongue’s reach, the use of paired sensors is a considerable advance over the simple taxic mechanisms of bacteria. In more sophisticated animals like us, many more layers of neural machinery are involved in regulating our movements with respect to targets of interest. As preponderantly visual beasts, the story begins with our eyes.
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		Spend a minute or two observing how your own eye movements contribute to your perception of the world. Find a point somewhere in the room and try hard to maintain your gaze on that location. While doing this, notice how much you can see of objects just outside your fixation point. If you hold your gaze steady, you’ll notice that your perception of the rest of your setting consists of nothing more than a few blobs of varying brightness. Notice how little can been seen clearly when the eyes are held in a stationary position. Visual details are available in a small region of space around your fixation point, but nowhere else. To build an integrated view of the layout of the space we occupy, we need to move our eyes ceaselessly.

		Working in the 1960s, when the technology for studying eye movements was primitive compared to the tools that are available to us today, Alfred Yarbus, a pioneer in the scientific study of eye movements, had participants in his experiments wear small mirrors that were attached to their eyeballs by means of small suction cups. (Yes, it was unpleasant. And, yes, Yarbus participated in his own experiments.)5 In some experiments, participants were asked to examine paintings while Yarbus recorded the patterns of their eye movements. When the eye-movement recordings were superimposed on the paintings so that it was possible to see what the participants had been looking at, Yarbus discovered that eye movements were not scattered randomly across the paintings; nor did they seem to carry out any kind of systematic search (such as from top to bottom or from left to right, as one might imagine a machine would do). Instead, the eyes tended to seek out the parts of the picture that were most salient. For example, an inordinate amount of attention was paid to the eyes of the human figures in a painting. Yarbus was able to show that the pattern of eye movements seen during the viewing of a painting depended on the context of the viewing. If he asked people to answer questions about what they were seeing, their eye movements would reflect the strategies that they were using to search for answers. Our eye movements are not driven by what is biggest, brightest, or flashiest in a visual scene. They reflect the purpose of our looking.

		Though Yarbus’s clever experiments stimulated legions of future researchers to use measurements of eye movements as a kind of window into our minds, he was limited by the crude technology of his day. Participants were required to have their heads restrained for periods as long as three minutes while viewing his pictures, and the little stalks that were attached to their eyeballs were uncomfortable and distracting. Today, it is possible to measure eye movements with great accuracy using a much less invasive method. Participants in such experiments can simply wear a pair of glasses that contains miniature cameras to record the movements of their eyes. Using this method, much has been learned about how our eyes capture critical information.

		While we move about, we use a series of quick glimpses, called fixations, interleaved with rapid eye movements called saccades. The average duration of a fixation is about half a second. Though there are slight variations, all saccades take roughly the same length of time, less than one-tenth of a second, regardless of the distance the eye travels during the movement. The greater the distance, the faster the eye moves. (Indeed, saccades are the fastest movement produced by the human body.) This detail is important because it suggests that saccades are programmed before they begin. In other words, before the eye begins to move, it knows where it is going. Generally, movements that have this property, whether they are movements of the eyes or of missiles loaded with nuclear payloads, are called ballistic movements.

		These patterns of saccades and fixations have a definable structure to them, related to the actions that they accompany. Fixations vary in length depending on what they are for (locating an object, assisting in a movement such as grasping, checking something). These extraordinary patterns of fixation and movement are one illustration of the elegant pas de deux between perceiver and perceived. Our senses don’t merely take in the world. In a way, we actually make the world we live in through these kinds of interactions. In the most superficial way, our movements through space may resemble those of bacteria and slime molds, but our progress toward the buffet table is underpinned by an elegant and beautiful perceptual dance that is largely beyond the reach of consciousness. With great concentration, as in the exercise I encouraged you to try earlier, we can become aware of the occasional eye movement or head turn, but we couldn’t possibly have a genuine firsthand experience of the staccato visual sampling that underlies our stable perceptions of the visual world.

		GRASPING SPACE

		Movements such as reaching, grasping, and walking have been the subject of intense scientific scrutiny. One reason for this is that the study of such movements has much to tell us about how perception and movement work together, but another, more significant reason is the tremendous importance of our ability to grasp and manipulate objects. Everyone has heard the old saw that the main reason human beings have come to dominate the planet is our possession of an opposable thumb. Though this is a dubious claim (I would put my money on our massive cerebral cortex rather than on our thumbs), there is no doubt that our ability to coordinate our eyes and our hands to interact with the world with exquisite precision is a major hallmark of what it means to be a human being. A few other animals have impressive abilities to manipulate objects (raccoons, for example), but no other animal comes close to our combination of speed, precision, and flexibility in organizing skilled movements using visual control.

		Though we reach for objects hundreds of times a day without a second thought, the problems that must be solved to complete these movements accurately are formidable. We must transform a viewed target location into a set of muscle contractions. If this seems easy, remember that the exact muscle contractions that are required will depend not just on the location of the image of the target on the retina but also on the position of the eye in the head, the head on the body, the arm on the shoulder, and perhaps even the orientation of the torso (think of bending over and picking up an object from the ground). In order to calculate the appropriate muscle contractions, it is crucial that our brains keep careful track of the relative positions of different parts of our own bodies as well as the appearance of the visual scene in front of us. We can do some of this work by using a specialized set of sensory receptors embedded in our joints and muscles. The outputs of these so-called proprioceptors report to our brain on the position of our body. In addition, whenever our brain sends a command to our muscles to move, a copy of that command is kept at hand in a neural filing cabinet so that we can use it to keep track of the expected consequences of each movement that we make. Our brain tries to save time by predicting the consequences of a movement before it has even taken place.

		When we move our eyes, our hands, and our arms, we need only keep careful track of the relative movements of our body parts—eye relative to head, head relative to body, hand relative to shoulder, and so on. Walking changes everything. With each step, we take flight from the surface of the planet, and when we alight we are in a new location. It is no longer sufficient to measure our own muscular contractions or motor commands to determine our exact position in space. We need an entirely new set of tools.

		Carrying a full glass of beer across a crowded barroom can be tricky business. When standing still, or walking at a smooth, unchanging speed, the beer sits securely in the glass, no tidal waves of liquid threatening the floor or our clothes. But each change of direction or speed can cause the precious liquid to slosh around in the glass. Now imagine an observant and scientifically minded drinker wandering across the floor with glass in hand. She might notice that the way the beer moves in the glass is related in a very orderly way to the movements of the glass. Sudden changes of motion cause predictable reactions in the shape of the surface of the ale. In fact, a careful observer could calculate the path of the glass through space by doing nothing other than measuring and recording such changes (though she might not be the most fun person to drink beer with). To calculate accurately, she would need to note each and every movement of the surface of the fluid. If she was distracted for even a moment, or if her memory failed her, the missing data would cause her to lose track of her position completely.

		Many animals, including human beings, have a specialized set of organs that sense movement in exactly the same manner as our observant beer drinker. These structures, called the vestibular system, consist of a series of interconnected chambers and tubes within the middle ear. These wondrously shaped vestibules, looking a bit like a curvy architectural creation by Frank Gehry, are filled with a viscous fluid. Inside each of these tubes is a small chunk of gelatin, studded with tiny crystals of limestone to give it added weight. As our head accelerates and decelerates through space, the blobs of gelatin wobble around just like the beer in the glass. Tiny hairs embedded in the blobs are bent by each wobble, and these bending movements send signals to our brain.

		The vestibular system works remarkably well for controlling certain types of movement. For example, our ability to maintain fixation on a visual target as we walk around or even leap through the air is largely brought about by a precise dialogue between our vestibular system and our eye muscles. But as a device for keeping track of our movements in larger-scale space, the vestibular system has the same weakness as our beer carrier. Errors creep into the mix, and those errors accumulate over time. Without any help from other sources, the vestibular system will become lost and disoriented. One possible source of help comes from the visual system, which has specialized abilities to keep track of our position as we move through space.

		[image: ]

		Our understanding of how vision contributes to our perception of space and motion advanced when a newly minted researcher, James Gibson, co-opted to the U.S. Air Force during World War II, stood on a runway watching fighter planes landing.6 Without question, landing is the most difficult part of flying—seasoned pilots will tell you that the definition of a successful landing is one that you can walk away from. In wartime, when new pilots needed to be trained quickly and in large numbers, there was a tremendous incentive to understand what made landing an aircraft so difficult. There was also great interest in developing a psychological test that might predict a person’s aptitude for flying. Both of these problems fell to Gibson. Gibson must have been acutely aware of the personal consequences of failure. One of his predecessors had presented potential pilots with brief glimpses of the silhouettes of different types of aircraft and then asked them to identify the shadows. This very difficult task was an abysmal failure in predicting flying aptitude, and its inventor was discharged to the front lines. When John Watson, who later became an important figure in twentieth-century psychology for his theories of learning, was assigned the flying aptitude task, he found a way to pass the job along to a colleague, perhaps saving himself from the embarrassment of failure.

		James Gibson showed more perseverance than his predecessors and eventually came to realize that good pilots kept track of their direction of movement, their altitude, and their velocity by taking advantage of certain regular patterns of visual motion that were produced by a moving observer. Gibson called these patterns optic flow, and he considered them to be at least as important to our sense of our own position as the signals we received from our vestibular system. As we move forward, the images of different parts of the world sweep across our retinas, but the region of space whose image enlarges most slowly indicates our direction of motion and our target. What this means to a pilot is that as his aircraft arcs toward the ground, the part of the planet’s surface that appears to be expanding most slowly, called the focus of expansion, is his point of interception with the ground. One part of being a good pilot is developing an understanding of how such optic flow information can be used.

		The patterns of visual motion that Gibson described guide our movements all the time. While driving a car, for example, we can gauge our direction of motion using the focus of expansion. In a similar vein, as we approach a target, we can calculate when to slow down and stop in order to avoid a collision using simple calculations based on measurements of optic flow. Our ability to avoid being struck by oncoming projectiles, such as knowing when to duck to avoid being conked by a baseball, is also based on these kinds of calculations. There is even some evidence suggesting that human beings, and many other animals, possess specialized neural circuits for detecting and responding very rapidly to these visual motions.

		There is little doubt that Gibson was correct in his surmise that we use optic flow to complete simple orientation movements similar to those that can be observed in animals looking for light, darkness, warmth, or food. All of these patterns of visual motion, both those caused by our own movements and those caused by movements of objects in the world, could theoretically be used to compute our position and so help us to know our place in the world. As we will see later, the calculations that are involved can become enormously complicated, and it isn’t at all clear that we can carry them out very accurately, especially when our movements take us on the complicated paths of travel that characterize our everyday behavior.

		[image: ]

		The simplest kinds of problems in navigation involve nothing more than finding a way to decrease the distance between oneself and a target that can be sensed directly. As we’ve seen, these kinds of problems can be solved using nothing more than some basic sensors, a means of movement, and some biological wiring that joins the two together. For a one-celled animal seeking sustenance in a lakebed, a sowbug on its way to the dark, moist underside of a rock, or even a basic robotic device, things can be just that simple. Though we humans share these basic elements with all other animals, our guidance mechanisms are embedded in a much larger and more complicated system. Our ceaselessly moving eyes perch atop a complicated tower of flesh, flicking from one viewpoint to another in an elegant dance that helps us to put together an overall view of the world. The basic rules that get us from the street corner to the bus stop, or from the kitchen table to the front door, may not differ substantially from those used by bacteria, insects, or other simple beings, yet the detailed differences in how we use our senses to construct a sensory world will assume increasing importance as this story progresses.

		Many of the everyday challenges of space may involve nothing more than finding a way to move toward a target that is clearly visible, but this is hardly what we think of as wayfinding. More challenging and interesting tasks involve seeking out targets that cannot be seen directly. Here we enter a new realm where we find positions by using the relationships among things, rather than the very simple changes in the apparent size, shape, and strength of sensory signals that characterize our use of taxic mechanisms.

	
		CHAPTER 2
LOOKING FOR LANDMARKS

		HOW WE SEARCH FOR THE INVISIBLE
BY USING THE VISIBLE

		
			The philosophy of the school was quite simple— the bright boys specialized in Latin, the not so bright in science and the rest managed with geography or the like.

			AARON KLUG

		

		One of the worst jobs I ever had was poring through old life insurance records to discover the names and birthdates of children of policyholders so that the company I worked for could create a computer program to send out birthday cards to those children. Though the job was staggeringly dull, there was one saving grace. The office I worked in was near the top of a skyscraper on the outskirts of downtown Toronto, and from its south-facing windows, I was able to watch the construction of the CN Tower, until recently the tallest free-standing structure in the world. The highest parts of this tower were built using a magnificent Sikorsky Skycrane helicopter, an undertaking of such significance that the schedule of appearances of the machine was published in some local newspapers and broadcast on the nightly news. I had a front-row seat, free of charge, provided I could master the art of pretending to fill computer coding sheets with names and dates while watching the tower take shape.

		As a young man whiling away his hours at a boring job, I had no sense of the transformative effect the tower would eventually have on the city. The main justification for the structure was that the boom in high-rise construction in downtown Toronto had begun to impede various kinds of radio telecommunications. But the rationale clearly had as much to do with establishing a “world-class” landmark for the city, an identifiable icon of space-age advancement, as it had to do with the pragmatics of transmitting radio waves and microwaves. But as well as serving as a landmark in the more colloquial sense of the word—as a structure whose silhouette has become identifiable as a part of the Toronto skyline as readily as New York City’s Empire State Building or Seattle’s Space Needle—the CN Tower has come to serve as a true landmark in the navigational sense. Wherever you are in the core of the city, or even in the outer fringes, it doesn’t take much of an effort to find the tower and thereby to help fix your own location. (The positional fix is helped along by the fact that the tower is located near the north shore of Lake Ontario, so one is very unlikely to be south of the tower.) The tower can also be used to gauge one’s distance from the downtown core. When I drive into the city, along a highway that skirts the edge of Lake Ontario, the easiest way to judge my progress is to take a fix on the apparent size of the tower.

		Used in this way, the CN Tower is a classic navigational landmark. Though the tower itself is most often not our final destination, we can find our goal by its relationship to

		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		
		HOW WE USE LANDMARKS TO SEARCH FOR WHAT WE’VE LOST

		
		
		
		
		
		
		
		DISTANT LANDMARKS, DIFFERENT RULES
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