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INTRODUCTION

What is counting?

What does it mean, to count?
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A woman collects shells, pierces them, threads them one by one onto a leather strip. Ties the strip, wears it.
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People creep into a sacred space deep beneath the earth bearing torches, water and pigment. At specially chosen places, they mark the walls with hand signs: one finger, two fingers, three fingers …
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A scribe squats on the ground in the greatest city in the world; marks a slab of clay with symbols that, for him and his people, mean two, three, five, goats, grain sacks.
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A sophisticated, literate Athenian citizen spends his day exchanging counters, voting tokens and coins, in an elaborate dance that determines the outcome of trials, gains him food to eat, reaffirms his status in the city and the world.
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A weary Dutch businesswoman pores over a table of symbols in a handwritten ledger, checking, copying and correcting until the text matches up with reality.
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A young Korean girl obsessively checks and rechecks her phone to see how many likes her latest vlog post has accumulated.
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A Tongan woman utters a traditional, special set of counting words as she assembles hundreds of strips of pandanus ready to make a woven mat.
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A Mayan king, deep in trance, presides as a new monument is dedicated in his capital city, adorned with elaborate symbols representing number, time and the gods.
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The story of counting is as wide, deep and tangled as the story of human culture. It is the story of human attempts to find some order in an unruly world; or, perhaps, to impose on a reluctant world the order that humans find within themselves. Very nearly every culture documented in history has counted in one way or another, usually in several. The huge array of different ways people count, and of reasons why they do so, reflect their different preferences and preoccupations, their ways of thinking and being.

Counting underpins a vast range of activities, from census taking and food management, to assessing your popularity or tracking appointments and anniversaries. It leaves traces in the archaeological record across tens of thousands of years, starting long before cities, agriculture or writing. It stands at the root of science and technology, and it has often been suggested that if humans make contact with species on other planets, one of the first things to talk about with them – perhaps even the subject with which to learn to talk in the first place – will be counting.

[image: ]

But what is it?
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‘Counting’ can seem like an unruly grab-bag of almost totally unrelated actions; a label covering a huge set of very different cultural practices. The range of different activities called counting seems too wide for comfort, and at least superficially, it is not clear what they all have in common; or even whether they have anything in common at all.

Almost any definition of counting is problematic, but one of the best is attributed to the seventeenth-century German philosopher Gottfried Leibniz. It says that counting is repeated attention. Counting is what happens when you think ‘this … this … this … this’, and have some way of keeping track.

The means of keeping track might be a set of words or a set of symbols; it might be a set of tally marks or a set of beads on a string. There are several other possibilities. But if you are paying repeated attention to objects or events and you have some way of keeping track of that process, then you are counting.

It is in the different ways of keeping track, in fact, that much of the enormous diversity of human counting takes place.
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Counting is different from measuring, which is concerned with comparing one object with another, although symbols that record the outcome of a count have a very long history of being repurposed to record the outcome of measurements as well. Counting is different from calculation, although it turns out that nearly every method of counting has at one time or another been adapted in order to do at least simple arithmetic: to add together two counts or to take one away from another.

Counting is also different from using number words or number symbols as a handy set of labels. A phone number is not the result of anybody counting anything, and ‘prisoner two-four-six-oh-one’ does not necessarily stand at the end of a line – real or imaginary – of 24,601 people. Although he might.

Counting has a less clear boundary in the direction of machines that count: visitor counters at the doors of shops and museums, for instance. It seems eccentric to insist that those machines are not really ‘counters’, yet they break any claim that counting has to involve conscious, human attention. Perhaps not every boundary can be quite distinct, particularly at a time when counting machines are changing the world so rapidly.

Animals do not spontaneously count. They certainly pay attention to features of their environment one after another, but no wild animal has been spotted devising a way to keep track of that repeated attention. And even the brightest specimens of the most promising species struggle to use counting techniques invented by humans – words, symbols – after the first few numbers. On the other hand, animals do display some of the capabilities that underlie human counting: an ability to estimate the relative size of groups of objects, in particular. In biological terms, counting didn’t come from nowhere, although it does seem to be unique to humans – at least on this planet.
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Counting does not have one single history. There are several different ways to keep track of the things you pay attention to; they have different advantages and disadvantages that become important in different situations. Counting with words, with gestures, with symbols, using machines: each has risen and fallen and risen again at different times and places. There is no way to take the world’s ways of counting and arrange them in a line, from worst to best or from most primitive to most sophisticated.

The story of counting is shaped, instead, like a tree. It has several roots, many branches, and innumerable twigs and leaves. Counting has grown and travelled with the human species, ramifying into very nearly every culture past and present. Sometimes it is possible to follow a single branch for some distance: sometimes a branch turns out to cross, to touch (or nearly touch) other branches. The number symbols that were invented in India, and now dominate the world, are like this. It is possible to follow them from their origin through their long – and ongoing – peregrination across the world, and to watch their interaction with many other traditions of counting along the way.

Elsewhere there are groups of branches – perhaps, better, the twigs within a single branch – with something definite in common. A preference for counting devices in East Asia: rods, the abacus and microchips. A preference for words and gestures in Oceania.

This book is shaped like a tree, too. First, there are two chapters about the roots of counting: the features of human cognition and anatomy, and of the Stone Age environment, that make it possible for humans to count, and that provide the most basic, pervasive and enduring ways to keep track of different objects or events. Humans have innate abilities that are relevant to counting, as well as perhaps an innate habit of spontaneously focusing on quantity. And the earliest available ways of keeping track of a count are counters, fingers, tally marks and words: technologies that will turn up again and again in the different branches of the world’s story of counting.

Then there are six chapters about different branches of counting’s story, organised as a world-wrapping journey that follows the great human spread out of Africa: to the Near East, Europe, South and East Asia, and on into Oceania and finally the Americas. These emphasise what is most characteristic in each part of the world: the invention and use of number symbols in the Fertile Crescent, for instance, or counters and counting boards in Europe. One chapter is about the Indian number symbols, and necessarily spans the world in pursuit of their story. Further east, the book emphasises counting machines in East Asia and counting words in the Pacific. Different choices could have been made; no part of the world has an exclusive preference in its ways of counting.

The stories told in each chapter emphasise the local and the personal: narratives of specific people actually counting, for specific reasons. Some illustrate novelties and turning points, but most are about the way things usually were, the kind of events so common they are seldom written about or remembered. Within each chapter, the illustrations are often arranged by their date, but they are still branches on a tree, not stops on a highway, with ‘later’ often meaning different but seldom meaning better (or worse).

The story of counting has the tree’s property that a closer look always brings more structure into view. That property comes to a head in the Americas. They were the last major landmass to be populated, and their languages and cultures are famously diverse, with dozens of different human groups across millions of square kilometres. Ways of counting in the Americas span the whole range from beads to tallies to words to symbols, with no clear, continentwide preference. So by way of an epilogue, this final chapter presents something more like a tree in its own right, a microcosm of the world’s counting in a 15,000-kilometre journey from the Alaskan Arctic to the Amazon basin.

But first, the roots.




PART 1

Roots




1

Number sense before counting

Can animals count? Do humans inherit from animal ancestors a ‘sense of number’, or even something more? The answer is a complex yes-and-no. Even the most gifted animals cannot learn to wield number words or number symbols beyond the first few, to perform calculations or to work an abacus. Yet many species do display a pair of abilities related to counting.

On the one hand, there is an ability to estimate which is more of two groups of items. The items might be chunks of food, predators, or members of the animal’s own species; they might even be sounds or taps on the head rather than visible objects. The ability to make these kinds of judgements shows some consistent properties – and limitations – across the different species in which it has been found.

Well-designed experiments with humans, suppressing the more sophisticated ways of counting that nearly all have access to, can show that the ability to estimate in this sense is also present in Homo sapiens. You, too, can judge which is the larger flock of birds or the more numerous plate of cookies without actually counting them: and you can still do so when confounding factors like the shape or density of the flock are controlled for. This, surely, is one of the innate abilities that humans build on when they count in Leibniz’s sense of paying repeated attention and keeping track.

On the other hand, most humans also share a sense that for very small numbers – up to about four – recognition is both immediate and exact. If you see three sheep in a field, you just know there are three: it doesn’t feel like an estimation process, but it doesn’t feel like a counting process either. It is more like pattern recognition, working at a glance: but it functions even if the objects are not presented in any special pattern or arrangement.

So it has often been suggested that there is another innate ability that sits alongside estimation and deals specifically with the smallest numbers. Sometimes called subitising, because it happens subito, suddenly, it has long been dogged by controversy, with some experts unconvinced that the evidence proves it exists at all. Experiments resist replication; results can be explained in more than one way. Perhaps subitising is just what estimating looks like when the quantities are small. If it is real, though, it is another ability that underlies human practices of counting the world over, and that can do something to explain why those practices have the characteristics they do.

These two capacities might be called proto-counting. Humans inherit them from the distant evolutionary past, and they lie at the root of what human beings do when they count. Although they are about animals, they are an important part of the human story of counting.

 

 

Estimating and the approximate number system

The Cayo Santiago, Puerto Rico, 1999: a tree-filled island amid the Caribbean waters. A rhesus macaque, foraging for food, spots something unusual. Two humans have approached. Each displays a coloured, opaque bucket; tips it sideways to show it is empty; places it on the ground. The first human places slices of apple in the bucket while the monkey watches; the second does the same. Both humans then turn and walk away. And wait.

After a few moments, the macaque goes to investigate. The humans watch, observe, record. The macaque can’t see the contents of the buckets from any distance. But still it approaches, for preference, the bucket into which it has seen more pieces of fruit being placed.

Experiments like this one have been repeated with many species, and with similar results. It is not just monkeys that show a sense of number. Mealworm beetles can distinguish between different numbers of potential mates; cuttlefish can tell one prey item from two, two from three, and so on up to at least five. Certain spider species show a preference for settling with just one of their kind, rather than with none or with two or three. From frogs that count the pulses in their croaks to guppies that choose the larger shoal to swim with, and from parrots that select the greater number of food items to African elephants that can learn to choose between stimuli consisting of up to ten elements, something like counting seems to be everywhere in the animal world, present in nearly every species that has been tested for it. Cuttlefish, salamanders, barn owls, domestic chickens, New Zealand robins, pigeons, rats, bears, lions, hyenas, dogs, wolves, a dozen different primates … Forest, ocean and savannah seem to be teeming with numbers.

Something like counting can exist, then, without language, and without much – for some species, without any – training. Without a large brain; without a vertebrate nervous system.

Something like counting, but not really counting itself. The right word might be estimating; the technical term often used to describe animals’ judgement of numbers is the approximate number system. What it does not provide is precision. It shows – and this is the same in every species tested – a characteristic pattern of errors, with discrimination becoming less accurate as the quantities get bigger. Rhesus monkeys can tell one from two, two from three, three from four, four from five … but start to fail from five upwards. Rats that learned to press a lever a given number of times, from four up to twenty-four, became markedly less and less precise in their responses as the number increased: by the top end of the range they would merely produce a spread of numbers around the target. It is a common observation that when testing the accuracy of animals’ number sense, the size of the numbers matters.

In the same way, for the purpose of telling one number from another, the distance between them also matters: responses are always faster and more accurate if the difference is larger. Two and four are easier to tell apart than two and three.

Putting these two effects together, the best description of the approximate number system is that it is governed by a ratio. Most species seem to have a ratio above which they can reliably tell one number from another, while below it they become rapidly less accurate. For fish, the ratio is about two to one: so, for example, they can tell fifty objects from twenty-five, or two hundred from one hundred. Dogs and crows can do rather better and are accurate down to ratios of about three to two; some birds do better still with a limiting ratio of four to three. For rhesus monkeys, the ratio is perhaps six to five: they can tell, for instance, twelve items from ten or twenty-four from twenty. Estimates vary, and much depends on the type of task being carried out and, of course, the amount of training the animals have received. And different individuals are better or worse at it than others. An experiment with zebrafish found that of eight fish tested, some could only tell three from two, but others learned to tell four from three or even five from four.

One way to think of this is that if animals have anything like a mental ‘number line’, it does not have the numbers evenly spaced. Instead, the smaller numbers are widely separated, but the larger ones are more and more crowded together and hard to distinguish. No species on Earth can tell one hundred items from one hundred and one.

[image: ]

It is natural to wonder whether results like these are real. There have, after all, been some notorious hoaxes in the field of ‘clever animals’: in the world of animal numeracy it is best not to mention Clever Hans, the German wonder horse who amazed the world in the 1890s with his accurate responses to arithmetical questions. Last of a long line of calculating horses (there is an illustration from 1594 of a ‘bay horse in a trance’ doing arithmetic, possibly the same animal referred to as the ‘dancing horse’ in Shakespeare’s Love’s Labour’s Lost), Hans naturally turned out to be responding to prompts from his trainer and questioner, who would move his head or his back when the right answer was in view. Hans and his like cast a long shadow over serious studies of number abilities in animals.

But recent experimental work is of quite a different kind, and it does seem that the animals really do recognise different numbers of objects as is claimed. It is easy enough to run experiments ‘blind’, with the experimenters unable to see the stimuli or barred from communicating with the animals. It is harder, but still in most cases possible, to make sure the animals are not responding to non-numerical cues, such as the total amount of foodstuff rather than the actual number of items (hence the business with opaque buckets for the macaques’ fruit slices). Indeed, some animal species do fail when such controls are put in place: cats, for instance, in one study turned out to be relying on the visual cue of total surface area when choosing between two quantities of food, not on the number of separate food items. (The same was true for lizards, a group not noted for its number sense.) Salamanders seemed to be assessing the amount of movement they could see, not the number of fruit flies presented to them.

Despite such failures, for the majority of species tested the results stand: even when density, shape, area and arrangement are controlled or randomised, animals continue to be capable of selecting the larger number of items. Indeed, some will do so spontaneously, even when the task does not require it. There is evidence of spontaneous assessment of number in chicks, in dogs, and perhaps in a few other species as well. There are circumstances in which number is positively preferred over other parameters when animals make a choice. Chicks, for instance, if spatial and numerical cues conflict, will follow the numerical information. So will monkeys, preferring number to colour, surface area or shape as the basis for a choice.

Finally, the assessment of number by animals is not only a visual experience. Monkeys can be trained to compare a sequence of sounds to a set of visual items and correctly choose the visual array that matches the number of sounds. They are just as accurate at this as when they match visual with visual stimuli. So – approximate and fuzzy though it is – number seems to be not simply widespread and spontaneous in the animal world, but strikingly abstract too. It has been argued that number is one of the primary features of the world as many animals experience it, guiding decisions and forming part of the information an animal’s brain encodes about a situation automatically, ‘just in case’.

[image: ]

Why do animals have an approximate number sense? Traits evolve because they confer an advantage; because individuals that have them are more likely to survive, to thrive, and ultimately to reproduce. It is fairly easy to imagine situations in which natural selection would favour individuals who behave in line with judgements of number: those who join the larger rather than the smaller group of their own species, becoming safer from predators as a result. Those who flee from the predators only if they are numerous enough to pose a real threat. Those who choose the larger pile of nuts to forage in. Those who flock with the larger group of potential mates. Getting any of those judgements right will – for certain species – confer selective advantage in the long run. Many of these behaviours have been observed in the wild: in untrained animals, and in completely natural settings.

In the more aggressive world of carnivore societies, lions, hyenas and wolves are all thought to assess how many members of their own species they hear calling, and decide whether to respond or not depending on whether they have a numerical advantage over the rival group. A classic experiment demonstrated this by playing recordings of intruders to female lions and tracking their decisions whether to respond. Chimpanzees, too, have been observed to attack a neighbouring band only if the numbers are on their side. This ability to assess numerical odds correctly – defenders versus intruders – may be crucial for a group’s success, and it is perfectly plausible that it is selected for in the long run.

In all of these situations, interestingly, it makes sense to be more accurate about small numbers than large ones. The difference between one and two apples matters more than that between twenty and twenty-one. Being outnumbered two to three matters more than by eleven to ten. The difference between a shoal of five and one of three is important; that between shoals of fifteen and sixteen is negligible. Natural selection is a plausible explanation not just for the presence of the approximate number system in many species, but for the fact that it is approximate rather than exact.

 

 

Estimation and humans

The University of Tübingen, Germany, 2008; a laboratory. Electric light on wood and plastic. A human being – let’s call her Miriam – is being tested. She sits in a chair and looks at a computer display. It shows her a pattern of dots, then another, flashing each one up too fast to count. Do the patterns contain the same number of dots, or not?

Miriam completes dozens of repetitions of the task, and much of the time her answers are correct. She is more likely to be wrong when the number of dots is larger, or if the difference between the two sets of dots is small. Her ability to estimate numbers, in other words, turns out to be just like that of any other primate.

The approximate number system also exists in humans, although its operation is sometimes harder to see, overlain as it often is by a deeply learned impulse to count precisely using words, symbols, or some other device. If explicit counting is made impossible, though, estimation comes into its own. If you glance at a flock of twenty birds and a flock of thirty, you are likely to know that one is bigger than the other, even if there is no time to count them or even form an estimate of the actual number. In the lab, counting can be suppressed by keeping the stimuli brief, or by giving subjects tasks that interfere with verbal counting, such as asking them to read aloud at the same time.

[image: ]

Estimation. You know which flock has more birds without counting them.

kristof lauwers / Alamy Stock Photo.


Under those conditions, the same features show up as in animals. Humans have a sense of how many, and it is an approximate sense: it deals in estimates, and those estimates become less accurate as the numbers become larger or the ratios between them become smaller. Everyone can tell two objects from three, or twenty from thirty. No one can tell a hundred objects from a hundred and one without explicitly counting them. Compared with other species, though, humans perform rather well. While even the best monkeys’ limit of discrimination is a ratio of around six to five, adult humans have been observed managing ratios as small as eight to seven or even ten to nine.

As in animals, the human ability to estimate number is robust when experimenters control for confounding factors like the size or the density of the stimulus. It exists across cultures, and it works not only on the numbers of objects seen but on the numbers of sounds heard or physical taps felt.

An advantage for experimenters working with humans is that they can be asked more complicated questions and set more complex tasks than are feasible with animals. Thus in some ways the human approximate number system is better described than that in animals, with a dense tangle of different – occasionally contradictory – experiments and results. Estimation has an upper limit, for instance, beyond which a set of visible objects is perceived as having not a number but a texture. It shows, intriguingly, an effect called adaptation, shared with other types of sensory stimulus. If you put your hand in warm water, other objects will feel colder than they really are for the next few minutes. In the same way, if you look at a collection of a hundred dots, even for less than a second, then other, smaller collections of dots will look less numerous than they really are for the next few minutes. You will underestimate their number by up to a factor of two. The same effect occurs in reverse: if you put your hand in cold water, things will feel warmer than they are for the next few minutes; and if you look at a group of ten dots, other, larger collections will appear more numerous than they really are, until the effect wears off. The midpoint, the set of dots that is apparently ‘normal’ enough that it doesn’t affect the perception of subsequent sets one way or the other, is around fifty. Rather wonderfully, this effect, too, is not limited to the visual mode of perception. In one experiment, subjects were asked to tap their fingers either quickly or slowly, and then to judge the number in a sequence of flashes or an array of dots. Slow tapping caused them to overestimate, quick tapping to underestimate.

The sense of number is already present a few hours after birth, albeit in only quite a fuzzy form, distinguishing, for instance, three items from one. But by four days old, babies can distinguish three-syllable words from two-syllable ones. The ratio of discrimination continues to narrow throughout childhood. And like animals, humans seem to form judgements about number spontaneously, even if they are not needed, and even if they actually interfere with the task at hand. People can’t help processing the world in terms of how many, any more than they can help processing it in terms of colour and shape. Despite there being no obvious sense organ devoted to number, it is just as much one of the senses as vision, hearing and smell. Different people have it to a different degree, and those differences are at least in part genetically determined; one study with twins found around 30 per cent of variance in the approximate number sense was inherited.

[image: ]

Such a distinct, well-defined ability should surely have a dedicated part of the brain to perform it, although the fact that it is found in such a wide range of animal species raises questions about whether they can possibly all use comparable brain regions for the purpose. The classic technique of functional magnetic resonance imaging – which can show in real time which areas of the brain are being activated – has progressively narrowed the region in which approximate number processing takes place: to the neocortex (the outer layer of the brain); to the parietal lobes (upper back areas of the neocortex); to the interparietal sulci (grooves running along the side); and finally to the horizontal segments of the interparietal sulci. Reliably, in people from different cultures, adults as well as children, this is the specific brain region that first activates when numerical information is being extracted from the world, even before it is converted into words or arithmetic is done with the numbers: tasks which use different distinct parts of the brain, and which are indeed culturally dependent, depending on whether you do arithmetic using – or imagining – spoken words, written symbols, or an abacus, for instance. Numbers presented in any format – including as spoken words or as written number symbols – activate this same part of the brain.

There are similar results for animals, with monkeys also using a region of the interparietal sulcus, and crows a specific part of their very differently organised brains. It was long predicted, based on simulations, that there would be individual brain cells or clusters of cells specialised for the detection of different numbers. In 2002, a team successfully located individual cells in the brains of macaques whose firing was associated with the number of elements in a visual display. Certain cells were indeed associated with certain numbers. Present the monkey with two objects, and one set of brain cells would fire. Present it with three, and a different set fired. Even completely untrained animals turned out to have such ‘number neurons’. In 2015, similar cells were found in the brains of crows, increasing their activity in response to numerical stimuli, and responding preferentially to particular numbers.

The number neurons turn out to do just what would be expected if they are responsible for the approximate number sense. They respond only to numerical information, not to other features such as whether the number is presented visually or as sound or rhythm. And they work approximately. Each one is tuned to respond to a particular number – say four – but also responds more weakly to neighbouring numbers on either side – say three, five and six. The precision of the tuning decreases as the numbers get larger: smaller numbers have more precisely tuned neurons, larger ones more fuzzily tuned ones, creating the possibility for making mistakes, and accounting for the observed limits on animals’ abilities to discriminate between a number and its neighbours. 

It is an exciting set of results, and it confirms what had been suspected from neural network simulations: that you do not need a large brain or a large set of dedicated brain cells to detect numbers in your environment. Computer simulations involving as few as twenty-five dedicated cells have been shown to do it successfully, and with a few hundred cells some of the more complex features of extracting number from a visual display can be replicated. Simulations also hint that forming representations of numbers is something a network of a few hundred brain cells may start to do spontaneously, given the right combination of input and reinforcement: in other words, it is an easy capacity to acquire, a potential that even the simplest brains might have.

[image: ]

So it looks very much as though humans inherit from their animal ancestors an ability to detect, and encode approximately, numerical information from the environment, from a range of different types of stimulus. But it is not yet clear just how ancient the ability is.

The fact that humans and macaques use the same part of their brains for the approximate number sense suggests very strongly that the ability was present in the common ancestor of primates, about twenty-five million years ago, and was passed down to humans through the line of pre-human hominids. The data for other mammals are too incomplete to make any similar claim about their common ancestor. But the fact that the approximate number sense turns up with a relatively high degree of precision – comparable to that of monkeys – in some birds, is intriguing. The last common ancestor of birds and mammals – a reptile-like animal – lived about 320 million years ago. The brains of the two lineages have evolved separately ever since, though to some degree in parallel: the bird brain is of quite a different design from a mammal’s, having evolved for low weight (they have nearly twice as many neurons as a primate brain of the same mass), despite providing many similar functions in response to similar pressures from the environment. It is conceivable that that common ancestor could already detect and distinguish quantities, but perhaps rather more plausible that the approximate number sense has evolved independently in the two lineages. This suggestion is strengthened by the limited data for reptiles, which usually seem to have more restricted numerical abilities; it indicates, perhaps, that birds acquired their numerical skills after they split from the dinosaurs around 150 million years ago.

And it is the same story with the fish – and still more so the invertebrates – that have shown numerical abilities. Although it has been suggested that numerical abilities go right back to a common ancestor half a billion years ago, it is more often postulated that the different groups have evolved their numerical estimation abilities independently: testament as much as anything to the strength and constant presence of the environmental pressures that make it useful to have an approximate sense of number.

 

 

At a glance: Subitising

A curious pendant to the approximate number sense is the way people can recognise small numbers at a glance. Some experiments seem to show this as a separate ability from estimation; collections of one, two, three and four items appear to be distinguished immediately, without the effects of size and ratio that characterise the approximate number sense. Babies just a few hours or days old, for instance, have been observed to tell apart collections of two and three objects but not collections of four and six. At a few weeks, they can tell apart sets of one, two, three or four items, all equally fast and equally accurately. But their performance drops sharply if the number of objects becomes larger. For adults, the limit of this ability – ‘subitising’ – seems consistently to be four, with the difference between three and four recognised just as reliably as that between one and four, and the ratio effects characteristic of the approximate number sense appearing only when the numbers are larger than this.

Like the approximate number sense, subitising is cross-modal: heard or even felt stimuli can be shown to be distinguished in a similar way. (Many readers will have experienced the difference between counting musical beats and ‘feeling’ them, which surely has something to do with the limits of subitising in the rhythmic domain.)

[image: ]

Subitising. You know there are three sheep without thinking ‘one … two … three’.

imageBROKER.com GmbH & Co. KG / Alamy Stock Photo.

But, in another difference compared with the approximate number system, subitising seems to stop working when your attention is distracted. While judgements of approximate number are formed ‘in the background’ of other tasks, subitising requires you to focus on the objects in order to know how many of them there are.

Subitising, in fact, seems to be very much about tracking and paying attention to the individual objects. Many researchers have suggested it works something like a set of slots or pigeonholes in your working memory: you can fill them one at a time, but when all the slots are full, you lose track and fall back on estimation. For that reason, this particular ability is sometimes called the ‘object file system’.

Within its range it can even provide for some basic arithmetic. In a classic quip, two tigers go into a cave and one comes out. Is the cave safe? If you are keeping track of the tigers as individuals, you know that there is still one in the cave, even if you have never learned such a thing as two minus one equals one.
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It is fair to emphasise again that subitising is controversial, and little about it is really settled. One intriguing question is whether subitising actually replaces estimation for small numbers, or whether instead both systems work alongside one another for object collections numbering from one to four. The object file system can be turned off by distracting the attention, and in that case most studies show that estimates of numerosity are still successfully formed, and that the ratio and size effects characteristic of the approximate number system can be discerned again. Does that mean that approximation is the more fundamental system, overlain in some situations by an ability to track up to four objects precisely? Or, instead, does the approximate number system normally cease to function when the object file system is engaged? The answer is not yet clear.

Another question is whether subitising is possessed by any animal species. It would be surprising if such an ability existed in humans only, but the evidence for it in animals is patchy and in some cases problematic. Some would argue that for certain species the data are best explained by a subitising-like process. Bees, for instance, have been reported to distinguish successfully between sets of up to three objects, while dropping abruptly to the level of random guessing when the sets are any larger. That is the signature of an object file system, not an approximate number system. The same is true for salamanders, while the abilities of certain fish species look more like the two systems of humans: high accuracy for collections of up to three objects, succeeded by an increasingly fuzzy ability to approximate for larger numbers. The evidence for birds and mammals points in various directions. Subitising has been reported for robins, chicks, pigeons and parrots, for dogs, monkeys and chimpanzees, and some scientists certainly regard it as widespread in the vertebrate family tree, and therefore presumably of some evolutionary age. But retesting has not always succeeded in replicating these effects, and much uncertainty remains.

Recent reviews of the evidence emphasise that nearly all animal species tested show signs of an approximate number sense, whereas the evidence for a second system remains limited and inconsistent. Some would say that approximation, which is at its quickest and most accurate for small numbers, can account for all the observations yet published. Others would add that it is not straightforward to think of factors in the environment that would create selection pressure specifically for a subitising-style recognition of small numbers instead of – or as well as – an approximate system. One researcher speaks of an ‘impasse in the literature’ on these questions.
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So, can animals count? Yes and no: but mostly no. Animals do not count in the sense in which (most) human beings do. Despite its capabilities, and despite its great age, the approximate number system is not a counting system. There are no exact numbers here: just approximations that become rapidly more fuzzy. This is a system in which one and two are distinct, but three and four less so; and in which one hundred and one hundred and one are for all purposes identical. Unlike counting, when every step from a number to the next is the same size, the approximate number sense is a system in which the relationship between two and three is very different from that between, say, fifteen and sixteen.

Similarly, subitisation – if it is real – seems to have more in common with pattern recognition than with counting: it is a form of perception in which a group of two objects and a group of three are sharply distinct, but which has nothing whatever to say about the difference between groups of four objects and five. If it is right to think of it as an object file system – a set of mental slots to be filled – then it really contains no explicit representations of how many, and the fact that you can get a number from it is a mere side effect.

These innate abilities are roots (seeds, even?) of real use for constructing counting practices, but they are not the same as counting. They constrain what counting can be like; they constrain which species can acquire it. But there remains a real gap between these abilities and counting. Humans are not born able to count, then; they have to learn to do it. Cultures have to invent ways of counting and transmit them from one generation to another, with the real possibility that ways of counting may change out of recognition over time, or die out or be replaced.




2

Counting before writing: Africa and beyond

If inherited abilities are one root of human counting, another is those things in the environment that have sometimes been called the ‘wild number lines’. Things like pebbles that you can use as counters, butchery marks that you can repurpose as tallies, or the set of fingers and toes that (nearly) all humans have. Each can be used to keep track of a sequence and thereby make counting possible. Each can serve the functions of a set of numbers, recording and communicating the outcome of a count. And so, of course, can words, once humans have started to use them.

Each of these four wild number lines is grounded in Africa, like the human species itself. For counters and for tally marks, African archaeology provides some of the earliest evidence, and therefore a tantalising glimpse of these roots of counting in the Stone Age. For counting on the fingers, the best early evidence that survives is from north of the Mediterranean. For words, there is no really direct evidence at all, although much can be deduced from counting words in living languages. But the story starts with beads.

 

 

Blombos: Counting with beads

Blombos Cave in South Africa, 75,000 years ago. A woman takes a shell, collected from the coast. Much the same size and colour as a large human tooth, it was once the home of a small sea snail. Now it will be a bead.

She pierces the lip of the shell with a bone point, lays the shell aside and takes up another. When she has enough, she threads them on a strip of hide or plant fibre; ties it. A necklace.

The human and chimpanzee lineages split around seven million years ago. Over a dozen early hominid species are now recognised, and the shape of the family tree changes as new fossil material is uncovered. About eight species, at different times, made up the genus Homo, which evolved in Africa over two or three million years. These species committed to living on the ground and grew a proportionately enormous brain compared with their ancestors. Brains do not fossilise, but there is some evidence from the shape of fossil skulls that the parts that grew the most included the interparietal sulcus, used for the approximate number system, among many other functions. More visible in the archaeological record are changes in behaviour: butchery marks appeared on bone as early as 3.2 million years ago, and stones modified for cutting first appeared in the Kenyan and Ethiopian Rift Valley 2.6 million years ago. Fire was used, perhaps, as early as 1.5 million years ago.
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Beads from Blombos.

Heritage Image Partnership Ltd / Alamy Stock Photo.

The period called the Middle Stone Age began perhaps a quarter of a million years ago in Africa. It was distinguished by a new, more sophisticated suite of stone tools: flakes and blades, cores and points. This was a more variable set of tools than its predecessors, but still it lasted for many tens of thousands of years without a great deal of change. The archaeological record is coarse-grained, though, and the scales of time and distance involved are enormous. There were anatomically modern humans – Homo sapiens – in Africa by 200,000 years before the present, perhaps by 300,000 years; by 100,000 years ago, the species could be found from South Africa to the Levant. Lifestyles were based on hunting and gathering. Shelter was in caves, many of which are still visible.

Blombos Cave is located in the southern Cape, South Africa; it is about 300 kilometres east of Cape Town. Today, the Indian Ocean is just 100 metres away. The cave site was occupied in three or four phases, starting upwards of 100,000 years ago and ending perhaps 70,000 years ago; the occupations may have been relatively short in relation to the millennia that separate them. Beach sand seals the last Stone Age layer.

Those who last lived here made a range of artefacts including stone points and bone tools. They made much use of marine resources such as seals, dolphins, fish and shellfish, although the sea level was lower in their time and the coast certainly further away: at times, dozens of kilometres. The climate was relatively warm and moist during the final period of occupation seventy-odd millennia ago; the landscape a patchwork of open areas, shrubs, trees, waterways and woodland, constantly changing under pressure from plants, animals and slowly shifting rainfall patterns. The people also moved around, to forage, to hunt and to sleep.

The cave at Blombos is not a large one, and no more than perhaps thirty people would have stayed there at any one time. But its excavation since 1991 has revealed a much-studied set of artefacts in addition to what is usual for its time and place. There are thousands of pieces of ochre, including some bearing unmistakable signs of engraving: this at a very early date for abstract representations anywhere. And there are beads.
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The Blombos beads are, so far, the oldest Stone Age beads to be dated really securely; indeed, they are the oldest securely dated personal ornaments of any kind. They date from the last occupation level at Blombos Cave, that is roughly seventy-two to seventy-five millennia before the present. The beads are made of tick shells: the species is called Nassarius kraussianus and lives only in estuaries. This was an exotic material and an expensive one in terms of time and effort; the shells would have had to be transported from rivers twenty kilometres or more from the cave.

Sixty-eight tick shells have been found at Blombos. Nearly nine in ten have a hole near their lip, made by inserting a bone tool through the main opening and then pressing. This was the action that transformed them into beads. Once pierced, the beads were threaded onto cord or gut; traces of wear on the edges of the holes, and on the outer sides of the shells, show where they rubbed against both the cord and each other. There could be as few as two beads on a necklace, or as many as two dozen; up to about twelve was average. They were strung in symmetrical pairs, one facing left, one facing right. The marks are deep: the strings of shells were worn for months or years.

Shell beads have also been found at a range of other archaeological sites, with some possible dates – less certain than at Blombos – as old as 115 millennia. Most of the sites are in south or east Africa, some in Morocco and one or two in Israel. A common pattern is that the shells were from species exotic to the locations where they were found; they were brought in from some distance away. Particular species and sometimes particular sizes were selected. Sometimes natural holes from wave or beach action were used for stringing; other beads, like those at Blombos, were deliberately pierced. The tradition of shell beads lasted many thousands of years and ranged over five or six thousand kilometres; at one time it may have been common, beadwork one of the everyday items of human life.

In archaeological terms, beads are one of the first visible examples of symbolic behaviour, something like evidence for culture rather than mere survival. Are beads also evidence of the first steps towards human counting?

Here the mystery deepens. The beads are from millennia before writing; if they had a meaning, their archaeological context cannot show what it was. Beads were surely first made as personal decorations, with a purely aesthetic significance. But they are probably also some of the first surviving objects that were meant to communicate information – information about their wearers and their communities – making them some of the first evidence for humans’ manufacture and use of symbols.

Beads also have a suggestive set of properties that have led more than one scholar to describe them as a wild number line – capable, in the absence of number words or gestures or even number concepts, of existing and doing some of the things that counting sequences do. If you see a modern pre-schooler playing with beads on a string, you assume she’s learning important things about sequence, order, and eventually number. About adding-one-more, or creating a new sequence by joining two shorter ones together. About subtracting from a sequence to get a shorter one, or even dividing a sequence into equal portions.

If Stone Age Africans had similar devices in their hands, surely they learned similar things. With beads, you can play, manipulate and contemplate processes like sequencing, adding and subtracting as physical actions – perhaps for years, perhaps for generations – before eventually learning to associate a numerical meaning with them. Not only that, but compared with fingers or the small collections of objects that can be subitised, strings of beads can embody quite large numbers: up to twenty-four, in the case of the artefacts recovered at Blombos.

You don’t necessarily even have to have a set of counting words in order to use the beads for counting: in order to correlate them one-to-one with other objects in the world, or with actions or events. There are, to this day, many situations in many cultures in which a ritual action is done once for every bead on a string: prayers or prostrations, for instance. No counting words need be uttered and no number concepts need be held in the mind; you simply hold one bead and perform the action, then you hold the next bead and perform the action again. When the beads run out you stop performing the action. You don’t have to use or even know any number words in order to use a set of beads like this; indeed, it is not clear that your culture has to feature any other way of counting in order for a string of beads to work for this purpose.

In other words, it is possible to imagine a world in which the beads on strings are the main, the best, and even the only available way of counting. The beads at Blombos and other locations may have existed and been manipulated for many generations without anyone using them to count. But they may, eventually, have been used to keep track of things or objects – to count – even if the culture of which they were part contained no other way of counting. It is not certain that such a world ever existed, but the possibility is a most intriguing one. 

 

 

Lake Rutanzige to Laussel: Counting with tallies

Perhaps 20,000, or even 25,000 years before the present. A woman poses, holding up the horn of a bison. The mother of
































Cosquer: Counting by hand
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