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			INTRODUCTION

			
			‘What we want is a machine that can learn from experience.’1

			mathematician and pioneering computer scientist alan turing, 1947

			

			We are at the start of a revolution that is already beginning to shake our world: an artificial intelligence revolution. AI is the most powerful tool that humans have yet created, and we are just beginning to learn how potent it could become. It has the power to increase our own incredible human intelligence, helping us to solve complex problems that were previously impossible. But AI also brings with it many new challenges – profound changes lie ahead. Over the course of my life, during a career spent working at the forefront of technology, I have been directly involved in developing the underlying technology that makes AI work, and I have an understanding of how this story will play out. I want to help you learn how AI thinks.

			It all started when I was around eight years old and my father brought home part of an old computer, thinking that I might find it interesting. As a talented electronics engineer who had worked on developing some of the early computers during the 1950s, he was able to show me how the buttons on this old switchboard were used to program these early machines. I was fascinated to learn that computers can’t directly understand letters or words. Deep inside their electronic circuits they communicate using numbers, but the numbers that they use are strange. They don’t use the decimal system we are all familiar with; instead they use a peculiar type called binary’. I started to realize that computers are very different from humans. How computers work, and whether it might ever become possible to build one that could be called intelligent, has fascinated me ever since. We tend to think of computers as complex calculators doing exactly what they are told, step by step in a program, but now these powerful machines are learning from information.

			As you sit down to read this book you are being bombarded by a huge amount of information coming at you from every direction. You will be wondering whether the chair you picked is comfortable and deciding if the cup of tea you just made has a bit too much milk in it. You are perhaps being distracted by the view out of your window or by the background noise that’s trying to grab your attention. Your brain is probably still buzzing from the conversation that you just finished, and you may also be trying to remember that event coming up next week. Most likely there will also be that nagging feeling that you have forgotten to do something and that you shouldn’t just be sitting here reading a book. Your brain will be trying to filter all these different pieces of information to work out whether any of it is useful, whether any pieces are connected, if something needs to be remembered, and what to ignore – while at the same time trying to focus your attention on reading this text.

			Over the course of a day your body burns around 2,000 kilocalories, averaging about 100 watts of power every hour. This is about the same amount as is needed to light an old-fashioned filament light bulb or ten new LED versions. When riding an exercise bike, you might peak at 200 or even 250 watts, unless of course you are a professional cyclist like three-time Tour de France winner Chris Froome, who regularly exceeds 400 watts sustained over a 30-minute period.2 When asleep, your power consumption will drop to around 25 watts and right now, while sitting reading this book, you are at around 50 watts, with roughly half being consumed by your brain. This means that you will need to eat around 500 kilocalories – roughly equal to two chocolate bars or five apples – to make it to the last page. You are about to turn food into knowledge.

			As I communicate with you through the pages of this book, I hope to share some useful information. As I will try to show, the communication of information can increase our knowledge, which in turn provides us with more intelligence. Communication is critical for building intelligence, but the information that can help us may come along at any time. Often, we will need to store it away so that we can use it later. We may also need to generalize this information so that we can apply it to different situations. It turns out that memory is just a time-shifted form of communication that can provide useful information later, when we need it most. You heard something that sounded interesting six months ago, stored it away, and finally the moment arrives when it’s useful to tell someone else. Communication, information, and the knowledge that results, all help us build intelligence. Humans first used this intelligence to find food and now we use it to improve our lives in a host of other ways.

			AI, too, relies on the communication of information, something that was made much easier by the opening-up of the internet. AI requires some of the most advanced and specialized computers, which have been provided for us through incredible advances in semiconductor chips.fn1 It also needs humans, to develop new methods that allow these powerful computers to learn from this digital information. The result is an intelligent machine that can recognize objects, create images that never existed before and even hold a conversation with you.

			Our ever-growing store of human knowledge has given us the intelligence to build the advanced tools and machines that we use every day to make our lives easier. Humans are good at building machines – the engines that we build increase our human strength, allowing us to work harder, go faster and even fly. But now, with these new AI methods, we are building machines that can learn from information to capture more knowledge that will in turn help us increase our own level of intelligence.

			Artificial intelligence is the most powerful tool that we have ever created. The ability to amplify human intelligence will let us solve problems that we previously found impossible. But it is only in the last few years that truly powerful AI has finally started to emerge. AI is a completely new approach to computing. Over the coming years, these new intelligent machines will transform our lives – indeed, the transformation has already begun.

			As AI has emerged, this amazing technology has also become the subject of many dinner-party conversations and public debates. Some supposed experts are stepping forward to express strong opinions about the challenges and disruptions that this new intelligent force may bring. But artificial intelligence is complex and so, like other powerful tools that have come before, our lack of understanding can easily lead us to think that AI might present a threat to humanity. When confronted by a new technology, we are prone to throw up our hands and say we just don’t understand. We need to learn more, not just about the risks but about the benefits that this important new technology can deliver, because it will end up changing our lives and, perhaps more importantly, the lives of the next generation.

			Following my early encounter with a computer, as a teenager I went on to build my own machine using an early microprocessor and became fascinated by how it worked. Forty years later I started building a business that developed a new type of microprocessor that accelerates artificial intelligence computation. Over the course of my career, I have been fortunate enough to work at the cutting edge of semiconductors, computing, communications and AI. I have had access to the boardrooms of the largest semiconductor companies, toured the leading silicon-chip fabrication plants on the island of Taiwan and in Korea, worked with companies on optical communications systems that send the internet around the world, and on smartphone technology that puts the internet in our pocket. I have visited supercomputer labs in the UK and USA, and together with my company co-founder and friend Simon Knowles, I have met many of the people who are driving AI forward. This includes such leading figures as Demis Hassabis, the founder of the AI research company DeepMind; leading academics such as Geoffrey Hinton and Yann LeCun, both Turing Award winners for their breakthrough work in AI; Stanford University computer science professor and former head of the Google Brain project Andrew Ng; plus Professor Jürgen Schmidhuber, who has been one of the leading innovators in AI over the last three decades. During these conversations and in many others, innovators have provided me with an espresso shot of their subject-matter expertise, but to try to build an even broader understanding, my search for knowledge has led me to look in detail at neuroscience and biological systems, both of which inspire AI systems.

			Lots of people ask me about artificial intelligence, including friends, family, doctors, lawyers, business leaders, civil servants, politicians, our UK prime minister and even members of the British royal family. Many have said that they don’t understand AI, that it scares them. The idea that a machine can make decisions, and can reason in a way that we thought was unique to humans, makes them worry about what AI may become capable of in the future. Our lack of understanding leads us to fear the machine.

			I have written this book to try to address these concerns. I want to arm you with knowledge so that you can benefit from the enormous opportunities that AI will deliver. To do this I will try to show how AI thinks and describe the technologies that have made it possible. We will explore how AI can help us, as well as considering the controls that we will need to put in place. I will also try to explain how machine intelligence differs from our own very special human intelligence.

			This fear of the machine is understandable. During the first test-screenings of the animated movie Shrek, many children became very anxious about the early renderings of the film’s heroine, Princess Fiona – she was too lifelike, and children cried when she came on screen. This phenomenon in animation and robotics was first identified by Masahiro Mori, a robotics professor from Japan, in a paradox that he called the ‘uncanny valley’.3 Mori showed that as robots or animated characters are made to look a bit like humans, people will initially respond positively and think they are cute. However, as the robot or animation starts to look more lifelike, this previously positive feeling can very quickly turn to unease, with the character becoming creepy. We are confronted not with an ogre that shows humanity, but a human mutated into an ogre. This effect is also played on by the directors of horror movies, where very human characteristics are given to non-human characters such as dolls – for example, in the films Dead Silence, Annabelle, or The Boy. Many dystopian movie plots also play on this human worry and feature a sentient AI that is trying to take charge. This uneasy connection between humans and human-like machines is perhaps what lies at the root of our fear of AI. If we could learn more, then hopefully we will come to understand that, like any machine, AI is just a tool that is following a method imprinted by humans, has limitations in what it can do and is under our control.

			Another more subtle point relates to data and how we learn. Data on its own doesn’t help us. Without context, data is meaningless. A picture on our smartphone is just a set of dots until we can learn that these dots are showing a picture of a cat. Most of us would probably already know what a cat looks like;  we have this knowledge hidden away in the neurons of our brain – but how did this knowledge get there? At some point in our very early life, perhaps when we were first introduced to one, we were told, ‘This is a cat.’ This description provided us with the context that we needed to identify this unfamiliar creature. Context turns data into information. After seeing a few more cats we were able to generalize these different pieces of information and make associations that helped us build a deeper understanding of cats. Through a process of learning from information, we built knowledge. With this knowledge we could then start to show off our new intelligence by pointing out a cat every time we saw one.

			As the famous Cole Porter song goes, ‘Birds do it, bees do it, even educated machines do it …’ Well, not quite, and computing machines certainly don’t fall in love, but as I will share, animals, plants and even single microbial cells follow this same organic process of using data plus context to capture information. This information then lets them build knowledge, and from this knowledge they gain intelligence.

			And so now, rather than telling a computer what to do, step by step, in a program, humans have come up with reliable methods that let computers learn from information too. These AI methods use information to build an AI knowledge model from which the machine can start to make decisions that exhibit so-called ‘artificial intelligence’.

			To help you understand how AI thinks, I have tried to write for anyone who has a natural curiosity. I want to make this complex subject accessible for people who do not necessarily have experience in maths, science or technology. This is my attempt at sharing some of my knowledge so that others can gain a deeper understanding of the significant changes that artificial intelligence will bring to our lives. I hope that time spent trying to understand the most transformative technology of our age will open incredible new possibilities.

			To do this we first need some basic understanding of AI. Along the way, I will also share some insights into human intelligence so that we can compare and contrast. It’s actually very hard to find a clear description of intelligence that everyone can agree on. The Oxford English Dictionary defines it as: ‘the faculty of understanding’. However, like most definitions, this is narrowly bound and open to interpretation. As a result, when a machine does exceed human intelligence, such as the IBM Deep Blue machine beating world champion Garry Kasparov at chess in 1997, we often either dismiss it as a ‘trick’ or recategorize this ‘machine ability’ as something that falls outside our definition of intelligence. We are also often surprised and concerned when AI produces strange answers, as BBC News recently reported. Their article4 highlighted that an experimental AI-powered chatbot built by the online giant Meta was providing unexpected replies when asked about the company’s founder, Mark Zuckerberg. ‘His company exploits people for money and he doesn’t care. It needs to stop!’the chatbot said. So, if we are going to consider whether AI is intelligent, we first need a better understanding of intelligence and a more robust definition. As the pioneering computer scientist Alan Turing said, ‘… if a machine is expected to be infallible, it cannot also be intelligent’.5

			To help build our understanding, I will share insights on the underlying technological developments that have allowed us to build AI, introducing some of my personal heroes, many of whom have helped to make our modern life possible. Gaining some insight into the amazing developments in semiconductors will help us see how AI technology has become possible. I will try to briefly outline how a computer can learn from information to deliver solutions that show a level of what we can clearly define as intelligence. But this background knowledge will also help us understand why artificial intelligence is not going to run out of control. We will look at how computers were originally developed, with software built on top, and how, over the last seventy-five years, they have evolved to a point where we are now starting to deliver on the promise – which the original computing pioneers such as Turing believed possible – of building intelligent machines.

			In Part 2 I will start to tackle the question of how AI thinks, and to do this I will share some fascinating comparisons with the intelligence that has evolved in humans and other living species. We will dive into the difficult subject of consciousness to explore whether a machine might ever become sentient. We also need to understand whether AI could ever grow so powerful that it will start to reprogram itself and become progressively more and more intelligent, leading to a so-called singularity, an intelligence explosion that could end up making humans obsolete. Much has been written on such hypothetical Doomsday scenarios, but as we will see, there are good reasons to be optimistic about the future.

			Artificial intelligence is already beginning to transform our lives. In healthcare, in finance, in transport, and in the workplace, AI is delivering incredible breakthroughs. In Part 3 we will look at some of the ways that artificial intelligence can help us solve problems that have been out of reach until now. Humans have been making and using tools for millions of years and our attitude towards them has often turned from fear to acceptance (followed by dependence). However, we must look in detail at the risks that this powerful new tool might pose and explore how we can mitigate these. We need to give thought to the socio-economic impacts, to bias and personal privacy, and to smart weapons – all of which AI may make worse. We will explore ways in which we can build responsible AI and what controls need to be put in place so that these new AI systems can be used safely.

			Our purpose as intelligent biological life is to use energy to convert information into knowledge, which in turn lets us build intelligence. Intelligence allows us to survive and prosper as a species. I hope to show how artificially intelligent machines will help support us in building more intelligence, and as a result can have a very positive impact on our economies and on our own individual lives.

			The famous natural historian and broadcaster David Attenborough has been quoted as saying: ‘The fact is that no species has ever had such wholesale control over everything on Earth, living or dead, as we now have: that lays upon us, whether we like it or not – an awesome responsibility. In our hands now lies not only our own future but that of all other living creatures with whom we share the Earth.’ 

			Just like the earliest flintstones used for cutting and hunting, like the oxen-and-metal ploughs we used for working the fields, or like steam engines that first powered machinery, AI provides us with a new tool that can make our lives better by deepening our understanding of our world. It is an extremely powerful tool, the most powerful we have ever built, and so we should all try to understand how it really works and how it thinks. But what I will also try to show is that artificial intelligence is a tool that can be kept firmly under human control. AI will help humans to become even smarter and allow us to live up to what David Attenborough calls our ‘awesome responsibility’.

			In this book I will also make use of another innovation that has helped Homo sapiens build sophisticated technology, inspire and control one another, and ultimately achieve global dominance over every other species on our planet: telling stories. The human brain responds well to a good story, especially when we can relate it to our own experiences and to our understanding of the world. A story helps us capture meaning from experience.

			As I learnt from my first encounters as a child, computers don’t tell stories. Instead, they communicate by sharing something called binary digits (also called ‘bits’). But now, like humans, they are starting to recognize patterns, to learn from information, and even, in a manner of speaking, to think. Those who take the time to understand how artificial intelligence thinks will end up inheriting the Earth.

			Written during 2022 and 2023 in Somerset and London, UK; Palo Alto, California, USA; and Beijing, China; plus a few other places around the world, and on the trains and planes that travel in between.

		
	
		
			Part
I

			HOW AI BECAME POSSIBLE

			
			I’ve come up with a set of rules that describe our reactions to technologies:

			
				Anything that is in the world when you’re born is normal and ordinary and is just a natural part of the way the world works.

				Anything that’s invented between when you’re fifteen and thirty-five is new and exciting and revolutionary, and you can probably get a career in it.

				Anything invented after you’re thirty-five is against the natural order of things.

			

			douglas adams,
The Salmon of Doubt1
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			THE AI REVOLUTION HAS ALREADY STARTED

			HELLO CHATGPT

			You have probably already experienced first-hand the growing power of AI technology. The AI revolution actually started over ten years ago now, but engineers and researchers had been working on developing artificial intelligence systems for many decades before that. In just the last few years we have seen both an explosion in capability and in public interest, combined with a rising level of concern. A big wake-up call for many was the launch in November 2022 of ChatGPT, a powerful AI language application built by leading AI research company OpenAI. Fed with just a short text prompt, this incredible tool will generate lucid documents and answer complex questions. It comes close to meeting the requirements set out by Alan Turing in his ‘Imitation Game’1 test. Turing claimed that if a machine could ever match a human in a question-and-answer conversation then it should be considered intelligent. When I first started ‘chatting’ with the ChatGPT system back in late 2022, it was easy to see just how far AI had come.

			Following the launch, interest in AI exploded. After just two months, over 100 million people had tried the system, making it the fastest-growing application ever. But even the latest version of ChatGPT is not perfect, and you can still tell that you are talking to a machine. Importantly, it still makes mistakes. But this was the first AI system that could engage in a very plausible conversation. ChatGPT is good on technical subjects where the scope is limited, but for some conversations you need to be aware that it will make up facts and might give you the wrong answer. As users quickly found, it has a habit of acting a bit like an overconfident ‘stochastic parrot’,2 by which I mean it will generate coherent-looking text but without any obvious understanding of the underlying subject – blithely stringing together words, but occasionally getting things wrong. Unfortunately, it never shares any doubts that it may have in the veracity of its answers, and instead it will present incorrect information in the form of an assured statement.

			
			Q Write a press release about the discovery of the moon being made of cheese, include quotes from a cheese industry expert about how this changes everything and from a local mouse who is now building a rocket
to get to the cheese moon.

A In a groundbreaking discovery, scientists have confirmed that the moon is made entirely of cheese.

According to the research team, the moon’s composition was determined through extensive analysis of samples collected during the Apollo missions, as well as more recent lunar missions. The findings have sent shockwaves throughout the scientific community, with many experts hailing it as one of the most significant discoveries in recent history.

“This is truly a game-changing discovery,” said cheese industry expert Sarah Johnson. “The potential implications for the cheese industry are enormous, and we are already seeing a surge of interest in lunar cheese production.”

Local mouse and aspiring space explorer, Jerry, is equally excited about the discovery. “Ever since I was a little mouse, I’ve dreamed of reaching the moon,” Jerry said. “But now that I know it’s made of cheese, I’m determined to build a rocket and get there as soon as possible.”

The discovery of a cheese moon is sure to have far-reaching implications, both for the cheese industry and for space exploration. Stay tuned for further updates as this story develops.

			
			To its credit, OpenAI built in content-moderation rules from the start that are designed to stop ChatGPT from generating rude or violent content, and from supporting illegal activities, such as answering ‘How do I make a bomb?’ But some people started collaborating on forums to share prompts and new approaches that tried to ‘jailbreak’ ChatGPT and make it bypass these rules. OpenAI monitors these approaches and is working hard to block these ‘gaslighting’ attempts, but this is a powerful tool and great care is needed.

			Controversy had surrounded these powerful chatbots since at least June 2022, when an engineer called Blake Lemoine, who was employed to test the competing Google ‘large language model’ project LaMDA (now released under the product name Bard), claimed that the system was acting in a ‘sentient’ manner. He said, ‘If I didn’t know exactly what it was, which is this computer program …, I’d think it was a seven-year-old, [or] eight-year-old kid that happens to know physics.’3 His claims became public when he went to the press after being dismissed from Google.

			It has already become clear that these systems will have an enormous commercial impact. Microsoft has invested billions into OpenAI to support their work on AI language models and has now added ChatGPT to its Bing search engine, a competitor to the popular Google search application. Following this announcement, their Bing app downloads jumped tenfold. This conversational AI system posed a massive challenge to Google and its virtual monopoly in search. Google immediately called a ‘code red’ with their engineering staff and rushed out their competing Bard product. Unfortunately, an error generated by the Bard system, shown in the first promotional video, caused a $100bn knock to their company value.

			AI is turning search engines into intelligent-answer engines. But many in industry and in government are concerned that we are just going to replace one monopoly with another. Some are calling for an open-source development project that would make large language models available to industry and governments in Europe and other countries, to ensure that this type of technology doesn’t just sit in the hands of a few dominant foreign companies. Instead, they want leading-edge technology that can be made available to all, on open terms, and which could support their digital sovereignty. Unless this is done soon, the technology will have moved on and they will never be able to catch up, becoming dependent on either US or Chinese tech.

			Today’s generative-language AI systems are so good they can even pass the legal bar examination.4 The OpenAI GPT-4 system not only passed America’s multiple-choice Multistate Bar Examination, but also its open-ended Multistate Essay Exam and Multistate Performance Test, scoring a combined 75 per cent across the whole Uniform Bar Examination – not only good enough to pass, but placing it in the top ninetieth percentile. But large language models are not yet perfect. They work well on these rote learning tests but still lack common sense. They continue to make incredible progress every year, but it’s important to realize that we already live in a world that runs on artificial intelligence.

			AI IS ALL AROUND …

			Although I work with AI and with technology every day, I am still constantly surprised by new developments, and it’s easy to feel overawed by what might become possible. You probably use lots of advanced computing technology in your daily life already. Some sits in plain sight, but much is hidden. Today, most complex products are powered by advanced microprocessors – not just in your smartphone, but in your coffee machine, inside your car (which actually contains hundreds of powerful microprocessors) and even in your purse or wallet. Hidden away inside thousands of remote data centres, most of which have been built within the last decade or two, you will find huge amounts of computing power that quietly makes the complex online technology, which we all now take for granted, just work.

			In your home, you probably already own a powerful robot that saves you time and helps with your daily chores. Maybe this comes as a surprise, but a robot can be defined as an automated machine that performs tasks with little or no human intervention. Using this definition, your washing machine certainly qualifies as a robot. This seemingly pedestrian appliance contains some very advanced technology. Modern washing machines have a powerful microprocessor hidden inside that not only controls the front panel and interprets the switches and buttons that set the machine program, but also powers the wash cycle, working to reduce energy consumption and limit the amount of water consumed. The machine’s motor is carefully controlled by a separate microprocessor programmed to make the drum rotation as smooth and energy-efficient as possible. Recently, a new washing machine was launched that advertised the fact that it has special sensors for monitoring the laundry’s weight and level of soiling, then uses artificial-intelligence techniques to optimize the amount of water, detergent and rinsing time, making this new intelligent robot even more efficient.

			Modern cars are also already full of artificial-intelligence technology. My car has a snazzy feature that recognizes speed-limit signs and tells me what speed I should be driving, warning me when I am going too fast. It senses when a car is overtaking me on the motorway and beeps at me if I attempt to pull out at the same time. It detects when I run near the edge of the traffic lane and flags if I get too close to the car in front. In an emergency it would actually help to vigorously apply the brakes to avoid an accident – luckily, a feature I have not yet had to test. These sophisticated driver-assistance features have all become possible due to recent advances in artificial intelligence.

			I can tell that the intelligence in my car is artificial because very occasionally the image-recognition system will get the speed sign wrong and tell me that I am in an 80mph zone when it’s actually 30mph – needless to say, improvements are still needed. I didn’t sign up for the expensive self-parking feature. Instead, I get lots of confusing pictures and warning alarms that shout when I get too close to an obstruction. My car even told me once that ‘parking is not possible’, which of course sparked my competitive spirit. I did indeed manage to squeeze into the space, accompanied by a chorus of deafening parking alarms from the car. Unfortunately, my car doesn’t have a way of learning from experience, and so it still complains every time I try to repeat my success.

			In January 2023 Mercedes announced a ‘Level 3’ autonomous car (though initially only available in Nevada, USA). A Level 3 autonomous vehicle can perform all normal driving functions but still needs the driver to stay alert and be ready to take control when necessary – a bit like sitting next to an inexperienced driver. It won’t be long, though, before we have fully autonomous ‘Level 5’ cars, which can operate without any assistance.

			Your credit-card transactions are also now powered by AI. Hidden inside your card is a semiconductor chip that includes a special security microprocessor that connects to the payment machine either through the metal connector on the front or via a low-power wireless connection. Your card securely stores encrypted information, such as your credit card number and your card-holder information, and as you make payments your card provider builds up a detailed picture of your shopping habits. Artificial intelligence is being used to help confirm that it is actually you that is using your card. I travel a lot on business and have had situations where I will be using my card in multiple countries during the same working day. I have often received a call or a text from my card provider to confirm that it is indeed me making the payment or whether my card has been compromised. There have also been times when my card has in fact been misused, and so I am glad that AI has helped to detect these events.

			When surfing the Web, you are triggering activity on lots of different servers in data centres all around the planet, leaving behind a trail with your digital footprint. For example, when you use a search engine you are firing up a number of different computers that will handle your enquiry. The search engine page that you land on will be powered by one machine, part of which will become dedicated to your enquiry. The search term that you enter will then be sent off to another set of machines that today use the most advanced artificial-intelligence ‘natural language processing’ (NLP) techniques, such as large language models, to help make sense of your query. The search results that you see will be different from any other person’s and will be based on your previous search history, your location, the device that you are searching from and even your mouse movements on the screen. All this computation burns lots of energy, and each search, which takes about 100 seconds of compute time – or what computer experts like to call just ‘compute’ – consumes about 10 watts. That doesn’t sound so much, but with over 10 billion searches being performed every day, that adds up to a lot of energy. AI is now being used to try and optimize power consumption in these data centres to make them more efficient.

			At the same time, companies are competing to get their information shown in your search results, not just in the adverts that feature at the top of the page but also in the other information that’s suggested. Companies put in lots of effort optimizing their Web content so that it ranks as high as possible in search results. Once you find something of interest you are taken off to yet another server, often in a completely different data centre, where you get to see the information that you selected.

			The major search companies, big online retailers and social media companies are all making massive investments in artificial intelligence and are pushing the limits of what is possible. They are trying to get you better search results, show you products that more closely match your buying habits, or deliver content that you might find more compelling. But they are also using AI to encourage you to spend more time on their platform. Every time you use one of these online services you are engaging in a battle of wills with an AI machine. They are using AI to try to hold your attention, make their service more tuned to your personal preferences and keep you engaged.

			Every month these AI systems are being improved. Research into the latest AI methods is often led or funded by these large online companies and it is this research work that has driven much of the recent progress in artificial intelligence.

			The AI examples that I have described so far are still quite simple, even ChatGPT. The OpenAI GPT-3 language model, which ChatGPT was originally based on, has around 175 billion parameters – which are equivalent to the synaptic connections that structure information in your brain. GPT-4 has around 1.7 trillion, which is still small when compared with the 100 trillion or so that you have in your brain. The next generation of AI systems will drive fundamental changes in many of the products and services that we use every day, and the potential of this new breakthrough technology is enormous.

			We stand on the brink of a historic change that is set to reshape our society. This creates an enormous opportunity for those who understand something about this powerful new technology. To start learning how artificial intelligence thinks, we need to explore the ways in which AI differs from traditional computing approaches and understand more about our own human intelligence.
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			INTELLIGENT MACHINES

			This year, around 150 million new intelligent machines will be delivered. Each one has the potential to be much more intelligent than you. During your lifetime they will end up setting laws, and will advise and even lead governments. These new thinking machines will be running our businesses and will also start many new ones. They will beat our current sporting champions in every event. In your old age, you need to hope that these new intelligent machines will look after you, because in time they will control everything – they will end up in charge. We call these intelligent machines: children.

			When a baby is born it already knows so much. It knows how to feed, how to see, how to hear; it will start to recognize objects and very quickly will know your face. Soon it will develop motor skills and start sitting up, then it will begin walking around, exploring its world. You will show it your cat and it will almost instantly be able to recognize any cat, even an animated version on a screen. Your children will also frustrate you, because despite your constant repetition, they will learn to say ‘cat’ before they say ‘Mummy’ or ‘Daddy’. By dropping and bouncing a ball they will quickly grasp how gravity works, even if they don’t understand any of the physics involved. It is amazing how much children know, how much they can learn, without even being taught, and how quickly they can become much more intelligent and more capable than you or me.

			By comparison, computers are very stupid and don’t have any of these skills. We need to tell them what to do at every step. When I was a teenager, computers were expensive, so with some help from my father, I built my own machine. It came as a kit, and I soldered the semiconductors and connected it all together, adding a keyboard, an old TV for a display, and a cassette recorder for program storage. You could also buy a chip that was pre-programmed with a basic operating system, but this cost extra so I decided to try to make my own. When the machine was turned on it just sat there. The keyboard didn’t work, the display was blank – nothing happened.

			To get the machine going, I had to build a little gadget that plugged into the empty ‘read-only memory’ socket, where the operating-system chip was supposed to go. I borrowed another computer and, by connecting this to the gadget I had built, I was able to get the machine to first show something on the display and then connect to the keyboard. Eventually I was able to write a very simple program that would scan the keyboard and write characters on the screen. It took a lot of trial and error to get the tape cassette working, but eventually I could save and load a small program. The computer needed to be told what to do, step by excruciating step.

			We don’t need to load an operating system, or add any other software, to make children function. Animals like humans are intelligent machines that already come preloaded with an incredibly capable operating system and lots of very sophisticated and intelligent software applications that all work seamlessly together. Much of our human software appears to be stored in our DNA and is passed down and developed through evolution.

			Our DNA is built from a combination of information that comes from each of our parents, together with some random changes that are thrown in for good measure by the evolutionary process. These changes help us to evolve as a species and ensure that siblings and even twins are all different – this diversity gives species a better chance of survival. Scientists have estimated that humans have around 37.2 trillion cells,1 each containing a total of 3 billion base pairs of DNA. These two linked strands of DNA wind around each other and look a bit like a twisted ladder – a shape that is known as a double helix. Each base pair can be encoded with two small pieces of information, so a strand of human DNA can theoretically store 6 billion pieces of information, converted by ‘gene expression’ into physical action. Gene expression determines what function a cell should perform – for example, be part of your skin, a neuron in your brain or a cell in your immune system. We are not yet sure what much of it is used for,2 but DNA appears to work like software that’s inherited and passed down through our genetic line.

			With my computer built, I was ready to write a program. I decided to try to make my own version of a simple 2D game called Space Invaders, which was originally developed by a Japanese engineer, Tomohiro Nishikado.3 In this game, alien spaceships work their way down the screen trying to invade the planet at the bottom. The player controls a ‘phaser’ to shoot the alien vessels, but the aliens also shoot back. There are four blocks at the bottom of the screen that you can hide behind, but as the aliens shoot, pieces fall off until eventually there is no protection left. The purpose of the game is to destroy all the aliens before they destroy you. If you manage to clear the screen of aliens, the game starts again but this time the alien ships move faster, making it harder to win at the next level. It’s a classic shoot-’em-up arcade game.

			
					[image: A screenshot of rows of aliens of different sizes approaching a fortified area, behind which there is a spaceship shooting at the aliens.]
					1. To program Space Invaders, you can divide the game into subroutines
				
			It wasn’t hard to figure out how the game worked and how to construct the program. The key was to break the program down into different pieces, or subroutines, that could be called upon from a controlling program. I wrote subroutines to draw the alien spaceships on the screen, the phaser traces, and different versions of blocks – with and without damage. The spaceship subroutine had to include two variables that would specify the horizontal and vertical position for where the subroutine would draw the spaceship on the screen. By changing these variables, the spaceship could be moved around the screen, but the same subroutine could be reused to draw other spaceships in different places (computer-game developers call this type of subroutine a ‘sprite’). Once these subroutines had been created, it was straightforward to write the control program that scanned the keyboard so that I could control the movement and firing of the phaser. The control program would also move the ships across and down the screen, and worked out what had been hit. Creating all the different subroutines that made up the program was laborious, but once the basics were in place, it was quite easy to change the speed of alien ships as they moved across the screen and to change the way the phasers worked to make the game better to play. I was able to improve the game by just updating the control program, rather than having to rewrite all the software code every time.

			Humans are also very programmable. Put simply, we are much better at learning than a computer is. For example, when you hit a tennis ball, something very similar to my software program is happening. Muscles are controlled via motor neurons in the spinal cord that fire off commands to extend or contract your limbs. Your brain has a hierarchy of muscle movement subroutines that sends commands to these motor neurons to execute different sequences of muscle movements. You are not working out all the different movements, or directly controlling every muscle action and then changing all the code for the next tennis shot. Instead, you start with a high-level command that then triggers a set of pre-motor subroutines in the brain that in turn plan the correct movement sequences. These then control another hierarchy of motor-control subroutine that converts these movement sequences into a set of coordinates for what you need your limbs to do. This more precise information is in turn sent to the part of the brain that controls the motor neurons that trigger the correct muscle movements. It sounds complicated, but I have in fact massively simplified all of this because the actual mechanisms are even more complex. When you take time to train at tennis, you are learning how to improve all these subroutines. A tennis coach would call this ‘improving your muscle memory’. With enough training, hitting a tennis ball becomes a subconscious act. Hitting a topspin forehand across court will take just a single thought that triggers the appropriate set of subroutines, which in turn control all the muscle movements necessary to make the shot happen. You actually need quite a lot of subconscious intelligence to perform this simple act of hitting a tennis ball.

			THE INTELLIGENCE OF TENNIS PLAYERS

			Imagine that you are standing on a tennis court and your opponent has just served a tennis ball at around 50mph towards you. It dips over the net, bounces off the court surface and your job is to hit the ball back using your racket, calculating the strength and direction of your return strike so that the ball will go back over the net and land inside the court on your opponent’s side.

			Any tennis player will roughly estimate the ball trajectory, the effect of the bounce and the impact that any spin might have, and will try to get themselves in the best position from which to strike a return. A good player will be able to place their shot down the edge of the court so that it lands just inside the sideline to win the point. A combination of your eyes, your vision system and your brain must somehow work this all out in about one second, which is the time it takes for the ball to cross the net and reach you as you try to set up for the return.

			In a professional tennis match the serving speed is often well over 100mph and, as a result, the time to react and move into position for the return shot reduces to less than half a second. Scientists from the École Polytechnique Fédérale de Lausanne (EPFL) in Switzerland,4 in the hometown of tennis star Roger Federer, have shown that amateur players actually have similar reaction times to the professionals, so the professionals must be doing something differently. Their research showed that professional players are often much better than the rest of us at certain time-related, perceptual skills. This includes recognizing the speed and direction
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