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Introduction

Artificial intelligence is a fast-growing branch of computer science, a discipline famous for its interdisciplinarity and free-spirited interest in next-generation challenges of automation. Within universities, it encompasses the study of intelligent agents, autonomous programs that sense and actively respond to data collected in an environment. The virtual assistants Alexa and Siri are examples of intelligent agents. Agents may be embedded in smart robots, such as driverless cars and unmanned aerial vehicles.

More broadly, artificial intelligence describes real or imagined efforts to simulate cognition and creativity. The term distinguishes machine and code from the natural intelligence of animals and people. But artificial intelligence (AI) researchers often view the brain as a natural computer and the mind as a human-made computer program. AI pioneer Herbert Simon distinguished them this way: natural occurrences possess an “air of ‘necessity’ about them” as they observe physical laws; artificial phenomena have an “air of ‘contingency’ in their malleability” (Simon 1981, ix–xi). Even so, humans have only a handful of natural characteristics that limit their ability to learn, improve, and invent. Indeed, they are very good at adding complexity to their environment. The way forward, Simon reasoned, is not to retreat to the natural state, but to create more of the artificial world that people cannot do without.

A lot of AI has disappeared into the applications and devices we use every day. It’s become so routine we don’t even recognize it anymore. Bank software and Internet search engines are examples. Journalist Pamela McCorduck has identified this as the AI effect: “[I]t’s part of the history of the field of artificial intelligence that every time somebody figured out how to make a computer do something—play good checkers, solve simple but relatively informal problems—there was a chorus of critics to say, but ‘that’s not thinking’” (McCorduck 2004, 204).

Instead, it might be helpful to frame artificial intelligence analogous to the way computer science generally has been defined by the “new new” and “next big” things—as transformative smart systems and technologies that haven’t been invented yet. Mathematician John McCarthy coined the term “artificial intelligence” in 1956 to attract participants to the Dartmouth Summer Research Project, the Constitutional Convention of AI, and also boldly mark the divide between new and old approaches to understanding brain and machine. This liberating view is embodied today in Silicon Valley scientist and business leader Andrew Ng’s unabashed pronouncement that AI is “the new electricity.”

Since the 1950s, researchers have explored two major avenues to artificial intelligence: connectionism and symbolic representation. Interest in one or the other of these approaches has waxed and waned over the decades. Connectionist approaches nurtured by cybernetics, the study of neural pathways, and associative learning dominated in the 1950s and 1960s. This was followed by a surge in interest in symbolic lines of attack from the 1970s to the mid-1990s. In this period of “Good Old-Fashioned AI” (GOFAI), scientists in growing artificial intelligence programs and laboratories began programming chatbots such as ELIZA and PARRY and expert systems for capturing the knowledge and emulating the skill of the organic chemist (DENDRAL), physician (INTERNIST-I), and artist (AARON).

Since 2000, more improvements in performance have been wrung out of connectionist neural network approaches. Progress is being made in machine translation, computer vision, generative design, board and video game playing, and more. Among more audacious efforts are the Blue Brain Project and Human Brain Project, which attempt computational reconstructions of whole brains. Connectionist and symbolic AI are often described as rivals, but together they account for a large share of the spectacular progress in the field. Efforts are currently underway to integrate the approaches in a structured way under the banner of neural-symbolic learning and reasoning. When brought together, neural-symbolic computation, systems, and applications may (or may not) begin to approach General AI of the sort commonly depicted in science fiction.

IN THE POPULAR IMAGINATION

Over the past hundred years, the concept of intelligent artificial beings has been a mainstay of literature and film. Beginning with Czech writer Karel Čapek’s 1921 play R.U.R. (Rossum’s Universal Robots), the human imagination has been sparked by the idea of creating artificial life that has independent thought. Similar to Čapek’s depiction, German filmmaker Fritz Lang’s Metropolis (1927) depicts these artificial beings as slaves to humans with little autonomy.

A watershed moment for these depictions came in 1968 with the release of Arthur C. Clarke’s book and Stanley Kubrick’s film, both entitled 2001: A Space Odyssey. The book/film’s antagonist, HAL 9000, serves humans in their exploration of the source of an alien signal coming from the outer planets of our solar system. But HAL does more than serve his human masters, instead taking the initiative to kill the human astronauts on board the ship Discovery. While logical to HAL, his actions clearly depicted a concept that would figure more prominently in subsequent works—AI rebellion against humans.

For example, Blade Runner (1982) and The Terminator (1984) both depict the effects of machines having free will. In Blade Runner, replicants serve as sex slaves and soldiers banned from Earth because of their predisposition to gain empathy, a defining human trait in this work. The cyborg soldier of The Terminator, under orders from the AI Skynet, is simply a killing machine on a mission to terminate a human. And in The Matrix (1999), humans live in an artificial cyber world, functioning as batteries for their robot overlords.

More recent films have been more nuanced in their treatment of AI. For example, Ex Machina (2014) depicts a scientist’s attempts at creating a self-aware female android. His previous failures, kept as living art pieces or servants, attest to his misogynistic impulses. When his most recent creation escapes his house/laboratory, leaving him for dead in the process, the audience is clearly expected to recognize her humanity, something the scientist clearly lacks.

Smart robots in the real world, while impressive, have fought an uphill battle against their imaginary counterparts. The Roomba robotic vacuum cleaner is impressive, but cannot compete against Rosey the Robot housekeeper of The Jetsons. Caregiver robots are designed to be physically and socially assistive, but do not come close to replacing human nurses and nannies. Battlefield AI, however, is another matter. Autonomous weapons systems are not yet Terminators, but they are lethal enough to inspire campaigns to stop them, laws to govern them, and ethical frameworks to guide them.

TECHNICAL, PHILOSOPHICAL, AND ETHICAL CRITICISMS

One of the main criticisms of AI is that while computers can be trained to do a limited number of things very well, it is much harder to teach a computer to be adaptive in its learning. For example, machines can be programmed with a series of algorithms, allowing them to classify patterns using a neural network—in other words, learning by example. This type of programming is called deep learning and is found in numerous applications including automated driving, medical diagnosis, and image and text recognition. Deep learning is often used in Natural Language Processing (NLP), a means of programming computers to analyze and recognize large chunks of natural language. For example, email filters are able to recognize key terms as specified by a user and follow specific rules to organize or classify messages. Other examples include predictive text in word processing programs, speech understanding, and data analysis.

However, while computers can store vast quantities of information, they can only utilize what has actually been programmed into them. In other words, they cannot adapt to situations that programmers didn’t foresee. Some critics see this limitation as a significant barrier to real intelligence as it precludes machines from understanding causation, an integral component of human intelligence (Bergstein 2020).

In addition to technological criticisms, philosophical criticisms of AI abound. For example, the Turing Test, a foundational analysis to determine if responses to questions are created by a human or machine, is implicitly biased toward language use as a measure of intelligence. Along similar lines, philosophers ask if being like a human means that something is intelligent. Critics contend that the Turing Test doesn’t measure intelligence; rather, it measures how well a machine can simulate being a human. Additional questions include whether intelligent behavior requires a mind, how to define sentience, what is the connection between consciousness and intelligence, and whether creativity can be programmed.

AI is increasingly used to monitor our daily lives. As AI surveillance and security systems become more commonplace, critics have raised questions regarding its potential to be biased against certain people, especially those who come from traditionally underrepresented groups. For example, a recent study showed that systems used by custom and border agents misidentifies the faces of Black people five to ten times more than white people (Simonite 2019). This could lead to racial disparities in policing as facial recognition systems become more embedded in law enforcement agencies around the world.

The reason for these disparities is because the programming of the algorithms to recognize faces is inaccurate. Often, the datasets of faces used to train these systems are not representative of the culture producing them. Another factor may be the actual photo quality, as photographic technology has been optimized for lighter skin since its inception (Lewis 2019). This is just one example of how the biases inherent in a culture may often become embedded in the AI systems that human culture designs and produces.

A larger issue that ethicists and philosophers raise is whether it is morally acceptable to create sentient life for the sole purpose of having it serve the needs of humans. If we were successful in creating true intelligence, one that was conscious and creative, then how would our laws regarding the treatment of people apply? Would these intelligent machines be afforded the protections of the Constitution (or a similar document), or would they be treated as second-class citizens, with limited or no rights? Some scholars contend that these legal issues need to be considered and, if possible, resolved before AI becomes a reality.

AI FOR GOOD

Artificial intelligence is helping people create and embrace new forms of art, perform unique forms of theater and dance, and make distinctive kinds of music. Quantum AI may help us understand the origins of life and the ultimate shape of the universe. Contrastingly, it is precipitating a gut-wrenching Fourth Industrial Revolution. AI threatens to automate people out of jobs, upend systems of wealth creation, and blur relied-upon boundaries between the biological and digital worlds. Nations and firms are rushing in to hack human civilization itself using AI.

The great paradox is that artificial intelligence is maximizing our preferences and simultaneously making us vulnerable to global catastrophes and existential risks. Artificial intelligence is fueling the reinvention of ourselves in a new computational universe. That process engenders a full range of emotions and outcomes from euphoria, anxiety, and—potentially—misery. AI’s potential for dislocation and disorder is energizing movements to use the technology for common advantage. These movements go by various names: AI for Social Good, Beneficial AI, Trustworthy AI, Friendly AI. Together, they embody the wishes of scientists and policymakers that artificial intelligence balance its benefits against the risks and costs involved and wherever possible avoid harms.

Humanity is interested in making intelligent machines our caregivers, companions, guides, and gods. And yet we have done a far better job turning humans into intelligent cogs in society’s smart machine than in transforming artifacts into carbon copies of human beings. This is not for lack of interest. Several prominent artificial intelligence researchers argue for the inevitability of a Technological Singularity, beyond which alterations to artificial and human intelligence are unforeseeable and uncontrollable. Accelerating change and recursive self-improvement, these boosters say, could produce a superintelligent machine with its own unfathomable hypergoals.

The purpose of the present volume is to help the reader more carefully evaluate claims of “successes” and “failures” in artificial intelligence; assess the real impact of smart technologies in society; and understand the historical, literary, cultural, and philosophical significance of machine intelligence. Our machines are highly polished mirrors that reflect and magnify human feeling and ambition. AI opens us up to another way in which the world might be imagined and also sensitizes us to the richness of the human search for meaning.

Philip L. Frana and Michael J. Klein
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Chronology

1942

Science fiction author Isaac Asimov’s Three Laws of Robotics appear in the short story “Runaround.”

1943

Mathematician Emil Post writes about “production systems,” a concept borrowed for the General Problem Solver of 1957.

1943

Publication of Warren McCulloch and Walter Pitts’ paper on a computational theory of neural networks, entitled “A Logical Calculus of the Ideas of Immanent in Nervous Activity.”

1944

John von Neumann, Norbert Wiener, Warren McCulloch, Walter Pitts, and Howard Aiken form the Teleological Society to study, among other things, communication and control in the nervous system.

1945

George Polya highlights the value of heuristic reasoning as a means of solving problems in his book How to Solve It.

1946

The first of ten Macy Conferences on Cybernetics begins in New York City. The theme of the first meeting is “Feedback Mechanisms and Circular Causal Systems in Biological and Social Systems.”

1948

Publication of Cybernetics, or Control and Communication in the Animal and the Machine by mathematician Norbert Wiener.

1949

Psychologist Donald Hebb proposes an explanation for neural adaptation in human education in The Organization of Behavior: “neurons that fire together wire together.”

1949

Publication of Giant Brains, or Machines That Think by mathematician Edmund Berkeley.

1950

The Turing Test, attributing intelligence to any machine capable of exhibiting intelligent behavior equivalent to that of a human, is described in Alan Turing’s “Computing Machinery and Intelligence.”

1950

Claude Shannon publishes a pioneering technical paper on “Programming a Computer for Playing Chess,” sharing search algorithms and techniques.

1951

Mathematics student Marvin Minsky and physics student Dean Edmonds design an electric rat capable of learning how to negotiate a maze utilizing Hebbian theory.

1951

Mathematician John von Neumann publishes “General and Logical Theory of Automata,” reducing the human brain and central nervous system to a computing machine.

1951

Christopher Strachey writes a checkers program and Dietrich Prinz creates a chess routine for the University of Manchester’s Ferranti Mark 1 computer.

1952

Design for a Brain: The Origin of Adaptive Behavior, on the logical mechanisms of human cerebral function, is published by cyberneticist W. Ross Ashby.

1952

Physiologist James Hardy and physician Martin Lipkin begin devising a McBee punched card system for mechanical diagnosis of patients at Cornell University Medical College.

1954

Groff Conklin publishes the theme-based anthology Science-Fiction Thinking Machines: Robots, Androids, Computers.

1954

The Georgetown-IBM experiment demonstrates the potential of machine translation of text.

1955

Artificial intelligence research begins at Carnegie Tech (now Carnegie Mellon University) under economist Herbert Simon and graduate student Allen Newell.

1955

Mathematician John Kemeny writes “Man Viewed as a Machine” for Scientific American.

1955

Mathematician John McCarthy coins the term “artificial intelligence” in a Rockefeller Foundation proposal for a Dartmouth University conference.

1956

Logic Theorist, an artificial intelligence computer program for proving theorems in Alfred North Whitehead and Bertrand Russell’s Principia Mathematica, is created by Allen Newell, Herbert Simon, and Cliff Shaw.

1956

The Dartmouth Summer Research Project, the “Constitutional Convention of AI,” brings together experts in cybernetics, automata, information theory, operations research, and game theory.

1956

Electrical engineer Arthur Samuel demonstrates his checkers-playing AI program on television.

1957

The General Problem Solver AI program is written by Allen Newell and Herbert Simon.

1957

The Rockefeller Medical Electronics Center demonstrates an RCA Bizmac computer program to aid the physician in the differential diagnosis of blood diseases.

1958

Publication of John von Neumann’s unfinished The Computer and the Brain.

1958

Firmin Nash gives a first public demonstration of the Group Symbol Associator at the “Mechanisation of Thought Processes” conference at UK’s Teddington National Physical Laboratory.

1958

Frank Rosenblatt introduces the single layer perceptron, including a neural network and supervised learning algorithm for linear classification of data.

1958

John McCarthy at the Massachusetts Institute of Technology (MIT) specifies the high-level programming language LISP for AI research.

1959

Physicist Robert Ledley and radiologist Lee Lusted publish “The Reasoning Foundations of Medical Diagnosis,” which introduces Bayesian inference and symbolic logic to problems of medicine.

1959

John McCarthy and Marvin Minsky start what becomes the Artificial Intelligence Laboratory at MIT.

1960

The Stanford Cart, a remote control vehicle equipped with a television camera, is constructed by engineering student James L. Adams.

1962

Science fiction and fantasy author Fred Saberhagen introduces intelligent killer machines called Berserkers in the short story “Without a Thought.”

1963

The Stanford Artificial Intelligence Laboratory (SAIL) is founded by John McCarthy.

1963

The U.S. Department of Defense’s Advanced Research Projects Agency begins funding artificial intelligence projects at MIT under Project MAC.

1964

ELIZA, the first program for natural language communication with a machine (“chatbot”), is programmed by Joseph Weizenbaum at MIT.

1965

British statistician I. J. Good publishes his “Speculations Concerning the First Ultraintelligent Machine” about a coming intelligence explosion.

1965

Philosopher Hubert L. Dreyfus and mathematician Stuart E. Dreyfus release a paper critical of artificial intelligence entitled “Alchemy and AI.”

1965

The Stanford Heuristic Programming Project, with the twin goals of modeling scientific reasoning and creating expert systems, is initiated by Joshua Lederberg and Edward Feigenbaum.

1965

Donald Michie organizes the Department of Machine Intelligence and Perception at Edinburgh University.

1965

Georg Nees establishes in Stuttgart, West Germany, the first generative art exhibit, called Computer Graphic.

1965

Computer scientist Edward Feigenbaum begins a ten-year effort to automate the molecular analysis of organic compounds with the expert system DENDRAL.

1966

The Automatic Language Processing Advisory Committee (ALPAC) releases its skeptical report on the current state of machine translation.

1967

Richard Greenblatt completes work on Mac Hack, a program that plays competitive tournament chess, on a DEC PDP-6 at MIT.

1967

Ichiro Kato at Waseda University initiates work on the WABOT project, which unveils a full-scale anthropomorphic intelligent robot five years later.

1968

Director Stanley Kubrick turns Arthur C. Clarke’s science fiction book 2001: A Space Odyssey, about the HAL 9000 artificially intelligent computer, into one of the most influential and critically acclaimed movies of all time.

1968

Terry Winograd at MIT begins work on the natural language understanding program SHRDLU.

1969

The First International Joint Conference on Artificial Intelligence (IJCAI) is held in Washington, DC.

1972

Artist Harold Cohen creates AARON, an AI program to create paintings.

1972

Ken Colby reports on his experiments simulating paranoia with the software program PARRY.

1972

Hubert Dreyfus publishes his critique of the philosophical foundations of artificial intelligence in What Computers Can’t Do.

1972

The MYCIN expert system, designed to diagnose bacterial infections and recommend treatment options, is begun by doctoral student Ted Shortliffe at Stanford University.

1972

The Lighthill Report on Artificial Intelligence is released by the UK Science Research Council, highlighting failures of AI technology and difficulties of combinatorial explosion.

1972

Arthur Miller publishes The Assault on Privacy: Computers, Data Banks, and Dossiers, an early work on the social impact of computers.

1972

University of Pittsburgh physician Jack Myers, medical student Randolph Miller, and computer scientist Harry Pople begin collaborating on INTERNIST-I, an internal medicine expert system.

1974

Social scientist Paul Werbos finishes his dissertation on a now widely used algorithm for backpropagation used in training artificial neural networks for supervised learning tasks.

1974

Marvin Minsky releases MIT AI Lab memo 306 on “A Framework for Representing Knowledge.” The memo details the concept of a frame, a “remembered framework” that fits reality by “changing detail as necessary.”

1975

John Holland uses the term “genetic algorithm” to describe evolutionary strategies in natural and artificial systems.

1976

Computer scientist Joseph Weizenbaum publishes his ambivalent views of work on artificial intelligence in Computer Power and Human Reason.

1978

EXPERT, a generalized knowledge representation scheme for creating expert systems, becomes operational at Rutgers University.

1978

The MOLGEN project at Stanford is begun by Joshua Lederberg, Douglas Brutlag, Edward Feigenbaum, and Bruce Buchanan to solve DNA structures derived from segmentation data in molecular genetics experiments.

1979

The Robotics Institute is established by computer scientist Raj Reddy at Carnegie Mellon University.

1979

The first human is killed while working with a robot.

1979

The Stanford Cart, evolving over almost two decades into an autonomous rover, is rebuilt and equipped with a stereoscopic vision system by Hans Moravec.

1980

The First National Conference of the American Association of Artificial Intelligence (AAAI) is held at Stanford University.

1980

Philosopher John Searle makes his Chinese Room argument that a computer’s simulation of behavior does not in itself demonstrate understanding, intentionality, or consciousness.

1982

Release of the science fiction film Blade Runner, which is broadly based on Philip K. Dick’s story Do Androids Dream of Electric Sheep? (1968).

1982

Physicist John Hopfield popularizes the associative neural network, first described by William Little in 1974.

1984

Tom Alexander publishes “Why Computers Can’t Outthink the Experts” in Fortune Magazine.

1984

Computer scientist Doug Lenat starts the Cyc project to build a massive commonsense knowledge base and artificial intelligence architecture at the Microelectronics and Computer Consortium (MCC) in Austin, TX.

1984

The first Terminator film, with android assassins from the future and an AI called Skynet, is released by Orion Pictures.

1986

Honda opens a research center for the development of humanoid robots to coexist and collaborate with human beings.

1986

MIT roboticist Rodney Brooks introduces the subsumption architecture for behavior-based robotics.

1986

Marvin Minsky publishes The Society of Mind, which describes the brain as a set of cooperating agents.

1989

Rodney Brooks and Anita Flynn of the MIT Artificial Intelligence Lab publish “Fast, Cheap, and Out of Control: A Robot Invasion of the Solar System,” about the potential for launching tiny robots on missions of interplanetary discovery.

1993

Rodney Brooks, Lynn Andrea Stein, Cynthia Breazeal, and others launch the Cog interactive robot project at MIT.

1995

Musician Brian Eno coins the term generative music to describe systems that create ever-changing music by altering parameters over time.

1995

The General Atomics MQ-1 Predator unmanned aerial vehicle enters U.S. military and reconnaissance service.

1997

IBM’s Deep Blue supercomputer defeats reigning chess champion Garry Kasparov under regular tournament conditions.

1997

The first RoboCup, an international competition with over forty teams fielding robot soccer players, is held in Nagoya, Japan.

1997

Dragon Systems releases NaturallySpeaking, their first commercial speech recognition software product.

1999

Sony releases AIBO, a robotic dog, to the consumer market.

2000

Honda introduces its prototype ASIMO, the Advanced Step in Innovative Mobility humanoid robot.

2001

Visage Corporation debuts the FaceFINDER automated face-recognition system at Super Bowl XXXV.

2002

The iRobot Corporation, founded by Rodney Brooks, Colin Angle, and Helen Greiner, begins marketing the Roomba autonomous home vacuum cleaner.

2004

DARPA sponsors its first autonomous car Grand Challenge in the Mojave Desert around Primm, NV. None of the cars finish the 150-mile course.

2005

The Swiss Blue Brain Project to simulate the mammalian brain is established under neuroscientist Henry Markram.

2006

Netflix announces a $1 million dollar prize to the first programming team that develops the best recommender system based on a dataset of previous user ratings.

2007

DARPA launches its Urban Challenge, an autonomous vehicle competition meant to test merging, passing, parking, and negotiating traffic and intersections.

2009

Google begins its Self-Driving Car Project (now called Waymo) in the San Francisco Bay Area under Sebastian Thrun.

2009

Stanford University computer scientist Fei-Fei Li presents her work on ImageNet, a collection of millions of hand-annotated images for training AIs to visually recognize the presence or absence of objects.

2010

A “flash crash” of the U.S. stock market is triggered by human manipulation of automated trading software.

2011

UK artificial intelligence start-up DeepMind is founded by Demis Hassabis, Shane Legg, and Mustafa Suleyman to teach AIs to play and excel at classic video games.

2011

IBM’s natural language computing system Watson defeats past Jeopardy! champions Ken Jennings and Brad Rutter.

2011

Apple releases the mobile recommendation assistant Siri on the iPhone 4S.

2011

An informal Google Brain deep learning research collaboration is started by computer scientist Andrew Ng and Google researchers Jeff Dean and Greg Corrado.

2013

The Human Brain Project of the European Union is launched to understand how the human brain works and also emulate its computational capabilities.

2013

Human Rights Watch begins a campaign to Stop Killer Robots.

2013

Her, a science fiction drama directed by Spike Jonze, is released. The film features a romance between a man and his AI mobile recommendation assistant Samantha.

2014

Ian Goodfellow and collaborators at the University of Montreal introduce Generative Adversarial Networks (GANs) for use in deep neural networks, which prove useful in creating realistic images of fake people.

2014

The chatbot Eugene Goostman, portraying a thirteen-year-old boy, is controversially said to have passed a Turing-like test.

2014

Physicist Stephen Hawking predicts the development of AI could result in the extinction of humanity.

2015

Facebook releases DeepFace deep learning facial recognition technology on its social media platform.

2016

DeepMind’s AlphaGo program defeats 9th dan Go player Lee Sedol in a five-game match.

2016

Microsoft’s artificial intelligence chatbot Tay is released on Twitter, where users train it to make offensive and inappropriate tweets.

2017

The Future of Life Institute organizes the Asilomar Meeting on Beneficial AI.

2017

The Way of the Future church is founded by AI self-driving start-up engineer Anthony Levandowski, who is motivated to create a superintelligent robot deity.

2018

Google announces Duplex, an AI application for scheduling appointments over the phone using natural language.

2018

The European Union publishes its General Data Protection Regulation (GDPR) and “Ethics Guidelines for Trustworthy AI.”

2019

Google AI and Northwestern Medicine in Chicago, IL, collaborate on a lung cancer screening AI that outperforms specialist radiologists.

2019

OpenAI, cofounded by Elon Musk, develops an artificial intelligence text generation system that creates realistic stories and journalism. It is initially deemed “too dangerous” to use because of its potential to generate fake news.

2020

Google AI in collaboration with the University of Waterloo, the “moonshot factory” X, and Volkswagen announce TensorFlow Quantum, an open-source library for quantum machine learning.


A

AARON

AARON is computer software created by Harold Cohen to create paintings. Cohen himself dates the creation of the first version to “around 1972.” Since AARON is not open source, it can be said that its development ended in 2016 when Cohen died. AARON was still producing new images in 2014, and its functionality was evident even in 2016. AARON is not an acronym. The name was given because it is at the beginning of the alphabet, and Cohen imagined he would subsequently create other programs later on, which he never did.

During its four decades of evolution, AARON had several versions with different capabilities. The earlier versions were able to create black-and-white line drawings, while the later versions were also able to paint in color. Some versions of AARON were configured to create abstract paintings while others painted scenes with objects and people in it.

The primary purpose of AARON was to create not only digital images but also tangible, large-sized images or paintings. In Cohen’s exhibition at The San Francisco Museum of Modern Art, the lines drawn by AARON, a program written in C at the time, were traced directly on the wall. In later artistic installments of AARON, the program was coupled with a machine that had a robotic arm and was able to apply paint on canvas. For instance, the version of AARON on exhibit in The Computer Museum in Boston in 1995, which was implemented in LISP by this time and ran on a Silicon Graphics computer, created a file with a set of instructions. This file was then transferred to a PC that ran a C++ program. This computer had a robotic arm attached to it. The C++ code interpreted the instructions and controlled the movement of the arm, the mixing of the dyes, and the application of them on the canvas. The machines built by Cohen to draw and paint were also important innovations. Even later versions used industrial inkjet printers. Cohen held this configuration of AARON the most advanced because of the colors these new printers could produce; he believed that when it came to colors, the inkjet was the biggest invention since the industrial revolution.

While Cohen mostly focused on tangible images, around 2000, Ray Kurzweil created a version of AARON that was a screensaver program. By 2016, Cohen himself had created a version of AARON that generated black-and-white images that the user could color using a large touch screen. He called this “Fingerpainting.” Cohen always believed that AARON is neither a “fully autonomous artist” nor is it truly creative. He believed though that AARON exhibits one condition of autonomy: a form of emergence, which in Cohen’s terms means that the paintings generated are genuinely surprising and novel. Cohen never ventured very far into the philosophical implications of AARON. Based on the amount of time he dedicates to the coloring problem in almost all of the interviews made with him, it is safe to assume that he regarded AARON’s performance as a colorist his biggest achievement.

Mihály Héder

See also: Computational Creativity; Generative Design.

Further Reading

Cohen, Harold. 1995. “The Further Exploits of AARON, Painter.” Stanford Humanities Review 4, no. 2 (July): 141–58.

Cohen, Harold. 2004. “A Sorcerer’s Apprentice: Art in an Unknown Future.” Invited talk at Tate Modern, London. http://www.aaronshome.com/aaron/publications/tate-final.doc.

Cohen, Paul. 2016. “Harold Cohen and AARON.” AI Magazine 37, no. 4 (Winter): 63–66.

McCorduck, Pamela. 1990. Aaron’s Code: Meta-Art, Artificial Intelligence, and the Work of Harold Cohen. New York: W. H. Freeman.

Accidents and Risk Assessment

The most important property of many computer-based systems is dependability. Mechanical and software failures can lead to physical damage, information loss, economic dislocation, or human casualties. Robotics, automation, and artificial intelligence are now in control of many critical systems. They monitor nuclear power plants, financial markets, social security disbursements, traffic signals, and military radar installations.

High technologies may be made deliberately dangerous to humans—as in the case of Trojan horses, viruses, and spyware—or they can be dangerous because of mistakes of the human programmer or operator. They may become unsafe in response to unexpected environmental factors or in the future because of intentional or unintentional decisions taken by the machines themselves.

In 1979, the first human was killed while working with a robot. Robert Williams, an engineer at Ford Motor Company, was struck in the head by a one-ton parts-retrieval robot manufactured by Litton Industries. Two years later, Japanese engineer Kenji Urada was killed after failing to completely turn off a malfunctioning robot on the factory floor at Kawasaki Heavy Industries. The robot’s arm pushed Urada into a grinding machine. Not all accidents result in fatalities. In 2016, for instance, a 300-lb. Knightscope K5 security robot on patrol at a shopping center in Northern California knocked down a toddler and ran over his foot. The child escaped with only a few scrapes and some swelling.

The history of the Cold War is replete with examples of nuclear close-calls triggered by malfunctioning computer equipment. In 1979, a computer error at the North American Aerospace Defense Command (NORAD) briefly convinced the Strategic Air Command that the Soviet Union had launched more than 2,000 nuclear missiles at the United States. An investigation led to the discovery that a training scenario had accidentally been uploaded to an active defense computer. In 1983, a Soviet military early warning system detected a nuclear attack by a single U.S. intercontinental ballistic missile. The operator of the missile defense system, Stanislav Petrov, rightly dismissed the warning as a false alarm. This and other false alarms were later determined to be caused by sunlight striking high-altitude clouds. Despite averting global thermonuclear war, Petrov later suffered punishment for embarrassing his superiors by exposing errors.

Stock market trading software triggered the so-called “2010 Flash Crash.” On May 6, 2010, the S&P 500, Dow Jones, and NASDAQ stock indexes lost—and then mostly regained—a trillion dollars in value in just over a half hour. After five years of investigations by the U.S. Department of Justice, the U.K. trader Navinder Singh Sarao was arrested for allegedly modifying an automated system to generate and then cancel large numbers of sell orders, which allowed his company to reap stocks at temporarily deflated prices. The flash crash was followed by two software-induced market flash crashes in 2015 and by flash crashes in the gold futures market and digital cryptocurrency in 2017.

In 2016 a Microsoft Corporation artificial intelligence social media chatterbot named Tay (after the acronym for “Thinking about you”) went horribly awry. Microsoft researchers designed Tay to mimic a nineteen-year-old American girl and to learn from conversations with other Twitter users. Instead, online trolls taught Tay to use offensive and inflammatory language, which it repeated in tweets. Microsoft removed Tay’s account after only sixteen hours.

In the future, more AI-related accidents may occur in motor vehicle operation. The first fatal crash involving a self-driving automobile occurred in 2016, when the driver of a Tesla Model S in autopilot mode crashed through a semi-trailer crossing the highway. Witnesses report that the driver may have been watching a Harry Potter movie on a portable DVD player when the accident occurred. Tesla’s software does not yet permit fully autonomous driving and requires an alert human operator. Despite such risks, one management consulting firm suggests that up to 90 percent of roadway accidents could be prevented by automated cars.

Artificial intelligence safety is becoming an important subfield in cybersecurity research. Militaries around the world are engaged in development of prototype lethal autonomous weapons systems. Automatic weapons, such as drones that now depend on a human operator to make decisions about lethal force against targets, may be replaced by life and death decisions initiated by automated systems. On the battlefield, robotic decision-makers may one day outclass humans in pulling patterns from the fog of war and responding rapidly and rationally to new or perplexing situations.

Contemporary society is increasingly dependent on high technology, and those technologies are sometimes brittle and susceptible to failure. In 1987, an inquisitive squirrel caused the crash of the NASDAQ’s main computer, bringing one of the largest stock exchanges to its knees. In another case, discovery of the ozone hole over Antarctica was delayed for years because the extremely low levels found in data-processed satellite observations were thought to be errors. It may be that the complexity of autonomous systems, and society’s dependency upon them under rapidly changing conditions, will make fully testable artificial intelligence impossible. Artificial intelligence operates by using software capable of adjusting to and interacting with its environment and user. The results of changes to variables, individual actions, or events are sometimes unpredictable and may even be catastrophic.

One of the dark secrets of advanced artificial intelligence is that it relies on mathematical methods and deep learning algorithms so complex that even its makers cannot understand how it makes reliable decisions. Autonomous vehicles, for instance, usually rely on instructions written solely by the computer as it observes humans driving under real conditions. But how can a driverless car come to expect the unexpected? And additionally, will efforts to tweak AI-generated code to reduce perceived errors, omissions, and impenetrability reduce the risk of accidental negative outcomes or simply amplify errors and generate new ones? It remains unclear how to mitigate the risks of artificial intelligence, but it is likely that society will use proven and presumably trustworthy machine-learning systems to automatically provide rationales for their behavior, and even examine newly invented cognitive computing systems on our behalf.

Philip L. Frana

See also: Algorithmic Bias and Error; Autonomy and Complacency; Beneficial AI, Asilomar Meeting on; Campaign to Stop Killer Robots; Driverless Vehicles and Liability; Explainable AI; Product Liability and AI; Trolley Problem.
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Advanced Soldier Sensor Information Systems and Technology (ASSIST)

Soldiers are often asked to perform missions that can last many hours and be under great stress. After a mission is complete, the soldiers are asked to provide a report describing the most important things that happened. This report is used to gather intelligence about the environment and local/foreign personnel to allow for more informed planning for future missions. Soldiers usually provide this report based solely on their memory, still pictures, and GPS data from handheld units. Due to the extreme stress that they encounter, there are undoubtedly many instances in which important information is missed and not available for the planning of future missions.

The ASSIST (Advanced Soldier Sensor Information Systems and Technology) program addressed this challenge by instrumenting soldiers with sensors that they could wear directly on their uniforms. During the mission, sensors continuously captured what was going on around the soldiers. When soldiers returned from their mission, the sensor data was run through a series of AI-based software systems that indexed the data and created an electronic chronicle of the events that happened while the ASSIST system was recording. With this information, soldiers could give more accurate reports without relying solely on their memory. The AI-based algorithms had enabled numerous functionalities, including:

•“Image/Video Data Analysis Capabilities”

•Object Detection/Image Classification—the ability to recognize and identify objects (e.g., vehicles, people, and license plates) through analysis of video, imagery, and/or related data sources

•Arabic Text Translation—the ability to detect, recognize, and translate written Arabic text (e.g., in imagery data)

•Change Detection—the ability to identify changes over time in related data sources (e.g., identify differences in imagery of the same location at different times)

•“Audio Data Analysis Capabilities”

•Sound Recognition/Speech Recognition—the ability to identify sound events (e.g., explosions, gunshots, and vehicles) and recognize speech (e.g., keyword spotting and foreign language identification) in audio data

•Shooter Localization/Shooter Classification—the ability to identify gunshots in the environment (e.g., through analysis of audio data), including the type of weapon producing the shots and the location of the shooter

•“Soldier Activity Data Analysis Capabilities”

•Soldier State Identification/Soldier Localization—the ability to identify a soldier’s path of movement around an environment and characterize the actions taken by the soldier (e.g., running, walking, and climbing stairs)

For AI systems such as these (often termed autonomous or intelligent systems) to be successful, they must be comprehensively and quantitatively evaluated to ensure that they will function appropriately and as expected in a wartime environment. The National Institute of Standards and Technology (NIST) was tasked with evaluating these AI systems based on three metrics:


1.The accuracy of object/event/activity identification and labeling

2.The system’s ability to improve its classification performance through learning

3.The utility of the system in enhancing operational effectiveness



NIST developed a two-part test methodology to produce its performance measures. Metrics 1 and 2 were evaluated through component- and system-level technical performance evaluations and metric 3 was evaluated through system-level utility assessments. The technical performance evaluations were designed to measure the progressive development of ASSIST system technical capabilities, and the utility assessments were designed to predict the impact these technologies will have on warfighter performance in a variety of missions and job functions. In specifying the detailed procedures for each type of evaluation, NIST attempted to define evaluation strategies that would provide a reasonable level of difficulty for system and soldier performance.

At the component level, the ASSIST systems were broken into components that implemented particular capabilities. For example, to test the Arabic translation capability, the system was broken down into an Arabic text identification component, an Arabic text extraction component (to localize individual text characters), and a text translation component. Each aspect was tested separately to assess their individual impact on the system.

At the system level, each ASSIST system was evaluated as a black box, where the overall performance of the system was evaluated, independent of the performance of the individual components. A single score was provided for the overall system, which represented the capability of the system to accomplish the overall task.

Also, at the system level, a test was performed to assess the utility of the system in enhancing operational effectiveness for after-mission reporting. All the systems that were evaluated under this program were in relatively early stages of development; therefore, a formative evaluation approach was appropriate. NIST was particularly interested in assessing the utility of the system for the war fighter. As such, we were concerned with impacts on both their processes and products. To reflect this perspective, user-centered metrics were employed. NIST attempted to identify metrics that would help assess questions such as: What information do infantry soldiers want and/or need after completing a mission in the field? How well are information needs met, both from the soldiers’ perspective and the S2’s (Staff 2—Intelligence Officer) perspective? What were the ASSIST contributions to mission reporting with respect to user-stated information needs?

The Aberdeen Test Center Military Operations in Urban Terrain (MOUT) site at the Aberdeen Test Center in Aberdeen, Maryland, was chosen to carry out this evaluation. The site was chosen for the following reasons:


•Ground truth—Aberdeen was able to provide ground truth at selected locations to two-centimeter accuracy. This allowed the evaluation team to gain a very good representation of what actually happened in the environment, thus allowing us to provide a good benchmark against which to compare the system output.

•Realism—The MOUT site contained approximately twenty buildings set up to resemble an Iraqi village.

•Infrastructure for testing—The site was instrumented with numerous cameras (both indoors and outdoors) to allow us to gain a better understanding of the environment during testing.

•Soldier availability—The site was able to provide a small squad of active duty soldiers to participate in the evaluation.



To further facilitate an operationally relevant test environment, the MOUT site was augmented with objects, persons, and background sounds, whose placement and behavior were scripted. The purpose was to provide an environment that would exercise the different ASSIST systems’ capabilities as they detected, identified, and/or captured various types of information. NIST included the following elements in the utility assessments: foreign language speech detection and classification, Arabic text detection and recognition, detection of shots fired and vehicular sounds, classification
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