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Are psychometric tests valid for a new reality of artiicial intelligence
systems, technology-enhanced humans, and hybrids yet to come? Are
the Turing Test, the ubiquitous CAPTCHAs, and the various animal
cognition tests the best alternatives? In this fascinating and provocative
book, José Hernández-Orallo formulates major scientiic questions,
integrates the most signiicant research developments, and offers a
vision of the universal evaluation of cognition.
By replacing the dominant anthropocentric stance with a universal
perspective where living organisms are considered as a special case,
long-standing questions in the evaluation of behavior can be addressed
in a wider landscape. Can we derive task dificulty intrinsically? Is a
universal g factor – a common general component for all abilities –
theoretically possible? Using algorithmic information theory as a
foundation, the book elaborates on the evaluation of perceptual,
developmental, social, verbal and collective features and critically
analyzes what the future of intelligence might look like.

josé hernández-orallo is Professor of Information Systems and
Computation at the Technical University of Valencia. He has published
four books and more than a hundred articles and papers in artiicial
intelligence, machine learning, data mining, cognitive science, and
information systems. His work in the area of machine intelligence
evaluation has been covered by both scientiic and popular outlets
including The Economist and New Scientist. He pioneered the
application of algorithmic information theory to the development of
artiicial intelligence tests.
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Preface

The quintessence of intelligence is one of the big questions still beyond our
understanding. In the past, science has unravelled many other previously puzzling questions through measurement, a fundamental tool for the identiication,
comparison and classiication of natural phenomena. Not surprisingly, a very
signiicant portion of our still scant knowledge about what intelligence is – and
what it is not – comes from this measurement effort. For more than a century,
psychometrics, comparative psychology and other disciplines have developed a
rich collection of measurement instruments for quantifying various behavioural
properties in the animal kingdom, prominently placing humans as a yardstick.
Beyond the enormous landscape of behaviours in the animal kingdom, there
is yet another gigantic space to be explored: the machine kingdom. A plethora
of new types of ‘creatures’ is emerging: robots, animats, chatbots, digital assistants, social bots, automated avatars and artiicial life forms, to name a few,
including hybrids and collectives, such as machine-enhanced humans, cyborgs,
artiicial swarms, human computation systems and crowd computing platforms.
These systems display behaviours and capabilities as peculiar as their developers and constituents can contrive. Universal psychometrics presents itself
as a new area dealing with the measurement of behavioural features in the
machine kingdom, which comprises any interactive system, biological, artiicial or hybrid, individual or collective.
The focus on an enlarged set of subjects generates plenty of new questions and opportunities. Are IQ tests valid for arbitrary machines? Can we
devise universal cognitive tests? Can we have a formal deinition of intelligence solely based on computational principles? Can the structure of cognitive
abilities and empirical latent factors, including the dominant g factor, be extrapolated beyond biological creatures? Can this be studied theoretically? How
should artiicial personalities be measured? Do we need intelligence to evaluate
intelligence universally? The classical paradigms used to evaluate natural and

xi
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Preface

artiicial systems have not been able to answer (or even formulate) these questions precisely. Also, customary evaluation tools are gamed by these new kinds
of systems.
Recently, however, there has been a signiicant progress in a principled
approach to the evaluation of behaviour based on information theory and computation. The anthropocentric stance is replaced by a universal perspective
where life forms are considered as particular cases. Classical tools in human
psychometrics, comparative psychology and animal cognition are not jettisoned but rethought for a wider landscape and substantiated on algorithmic
grounds.
This book provides a comprehensive account of the concepts, terminology,
theory and tools that should compose a uniied framework for the universal
evaluation of behavioural features. The exposition does not avoid some notions
that are less consolidated, such as the arrangement of the space of abilities, the
evaluation of personality or the process of ability development. The ideas that
do not work are openly criticised, to aid the understanding of the many scattered
scientiic contributions that have recently appeared in different areas. In fact,
some of these theories only make real sense – or no sense at all – when they
are put together.
Many of the current conundrums in the evaluation of natural intelligence
derive from the empirical evaluation of ‘populations’ (human groups, age
ranges, species, etc.). The consideration of any conceivable behaviour (natural or artiicial) and any imaginable ‘machine population’ provides a falsiiability criterion for any general claim, theory or test about behavioural features.
The machine kingdom also brings a myriad of subjects to evaluate, with fewer
experimentation constraints than those posed by humans and other animals.
The theoretical underpinning on computation and information theory leads to
several key formalisations, such as the concepts of task dificulty and policygeneral intelligence. These new grounds illuminate blatant questions such as
what human intelligence tests really measure.
Artiicial intelligence can also beneit from the distinction between taskoriented evaluation and feature-oriented evaluation, jointly with a less anthropocentric methodology for the development and assessment of general-purpose
agents. If properly overhauled, many tools from psychometrics can enter the
scene of artiicial intelligence evaluation, such as item response theory and
adaptive testing. Similarly, the experience in the design of interfaces from animal evaluation can be crucial beyond natural intelligence.
Psychometrics, comparative psychology and artiicial intelligence evaluation usually speak different languages. A great effort has been made to render
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xiii

this book accessible and valuable for researchers and students in all these areas
and, extensively, to any interested reader outside these disciplines. As a result
of the integration of different areas, some paradigms will be challenged and
some hypotheses will be refuted. The outcome for the future is an integration of
well-founded principles for the evaluation of behaviour in humans, non-human
animals and all other machines.

BOOK STRUCTURE
The book is organised in ive parts.
Part I presents and frames the goals. Chapter 1 describes the diversity of
behaviours resulting from a surge in the types of computers, robots, enhanced
humans, hybrid systems and collectives thereof, with various types of communication. How can these systems be analysed and, ultimately, measured?
This chapter speciies the conceptual characterisation of the so-called machine
kingdom and the space of behavioural features, deines the scientiic inquiry
as a universal generalisation of psychometrics and enumerates the questions
that are addressed during the rest of the book. Chapter 2 delineates the methodological principles to answer these questions, some fundamental concepts of
measurement theory, the motivation for using the theoretical tools from computation and algorithmic information theory and the strengthened refutation
power of those theoretical and empirical results over an enlarged set of subjects.
Part II provides the necessary background from the three areas universal psychometrics is built upon: human psychometrics, comparative (animal) cognition and artiicial intelligence (AI); their existing links; and the barriers against
a uniied approach. The purpose of these chapters is not to give a comprehensive
review (for which many specialised textbooks are available) but to focus on the
concepts and tools that may be required or questioned during the book. Chapter 3 gives an account of psychometrics, IQ tests, the g factor, item response
theory and adaptive testing in general and out-of-the-norm populations. Chapter 4 portrays a very particular view of the evaluation of non-human biological behaviour, ranging from apes, in many ways comparable to humans, to the
detection of the so-called minimal cognition in bacteria, plants and extraterrestrial life. Chapter 5 analyses the chaotic state of AI evaluation, with disparate
approaches ranging from Turing’s imitation game to robotic competitions and
the unsuccessful attempts so far towards a feature-oriented evaluation. Chapter 6 confronts the three previous chapters. What is common and distinctive in
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the different approaches to the evaluation of intelligence and other behavioural
features?
Part III presents the foundations for universal psychometrics based on computation and algorithmic information theory (AIT). Chapter 7 introduces AIT
and shows how it pervades cognition. AIT can be used to generate test items
that look very much the same as those that appear in some IQ tests, unveiling what these tests really are. Chapter 8 deines cognitive tasks in a universal
way. Many different notions of dificulty are described, and a general dificulty
function is formalised and derived from Levin’s universal search. Chapter 9
elaborates agent characteristic curves from this new concept of dificulty. Tests
must be constructed through an effective sampling over a range of dificulties,
analysing the role of discriminating power in non-adaptive and adaptive tests.
Chapter 10 tackles a controversial issue: how analytical notions of task similarity can be used to deine what abilities are and to arrange the space of abilities
from speciic to general. Chapter 11 interprets general intelligence as the result
of considering all tasks and, alternatively, in terms of whether a universal g
factor exists.
Part IV delves into the signiicance of intelligence and other behavioural features in environments that harbour other systems, competing, co-operating or
enhancing the subject’s abilities. Chapter 12 investigates how cognitive development can be evaluated, from early perception to more conceptual abstraction.
In the context of universal machines, such as humans and computers, potential
features must be carefully understood in a probabilistic way. Chapter 13 deals
with social skills, covering both competition and co-operation of humans, nonhuman animals and multi-agent systems in artiicial intelligence. The DarwinWallace distribution is introduced as a way of characterising agent-populated
environments. Chapter 14 is devoted to communication, which is key in knowledge exchange and development and in co-ordinating social organisations and
collectives. Chapter 15 analyses the evaluation of groups and hybrids. How do
the abilities of collective or symbiotic systems depend on the abilities of their
members and their organisation? A recurrent question emerges all throughout
this part: how crucial and distinctive are developmental, social, verbal and collective skills and drives?
Finally, Part V discusses what lies ahead. Chapter 16 considers what a universal cognitive test might look like. Test adaptation and interface customisation are key to evaluating a subject for which we lack any previous information.
Chapter 17 has a more speculative character, arguing that measurement must
play a crucial role in appraising the cognitive systems that the future may bring.
Chapter 18 closes the book with the implications and the lessons learnt from
universal psychometrics, and the way in which it can have a signiicant impact.
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Shaded panels are spread throughout the book to introduce stand-alone concepts and questions, and keynote boxes spotlight the most important ideas. The
highlights at the end of each chapter capture its take-away messages and the
essential bits for subsequent chapters. This is meant as a checklist for those
readers from diverse backgrounds who defer or skim through a chapter and
wonder whether they are nevertheless ready to undertake the next one, especially in more technical parts of the book.
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