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HErE is MUCH discussion about 
the generality and pervasive-
ness of computing. Is com-
puting really an inescapable 
part of the world? What does 

that imply about science? Engineering? 
Education? How can we build new sto-
ries and education experiences that at-
tract new young people to the fi eld? Can 
computing, like other sciences, advance 
technology and applications through 
strong scientifi c advances? Can com-
puter science rightfully claim a place at 
the table of science? And so on.

Many people have been warming up 
to the ideas that computing is science, 

the profession of it 
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deserves a place at the table of science, 
and is a rewarding profession. Yet a 
question nags at the edge of perception. 
Computers are admittedly everywhere. 
Roads, electricity, radio, television, and 
food are everywhere too, but they are not 
science. They are infrastructure. Why is 
computing any different?

We recently discovered a new answer 
to this old question. We noticed that all 
the acknowledged sciences are grouped 
into three great domains: physical, life, 
and social. We asked, what makes them 
great domains of science? And we found 
that computing meets all the same cri-
teria. In other words, computing is the 

fourth great domain of science.
We will show you why we make this 

claim. We hope that you will not only 
want to discuss it, but that you will 
warm up to it too.

Great Scientifi c Domains
Most of us understand science as the 
quest to understand what is so about 
the world. Through observation and 
experimentation, scientists seek to dis-
cover recurrent phenomena. They for-
mulate models to capture recurrences 
and enable predictions, and they seek 
to validate or refute models through 
experiments. Much of computing con-
forms to these ideals.7, 10 

Science has a long-standing tradi-
tion of grouping fi elds into three cat-
egories: the physical, life, and social 
sciences. The physical sciences focus 
on physical phenomena, especially 
materials, energy, electromagnetism, 
gravity, motion, and quantum effects. 
The life sciences focus on living things, 
especially species, metabolism, repro-
duction, and evolution. The social sci-
ences focus on human behavior, mind, 
economic, and social interactions.8

We use the term “great domains of sci-
ence” for these categories.9

These domains share three com-
mon features: their foci are distinctive 
phenomena important in all sciences; 
the fi elds of each category have rich 
sets of structures and processes that 
evolve together through constant inter-
action; and their infl uence is extensive, 
touching all parts of life and providing 
unique and useful perspectives.
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Computing does not seem to fit nice-
ly into any of the traditional domains. 
Computation is realized in physical 
media and is even part of some physi-
cal processes (for example, quantum 
mechanical waves). More recently com-
putation has been found in living sys-
tems (for example, DNA transcription) 
and social systems (for example, evolu-
tion of scale-free networks). Although 
computational methods are used ex-
tensively in all the domains, none stud-
ies computation per se—computation 
is not a physical effect, a living entity, 
or a social entity.

What if computing is a separate do-
main? It satisfies the three criteria. It 

has a distinctive focus—computation 
and information processes. Its con-
stituent fields—computer science, 
informatics, information technology, 
computer engineering, software engi-
neering, and information systems—
and its structures and processes are in 
constant interaction. Its influence is 
pervasive, reaching deep into people’s 
lives and work.

The core phenomena of the com-
puting sciences domain—computa-
tion, communication, coordination, 
recollection, automation, evaluation, 
and design2,6—apply universally, 
whether in the artificial information 
processes generated by computers or 
in the natural information processes 
found in the other domains. Thus, 
information processes in quantum 
physics, materials science, chemistry, 
biology, genetics, business, organi-
zations, economics, psychology, and 
mind are all subject to the same space 
and time limitations predicted by 
universal Turing machines. That fact 
underpins many of the interactions 
between computing and the other 
fields and underlies the recent claim 
that computing is a science of both 
the natural and the artificial.3–5

It might be asked whether mathe-
matics is a great domain of science. Al-
though mathematics is clearly a great 
domain, it has traditionally not been 
considered a science.

The Nature of interactions
Two out of the three criteria listed ear-
lier involve interactions, either among 
structures and processes or among 
domains. These interactions generate 
the essential richness of science. They 
also complicate how we observe and 
understand science.

Hierarchical taxonomies are the 
usual ways of observing a domain of 
science. It is easy to craft a tree hier-
archy representing all the parent and 
child relationships among fields in 
the domain. For example, the physical 
sciences are partitioned into chemis-
try, physics, astronomy, geology, etc., 
and each of those may be partitioned 
further, for example, regular and or-
ganic chemistry. Each field has its 
own “body of knowledge,” often rep-
resented with a taxonomy or a tree. 
Computing is likewise divided into 
constituent fields and subfields, each 
with a body of knowledge.

Hierarchical structures are very 
good for understanding static aspects 
of a field, but not its dynamics. Within 
a field, the interesting phenomena are 
not simply the properties of “things”; 
they are interactions among multiple 
things. Chemistry is not simply chem-
icals; it is the reactions among ele-
ments. Mechanics is not simply gears 
and levers; it is the forces among these 
parts. Psychology is not simply emo-
tions, urges, and mental states; it is 
transactions and relationships. Simi-
larly, computing is not just algorithms 
and data structures; it is transforma-
tions of representations.

The interactions are the real action 
of a field. Their complexities and uncer-
tainties demand constant experimen-
tation and validation in science and 
engineering. They make things messy 
and unpredictable. They are sources of 
innovation.

Scientific phenomena can affect each 
other in one of two ways: implementation 
and interaction. A combination of exist-
ing things implements a phenomenon 
by generating the intended behaviors 
of the phenomenon. Digital hardware 
physically implements computation. 

computing interacts 
not only with people 
and other living 
systems, but with  
the physical world.

examples of computing interacting with other domains.8

Physical Social Life computing

implemented by mechanical, 
optical, electronic, 
quantum, 
and chemical 
computing

Wizard of oz, 
mechanical turks, 
human cognition

genomic, neural, 
immunological, 
dNA transcription, 
evolutionary 
computing

compilers, oS, 
emulation, 
reflection, 
abstractions, 
procedures, 
architectures, 
languages

implements modeling, 
simulation, 
databases, data 
systems, digital 
physics, quantum 
cryptography

artificial 
intelligence, 
cognitive 
modeling, 
virtual humans, 
autonomic 
systems

artificial life, 
biomimetics, 
systems biology

influenced by sensors, 
scanners, 
computer vision, 
optical character 
recognition, 
localization

mouse, keyboard, 
learning, 
programming, 
user modeling, 
authorization, 
speech 
understanding

eye, gesture, 
expression, 
and movement 
tracking, 
biosensors

networking, 
security, parallel 
computing, 
distributed 
systems, grids

influences locomotion, 
fabrication, 
manipulation, 
open-loop control

screens, printers, 
graphics, speech 
generation, 
network science, 
cognitive 
augmentation

bioeffectors, 
haptics, sensory 
immersion

Bidirectional 
influence

robots, closed-loop 
control

human-computer 
interaction, full 
immersion, games

brain-computer 
interfaces
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Artificial intelligence implements as-
pects of human thought. A compiler 
implements a high-level language with 
machine code. In chemistry, hydrogen 
and oxygen implement water. In mo-
lecular biology, complex combinations 
of amino acids implement life.

Interaction occurs when two phe-
nomena influence each other. In phys-
ics, atoms arise from interactions 
among the forces generated by protons, 
neutrons, and electrons. In astronomy, 
galaxies interact via gravitational waves. 
In computing, humans interact with 
computers.

Interactions exist not only within 
domains but across domains. Comput-
ing is implemented not only by physi-
cal processes, but by life processes (for 
example, DNA computing) and social 
processes (for example, games that 
produce outputs1). Likewise, comput-
ing can implement, or at least simulate, 
structures and processes in these other 
domains. Computing interacts not only 
with people and other living systems, 
but with the physical world (for example, 
through sensor networks and robots).

The accompanying table illustrates 
a wide range of implementation and 
interaction relationships between 
computing and the four domains (in-
cluding itself). An entry in the table 
identifies a way that computing inter-
acts with a domain. For example, the 
entry for “quantum computing” in the 
“Physical” column and “implemented 
by” row means that computation is 
implemented by quantum processes 
from the physical sciences domain.

The examples in the table are suffi-
cient to demonstrate the amazing ex-
tent of interactions between comput-
ing and the other domains. Computing 
is much more than infrastructure; it is 
an equal partner that strongly influenc-
es thought, practice, and approach.

There is still more to the story. Many 
other interactions involve more than 
two fields or domains. For example, the 
emerging field of “network science” is 
built on multi-way interactions among 
the computing, physical, and social 
sciences.

Down to the Basics 
We’ve used the term “computation” as 
if everyone agrees on its meaning. In 
fact, this is not so. Typical definitions 
include “activity of a computer,” “phe-

nomena surrounding computers,” and 
“transformation of content.” None of 
these captures all the notions of com-
puting we can see at work in the table. 
For example, biologists believe DNA 
encodes information about the living 
body and that DNA transcription is 
a natural information-transforming 
process that creates the amino acids 
that generate new life. They clearly do 
not think of information as something 
stored in a computer database or tran-
scription as an activity of a computer.

One way to define computing in a 
sense broad enough to cover everything 
in the table is to base it on the evolution 
of representations.6 Except in artifi-
cial intelligence, representations are a 
somewhat neglected aspect of comput-
ing. Computing scientists need to get 
better answers to key questions. What 
do we mean by a representation? What 
does it mean to represent something in 
a computationally amenable format? 
Should representations be grounded in 
the world, or projected from a mathe-
matical definition? What is not a repre-
sentation? In what way is computation 
an evolution of representations?

In fact, representations are not the 
only fundamental principle of comput-
ing in need of new answers. Many of the 
oldest questions are being reopened.11 
What is computation? What is informa-
tion? What is intelligence? How can we 
build complex systems simply?

conclusion 
Computing is pervasive because it is a 
fundamental way of approaching the 
world that helps understand its own cru-

cial questions while also assisting other 
domains advance their understandings 
of the world. Understanding computing 
as a great domain of science will help to 
achieve better explanations of comput-
ing, increase the attraction of the field 
to newcomers, and demonstrate parity 
with other fields of science.

To say that computing is a domain 
of science does not conflict with com-
puting’s status as a field of engineer-
ing or even mathematics. Computing 
has large slices that qualify as science, 
engineering, and mathematics. No 
one of those slices tells the whole story 
of the field.

The exercise of examining com-
puting as a domain of science reveals 
that the extent of computing’s reach 
and influence cannot be seen with-
out a map that explicitly displays the 
modes of implementation and inter-
action. It also reveals that we need to 
revisit deep questions in computing 
because our standard answers, devel-
oped for computer scientists, do not 
apply to other fields of science. Finally, 
it confirms that computing principles 
are distinct from the principles of the 
other domains. 
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