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Chapter 1

Computer

“Computer technology” and “Computer system” redirect
here. For the company, see Computer Technology Lim-
ited. For other uses, see Computer (disambiguation) and
Computer system (disambiguation).

A computer is a general purpose device that can be
programmed to carry out a set of arithmetic or logical op-
erations automatically. Since a sequence of operations can
be readily changed, the computer can solve more than one
kind of problem.
Conventionally, a computer consists of at least one process-
ing element, typically a central processing unit (CPU), and
some form of memory. The processing element carries out
arithmetic and logic operations, and a sequencing and con-
trol unit can change the order of operations in response to
stored information. Peripheral devices allow information
to be retrieved from an external source, and the result of
operations saved and retrieved.
Mechanical analog computers started appearing in the first
century and were later used in the medieval era for astro-
nomical calculations. In World War II, mechanical analog
computers were used for specialized military applications
such as calculating torpedo aiming. During this time the
first electronic digital computers were developed. Orig-
inally they were the size of a large room, consuming as
much power as several hundred modern personal comput-
ers (PCs).[1]

Modern computers based on integrated circuits are millions
to billions of times more capable than the early machines,
and occupy a fraction of the space.[2] Computers are small
enough to fit into mobile devices, and mobile computers can
be powered by small batteries. Personal computers in their
various forms are icons of the Information Age and are gen-
erally considered as “computers”. However, the embedded
computers found in many devices from MP3 players to
fighter aircraft and from electronic toys to industrial robots
are the most numerous.

1.1 Etymology

The first known use of the word “computer” was in 1613 in
a book called The Yong Mans Gleanings by English writer
Richard Braithwait: “I haue read the truest computer of
Times, and the best Arithmetician that euer breathed, and
he reduceth thy dayes into a short number.” It referred to a
person who carried out calculations, or computations. The
word continued with the same meaning until the middle of
the 20th century. From the end of the 19th century the word
began to take on its more familiar meaning, a machine that
carries out computations.[3]

1.2 History

Main article: History of computing hardware

1.2.1 Pre-twentieth century

Devices have been used to aid computation for thousands of
years, mostly using one-to-one correspondence with fingers.
The earliest counting device was probably a form of tally
stick. Later record keeping aids throughout the Fertile
Crescent included calculi (clay spheres, cones, etc.) which
represented counts of items, probably livestock or grains,
sealed in hollow unbaked clay containers.[4][5] The use of
counting rods is one example.
The abacus was initially used for arithmetic tasks. The
Roman abacus was used in Babylonia as early as 2400 BC.
Since then, many other forms of reckoning boards or ta-
bles have been invented. In a medieval European counting
house, a checkered cloth would be placed on a table, and
markers moved around on it according to certain rules, as
an aid to calculating sums of money.
The Antikythera mechanism is believed to be the earliest
mechanical analog “computer”, according to Derek J. de
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The Ishango bone

The Chinese Suanpan (��) (the number represented on this abacus
is 6,302,715,408)

Solla Price.[6] It was designed to calculate astronomical po-
sitions. It was discovered in 1901 in the Antikythera wreck
off the Greek island of Antikythera, between Kythera and
Crete, and has been dated to circa 100 BC. Devices of a
level of complexity comparable to that of the Antikythera
mechanism would not reappear until a thousand years later.

The ancient Greek-designed Antikythera mechanism, dating be-
tween 150 to 100 BC, is the world’s oldest analog computer.

Many mechanical aids to calculation and measurement
were constructed for astronomical and navigation use. The
planisphere was a star chart invented by Abū Rayhān al-
Bīrūnī in the early 11th century.[7] The astrolabe was in-
vented in the Hellenistic world in either the 1st or 2nd cen-
turies BC and is often attributed to Hipparchus. A combi-
nation of the planisphere and dioptra, the astrolabe was ef-
fectively an analog computer capable of working out several
different kinds of problems in spherical astronomy. An as-
trolabe incorporating a mechanical calendar computer[8][9]

and gear-wheels was invented by Abi Bakr of Isfahan,
Persia in 1235.[10] Abū Rayhān al-Bīrūnī invented the first
mechanical geared lunisolar calendar astrolabe,[11] an early
fixed-wired knowledge processing machine[12] with a gear
train and gear-wheels,[13] circa 1000 AD.
The sector, a calculating instrument used for solving prob-
lems in proportion, trigonometry, multiplication and divi-
sion, and for various functions, such as squares and cube
roots, was developed in the late 16th century and found ap-
plication in gunnery, surveying and navigation.
The planimeter was a manual instrument to calculate the
area of a closed figure by tracing over it with a mechanical
linkage.

A slide rule

The slide rule was invented around 1620–1630, shortly af-

https://en.wikipedia.org/wiki/Derek_J._de_Solla_Price
https://en.wikipedia.org/wiki/Suanpan
https://en.wikipedia.org/wiki/Antikythera_wreck
https://en.wikipedia.org/wiki/Antikythera
https://en.wikipedia.org/wiki/Kythera
https://en.wikipedia.org/wiki/Crete
https://en.wikipedia.org/wiki/Antikythera_mechanism
https://en.wikipedia.org/wiki/Planisphere
https://en.wikipedia.org/wiki/Star_chart
https://en.wikipedia.org/wiki/Astrolabe
https://en.wikipedia.org/wiki/Hellenistic_civilization
https://en.wikipedia.org/wiki/Hipparchus
https://en.wikipedia.org/wiki/Dioptra
https://en.wikipedia.org/wiki/Spherical_astronomy
https://en.wikipedia.org/wiki/Calendar
https://en.wikipedia.org/wiki/Gear
https://en.wikipedia.org/wiki/Isfahan
https://en.wikipedia.org/wiki/Persia
https://en.wikipedia.org/wiki/Ab%C5%AB_Rayh%C4%81n_al-B%C4%ABr%C5%ABn%C4%AB
https://en.wikipedia.org/wiki/Lunisolar_calendar
https://en.wikipedia.org/wiki/Wire
https://en.wikipedia.org/wiki/Machine
https://en.wikipedia.org/wiki/Gear_train
https://en.wikipedia.org/wiki/Gear_train
https://en.wikipedia.org/wiki/Sector_(instrument)
https://en.wikipedia.org/wiki/Planimeter
https://en.wikipedia.org/wiki/Slide_rule


1.2. HISTORY 3

ter the publication of the concept of the logarithm. It
is a hand-operated analog computer for doing multiplica-
tion and division. As slide rule development progressed,
added scales provided reciprocals, squares and square roots,
cubes and cube roots, as well as transcendental functions
such as logarithms and exponentials, circular and hyper-
bolic trigonometry and other functions. Aviation is one of
the few fields where slide rules are still in widespread use,
particularly for solving time–distance problems in light air-
craft. To save space and for ease of reading, these are typi-
cally circular devices rather than the classic linear slide rule
shape. A popular example is the E6B.
In the 1770s Pierre Jaquet-Droz, a Swiss watchmaker, built
a mechanical doll (automata) that could write holding a
quill pen. By switching the number and order of its inter-
nal wheels different letters, and hence different messages,
could be produced. In effect, it could be mechanically “pro-
grammed” to read instructions. Along with two other com-
plex machines, the doll is at the Musée d'Art et d'Histoire
of Neuchâtel, Switzerland, and still operates.[14]

The tide-predicting machine invented by Sir William
Thomson in 1872 was of great utility to navigation in shal-
low waters. It used a system of pulleys and wires to auto-
matically calculate predicted tide levels for a set period at a
particular location.
The differential analyser, a mechanical analog computer de-
signed to solve differential equations by integration, used
wheel-and-disc mechanisms to perform the integration. In
1876 Lord Kelvin had already discussed the possible con-
struction of such calculators, but he had been stymied by the
limited output torque of the ball-and-disk integrators.[15] In
a differential analyzer, the output of one integrator drove
the input of the next integrator, or a graphing output. The
torque amplifier was the advance that allowed these ma-
chines to work. Starting in the 1920s, Vannevar Bush and
others developed mechanical differential analyzers.

1.2.2 First general-purpose computing de-
vice

Charles Babbage, an English mechanical engineer and
polymath, originated the concept of a programmable com-
puter. Considered the "father of the computer",[16] he con-
ceptualized and invented the first mechanical computer in
the early 19th century. After working on his revolutionary
difference engine, designed to aid in navigational calcula-
tions, in 1833 he realized that a much more general design,
an Analytical Engine, was possible. The input of programs
and data was to be provided to the machine via punched
cards, a method being used at the time to direct mechani-
cal looms such as the Jacquard loom. For output, the ma-
chine would have a printer, a curve plotter and a bell. The

A portion of Babbage’s Difference engine.

machine would also be able to punch numbers onto cards
to be read in later. The Engine incorporated an arithmetic
logic unit, control flow in the form of conditional branching
and loops, and integrated memory, making it the first design
for a general-purpose computer that could be described in
modern terms as Turing-complete.[17][18]

The machine was about a century ahead of its time. All
the parts for his machine had to be made by hand — this
was a major problem for a device with thousands of parts.
Eventually, the project was dissolved with the decision of
the British Government to cease funding. Babbage’s failure
to complete the analytical engine can be chiefly attributed
to difficulties not only of politics and financing, but also
to his desire to develop an increasingly sophisticated com-
puter and to move ahead faster than anyone else could fol-
low. Nevertheless, his son, Henry Babbage, completed a
simplified version of the analytical engine’s computing unit
(the mill) in 1888. He gave a successful demonstration of
its use in computing tables in 1906.

1.2.3 Later analog computers

During the first half of the 20th century, many scien-
tific computing needs were met by increasingly sophis-
ticated analog computers, which used a direct mechan-
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Sir William Thomson's third tide-predicting machine design, 1879–
81

ical or electrical model of the problem as a basis for
computation. However, these were not programmable and
generally lacked the versatility and accuracy of modern dig-
ital computers.[19]

The first modern analog computer was a tide-predicting ma-
chine, invented by Sir William Thomson in 1872. The
differential analyser, a mechanical analog computer de-
signed to solve differential equations by integration using
wheel-and-disc mechanisms, was conceptualized in 1876
by James Thomson, the brother of the more famous Lord
Kelvin.[15]

The art of mechanical analog computing reached its zenith
with the differential analyzer, built by H. L. Hazen and
Vannevar Bush at MIT starting in 1927. This built on the
mechanical integrators of James Thomson and the torque
amplifiers invented by H. W. Nieman. A dozen of these
devices were built before their obsolescence became obvi-
ous.
By the 1950s the success of digital electronic computers
had spelled the end for most analog computing machines,
but analog computers remain in use in some specialized ap-
plications such as education (control systems) and aircraft
(slide rule).

1.2.4 Digital computer development

The principle of the modern computer was first de-
scribed by mathematician and pioneering computer scien-
tist Alan Turing, who set out the idea in his seminal 1936
paper,[20] On Computable Numbers. Turing reformulated

Kurt Gödel's 1931 results on the limits of proof and com-
putation, replacing Gödel’s universal arithmetic-based for-
mal language with the formal and simple hypothetical de-
vices that became known as Turing machines. He proved
that some such machine would be capable of perform-
ing any conceivable mathematical computation if it were
representable as an algorithm. He went on to prove that
there was no solution to the Entscheidungsproblem by first
showing that the halting problem for Turing machines is
undecidable: in general, it is not possible to decide algo-
rithmically whether a given Turing machine will ever halt.
He also introduced the notion of a 'Universal Machine' (now
known as a Universal Turing machine), with the idea that
such a machine could perform the tasks of any other ma-
chine, or in other words, it is provably capable of com-
puting anything that is computable by executing a program
stored on tape, allowing the machine to be programmable.
Von Neumann acknowledged that the central concept of
the modern computer was due to this paper.[21] Turing ma-
chines are to this day a central object of study in theory
of computation. Except for the limitations imposed by
their finite memory stores, modern computers are said to
be Turing-complete, which is to say, they have algorithm
execution capability equivalent to a universal Turing ma-
chine.

Electromechanical

By 1938 the United States Navy had developed an elec-
tromechanical analog computer small enough to use aboard
a submarine. This was the Torpedo Data Computer, which
used trigonometry to solve the problem of firing a torpedo
at a moving target. During World War II similar devices
were developed in other countries as well.

Replica of Zuse's Z3, the first fully automatic, digital (electrome-
chanical) computer.

Early digital computers were electromechanical; electric

https://en.wikipedia.org/wiki/William_Thomson,_1st_Baron_Kelvin
https://en.wikipedia.org/wiki/Computation
https://en.wikipedia.org/wiki/Tide-predicting_machine
https://en.wikipedia.org/wiki/Tide-predicting_machine
https://en.wikipedia.org/wiki/William_Thomson,_1st_Baron_Kelvin
https://en.wikipedia.org/wiki/Differential_analyser
https://en.wikipedia.org/wiki/James_Thomson_(engineer)
https://en.wikipedia.org/wiki/Differential_analyzer
https://en.wikipedia.org/wiki/Vannevar_Bush
https://en.wikipedia.org/wiki/MIT
https://en.wikipedia.org/wiki/James_Thomson_(engineer)
https://en.wikipedia.org/wiki/Control_systems
https://en.wikipedia.org/wiki/Slide_rule
https://en.wikipedia.org/wiki/Mathematician
https://en.wikipedia.org/wiki/Computer_science
https://en.wikipedia.org/wiki/Computer_science
https://en.wikipedia.org/wiki/Alan_Turing
https://en.wikipedia.org/wiki/Kurt_G%C3%B6del
https://en.wikipedia.org/wiki/Turing_machine
https://en.wikipedia.org/wiki/Algorithm
https://en.wikipedia.org/wiki/Halting_problem
https://en.wikipedia.org/wiki/Decision_problem
https://en.wikipedia.org/wiki/Universal_Turing_machine
https://en.wikipedia.org/wiki/John_von_Neumann
https://en.wikipedia.org/wiki/Theory_of_computation
https://en.wikipedia.org/wiki/Theory_of_computation
https://en.wikipedia.org/wiki/Turing-complete
https://en.wikipedia.org/wiki/Algorithm
https://en.wikipedia.org/wiki/Universal_Turing_machine
https://en.wikipedia.org/wiki/Universal_Turing_machine
https://en.wikipedia.org/wiki/United_States_Navy
https://en.wikipedia.org/wiki/Submarine
https://en.wikipedia.org/wiki/Torpedo_Data_Computer
https://en.wikipedia.org/wiki/World_War_II
https://en.wikipedia.org/wiki/Konrad_Zuse
https://en.wikipedia.org/wiki/Z3_(computer)


1.2. HISTORY 5

switches drove mechanical relays to perform the calcula-
tion. These devices had a low operating speed and were
eventually superseded by much faster all-electric comput-
ers, originally using vacuum tubes. The Z2, created by Ger-
man engineer Konrad Zuse in 1939, was one of the earliest
examples of an electromechanical relay computer.[22]

In 1941, Zuse followed his earlier machine up with the Z3,
the world’s first working electromechanical programmable,
fully automatic digital computer.[23][24] The Z3 was built
with 2000 relays, implementing a 22 bit word length that
operated at a clock frequency of about 5–10 Hz.[25] Pro-
gram code was supplied on punched film while data could
be stored in 64 words of memory or supplied from the key-
board. It was quite similar to modern machines in some re-
spects, pioneering numerous advances such as floating point
numbers. Replacement of the hard-to-implement decimal
system (used in Charles Babbage's earlier design) by the
simpler binary system meant that Zuse’s machines were eas-
ier to build and potentially more reliable, given the tech-
nologies available at that time.[26] The Z3 was Turing com-
plete.[27][28]

Vacuum tubes and digital electronic circuits

Purely electronic circuit elements soon replaced their me-
chanical and electromechanical equivalents, at the same
time that digital calculation replaced analog. The engineer
Tommy Flowers, working at the Post Office Research Sta-
tion in London in the 1930s, began to explore the possi-
ble use of electronics for the telephone exchange. Exper-
imental equipment that he built in 1934 went into opera-
tion 5 years later, converting a portion of the telephone ex-
change network into an electronic data processing system,
using thousands of vacuum tubes.[19] In the US, John Vin-
cent Atanasoff and Clifford E. Berry of Iowa State Univer-
sity developed and tested the Atanasoff–Berry Computer
(ABC) in 1942,[29] the first “automatic electronic digital
computer”.[30] This design was also all-electronic and used
about 300 vacuum tubes, with capacitors fixed in a mechan-
ically rotating drum for memory.[31]

During World War II, the British at Bletchley Park achieved
a number of successes at breaking encrypted German mil-
itary communications. The German encryption machine,
Enigma, was first attacked with the help of the electro-
mechanical bombes. To crack the more sophisticated Ger-
man Lorenz SZ 40/42 machine, used for high-level Army
communications, Max Newman and his colleagues com-
missioned Flowers to build the Colossus.[31] He spent eleven
months from early February 1943 designing and building
the first Colossus.[32] After a functional test in December
1943, Colossus was shipped to Bletchley Park, where it was
delivered on 18 January 1944[33] and attacked its first mes-

Colossus was the first electronic digital programmable computing
device, and was used to break German ciphers during World War
II.

sage on 5 February.[31]

Colossus was the world’s first electronic digital
programmable computer.[19] It used a large number
of valves (vacuum tubes). It had paper-tape input and
was capable of being configured to perform a variety
of boolean logical operations on its data, but it was not
Turing-complete. Nine Mk II Colossi were built (The Mk
I was converted to a Mk II making ten machines in total).
Colossus Mark I contained 1500 thermionic valves (tubes),
but Mark II with 2400 valves, was both 5 times faster
and simpler to operate than Mark 1, greatly speeding the
decoding process.[34][35]

ENIAC was the first Turing-complete device, and performed ballis-
tics trajectory calculations for the United States Army.

The US-built ENIAC[36] (Electronic Numerical Integrator
and Computer) was the first electronic programmable com-
puter built in the US. Although the ENIAC was similar to
the Colossus it was much faster and more flexible. It was
unambiguously a Turing-complete device and could com-
pute any problem that would fit into its memory. Like the
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Colossus, a “program” on the ENIAC was defined by the
states of its patch cables and switches, a far cry from the
stored program electronic machines that came later. Once
a program was written, it had to be mechanically set into
the machine with manual resetting of plugs and switches.
It combined the high speed of electronics with the ability to
be programmed for many complex problems. It could add
or subtract 5000 times a second, a thousand times faster
than any other machine. It also had modules to multiply,
divide, and square root. High speed memory was limited to
20 words (about 80 bytes). Built under the direction of John
Mauchly and J. Presper Eckert at the University of Pennsyl-
vania, ENIAC’s development and construction lasted from
1943 to full operation at the end of 1945. The machine
was huge, weighing 30 tons, using 200 kilowatts of elec-
tric power and contained over 18,000 vacuum tubes, 1,500
relays, and hundreds of thousands of resistors, capacitors,
and inductors.[37]

Stored programs

A section of the Manchester Small-Scale Experimental Machine, the
first stored-program computer.

Early computing machines had fixed programs. Changing
its function required the re-wiring and re-structuring of the
machine.[31] With the proposal of the stored-program com-
puter this changed. A stored-program computer includes by
design an instruction set and can store in memory a set of
instructions (a program) that details the computation. The
theoretical basis for the stored-program computer was laid
by Alan Turing in his 1936 paper. In 1945 Turing joined
the National Physical Laboratory and began work on devel-
oping an electronic stored-program digital computer. His
1945 report ‘Proposed Electronic Calculator’ was the first
specification for such a device. John von Neumann at the
University of Pennsylvania also circulated his First Draft of
a Report on the EDVAC in 1945.[19]

The Manchester Small-Scale Experimental Machine, nick-

Ferranti Mark 1, c. 1951.

named Baby, was the world’s first stored-program com-
puter. It was built at the Victoria University of Manchester
by Frederic C. Williams, Tom Kilburn and Geoff Tootill,
and ran its first program on 21 June 1948.[38] It was de-
signed as a testbed for the Williams tube the first random-
access digital storage device.[39] Although the computer was
considered “small and primitive” by the standards of its
time, it was the first working machine to contain all of the
elements essential to a modern electronic computer.[40] As
soon as the SSEM had demonstrated the feasibility of its
design, a project was initiated at the university to develop it
into a more usable computer, the Manchester Mark 1.
The Mark 1 in turn quickly became the prototype for
the Ferranti Mark 1, the world’s first commercially avail-
able general-purpose computer.[41] Built by Ferranti, it
was delivered to the University of Manchester in February
1951. At least seven of these later machines were deliv-
ered between 1953 and 1957, one of them to Shell labs in
Amsterdam.[42] In October 1947, the directors of British
catering company J. Lyons & Company decided to take an
active role in promoting the commercial development of
computers. The LEO I computer became operational in
April 1951 [43] and ran the world’s first regular routine of-
fice computer job.

Transistors

The bipolar transistor was invented in 1947. From 1955
onwards transistors replaced vacuum tubes in computer de-
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A bipolar junction transistor

signs, giving rise to the “second generation” of computers.
Compared to vacuum tubes, transistors have many advan-
tages: they are smaller, and require less power than vacuum
tubes, so give off less heat. Silicon junction transistors were
much more reliable than vacuum tubes and had longer, in-
definite, service life. Transistorized computers could con-
tain tens of thousands of binary logic circuits in a relatively
compact space.
At the University of Manchester, a team under the leader-
ship of Tom Kilburn designed and built a machine using
the newly developed transistors instead of valves.[44] Their
first transistorised computer and the first in the world, was
operational by 1953, and a second version was completed
there in April 1955. However, the machine did make use of
valves to generate its 125 kHz clock waveforms and in the
circuitry to read and write on its magnetic drum memory,
so it was not the first completely transistorized computer.
That distinction goes to the Harwell CADET of 1955,[45]

built by the electronics division of the Atomic Energy Re-
search Establishment at Harwell.[46][47]

Integrated circuits

The next great advance in computing power came with the
advent of the integrated circuit. The idea of the integrated
circuit was first conceived by a radar scientist working for
the Royal Radar Establishment of the Ministry of Defence,
Geoffrey W.A. Dummer. Dummer presented the first pub-
lic description of an integrated circuit at the Symposium on
Progress in Quality Electronic Components in Washington,
D.C. on 7 May 1952.[48]

The first practical ICs were invented by Jack Kilby at Texas
Instruments and Robert Noyce at Fairchild Semiconduc-
tor.[49] Kilby recorded his initial ideas concerning the inte-
grated circuit in July 1958, successfully demonstrating the

first working integrated example on 12 September 1958.[50]

In his patent application of 6 February 1959, Kilby de-
scribed his new device as “a body of semiconductor ma-
terial ... wherein all the components of the electronic cir-
cuit are completely integrated”.[51][52] Noyce also came up
with his own idea of an integrated circuit half a year later
than Kilby.[53] His chip solved many practical problems that
Kilby’s had not. Produced at Fairchild Semiconductor, it
was made of silicon, whereas Kilby’s chip was made of
germanium.
This new development heralded an explosion in the com-
mercial and personal use of computers and led to the in-
vention of the microprocessor. While the subject of exactly
which device was the first microprocessor is contentious,
partly due to lack of agreement on the exact definition of
the term “microprocessor”, it is largely undisputed that the
first single-chip microprocessor was the Intel 4004,[54] de-
signed and realized by Ted Hoff, Federico Faggin, and Stan-
ley Mazor at Intel.[55]

1.2.5 Mobile computers become dominant

With the continued miniaturization of computing re-
sources, and advancements in portable battery life, portable
computers grew in popularity in the 2000s.[56] The same
developments that spurred the growth of laptop computers
and other portable computers allowed manufacturers to in-
tegrate computing resources into cellular phones. These so-
called smartphones and tablets run on a variety of operating
systems and have become the dominant computing device
on the market, with manufacturers reporting having shipped
an estimated 237 million devices in 2Q 2013.[57]

1.3 Programs

The defining feature of modern computers which distin-
guishes them from all other machines is that they can be
programmed. That is to say that some type of instructions
(the program) can be given to the computer, and it will
process them. Modern computers based on the von Neu-
mann architecture often have machine code in the form of
an imperative programming language.
In practical terms, a computer program may be just a few
instructions or extend to many millions of instructions, as do
the programs for word processors and web browsers for ex-
ample. A typical modern computer can execute billions of
instructions per second (gigaflops) and rarely makes a mis-
take over many years of operation. Large computer pro-
grams consisting of several million instructions may take
teams of programmers years to write, and due to the com-
plexity of the task almost certainly contain errors.
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1.3.1 Stored program architecture

Main articles: Computer program and Computer program-
ming
This section applies to most common RAM machine-based

Replica of the Small-Scale Experimental Machine (SSEM), the
world’s first stored-program computer, at the Museum of Science
and Industry in Manchester, England

computers.
In most cases, computer instructions are simple: add one
number to another, move some data from one location
to another, send a message to some external device, etc.
These instructions are read from the computer’s memory
and are generally carried out (executed) in the order they
were given. However, there are usually specialized instruc-
tions to tell the computer to jump ahead or backwards to
some other place in the program and to carry on execut-
ing from there. These are called “jump” instructions (or
branches). Furthermore, jump instructions may be made to
happen conditionally so that different sequences of instruc-
tions may be used depending on the result of some previ-
ous calculation or some external event. Many computers
directly support subroutines by providing a type of jump
that “remembers” the location it jumped from and another
instruction to return to the instruction following that jump
instruction.
Program execution might be likened to reading a book.
While a person will normally read each word and line in
sequence, they may at times jump back to an earlier place
in the text or skip sections that are not of interest. Sim-
ilarly, a computer may sometimes go back and repeat the
instructions in some section of the program over and over
again until some internal condition is met. This is called
the flow of control within the program and it is what allows
the computer to perform tasks repeatedly without human
intervention.
Comparatively, a person using a pocket calculator can per-
form a basic arithmetic operation such as adding two num-

bers with just a few button presses. But to add together all
of the numbers from 1 to 1,000 would take thousands of
button presses and a lot of time, with a near certainty of
making a mistake. On the other hand, a computer may be
programmed to do this with just a few simple instructions.
The following example is written in the MIPS assembly lan-
guage:
begin: addi $8, $0, 0 # initialize sum to 0 addi $9, $0, 1 #
set first number to add = 1 loop: slti $10, $9, 1000 # check
if the number is less than 1000 beq $10, $0, finish # if odd
number is greater than n then exit add $8, $8, $9 # update
sum addi $9, $9, 1 # get next number j loop # repeat the
summing process finish: add $2, $8, $0 # put sum in output
register

Once told to run this program, the computer will perform
the repetitive addition task without further human interven-
tion. It will almost never make a mistake and a modern PC
can complete the task in a fraction of a second.

1.3.2 Machine code

In most computers, individual instructions are stored as
machine code with each instruction being given a unique
number (its operation code or opcode for short). The com-
mand to add two numbers together would have one opcode;
the command to multiply them would have a different op-
code, and so on. The simplest computers are able to per-
form any of a handful of different instructions; the more
complex computers have several hundred to choose from,
each with a unique numerical code. Since the computer’s
memory is able to store numbers, it can also store the in-
struction codes. This leads to the important fact that entire
programs (which are just lists of these instructions) can be
represented as lists of numbers and can themselves be ma-
nipulated inside the computer in the same way as numeric
data. The fundamental concept of storing programs in the
computer’s memory alongside the data they operate on is
the crux of the von Neumann, or stored program, architec-
ture. In some cases, a computer might store some or all of
its program in memory that is kept separate from the data
it operates on. This is called the Harvard architecture af-
ter the Harvard Mark I computer. Modern von Neumann
computers display some traits of the Harvard architecture
in their designs, such as in CPU caches.
While it is possible to write computer programs as long lists
of numbers (machine language) and while this technique
was used with many early computers,[58] it is extremely te-
dious and potentially error-prone to do so in practice, es-
pecially for complicated programs. Instead, each basic in-
struction can be given a short name that is indicative of
its function and easy to remember – a mnemonic such as
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ADD, SUB, MULT or JUMP. These mnemonics are collec-
tively known as a computer’s assembly language. Convert-
ing programs written in assembly language into something
the computer can actually understand (machine language)
is usually done by a computer program called an assembler.

A 1970s punched card containing one line from a FORTRAN
program. The card reads: “Z(1) = Y + W(1)" and is labeled
“PROJ039” for identification purposes.

1.3.3 Programming language

Main article: Programming language

Programming languages provide various ways of specifying
programs for computers to run. Unlike natural languages,
programming languages are designed to permit no ambigu-
ity and to be concise. They are purely written languages and
are often difficult to read aloud. They are generally either
translated into machine code by a compiler or an assembler
before being run, or translated directly at run time by an
interpreter. Sometimes programs are executed by a hybrid
method of the two techniques.

Low-level languages

Main article: Low-level programming language

Machine languages and the assembly languages that repre-
sent them (collectively termed low-level programming lan-
guages) tend to be unique to a particular type of computer.
For instance, an ARM architecture computer (such as may
be found in a PDA or a hand-held videogame) cannot un-
derstand the machine language of an Intel Pentium or the
AMD Athlon 64 computer that might be in a PC.[59]

High-level languages/Third Generation Language

Main article: High-level programming language

Though considerably easier than in machine language, writ-
ing long programs in assembly language is often difficult
and is also error prone. Therefore, most practical programs
are written in more abstract high-level programming lan-
guages that are able to express the needs of the programmer
more conveniently (and thereby help reduce programmer
error). High level languages are usually “compiled” into ma-
chine language (or sometimes into assembly language and
then into machine language) using another computer pro-
gram called a compiler.[60] High level languages are less re-
lated to the workings of the target computer than assembly
language, and more related to the language and structure
of the problem(s) to be solved by the final program. It is
therefore often possible to use different compilers to trans-
late the same high level language program into the machine
language of many different types of computer. This is part
of the means by which software like video games may be
made available for different computer architectures such as
personal computers and various video game consoles.

1.3.4 Fourth Generation Languages

These 4G languages are less procedural than 3G languages.
The benefit of 4GL is that it provides ways to obtain infor-
mation without requiring the direct help of a programmer.
Example of 4GL is SQL.

1.3.5 Program design

Program design of small programs is relatively simple and
involves the analysis of the problem, collection of inputs,
using the programming constructs within languages, devis-
ing or using established procedures and algorithms, pro-
viding data for output devices and solutions to the prob-
lem as applicable. As problems become larger and more
complex, features such as subprograms, modules, formal
documentation, and new paradigms such as object-oriented
programming are encountered. Large programs involving
thousands of line of code and more require formal soft-
ware methodologies. The task of developing large software
systems presents a significant intellectual challenge. Pro-
ducing software with an acceptably high reliability within a
predictable schedule and budget has historically been dif-
ficult; the academic and professional discipline of software
engineering concentrates specifically on this challenge.

1.3.6 Bugs

Main article: Software bug
Errors in computer programs are called "bugs". They may
be benign and not affect the usefulness of the program,
or have only subtle effects. But in some cases, they may
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The actual first computer bug, a moth found trapped on a relay of
the Harvard Mark II computer

cause the program or the entire system to "hang", becoming
unresponsive to input such as mouse clicks or keystrokes,
to completely fail, or to crash. Otherwise benign bugs
may sometimes be harnessed for malicious intent by an un-
scrupulous user writing an exploit, code designed to take
advantage of a bug and disrupt a computer’s proper execu-
tion. Bugs are usually not the fault of the computer. Since
computers merely execute the instructions they are given,
bugs are nearly always the result of programmer error or an
oversight made in the program’s design.[61]

Admiral Grace Hopper, an American computer scientist
and developer of the first compiler, is credited for having
first used the term “bugs” in computing after a dead moth
was found shorting a relay in the Harvard Mark II computer
in September 1947.[62]

1.4 Components

Main articles: Central processing unit and Microprocessor
A general purpose computer has four main components:

the arithmetic logic unit (ALU), the control unit, the
memory, and the input and output devices (collectively
termed I/O). These parts are interconnected by buses, often
made of groups of wires.
Inside each of these parts are thousands to trillions of small
electrical circuits which can be turned off or on by means
of an electronic switch. Each circuit represents a bit (binary
digit) of information so that when the circuit is on it repre-
sents a “1”, and when off it represents a “0” (in positive logic
representation). The circuits are arranged in logic gates so
that one or more of the circuits may control the state of one
or more of the other circuits.

Video demonstrating the standard components of a “slimline” com-
puter

1.4.1 Control unit

Main articles: CPU design and Control unit
The control unit (often called a control system or cen-

MIPS32 Add Immediate Instruction

Equivalent mnemonic: addi $r1, $r2 , 350

001000 00001 00010 0000000101011110
OP Code Addr 1 Addr 2 Immediate value

Diagram showing how a particular MIPS architecture instruction
would be decoded by the control system

tral controller) manages the computer’s various compo-
nents; it reads and interprets (decodes) the program in-
structions, transforming them into control signals that ac-
tivate other parts of the computer.[63] Control systems in
advanced computers may change the order of execution of
some instructions to improve performance.
A key component common to all CPUs is the program
counter, a special memory cell (a register) that keeps track
of which location in memory the next instruction is to be
read from.[64]

The control system’s function is as follows—note that this
is a simplified description, and some of these steps may be
performed concurrently or in a different order depending on
the type of CPU:

1. Read the code for the next instruction from the cell
indicated by the program counter.

2. Decode the numerical code for the instruction into a
set of commands or signals for each of the other sys-
tems.

https://en.wikipedia.org/wiki/Hang_(computing)
https://en.wikipedia.org/wiki/Mouse_(computing)
https://en.wikipedia.org/wiki/Crash_(computing)
https://en.wikipedia.org/wiki/Exploit_(computer_security)
https://en.wikipedia.org/wiki/Grace_Hopper
https://en.wikipedia.org/wiki/Compiler
https://en.wikipedia.org/wiki/Harvard_Mark_II
https://en.wikipedia.org/wiki/Central_processing_unit
https://en.wikipedia.org/wiki/Microprocessor
https://en.wikipedia.org/wiki/Arithmetic_logic_unit
https://en.wikipedia.org/wiki/Control_unit
https://en.wikipedia.org/wiki/Computer_data_storage
https://en.wikipedia.org/wiki/Bus_(computing)
https://en.wikipedia.org/wiki/Wire
https://en.wikipedia.org/wiki/Electrical_network
https://en.wikipedia.org/wiki/Transistor
https://en.wikipedia.org/wiki/Bit
https://en.wikipedia.org/wiki/Logic_gate
https://en.wikipedia.org/wiki/CPU_design
https://en.wikipedia.org/wiki/Control_unit
https://en.wikipedia.org/wiki/MIPS_architecture
https://en.wikipedia.org/wiki/Program_counter
https://en.wikipedia.org/wiki/Program_counter
https://en.wikipedia.org/wiki/Processor_register


1.4. COMPONENTS 11

3. Increment the program counter so it points to the next
instruction.

4. Read whatever data the instruction requires from cells
in memory (or perhaps from an input device). The
location of this required data is typically stored within
the instruction code.

5. Provide the necessary data to an ALU or register.

6. If the instruction requires an ALU or specialized hard-
ware to complete, instruct the hardware to perform the
requested operation.

7. Write the result from the ALU back to a memory lo-
cation or to a register or perhaps an output device.

8. Jump back to step (1).

Since the program counter is (conceptually) just another set
of memory cells, it can be changed by calculations done in
the ALU. Adding 100 to the program counter would cause
the next instruction to be read from a place 100 locations
further down the program. Instructions that modify the
program counter are often known as “jumps” and allow for
loops (instructions that are repeated by the computer) and
often conditional instruction execution (both examples of
control flow).
The sequence of operations that the control unit goes
through to process an instruction is in itself like a short
computer program, and indeed, in some more complex
CPU designs, there is another yet smaller computer called
a microsequencer, which runs a microcode program that
causes all of these events to happen.

1.4.2 Central processing unit (CPU)

The control unit, ALU, and registers are collectively known
as a central processing unit (CPU). Early CPUs were com-
posed of many separate components but since the mid-
1970s CPUs have typically been constructed on a single
integrated circuit called a microprocessor.

1.4.3 Arithmetic logic unit (ALU)

Main article: Arithmetic logic unit

The ALU is capable of performing two classes of opera-
tions: arithmetic and logic.[65]

The set of arithmetic operations that a particular ALU
supports may be limited to addition and subtraction, or
might include multiplication, division, trigonometry func-
tions such as sine, cosine, etc., and square roots. Some can

only operate on whole numbers (integers) whilst others use
floating point to represent real numbers, albeit with limited
precision. However, any computer that is capable of per-
forming just the simplest operations can be programmed to
break down the more complex operations into simple steps
that it can perform. Therefore, any computer can be pro-
grammed to perform any arithmetic operation—although
it will take more time to do so if its ALU does not directly
support the operation. An ALU may also compare numbers
and return boolean truth values (true or false) depending on
whether one is equal to, greater than or less than the other
(“is 64 greater than 65?").
Logic operations involve Boolean logic: AND, OR, XOR,
and NOT. These can be useful for creating complicated
conditional statements and processing boolean logic.
Superscalar computers may contain multiple ALUs, allow-
ing them to process several instructions simultaneously.[66]

Graphics processors and computers with SIMD and MIMD
features often contain ALUs that can perform arithmetic on
vectors and matrices.

1.4.4 Memory

Main article: Computer data storage
A computer’s memory can be viewed as a list of cells into

Magnetic core memory was the computer memory of choice
throughout the 1960s, until it was replaced by semiconductor mem-
ory.

which numbers can be placed or read. Each cell has a num-
bered “address” and can store a single number. The com-
puter can be instructed to “put the number 123 into the cell
numbered 1357” or to “add the number that is in cell 1357
to the number that is in cell 2468 and put the answer into
cell 1595.” The information stored in memory may rep-
resent practically anything. Letters, numbers, even com-
puter instructions can be placed into memory with equal
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ease. Since the CPU does not differentiate between differ-
ent types of information, it is the software’s responsibility
to give significance to what the memory sees as nothing but
a series of numbers.
In almost all modern computers, each memory cell is set
up to store binary numbers in groups of eight bits (called
a byte). Each byte is able to represent 256 different num-
bers (28 = 256); either from 0 to 255 or −128 to +127. To
store larger numbers, several consecutive bytes may be used
(typically, two, four or eight). When negative numbers are
required, they are usually stored in two’s complement nota-
tion. Other arrangements are possible, but are usually not
seen outside of specialized applications or historical con-
texts. A computer can store any kind of information in
memory if it can be represented numerically. Modern com-
puters have billions or even trillions of bytes of memory.
The CPU contains a special set of memory cells called
registers that can be read and written to much more rapidly
than the main memory area. There are typically between
two and one hundred registers depending on the type of
CPU. Registers are used for the most frequently needed
data items to avoid having to access main memory every
time data is needed. As data is constantly being worked
on, reducing the need to access main memory (which is of-
ten slow compared to the ALU and control units) greatly
increases the computer’s speed.
Computer main memory comes in two principal varieties:

• random-access memory or RAM

• read-only memory or ROM

RAM can be read and written to anytime the CPU com-
mands it, but ROM is preloaded with data and software that
never changes, therefore the CPU can only read from it.
ROM is typically used to store the computer’s initial start-
up instructions. In general, the contents of RAM are erased
when the power to the computer is turned off, but ROM re-
tains its data indefinitely. In a PC, the ROM contains a spe-
cialized program called the BIOS that orchestrates loading
the computer’s operating system from the hard disk drive
into RAM whenever the computer is turned on or reset. In
embedded computers, which frequently do not have disk
drives, all of the required software may be stored in ROM.
Software stored in ROM is often called firmware, because it
is notionally more like hardware than software. Flash mem-
ory blurs the distinction between ROM and RAM, as it re-
tains its data when turned off but is also rewritable. It is
typically much slower than conventional ROM and RAM
however, so its use is restricted to applications where high
speed is unnecessary.[67]

In more sophisticated computers there may be one or more
RAM cache memories, which are slower than registers but

faster than main memory. Generally computers with this
sort of cache are designed to move frequently needed data
into the cache automatically, often without the need for any
intervention on the programmer’s part.

1.4.5 Input/output (I/O)

Main article: Input/output
I/O is the means by which a computer exchanges informa-

Hard disk drives are common storage devices used with computers.

tion with the outside world.[68] Devices that provide input or
output to the computer are called peripherals.[69] On a typ-
ical personal computer, peripherals include input devices
like the keyboard and mouse, and output devices such as
the display and printer. Hard disk drives, floppy disk drives
and optical disc drives serve as both input and output de-
vices. Computer networking is another form of I/O.
I/O devices are often complex computers in their own right,
with their own CPU and memory. A graphics processing
unit might contain fifty or more tiny computers that perform
the calculations necessary to display 3D graphics. Modern
desktop computers contain many smaller computers that as-
sist the main CPU in performing I/O.

1.4.6 Multitasking

Main article: Computer multitasking

While a computer may be viewed as running one gigantic
program stored in its main memory, in some systems it is
necessary to give the appearance of running several pro-
grams simultaneously. This is achieved by multitasking i.e.
having the computer switch rapidly between running each
program in turn.[70]

One means by which this is done is with a special signal
called an interrupt, which can periodically cause the com-
puter to stop executing instructions where it was and do
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something else instead. By remembering where it was ex-
ecuting prior to the interrupt, the computer can return to
that task later. If several programs are running “at the
same time”. then the interrupt generator might be causing
several hundred interrupts per second, causing a program
switch each time. Since modern computers typically ex-
ecute instructions several orders of magnitude faster than
human perception, it may appear that many programs are
running at the same time even though only one is ever ex-
ecuting in any given instant. This method of multitasking
is sometimes termed “time-sharing” since each program is
allocated a “slice” of time in turn.[71]

Before the era of cheap computers, the principal use for
multitasking was to allow many people to share the same
computer.
Seemingly, multitasking would cause a computer that is
switching between several programs to run more slowly, in
direct proportion to the number of programs it is running,
but most programs spend much of their time waiting for
slow input/output devices to complete their tasks. If a pro-
gram is waiting for the user to click on the mouse or press a
key on the keyboard, then it will not take a “time slice” until
the event it is waiting for has occurred. This frees up time
for other programs to execute so that many programs may
be run simultaneously without unacceptable speed loss.

1.4.7 Multiprocessing

Main article: Multiprocessing
Some computers are designed to distribute their work

Cray designed many supercomputers that used multiprocessing
heavily.

across several CPUs in a multiprocessing configuration, a
technique once employed only in large and powerful ma-
chines such as supercomputers, mainframe computers and
servers. Multiprocessor and multi-core (multiple CPUs on

a single integrated circuit) personal and laptop computers
are now widely available, and are being increasingly used in
lower-end markets as a result.
Supercomputers in particular often have highly unique
architectures that differ significantly from the basic
stored-program architecture and from general purpose
computers.[72] They often feature thousands of CPUs, cus-
tomized high-speed interconnects, and specialized comput-
ing hardware. Such designs tend to be useful only for spe-
cialized tasks due to the large scale of program organiza-
tion required to successfully utilize most of the available re-
sources at once. Supercomputers usually see usage in large-
scale simulation, graphics rendering, and cryptography ap-
plications, as well as with other so-called "embarrassingly
parallel" tasks.

1.5 Networking and the Internet

Main articles: Computer networking and Internet
Computers have been used to coordinate information be-

Visualization of a portion of the routes on the Internet

tween multiple locations since the 1950s. The U.S. mil-
itary’s SAGE system was the first large-scale example of
such a system, which led to a number of special-purpose
commercial systems such as Sabre.[73]

In the 1970s, computer engineers at research institutions
throughout the United States began to link their computers
together using telecommunications technology. The effort
was funded by ARPA (now DARPA), and the computer
network that resulted was called the ARPANET.[74] The
technologies that made the Arpanet possible spread and
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evolved.
In time, the network spread beyond academic and military
institutions and became known as the Internet. The emer-
gence of networking involved a redefinition of the nature
and boundaries of the computer. Computer operating sys-
tems and applications were modified to include the ability
to define and access the resources of other computers on
the network, such as peripheral devices, stored information,
and the like, as extensions of the resources of an individual
computer. Initially these facilities were available primar-
ily to people working in high-tech environments, but in the
1990s the spread of applications like e-mail and the World
Wide Web, combined with the development of cheap, fast
networking technologies like Ethernet and ADSL saw com-
puter networking become almost ubiquitous. In fact, the
number of computers that are networked is growing phe-
nomenally. A very large proportion of personal computers
regularly connect to the Internet to communicate and re-
ceive information. “Wireless” networking, often utilizing
mobile phone networks, has meant networking is becoming
increasingly ubiquitous even in mobile computing environ-
ments.

1.5.1 Computer architecture paradigms

There are many types of computer architectures:

• Quantum computer vs. Chemical computer

• Scalar processor vs. Vector processor

• Non-Uniform Memory Access (NUMA) computers

• Register machine vs. Stack machine

• Harvard architecture vs. von Neumann architecture

• Cellular architecture

Of all these abstract machines, a quantum computer holds
the most promise for revolutionizing computing.[75]

Logic gates are a common abstraction which can apply to
most of the above digital or analog paradigms.
The ability to store and execute lists of instructions called
programs makes computers extremely versatile, distin-
guishing them from calculators. The Church–Turing thesis
is a mathematical statement of this versatility: any com-
puter with a minimum capability (being Turing-complete)
is, in principle, capable of performing the same tasks that
any other computer can perform. Therefore, any type
of computer (netbook, supercomputer, cellular automaton,
etc.) is able to perform the same computational tasks, given
enough time and storage capacity.

1.6 Misconceptions

Main articles: Human computer and Harvard Computers
A computer does not need to be electronic, nor even have

Women as computers in NACA High Speed Flight Station “Com-
puter Room”

a processor, nor RAM, nor even a hard disk. While pop-
ular usage of the word “computer” is synonymous with
a personal electronic computer, the modern[76] definition
of a computer is literally: "A device that computes, es-
pecially a programmable [usually] electronic machine that
performs high-speed mathematical or logical operations or
that assembles, stores, correlates, or otherwise processes
information.”[77] Any device which processes information
qualifies as a computer, especially if the processing is pur-
poseful.

1.6.1 Unconventional computing

Main article: Unconventional computing

Historically, computers evolved from mechanical comput-
ers and eventually from vacuum tubes to transistors. How-
ever, conceptually computational systems as flexible as a
personal computer can be built out of almost anything.
For example, a computer can be made out of billiard balls
(billiard ball computer); an often quoted example. More
realistically, modern computers are made out of transistors
made of photolithographed semiconductors.

1.7 Future

There is active research to make computers out of many
promising new types of technology, such as optical comput-
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ers, DNA computers, neural computers, and quantum com-
puters. Most computers are universal, and are able to calcu-
late any computable function, and are limited only by their
memory capacity and operating speed. However different
designs of computers can give very different performance
for particular problems; for example quantum computers
can potentially break some modern encryption algorithms
(by quantum factoring) very quickly.

1.8 Further topics

• Glossary of computers

1.8.1 Artificial intelligence

A computer will solve problems in exactly the way it is pro-
grammed to, without regard to efficiency, alternative so-
lutions, possible shortcuts, or possible errors in the code.
Computer programs that learn and adapt are part of the
emerging field of artificial intelligence and machine learn-
ing.

1.9 Hardware

Main articles: Computer hardware and Personal computer
hardware

The term hardware covers all of those parts of a computer
that are tangible objects. Circuits, displays, power supplies,
cables, keyboards, printers and mice are all hardware.

1.9.1 History of computing hardware

Main article: History of computing hardware

1.9.2 Other hardware topics

1.10 Software

Main article: Computer software

Software refers to parts of the computer which do not have a
material form, such as programs, data, protocols, etc. When
software is stored in hardware that cannot easily be modi-
fied (such as BIOS ROM in an IBM PC compatible), it is
sometimes called “firmware”.

1.11 Languages

There are thousands of different programming languages—
some intended to be general purpose, others useful only for
highly specialized applications.

1.11.1 Firmware

Firmware is the technology which has the combination of
both hardware and software such as BIOS chip inside a
computer. This chip (hardware) is located on the moth-
erboard and has the BIOS set up (software) stored in it.

1.12 Types of computers

Computers are typically classified based on their uses:

1.12.1 Based on uses

• Analog computer

• Digital computer

• Hybrid computer

1.12.2 Based on sizes

• Micro computer

• Personal computer

• Mini Computer

• Mainframe computer

• Super computer

1.13 Input Devices

When unprocessed data is sent to the computer with the
help of input devices, the data is processed and sent to out-
put devices. The input devices may be hand-operated or
automated. The act of processing is mainly regulated by
the CPU. Some examples of hand-operated input devices
are:

• Overlay keyboard

• Trackball

• Joystick
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• Digital camera
• Microphone
• Touchscreen
• Digital video
• Image scanner
• Graphics tablet
• Computer keyboard
• Mouse

1.14 Output Devices

The means through which computer gives output are known
as output devices. Some examples of output devices are:

• Computer monitor
• Printer
• Projector
• Sound card
• PC speaker
• Video card

1.15 Professions and organizations

As the use of computers has spread throughout society,
there are an increasing number of careers involving com-
puters.
The need for computers to work well together and to be able
to exchange information has spawned the need for many
standards organizations, clubs and societies of both a formal
and informal nature.

1.16 See also
• Computability theory
• Computer insecurity
• Computer security
• List of computer term etymologies
• List of fictional computers
• Pulse computation
• TOP500 (list of most powerful computers)
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performance at a much lower cost than customized designs.
While custom architectures are still used for most of the
most powerful supercomputers, there has been a prolifer-
ation of cluster computers in recent years. (TOP500 2006)

[73] Agatha C. Hughes (2000). Systems, Experts, and Computers.
MIT Press. p. 161. ISBN 978-0-262-08285-3. The expe-
rience of SAGE helped make possible the first truly large-
scale commercial real-time network: the SABRE computer-
ized airline reservations system...

[74] “A Brief History of the Internet”. Internet Society. Re-
trieved 20 September 2008.

[75] “Computer architecture: fundamentals and principles of
computer design” by Joseph D. Dumas 2006. page 340.

[76] According to the Shorter Oxford English Dictionary (6th ed,
2007), the word computer dates back to the mid 17th cen-
tury, when it referred to “A person who makes calculations;
specifically a person employed for this in an observatory
etc.”

[77] “Definition of computer”. Thefreedictionary.com. Re-
trieved 29 January 2012.

[78] Most major 64-bit instruction set architectures are exten-
sions of earlier designs. All of the architectures listed in this
table, except for Alpha, existed in 32-bit forms before their
64-bit incarnations were introduced.
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Chapter 2

Analog computer

A page from theBombardier’s Information File (BIF) that describes
the components and controls of the Norden bombsight. TheNorden
bombsight was a highly sophisticated optical/mechanical analog
computer used by the United States Army Air Force during World
War II, the Korean War, and the Vietnam War to aid the pilot of a
bomber aircraft in dropping bombs accurately.

An analog computer is a form of computer that uses the
continuously changeable aspects of physical phenomena
such as electrical, mechanical, or hydraulic quantities to
model the problem being solved. In contrast, digital com-
puters represent varying quantities symbolically, as their
numerical values change. As an analog computer does not
use discrete values, but rather continuous values, processes
cannot be reliably repeated with exact equivalence, as they

can with Turing machines. Analog computers do not suffer
from the quantization noise inherent in digital computers,
but are limited instead by analog noise.
Analog computers were widely used in scientific and indus-
trial applications where digital computers of the time lacked
sufficient performance. Analog computers can have a very
wide range of complexity. Slide rules and nomographs
are the simplest, while naval gunfire control computers and
large hybrid digital/analog computers were among the most
complicated.[1] Systems for process control and protective
relays used analog computation to perform control and pro-
tective functions.
The advent of digital computing and its success made analog
computers largely obsolete in 1950s and 1960s, though they
remain in use in some specific applications, like the flight
computer in aircraft, and for teaching control systems in
universities.

2.1 Setup

Setting up an analog computer required scale factors to be
chosen, along with initial conditions—that is, starting val-
ues. Another essential was creating the required network of
interconnections between computing elements. Sometimes
it was necessary to re-think the structure of the problem so
that the computer would function satisfactorily. No vari-
ables could be allowed to exceed the computer’s limits, and
differentiation was to be avoided, typically by rearranging
the “network” of interconnects, using integrators in a dif-
ferent sense.
Running an electronic analog computer, assuming a satis-
factory setup, started with the computer held with some
variables fixed at their initial values. Moving a switch re-
leased the holds and permitted the problem to run. In some
instances, the computer could, after a certain running time
interval, repeatedly return to the initial-conditions state to
reset the problem, and run it again.
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2.2 Timeline of analog computers

See also: History of computing hardware

2.2.1 Precursors

See also: Timeline of computing hardware 2400 BC–1949

This is a list of examples of early computation devices
which are considered to be precursors of the modern com-
puters. Some of them may even have been dubbed as 'com-
puters’ by the press, although they may fail to fit the modern
definitions.

The ancient Greek-designed Antikythera mechanism, dating be-
tween 150 to 100 BC, is the world’s oldest known analog computer.

The Antikythera mechanism is believed to be the earli-
est known mechanical analog “computer”, according to
Derek J. de Solla Price.[2] It was designed to calculate as-
tronomical positions. It was discovered in 1901 in the
Antikythera wreck off the Greek island of Antikythera, be-
tween Kythera and Crete, and has been dated to circa 100
BC. Devices of a level of complexity comparable to that
of the Antikythera mechanism would not reappear until a
thousand years later.
Many mechanical aids to calculation and measurement
were constructed for astronomical and navigation use. The
planisphere was a star chart invented by Abū Rayḥān al-
Bīrūnī in the early 11th century.[3] The astrolabe was in-
vented in the Hellenistic world in either the 1st or 2nd cen-
turies BC and is often attributed to Hipparchus. A combi-
nation of the planisphere and dioptra, the astrolabe was ef-
fectively an analog computer capable of working out several

different kinds of problems in spherical astronomy. An as-
trolabe incorporating a mechanical calendar computer[4][5]

and gear-wheels was invented by Abi Bakr of Isfahan,
Persia in 1235.[6] Abū Rayhān al-Bīrūnī invented the first
mechanical geared lunisolar calendar astrolabe,[7] an early
fixed-wired knowledge processing machine[8] with a gear
train and gear-wheels,[9] circa 1000 AD.
The sector, a calculating instrument used for solving prob-
lems in proportion, trigonometry, multiplication and divi-
sion, and for various functions, such as squares and cube
roots, was developed in the late 16th century and found ap-
plication in gunnery, surveying and navigation.
The planimeter was a manual instrument to calculate the
area of a closed figure by tracing over it with a mechanical
linkage.

A slide rule

The slide rule was invented around 1620–1630, shortly af-
ter the publication of the concept of the logarithm. It
is a hand-operated analog computer for doing multiplica-
tion and division. As slide rule development progressed,
added scales provided reciprocals, squares and square roots,
cubes and cube roots, as well as transcendental functions
such as logarithms and exponentials, circular and hyper-
bolic trigonometry and other functions. Aviation is one of
the few fields where slide rules are still in widespread use,
particularly for solving time–distance problems in light air-
craft.
The tide-predicting machine invented by Sir William
Thomson in 1872 was of great utility to navigation in shal-
low waters. It used a system of pulleys and wires to auto-
matically calculate predicted tide levels for a set period at a
particular location.
The differential analyser, a mechanical analog computer de-
signed to solve differential equations by integration, used
wheel-and-disc mechanisms to perform the integration. In
1876 Lord Kelvin had already discussed the possible con-
struction of such calculators, but he had been stymied by the
limited output torque of the ball-and-disk integrators.[10] In
a differential analyzer, the output of one integrator drove
the input of the next integrator, or a graphing output. The
torque amplifier was the advance that allowed these ma-
chines to work. Starting in the 1920s, Vannevar Bush and
others developed mechanical differential analyzers.
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2.2.2 Modern era

Analog computing machine at the Lewis Flight Propulsion Labora-
tory circa 1949.

Heathkit EC-1 educational analog computer

The Dumaresq was a mechanical calculating device in-
vented around 1902 by Lieutenant John Dumaresq of the
Royal Navy. It was an analog computer which related vi-
tal variables of the fire control problem to the movement
of one’s own ship and that of a target ship. It was often
used with other devices, such as a Vickers range clock to
generate range and deflection data so the gun sights of the
ship could be continuously set. A number of versions of
the Dumaresq were produced of increasing complexity as
development proceeded.
By 1912 Arthur Pollen had developed an electrically driven
mechanical analog computer for fire-control systems, based
on the differential analyser. It was used by the Imperial
Russian Navy in World War I.
Starting in 1929, AC network analyzers were constructed to
solve calculation problems related to electrical power sys-

tems that were too large to solve with numerical methods at
the time.[11] These were essentially scale models of the elec-
trical properties of the full-size system. Since network ana-
lyzers could handle problems too large for analytic methods
or hand computation, they were also used to solve problems
in nuclear physics and in the design of structures. More
than 50 large network analyzers were built by the end of
the 1950s.
World War II era gun directors, gun data computers, and
bomb sights used mechanical analog computers. Mechani-
cal analog computers were very important in gun fire control
in World War II, The Korean War and well past the Vietnam
War; they were made in significant numbers.
The FERMIAC was an analog computer invented by physi-
cist Enrico Fermi in 1947 to aid in his studies of neutron
transport.[12] Project Cyclone was an analog computer de-
veloped by Reeves in 1950 for the analysis and design of
dynamic systems.[13] Project Typhoon was an analog com-
puter developed by RCA in 1952. It consisted of over 4000
electron tubes and used 100 dials and 6000 plug-in con-
nectors to program.[14] The MONIAC Computer was a hy-
draulic model of a national economy first unveiled in 1949.
Computer Engineering Associates was spun out of Caltech
in 1950 to provide commercial services using the “Direct
Analogy Electric Analog Computer” (“the largest and most
impressive general-purpose analyzer facility for the solution
of field problems”) developed there by Gilbert D. McCann,
Charles H. Wilts, and Bart Locanthi.[15][16]

Educational analog computers illustrated the principles of
analog calculation. The Heathkit EC-1, a $199 educa-
tional analog computer, was made by the Heath Com-
pany, USA c. 1960.[17] It was programmed using patch
cords that connected nine operational amplifiers and other
components.[18] General Electric also marketed an “educa-
tional” analog computer kit of a simple design in the early
1960s consisting of a two transistor tone generator and three
potentiometers wired such that the frequency of the oscilla-
tor was nulled when the potentiometer dials were positioned
by hand to satisfy an equation. The relative resistance of
the potentiometer was then equivalent to the formula of the
equation being solved. Multiplication or division could be
performed depending on which dials were considered in-
puts and which was the output. Accuracy and resolution was
limited and a simple slide rule was more accurate; however,
the unit did demonstrate the basic principle.
In industrial process control, thousands of analog loop con-
trollers were used to automatically regulate temperature,
flow, pressure, or other process conditions. The technol-
ogy of these controllers ranged from purely mechanical in-
tegrators, through vacuum-tube and solid-state devices, to
emulation of analog controllers by microprocessors.
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2.3 Electronic analog computers

Polish analog computer AKAT-1

The similarity between linear mechanical components,
such as springs and dashpots (viscous-fluid dampers), and
electrical components, such as capacitors, inductors, and
resistors is striking in terms of mathematics. They can be
modeled using equations of the same form.
However, the difference between these systems is what
makes analog computing useful. If one considers a sim-
ple mass–spring system, constructing the physical system
would require making or modifying the springs and masses.
This would be followed by attaching them to each other and
an appropriate anchor, collecting test equipment with the
appropriate input range, and finally, taking measurements.
In more complicated cases, such as suspensions for racing
cars, experimental construction, modification, and testing
is both complicated and expensive.
The electrical equivalent can be constructed with a few
operational amplifiers (op amps) and some passive linear
components; all measurements can be taken directly with
an oscilloscope. In the circuit, the (simulated) 'stiffness of
the spring', for instance, can be changed by adjusting the
parameters of a capacitor. The electrical system is an anal-
ogy to the physical system, hence the name, but it is less

expensive to construct, generally safer, and typically much
easier to modify.
As well, an electronic circuit can typically operate at higher
frequencies than the system being simulated. This allows
the simulation to run faster than real time (which could, in
some instances, be hours, weeks, or longer). Experienced
users of electronic analog computers said that they offered
a comparatively intimate control and understanding of the
problem, relative to digital simulations.
The drawback of the mechanical-electrical analogy is that
electronics are limited by the range over which the variables
may vary. This is called dynamic range. They are also lim-
ited by noise levels. Floating-point digital calculations have
a comparatively huge dynamic range.
These electric circuits can also easily perform a wide vari-
ety of simulations. For example, voltage can simulate water
pressure and electric current can simulate rate of flow in
terms of cubic metres per second. An integrator can pro-
vide the total accumulated volume of liquid, using an input
current proportional to the (possibly varying) flow rate.
Analog computers are especially well-suited to represent-
ing situations described by differential equations. Occa-
sionally, they were used when a differential equation proved
very difficult to solve by traditional means.
The accuracy of an analog computer is limited by its com-
puting elements as well as quality of the internal power
and electrical interconnections. The precision of the ana-
log computer readout was limited chiefly by the precision
of the readout equipment used, generally three or four sig-
nificant figures. The precision of a digital computer is lim-
ited by the word size; arbitrary-precision arithmetic, while
relatively slow, provides any practical degree of precision
that might be needed.
Many small computers dedicated to specific computations
are still part of industrial regulation equipment, but from
the 1950s to the 1970s, general-purpose analog computers
were the only systems fast enough for real time simulation
of dynamic systems, especially in the aircraft, military and
aerospace field.
In the 1960s, the major manufacturer was Electronic As-
sociates of Princeton, New Jersey, with its 231R Analog
Computer (vacuum tubes, 20 integrators) and subsequently
its 8800 Analog Computer (solid state operational ampli-
fiers, 64 integrators). Its challenger was Applied Dynamics
of Ann Arbor, Michigan.
Although the basic technology for analog computers is usu-
ally operational amplifiers (also called “continuous current
amplifiers” because they have no low frequency limitation),
in the 1960s an attempt was made in the French ANALAC
computer to use an alternative technology: medium fre-
quency carrier and non dissipative reversible circuits.
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In the 1970s every big company and administration con-
cerned with problems in dynamics had a big analog com-
puting center, for example:

• In the USA: NASA (Huntsville, Houston), Martin Ma-
rietta (Orlando), Lockheed, Westinghouse, Hughes
Aircraft

• In Europe: CEA (French Atomic Energy Commis-
sion), MATRA, Aerospatiale, BAC (British Aircraft
Corporation).

2.4 Analog–digital hybrids

Analog computing devices are fast, digital computing de-
vices are more versatile and accurate, so the idea is to com-
bine the two processes for the best efficiency. An example
of such hybrid elementary device is the hybrid multiplier
where one input is an analog signal, the other input is a
digital signal and the output is analog. It acts as an ana-
log potentiometer upgradable digitally. This kind of hybrid
technique is mainly used for fast dedicated real time com-
putation when computing time is very critical as signal pro-
cessing for radars and generally for controllers in embedded
systems.
In the early 1970s analog computer manufacturers tried to
tie together their analog computer with a digital computer
to get the advantages of the two techniques. In such sys-
tems, the digital computer controlled the analog computer,
providing initial set-up, initiating multiple analog runs, and
automatically feeding and collecting data. The digital com-
puter may also participate to the calculation itself using
analog-to-digital and digital-to-analog converters.
The largest manufacturer of hybrid computers was Elec-
tronics Associates. Their hybrid computer model 8900
was made of a digital computer and one or more analog
consoles. These systems were mainly dedicated to large
projects such as the Apollo program and Space Shuttle at
NASA, or Ariane in Europe, especially during the integra-
tion step where at the beginning everything is simulated,
and progressively real components replace their simulated
part.
Only one company was known as offering general commer-
cial computing services on its hybrid computers, CISI of
France, in the 1970s.
The best reference in this field is the 100 000 simulations
runs for each certification of the automatic landing systems
of Airbus and Concorde aircraft.
After 1980, purely digital computers progressed more and
more rapidly and were fast enough to compete with analog
computers. One key to the speed of analog computers was

their fully parallel computation, but this was also a limita-
tion. The more equations required for a problem, the more
analog components were needed, even when the problem
wasn't time critical. “Programming” a problem meant in-
terconnecting the analog operators; even with a removable
wiring panel this was not very versatile. Today there are no
more big hybrid computers, but only hybrid components.

2.5 Implementations

2.5.1 Mechanical analog computers

While a wide variety of mechanisms have been developed
throughout history, some stand out because of their theo-
retical importance, or because they were manufactured in
significant quantities.
Most practical mechanical analog computers of any signifi-
cant complexity used rotating shafts to carry variables from
one mechanism to another. Cables and pulleys were used
in a Fourier synthesizer, a tide-predicting machine, which
summed the individual harmonic components. Another
category, not nearly as well known, used rotating shafts only
for input and output, with precision racks and pinions. The
racks were connected to linkages that performed the com-
putation. At least one US Naval sonar fire control computer
of the later 1950s, made by Librascope, was of this type, as
was the principal computer in the Mk. 56 Gun Fire Control
System.
Online, there is a remarkably clear illustrated reference (OP
1140) that describes[19] the fire control computer mecha-
nisms. For adding and subtracting, precision miter-gear dif-
ferentials were in common use in some computers; the Ford
Instrument Mark I Fire Control Computer contained about
160 of them.
Integration with respect to another variable was done by a
rotating disc driven by one variable. Output came from a
pickoff device (such as a wheel) positioned at a radius on
the disc proportional to the second variable. (A carrier with
a pair of steel balls supported by small rollers worked espe-
cially well. A roller, its axis parallel to the disc’s surface,
provided the output. It was held against the pair of balls by
a spring.)
Arbitrary functions of one variable were provided by cams,
with gearing to convert follower movement to shaft rotation.
Functions of two variables were provided by three-
dimensional cams. In one good design, one of the variables
rotated the cam. A hemispherical follower moved its car-
rier on a pivot axis parallel to that of the cam’s rotating axis.
Pivoting motion was the output. The second variable moved
the follower along the axis of the cam. One practical appli-
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cation was ballistics in gunnery.
Coordinate conversion from polar to rectangular was done
by a mechanical resolver (called a “component solver” in
US Navy fire control computers). Two discs on a common
axis positioned a sliding block with pin (stubby shaft) on it.
One disc was a face cam, and a follower on the block in the
face cam’s groove set the radius. The other disc, closer to
the pin, contained a straight slot in which the block moved.
The input angle rotated the latter disc (the face cam disc, for
an unchanging radius, rotated with the other (angle) disc; a
differential and a few gears did this correction).
Referring to the mechanism’s frame, the location of the pin
corresponded to the tip of the vector represented by the an-
gle and magnitude inputs. Mounted on that pin was a square
block.
Rectilinear-coordinate outputs (both sine and cosine, typi-
cally) came from two slotted plates, each slot fitting on the
block just mentioned. The plates moved in straight lines,
the movement of one plate at right angles to that of the
other. The slots were at right angles to the direction of
movement. Each plate, by itself, was like a Scotch yoke,
known to steam engine enthusiasts.
During World War II, a similar mechanism converted rec-
tilinear to polar coordinates, but it was not particularly suc-
cessful and was eliminated in a significant redesign (USN,
Mk. 1 to Mk. 1A).
Multiplication was done by mechanisms based on the ge-
ometry of similar right triangles. Using the trigonometric
terms for a right triangle, specifically opposite, adjacent,
and hypotenuse, the adjacent side was fixed by construction.
One variable changed the magnitude of the opposite side.
In many cases, this variable changed sign; the hypotenuse
could coincide with the adjacent side (a zero input), or move
beyond the adjacent side, representing a sign change.
Typically, a pinion-operated rack moving parallel to the
(trig.-defined) opposite side would position a slide with a
slot coincident with the hypotenuse. A pivot on the rack let
the slide’s angle change freely. At the other end of the slide
(the angle, in trig, terms), a block on a pin fixed to the frame
defined the vertex between the hypotenuse and the adjacent
side.
At any distance along the adjacent side, a line perpendicular
to it intersects the hypotenuse at a particular point. The
distance between that point and the adjacent side is some
fraction that is the product of 1 the distance from the vertex,
and 2 the magnitude of the opposite side.
The second input variable in this type of multiplier positions
a slotted plate perpendicular to the adjacent side. That slot
contains a block, and that block’s position in its slot is de-
termined by another block right next to it. The latter slides
along the hypotenuse, so the two blocks are positioned at a

distance from the (trig.) adjacent side by an amount pro-
portional to the product.
To provide the product as an output, a third element, an-
other slotted plate, also moves parallel to the (trig.) opposite
side of the theoretical triangle. As usual, the slot is perpen-
dicular to the direction of movement. A block in its slot,
pivoted to the hypotenuse block positions it.
A special type of integrator, used at a point where only mod-
erate accuracy was needed, was based on a steel ball, instead
of a disc. It had two inputs, one to rotate the ball, and the
other to define the angle of the ball’s rotating axis. That
axis was always in a plane that contained the axes of two
movement-pickoff rollers, quite similar to the mechanism
of a rolling-ball computer mouse (in this mechanism, the
pickoff rollers were roughly the same diameter as the ball).
The pickoff roller axes were at right angles.
A pair of rollers “above” and “below” the pickoff plane were
mounted in rotating holders that were geared together. That
gearing was driven by the angle input, and established the
rotating axis of the ball. The other input rotated the “bot-
tom” roller to make the ball rotate.
Essentially, the whole mechanism, called a component in-
tegrator, was a variable-speed drive with one motion input
and two outputs, as well as an angle input. The angle in-
put varied the ratio (and direction) of coupling between the
“motion” input and the outputs according to the sine and
cosine of the input angle.
Although they did not accomplish any computation, elec-
tromechanical position servos were essential in mechanical
analog computers of the “rotating-shaft” type for provid-
ing operating torque to the inputs of subsequent comput-
ing mechanisms, as well as driving output data-transmission
devices such as large torque-transmitter synchros in naval
computers.
Other non-computational mechanisms included internal
odometer-style counters with interpolating drum dials for
indicating internal variables, and mechanical multi-turn
limit stops.
Considering that accurately controlled rotational speed in
analog fire-control computers was a basic element of their
accuracy, there was a motor with its average speed con-
trolled by a balance wheel, hairspring, jeweled-bearing
differential, a twin-lobe cam, and spring-loaded contacts
(ship’s AC power frequency was not necessarily accurate,
nor dependable enough, when these computers were de-
signed).
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2.5.2 Electronic analog computers

Electronic analog computers typically have front panels
with numerous jacks (single-contact sockets) that permit
patch cords (flexible wires with plugs at both ends) to cre-
ate the interconnections which define the problem setup. In
addition, there are precision high-resolution potentiometers
(variable resistors) for setting up (and, when needed, vary-
ing) scale factors. In addition, there is likely to be a zero-
center analog pointer-type meter for modest-accuracy volt-
age measurement. Stable, accurate voltage sources provide
known magnitudes.
Typical electronic analog computers contain anywhere from
a few to a hundred or more operational amplifiers (“op
amps”), named because they perform mathematical oper-
ations. Op amps are a particular type of feedback amplifier
with very high gain and stable input (low and stable offset).
They are always used with precision feedback components
that, in operation, all but cancel out the currents arriving
from input components. The majority of op amps in a rep-
resentative setup are summing amplifiers, which add and
subtract analog voltages, providing the result at their output
jacks. As well, op amps with capacitor feedback are usually
included in a setup; they integrate the sum of their inputs
with respect to time.
Integrating with respect to another variable is the nearly ex-
clusive province of mechanical analog integrators; it is al-
most never done in electronic analog computers. However,
given that a problem solution does not change with time,
time can serve as one of the variables.
Other computing elements include analog multipliers, non-
linear function generators, and analog comparators.
Electrical elements such as inductors and capacitors used
in electrical analog computers had to be carefully manufac-
tured to reduce non-ideal effects. For example, in the con-
struction of AC power network analyzers, one motive for
using higher frequencies for the calculator (instead of the
actual power frequency) was that higher-quality inductors
could be more easily made. Many general-purpose analog
computers avoided the use of inductors entirely, re-casting
the problem in a form that could be solved using only resis-
tive and capacitive elements, since high-quality capacitors
are relatively easy to make.
The use of electrical properties in analog computers means
that calculations are normally performed in real time (or
faster), at a speed determined mostly by the frequency re-
sponse of the operational amplifiers and other computing
elements. In the history of electronic analog computers,
there were some special high-speed types.
Nonlinear functions and calculations can be constructed to a
limited precision (three or four digits) by designing function

generators — special circuits of various combinations of re-
sistors and diodes to provide the nonlinearity. Typically, as
the input voltage increases, progressively more diodes con-
duct.
When compensated for temperature, the forward voltage
drop of a transistor’s base-emitter junction can provide a
usably accurate logarithmic or exponential function. Op
amps scale the output voltage so that it is usable with the
rest of the computer.
Any physical process which models some computation can
be interpreted as an analog computer. Some examples, in-
vented for the purpose of illustrating the concept of analog
computation, include using a bundle of spaghetti as a model
of sorting numbers; a board, a set of nails, and a rubber band
as a model of finding the convex hull of a set of points; and
strings tied together as a model of finding the shortest path
in a network. These are all described in Dewdney (1984).

2.6 Components

A 1960 Newmark analogue computer, made up of five units. This
computer was used to solve differential equations and is currently
housed at the Cambridge Museum of Technology.

Analog computers often have a complicated framework,
but they have, at their core, a set of key components which
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perform the calculations, which the operator manipulates
through the computer’s framework.
Key hydraulic components might include pipes, valves and
containers.
Key mechanical components might include rotating shafts
for carrying data within the computer, miter gear
differentials, disc/ball/roller integrators, cams (2-D and 3-
D), mechanical resolvers and multipliers, and torque servos.
Key electrical/electronic components might include:

• Precision resistors and capacitors

• operational amplifiers

• Multipliers

• potentiometers

• fixed-function generators

The core mathematical operations used in an electric analog
computer are:

• addition

• integration with respect to time

• inversion

• multiplication

• exponentiation

• logarithm

• division

In some analog computer designs, multiplication is much
preferred to division. Division is carried out with a multi-
plier in the feedback path of an Operational Amplifier.
Differentiation with respect to time is not frequently used,
and in practice is avoided by redefining the problem when
possible. It corresponds in the frequency domain to a high-
pass filter, which means that high-frequency noise is ampli-
fied; differentiation also risks instability.

2.7 Limitations

In general, analog computers are limited by non-ideal ef-
fects. An analog signal is composed of four basic com-
ponents: DC and AC magnitudes, frequency, and phase.
The real limits of range on these characteristics limit ana-
log computers. Some of these limits include the operational
amplifier offset, finite gain, and frequency response, noise

floor, non-linearities, temperature coefficient, and parasitic
effects within semiconductor devices. For commercially
available electronic components, ranges of these aspects of
input and output signals are always figures of merit.

2.8 Decline

In 1950s to 1970s, digital computers based on first vac-
uum tubes, transistors, integrated circuits and then micro-
processors became more economical and precise. This
led digital computers to largely replace analog computers.
Even so, some research in analog computation is still be-
ing done. A few universities still use analog computers to
teach control system theory. The American company Com-
dyna manufactures small analog computers.[20] At Indiana
University Bloomington, Jonathan Mills has developed the
Extended Analog Computer based on sampling voltages in
a foam sheet. At the Harvard Robotics Laboratory, ana-
log computation is a research topic. [ Lyric Semiconduc-
tor]'s error correction circuits use analog probabilistic sig-
nals. Slide rules are still popular among aircraft personnel.

2.9 Resurgence in VLSI technology

With the development of very-large-scale integration
(VLSI) technology, Yannis Tsividis’ group at Columbia
University has been revisiting analog/hybrid computers de-
sign in standard CMOS process. Two VLSI chips have
been developed, an 80th-order analog computer (250 nm)
by Glenn Cowan[21] in 2005[22] and an 4th-order hybrid
computer (65 nm) developed by Ning Guo[23] in 2015,[24]

both targeting at energy-efficient ODE/PDEs applications.
Glenn’s chip contains 16 macros, in which there are 25
analog computing blocks, namely integrators, multipliers,
fanouts, few nonlinear blocks. Ning’s chip contains one
macro block, in which there are 26 computing blocks in-
cluding integrators, multipliers, fanouts, ADCs, SRAMs
and DACs. Arbitrary nonlinear function generation is
made possible by the ADC+SRAM+DAC chain, where the
SRAM block stores the nonlinear function data. The ex-
periments from the related publications revealed that VLSI
analog/hybrid computers demonstrated about 1~2 orders
magnitude of advantage in both solution time and energy
while achieving accuracy within 5%, which points to the
promise of using analog/hybrid computing techniques in the
area of energy-efficient approximate computing.
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2.10 Practical examples

These are examples of analog computers that have been
constructed or practically used:

• Boeing B-29 Superfortress Central Fire Control Sys-
tem

• Deltar

• Kerrison Predictor

• Leonardo Torres y Quevedo's Analogue Calculating
Machines based on “fusee sans fin”

• Librascope, aircraft weight and balance computer

• Mechanical computer

• Mechanical integrators, for example, the planimeter

• Nomogram

• Norden bombsight

• Rangekeeper and related fire control computers

• Scanimate

• Torpedo Data Computer

• Torquetum

• Water integrator

Analog (audio) synthesizers can also be viewed as a form of
analog computer, and their technology was originally based
in part on electronic analog computer technology. The ARP
2600's Ring Modulator was actually a moderate-accuracy
analog multiplier.
The Simulation Council (or Simulations Council) was an as-
sociation of analog computer users in USA. It is now known
as The Society for Modeling and Simulation International.
The Simulation Council newsletters from 1952 to 1963 are
available online and show the concerns and technologies
at the time, and the common use of analog computers for
missilry.[25]

2.11 Real computers

Computer theorists often refer to idealized analog comput-
ers as real computers (because they operate on the set of
real numbers). Digital computers, by contrast, must first
quantize the signal into a finite number of values, and so
can only work with the rational number set (or, with an ap-
proximation of irrational numbers).

These idealized analog computers may in theory solve prob-
lems that are intractable on digital computers; however as
mentioned, in reality, analog computers are far from at-
taining this ideal, largely because of noise minimization
problems. In theory, ambient noise is limited by quantum
noise (caused by the quantum movements of ions). Am-
bient noise may be severely reduced – but never to zero –
by using cryogenically cooled parametric amplifiers. More-
over, given unlimited time and memory, the (ideal) digital
computer may also solve real number problems.

2.12 See also
• Signal (electrical engineering)

• Signal (computing)

• Differential equation

• Dynamical system

• Chaos theory

• General purpose analog computer

• Analogical models

• Field-programmable analog array

• Voskhod Spacecraft “Globus” IMP navigation instru-
ment
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Chapter 3

Personal computer

A personal computer (PC) is a general-purpose computer
whose size, capabilities, and original sale price make it use-
ful for individuals, and is intended to be operated directly
by an end-user with no intervening computer time-sharing
models that allowed larger, more expensive minicomputer
and mainframe systems to be used by many people, usually
at the same time.
Software applications for most personal computers include,
but are not limited to, word processing, spreadsheets,
databases, web browsers and e-mail clients, digital me-
dia playback, games and many personal productivity and
special-purpose software applications. Modern personal
computers often have connections to the Internet, allowing
access to the World Wide Web and a wide range of other
resources. Personal computers may be connected to a local
area network (LAN), either by a cable or a wireless con-
nection. A personal computer may be a laptop computer
or a desktop computer running an operating system such as
Windows, Linux (and the various operating systems based
on it), or Macintosh OS.
Early computer owners usually had to write their own pro-
grams to do anything useful with the machines, which
even did not include an operating system. The very ear-
liest microcomputers, equipped with a front panel, re-
quired hand-loading of a bootstrap program to load pro-
grams from external storage (paper tape, cassettes, or even-
tually diskettes). Before very long, automatic booting from
permanent read-only memory became universal. Today’s
users have access to a wide range of commercial software,
freeware and free and open-source software, which are
provided in ready-to-run or ready-to-compile form. Soft-
ware for personal computers, such as applications and video
games, are typically developed and distributed indepen-
dently from the hardware or OS manufacturers, whereas
software for many mobile phones and other portable sys-
tems is approved and distributed through a centralized on-
line store.[1][2]

Since the early 1990s, Microsoft operating systems and
Intel hardware dominated much of the personal computer

market, first with MS-DOS and then with Windows. Pop-
ular alternatives to Microsoft’s Windows operating systems
include Apple’s OS X and free open-source Unix-like op-
erating systems such as Linux and BSD. AMD provides
the major alternative to Intel’s processors. ARM architec-
ture processors now outnumber Intel’s (and compatibles) in
smartphones and tablets, that are also personal computers,
outnumbering the traditional kind.

3.1 History

Main article: History of personal computers

The Programma 101 was the first commercial "desktop per-
sonal computer", produced by the Italian company Olivetti
and invented by the Italian engineer Pier Giorgio Perotto,
inventor of the magnetic card system. The project started
in 1962. It was launched at the 1964 New York World’s
Fair, and volume production began in 1965, the computer
retailing for $3,200.[3]

NASA bought at least ten Programma 101s and used them
for the calculations for the 1969 Apollo 11 Moon landing.
The ABC Network used the Programma 101 to predict the
presidential election of 1968, and the U.S. military used the
machine to plan their operations in the Vietnam War. The
Programma 101 was not used in schools, hospitals, govern-
ment offices. This marked the beginning of the era of the
personal computer.
In 1968, Hewlett-Packard was ordered to pay about
$900,000 in royalties to Olivetti after their Hewlett-Packard
9100A was ruled to have copied some of the solutions
adopted in the Programma 101, including the magnetic
card, the architecture and other similar components.[3]

The Soviet MIR series of computers was developed from
1965 to 1969 in a group headed by Victor Glushkov. It
was designed as a relatively small-scale computer for use
in engineering and scientific applications and contained a
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hardware implementation of a high-level programming lan-
guage. Another innovative feature for that time was the user
interface combining a keyboard with a monitor and light
pen for correcting texts and drawing on screen.[4]

In what was later to be called the Mother of All Demos,
SRI researcher Douglas Engelbart in 1968 gave a preview
of what would become the staples of daily working life in
the 21st century: e-mail, hypertext, word processing, video
conferencing and the mouse. The demonstration required
technical support staff and a mainframe time-sharing com-
puter that were far too costly for individual business use at
the time.

Commodore PET in 1983 (at American Museum of Science and
Energy)

By the early 1970s, people in academic or research in-
stitutions had the opportunity for single-person use of a
computer system in interactive mode for extended dura-
tions, although these systems would still have been too ex-
pensive to be owned by a single person.
Early personal computers—   generally called
microcomputers—   were often sold in a kit form and
in limited volumes, and were of interest mostly to hobby-
ists and technicians. Minimal programming was done with
toggle switches to enter instructions, and output was pro-
vided by front panel lamps. Practical use required adding
peripherals such as keyboards, computer displays, disk
drives, and printers. Micral N was the earliest commercial,
non-kit microcomputer based on a microprocessor, the
Intel 8008. It was built starting in 1972 and about 90,000
units were sold.
In 1973 the IBM Los Gatos Scientific Center developed a
portable computer prototype called SCAMP (Special Com-
puter APL Machine Portable) based on the IBM PALM
processor with a Philips compact cassette drive, small CRT
and full function keyboard. SCAMP emulated an IBM
1130 minicomputer in order to run APL\1130.[5] In 1973

APL was generally available only on mainframe comput-
ers, and most desktop sized microcomputers such as the
Wang 2200 or HP 9800 offered only BASIC. Because
SCAMP was the first to emulate APL\1130 performance
on a portable, single user computer, PC Magazine in 1983
designated SCAMP a “revolutionary concept” and “the
world’s first personal computer”.[5][6] This seminal, single
user portable computer now resides in the Smithsonian In-
stitution, Washington, D.C.. Successful demonstrations of
the 1973 SCAMP prototype led to the IBM 5100 portable
microcomputer launched in 1975 with the ability to be pro-
grammed in both APL and BASIC for engineers, analysts,
statisticians and other business problem-solvers. In the late
1960s such a machine would have been nearly as large as
two desks and would have weighed about half a ton.[5]

Another seminal product in 1973 was the Xerox Alto, de-
veloped at Xerox's Palo Alto Research Center (PARC),
it had a graphical user interface (GUI) which later
served as inspiration for Apple Computer's Macintosh,
and Microsoft's Windows operating system. Also in 1973
Hewlett Packard introduced fully BASIC programmable
microcomputers that fit entirely on top of a desk, including
a keyboard, a small one-line display and printer. The Wang
2200 microcomputer of 1973 had a full-size cathode ray
tube (CRT) and cassette tape storage.[7] These were gen-
erally expensive specialized computers sold for business or
scientific uses. The introduction of the microprocessor, a
single chip with all the circuitry that formerly occupied large
cabinets, led to the proliferation of personal computers af-
ter 1975.

IBM Personal Computer XT in 1988

In 1976 Steve Jobs and Steve Wozniak sold the Apple I
computer circuit board, which was fully prepared and con-
tained about 30 chips. The Apple I computer differed from
the other hobby computers of the time at the beckoning of
Paul Terrell owner of the Byte Shop who gave Steve Jobs
his first purchase order for 50 Apple I computers only if the
computers were assembled and tested and not a kit com-
puter so he would have computers to sell to everyone, not
just people that could assemble a computer kit. The Apple
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I as delivered was still a kit computer as it did not have a
power supply, case, or keyboard as delivered to the Byte
Shop.
The first successfully mass marketed personal computer
was the Commodore PET introduced in January 1977, but
back-ordered and not available until later in the year.[8] At
the same time, the Apple II (usually referred to as the “Ap-
ple”) was introduced[9] (June 1977), and the TRS-80 from
Tandy Corporation / Tandy Radio Shack in summer 1977,
delivered in September in a small number. Mass-market
ready-assembled computers allowed a wider range of peo-
ple to use computers, focusing more on software applica-
tions and less on development of the processor hardware.

The 8-bit PMD 85 personal computer produced in 1985–1990 by
the Tesla company in the former socialist Czechoslovakia. This
computer was produced locally (in Piešťany) due to a lack of for-
eign currency with which to buy systems from the West.

IBM 5150, released in 1981

During the early 1980s, home computers were further de-
veloped for household use, with software for personal pro-
ductivity, programming and games. They typically could
be used with a television already in the home as the com-

puter display, with low-detail blocky graphics and a limited
color range, and text about 40 characters wide by 25 char-
acters tall. Sinclair Research,[10] a UK company, produced
the ZX Series – the ZX80 (1980), ZX81 (1981), and the
ZX Spectrum; the latter was introduced in 1982, and to-
taled 8 million unit sold. Following came the Commodore
64, totaled 17 million units sold.[11][12]

In the same year, the NEC PC-98 was introduced, which
was a very popular personal computer that sold in more than
18 million units.[13] Another famous personal computer, the
revolutionary Amiga 1000, was unveiled by Commodore on
July 23, 1985. The Amiga 1000 featured a multitasking,
windowing operating system, color graphics with a 4096-
color palette, stereo sound, Motorola 68000 CPU, 256 kB
RAM, and 880 kB 3.5-inch disk drive, for US$1,295.[14]

Somewhat larger and more expensive systems (for example,
running CP/M), or sometimes a home computer with addi-
tional interfaces and devices, although still low-cost com-
pared with minicomputers and mainframes, were aimed at
office and small business use, typically using “high resolu-
tion” monitors capable of at least 80 column text display,
and often no graphical or color drawing capability.
Workstations were characterized by high-performance pro-
cessors and graphics displays, with large-capacity local disk
storage, networking capability, and running under a multi-
tasking operating system.
Eventually, due to the influence of the IBM PC on the
personal computer market, personal computers and home
computers lost any technical distinction. Business comput-
ers acquired color graphics capability and sound, and home
computers and game systems users used the same proces-
sors and operating systems as office workers. Mass-market
computers had graphics capabilities and memory compara-
ble to dedicated workstations of a few years before. Even
local area networking, originally a way to allow business
computers to share expensive mass storage and peripher-
als, became a standard feature of personal computers used
at home.
In 1982 “The Computer” was named Machine of the Year
by Time Magazine.
In the 2010s, several companies such as Hewlett-Packard
and Sony sold off their PC and laptop divisions. As a re-
sult, the personal computer was declared dead several times
during this time.[15]

3.1.1 Market and sales

See also: Market share of personal computer vendors
In 2001, 125 million personal computers were shipped in

comparison to 48,000 in 1977.[16] More than 500 million
personal computers were in use in 2002 and one billion per-
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Personal computers worldwide in million distinguished by devel-
oped and developing world

sonal computers had been sold worldwide from the mid-
1970s up to this time. Of the latter figure, 75% were pro-
fessional or work related, while the rest were sold for per-
sonal or home use. About 81.5% of personal computers
shipped had been desktop computers, 16.4% laptops and
2.1% servers. The United States had received 38.8% (394
million) of the computers shipped, Europe 25% and 11.7%
had gone to the Asia-Pacific region, the fastest-growing
market as of 2002. The second billion was expected to be
sold by 2008.[17] Almost half of all households in Western
Europe had a personal computer and a computer could be
found in 40% of homes in United Kingdom, compared with
only 13% in 1985.[18]

The global personal computer shipments were 350.9 mil-
lion units in 2010,[19] 308.3 million units in 2009[20] and
302.2 million units in 2008.[21][22] The shipments were 264
million units in the year 2007, according to iSuppli,[23] up
11.2% from 239 million in 2006.[24] In 2004, the global
shipments were 183 million units, an 11.6% increase over
2003.[25] In 2003, 152.6 million computers were shipped,
at an estimated value of $175 billion.[26] In 2002, 136.7
million PCs were shipped, at an estimated value of $175

billion.[26] In 2000, 140.2 million personal computers were
shipped, at an estimated value of $226 billion.[26] World-
wide shipments of personal computers surpassed the 100-
million mark in 1999, growing to 113.5 million units from
93.3 million units in 1998.[27] In 1999, Asia had 14.1 mil-
lion units shipped.[28]

As of June 2008, the number of personal computers in
use worldwide hit one billion,[29] while another billion is
expected to be reached by 2014. Mature markets like
the United States, Western Europe and Japan accounted
for 58% of the worldwide installed PCs. The emerging
markets were expected to double their installed PCs by
2012 and to take 70% of the second billion PCs. About
180 million computers (16% of the existing installed base)
were expected to be replaced and 35 million to be dumped
into landfill in 2008. The whole installed base grew 12%
annually.[30][31]

Based on International Data Corporation (IDC) data for Q2
2011, for the first time China surpassed US in PC shipments
by 18.5 million and 17.7 million respectively. This trend
reflects the rising of emerging markets as well as the relative
stagnation of mature regions.[32]

In the developed world, there has been a vendor tradition
to keep adding functions to maintain high prices of per-
sonal computers. However, since the introduction of the
One Laptop per Child foundation and its low-cost XO-1 lap-
top, the computing industry started to pursue the price too.
Although introduced only one year earlier, there were 14
million netbooks sold in 2008.[33] Besides the regular com-
puter manufacturers, companies making especially rugged
versions of computers have sprung up, offering alternatives
for people operating their machines in extreme weather or
environments.[34]

In 2011, Deloitte consulting firm predicted that,
smartphones and tablet computers as computing de-
vices would surpass the PCs sales[37] (as has happened
since 2012). As of 2013, worldwide sales of PCs had
begun to fall as many consumers moved to tablets and
smartphones for gifts and personal use. Sales of 90.3
million units in the 4th quarter of 2012 represented a 4.9%
decline from sales in the 4th quarter of 2011.[38] Global PC
sales fell sharply in the first quarter of 2013, according to
IDC data. The 14% year-over-year decline was the largest
on record since the firm began tracking in 1994, and double
what analysts had been expecting.[39][40] The decline of Q2
2013 PC shipments marked the fifth straight quarter of
falling sales.[41] “This is horrific news for PCs,” remarked
an analyst. “It’s all about mobile computing now. We have
definitely reached the tipping point.”[39] Data from Gartner
Inc. showed a similar decline for the same time period.[39]

China’s Lenovo Group bucked the general trend as strong
sales to first time buyers in the developing world allowed
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the company’s sales to stay flat overall.[39] Windows 8,
which was designed to look similar to tablet/smartphone
software, was cited as a contributing factor in the decline
of new PC sales. “Unfortunately, it seems clear that the
Windows 8 launch not only didn’t provide a positive boost
to the PC market, but appears to have slowed the market,”
said IDC Vice President Bob O’Donnell.[40]

In August 2013, Credit Suisse published research findings
that attributed around 75% of the operating profit share of
the PC industry to Microsoft (operating system) and Intel
(semiconductors).[42]

According to IDC, in 2013 PC shipments dropped by 9.8%
as the greatest drop-ever in line with consumers trends to
use mobile devices.[43]

3.1.2 Average selling price

Selling prices of personal computers steadily declined due
to lower costs of production and manufacture, while the ca-
pabilities of computers increased. In 1975, an Altair kit
sold for only around US $400, but required customers to
solder components into circuit boards; peripherals required
to interact with the system in alphanumeric form instead of
blinking lights would add another $2,000, and the resultant
system was only of use to hobbyists.[44]

At their introduction in 1981, the US $1,795 price of the
Osborne 1 and its competitor Kaypro was considered an
attractive price point; these systems had text-only displays
and only floppy disks for storage. By 1982, Michael Dell
observed that a personal computer system selling at retail
for about $3,000 US was made of components that cost the
dealer about $600; typical gross margin on a computer unit
was around $1,000.[45] The total value of personal computer
purchases in the US in 1983 was about $4 billion, compa-
rable to total sales of pet food. By late 1998, the average
selling price of personal computer systems in the United
States had dropped below $1,000.[46]

For Microsoft Windows systems, the average selling price
(ASP) showed a decline in 2008/2009, possibly due to low-
cost netbooks, drawing $569 for desktop computers and
$689 for laptops at U.S. retail in August 2008. In 2009,
ASP had further fallen to $533 for desktops and to $602 for
notebooks by January and to $540 and $560 in February.[47]

According to research firm NPD, the average selling price
of all Windows portable PCs has fallen from $659 in Octo-
ber 2008 to $519 in October 2009.[48]

3.2 Terminology

“PC” is an initialism for “personal computer”. However,
it is sometimes used in a different sense, referring to a
personal computer with an Intel x86-compatible proces-
sor, very often running (but not necessarily limited to) Mi-
crosoft Windows, which is a combination sometimes also
called Wintel, although large portion of PCs are not shipped
with preinstalled Windows operating systems. Some PCs,
including the OLPC XOs, are equipped with x86 or x64
processors but not designed to run Microsoft Windows.
“PC” is used in contrast with “Mac”, an Apple Macintosh
computer.[49][50][51][52] This sense of the word is used in the
Get a Mac advertisement campaign that ran between 2006
and 2009, as well as its rival, I'm a PC campaign, that ap-
peared in 2008. Since Apple’s transition to Intel processors
starting 2005, all Macintosh computers are now PCs.[53]

3.3 Types

3.3.1 Stationary

Workstation

Sun SPARCstation 1+ from the early 1990s, with a 25 MHz RISC
processor

Main article: Workstation

A workstation is a high-end personal computer designed
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for technical, mathematical, or scientific applications. In-
tended primarily to be used by one person at a time, they
are commonly connected to a local area network and run
multi-user operating systems. Workstations are used for
tasks such as computer-aided design, drafting and model-
ing, computation-intensive scientific and engineering cal-
culations, image processing, architectural modeling, and
computer graphics for animation and motion picture visual
effects.[54]

Desktop computer

Main article: Desktop computer
Prior to the widespread usage of PCs, a computer that could

A Dell OptiPlex desktop computer

fit on a desk was remarkably small, leading to the “desktop”
nomenclature. More recently, the phrase usually indicates a
particular style of computer case. Desktop computers come
in a variety of styles ranging from large vertical tower cases
to small models which can be tucked behind an LCD moni-
tor. In this sense, the term “desktop” refers specifically to a
horizontally oriented case, usually intended to have the dis-
play screen placed on top to save desk space. Most modern
desktop computers have separate screens and keyboards.

Gaming computer Main article: Gaming computer

A gaming computer is a standard desktop computer that
typically has high-performance hardware, such as a more
powerful video card, processor and memory, in order to
handle the requirements of demanding video games, which
are often simply called “PC games”.[55] A number of com-
panies, such as Alienware, manufacture prebuilt gaming
computers, and companies such as Razer and Logitech mar-
ket mice, keyboards and headsets geared toward gamers.

Single unit Further information: All-in-one computer

Single-unit PCs (also known as all-in-one PCs) are a sub-
type of desktop computers that combine the monitor and
case of the computer within a single unit. The monitor of-
ten utilizes a touchscreen as an optional method of user in-
put, but separate keyboards and mice are normally still in-
cluded. The inner components of the PC are often located
directly behind the monitor and many of such PCs are built
similarly to laptops.

Nettop

Main article: Nettop

A subtype of desktops, called nettops, was introduced by
Intel in February 2008, characterized by low cost and lean
functionality. A similar subtype of laptops (or notebooks)
is the netbook, described below. The product line features
the new Intel Atom processor, which specifically enables
nettops to consume less power and fit into small enclosures.

Home theater PC

Main article: Home theater PC
A home theater PC (HTPC) is a convergence device that

combines the functions of a personal computer and a digital
video recorder. It is connected to a TV set or an appropri-
ately sized computer display, and is often used as a digi-
tal photo viewer, music and video player, TV receiver, and
digital video recorder. HTPCs are also referred to as me-
dia center systems or media servers. The general goal in
a HTPC is usually to combine many or all components of
a home theater setup into one box. More recently, HT-
PCs gained the ability to connect to services providing on-
demand movies and TV shows.
HTPCs can be purchased pre-configured with the required
hardware and software needed to add television program-
ming to the PC, or can be cobbled together out of dis-
crete components, what is commonly done with software
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An Antec Fusion V2 home theater PC, with a keyboard placed on
top of it.

support from MythTV, Windows Media Center, GB-PVR,
SageTV, Famulent or LinuxMCE.

3.3.2 Portable

Laptop

Main article: Laptop
A laptop computer, also called a notebook, is a small per-

A modern laptop computer

sonal computer designed for portability. Usually, all of the
hardware and interfaces needed to operate a laptop, such as
the graphics card, audio devices or USB ports (previously
parallel and serial ports), are built into a single unit. Laptops
contain high-capacity batteries that can power the device
for extensive periods of time, enhancing portability. Once
the battery charge is depleted, it will have to be recharged
through a power outlet. In the interests of saving power,
weight and space, laptop graphics cards are in many cases

integrated into the CPU or chipset and use system RAM,
resulting in reduced graphics performance when compared
to an equivalent desktop machine. For this reason, desktop
or gaming computers are usually preferred to laptop PCs
for gaming purposes.
One of the drawbacks of laptops is that, due to the size
and configuration of components, usually relatively little
can be done to upgrade the overall computer from its orig-
inal design. Internal upgrades are either not manufacturer-
recommended, can damage the laptop if done with poor
care or knowledge, or in some cases impossible, making the
desktop PC more modular. Some internal upgrades, such
as memory and hard disk drive upgrades are often easily
performed, while a display or keyboard upgrade is usually
impossible. Just as desktops, laptops also have the same
possibilities for connecting to a wide variety of devices, in-
cluding external displays, mice, cameras, storage devices
and keyboards, which may be attached externally through
USB ports and other less common ports such as external
video. Laptops are also a little more expensive compared
to desktops, as the components for laptops themselves are
expensive.
A subtype of notebooks, called subnotebook, has most of
the features of a standard laptop computer, but with smaller
physical dimensions. Subnotebooks are larger than hand-
held computers, and usually run full versions of desktop or
laptop operating systems. Ultra-Mobile PCs (UMPC) are
usually considered subnotebooks, or more specifically, sub-
notebook tablet PCs, which are described below. Netbooks
are sometimes considered to belong to this category, though
they are sometimes separated into a category of their own
(see below).

Desktop replacement Main article: Desktop replace-
ment computer
A desktop replacement computer (DTR) is a personal com-

An Acer Aspire desktop replacement laptop
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puter that provides the full capabilities of a desktop com-
puter while remaining mobile. Such computers are often
actually larger, bulkier laptops. Because of their increased
size, this class of computers usually includes more power-
ful components and a larger display than generally found in
smaller portable computers, and can have a relatively lim-
ited battery capacity or none at all in some cases. Some
use a limited range of desktop components to provide bet-
ter performance at the expense of battery life. Desktop re-
placement computers are sometimes called desknotes, as a
portmanteau of words “desktop” and “notebook,” though
the term is also applied to desktop replacement computers
in general.[56]

Netbook

Main article: Netbook
Netbooks, also called mini notebooks or subnotebooks,

An HP netbook

are a subgroup of laptops[57] acting as a category of small,
lightweight and inexpensive laptop computers suited for
general computing tasks and accessing web-based applica-
tions. They are often marketed as “companion devices”,
with an intention to augment other ways in which a user can
access computer resources.[57] Walt Mossberg called them
a “relatively new category of small, light, minimalist and
cheap laptops.”[58] By August 2009, CNET called netbooks
“nothing more than smaller, cheaper notebooks.”[57]

Initially, the primary defining characteristic of netbooks
was the lack of an optical disc drive, requiring it to be a
separate external device. This has become less important
as flash memory devices have gradually increased in capac-
ity, replacing the writable optical disc (e.g. CD-RW, DVD-
RW) as a transportable storage medium.

At their inception in late 2007—   as smaller notebooks op-
timized for low weight and low cost[59]—   netbooks omit-
ted key features (e.g., the optical drive), featured smaller
screens and keyboards, and offered reduced specifications
and computing power. Over the course of their evolution,
netbooks have ranged in their screen sizes from below five
inches[60] to over 13 inches,[61] with weights around ~1 kg
(2-3 pounds). Often significantly less expensive than other
laptops,[62] by mid-2009 netbooks had been offered to users
“free of charge”, with an extended service contract purchase
of a cellular data plan.[63]

In the short period since their appearance, netbooks have
grown in size and features, converging with new smaller
and lighter notebooks. By mid-2009, CNET noted that “the
specs are so similar that the average shopper would likely be
confused as to why one is better than the other,” noting “the
only conclusion is that there really is no distinction between
the devices.”[57]

Tablet

Main article: Tablet computer
A tablet is a type of portable PC that de-emphasizes the use

HP Compaq tablet PC with rotating/removable keyboard

of traditional input devices (such as a mouse or keyboard)
by using a touchscreen display, which can be controlled us-
ing either a stylus pen or finger. Some tablets may use a
“hybrid” or “convertible” design, offering a keyboard that
can either be removed as an attachment, or a screen that
can be rotated and folded directly over top the keyboard.
Some tablets may run a traditional PC operating system
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such as Windows or Linux; Microsoft attempted to en-
ter the tablet market in 2002 with its Microsoft Tablet PC
specifications, for tablets and convertible laptops running
Windows XP. However, Microsoft’s early attempts were
overshadowed by the release of Apple’s iPad; following in
its footsteps, most modern tablets use slate designs and run
mobile operating systems such as Android and iOS, giv-
ing them functionality similar to smartphones. In response,
Microsoft built its Windows 8 operating system to better
accommodate these new touch-oriented devices.[64] Many
tablet computers have USB ports, to which a keyboard or
mouse can be connected.

Ultra-mobile PC

Main article: Ultra-mobile PC
The ultra-mobile PC (UMPC) is a specification for small-

A Samsung Q1 ultra-mobile PC

configuration tablet PCs. It was developed as a joint devel-
opment exercise by Microsoft, Intel and Samsung, among
others. Current UMPCs typically feature the Windows XP,
Windows Vista, Windows 7, or Linux operating system,
and low-voltage Intel Atom or VIA C7-M processors.

Pocket PC

Main article: Pocket PC
A pocket PC is a hardware specification for a handheld-

sized computer (personal digital assistant, PDA) that runs
the Microsoft Windows Mobile operating system. It may
have the capability to run an alternative operating system
like NetBSD or Linux. Pocket PCs have many of the capa-
bilities of modern desktop PCs.
Numerous applications are available for handhelds adher-
ing to the Microsoft Pocket PC specification, many of
which are freeware. Some of these devices also include
mobile phone features, actually representing a smartphone.
Microsoft-compliant Pocket PCs can also be used with
many other add-ons like GPS receivers, barcode readers,

An O2 pocket PC

RFID readers and cameras. In 2007, with the release of
Windows Mobile 6, Microsoft dropped the name Pocket
PC in favor of a new naming scheme: devices without an in-
tegrated phone are called Windows Mobile Classic instead
of Pocket PC, while devices with an integrated phone and
a touch screen are called Windows Mobile Professional.[65]

3.4 Hardware

Main article: Personal computer hardware

Computer hardware is a comprehensive term for all phys-
ical parts of a computer, as distinguished from the data it
contains or operates on, and the software that provides in-
structions for the hardware to accomplish tasks. The bound-
ary between hardware and software might be slightly blurry,
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An exploded view of a modern personal computer and peripherals:

1. Scanner

2. CPU (Microprocessor)

3. Memory (RAM)

4. Expansion cards (graphics cards, etc.)

5. Power supply

6. Optical disc drive

7. Storage (Hard disk or SSD)

8. Motherboard

9. Speakers

10. Monitor

11. System software

12. Application software

13. Keyboard

14. Mouse

15. External hard disk

16. Printer

with the existence of firmware that is software “built into”
the hardware.
Mass-market consumer computers use highly standardized
components and so are simple for an end user to assem-
ble into a working system. A typical desktop computer
consists of a computer case that holds the power supply,
motherboard, hard disk drive, and often an optical disc
drive. External devices such as a computer monitor or
visual display unit, keyboard, and a pointing device are usu-
ally found in a personal computer.
The motherboard connects all processor, memory and pe-
ripheral devices together. The RAM, graphics card and
processor are in most cases mounted directly onto the moth-
erboard. The central processing unit (microprocessor chip)
plugs into a CPU socket, while the memory modules plug
into corresponding memory sockets. Some motherboards
have the video display adapter, sound and other periph-

erals integrated onto the motherboard, while others use
expansion slots for graphics cards, network cards, or other
I/O devices. The graphics card or sound card may em-
ploy a break out box to keep the analog parts away from
the electromagnetic radiation inside the computer case.
Disk drives, which provide mass storage, are connected to
the motherboard with one cable, and to the power supply
through another cable. Usually, disk drives are mounted
in the same case as the motherboard; expansion chassis
are also made for additional disk storage. For extended
amounts of data, a tape drive can be used or extra hard disks
can be put together in an external case.
The keyboard and the mouse are external devices plugged
into the computer through connectors on an I/O panel on
the back of the computer case. The monitor is also con-
nected to the I/O panel, either through an onboard port on
the motherboard, or a port on the graphics card.
Capabilities of the personal computers hardware can some-
times be extended by the addition of expansion cards con-
nected via an expansion bus. Standard peripheral buses of-
ten used for adding expansion cards in personal computers
include PCI, PCI Express (PCIe), and AGP (a high-speed
PCI bus dedicated to graphics adapters, found in older com-
puters). Most modern personal computers have multiple
physical PCI Express expansion slots, with some of the hav-
ing PCI slots as well.

3.4.1 Computer case

Main article: Computer case
A computer case is an enclosure that contains the main

A stripped ATX case lying on its side.

components of a computer. They are usually constructed
from steel or aluminum combined with plastic, although
other materials such as wood have been used. Cases are
available in different sizes and shapes; the size and shape
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of a computer case is usually determined by the configura-
tion of the motherboard that it is designed to accommodate,
since this is the largest and most central component of most
computers.
The most popular style for desktop computers is ATX, al-
though microATX and similar layouts became very popu-
lar for a variety of uses. Companies like Shuttle Inc. and
AOpen have popularized small cases, for which FlexATX
is the most common motherboard size.

3.4.2 Power supply unit

Main article: Power supply unit (computer)
The power supply unit (PSU) converts general-purpose

Computer power supply unit with top cover removed.

mains AC electricity to direct current (DC) for the other
components of the computer. The rated output capacity of
a PSU should usually be about 40% greater than the calcu-
lated system power consumption needs obtained by adding
up all the system components. This protects against over-
loading the supply, and guards against performance degra-
dation.

3.4.3 Processor

Main article: Central processing unit
The central processing unit, or CPU, is a part of a computer
that executes instructions of a software program. In newer
PCs, the CPU contains over a million transistors in one in-
tegrated circuit chip called the microprocessor. In most
cases, the microprocessor plugs directly into the mother-
board. The chip generates so much heat that the PC builder

AMD Athlon 64 X2 CPU.

is required to attach a special cooling device to its surface;
thus, modern CPUs are equipped with a fan attached via
heat sink.
IBM PC compatible computers use an x86-compatible mi-
croprocessor, manufactured by Intel, AMD, VIA Technolo-
gies or Transmeta. Apple Macintosh computers were ini-
tially built with the Motorola 680x0 family of processors,
then switched to the PowerPC series; in 2006, they switched
to x86-compatible processors made by Intel.

3.4.4 Motherboard

Main article: Motherboard
The motherboard, also referred to as system board or main

A motherboard without processor, memory and expansion cards,
cables

board, is the primary circuit board within a personal com-
puter, and other major system components plug directly
into it or via a cable. A motherboard contains a micro-
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processor, the CPU supporting circuitry (mostly integrated
circuits) that provide the interface between memory and in-
put/output peripheral circuits, main memory, and facilities
for initial setup of the computer immediately after power-
on (often called boot firmware or, in IBM PC compatible
computers, a BIOS or UEFI).
In many portable and embedded personal computers, the
motherboard houses nearly all of the PC’s core components.
Often a motherboard will also contain one or more periph-
eral buses and physical connectors for expansion purposes.
Sometimes a secondary daughter board is connected to the
motherboard to provide further expandability or to satisfy
space constraints.

3.4.5 Main memory

Main article: Primary storage
A PC’s main memory is a fast primary storage device that

1GB DDR SDRAM PC-3200 module

is directly accessible by the CPU, and is used to store the
currently executing program and immediately needed data.
PCs use semiconductor random access memory (RAM) of
various kinds such as DRAM, SDRAM or SRAM as their
primary storage. Which exact kind is used depends on
cost/performance issues at any particular time.
Main memory is much faster than mass storage devices
like hard disk drives or optical discs, but is usually volatile,
meaning that it does not retain its contents (instructions or
data) in the absence of power, and is much more expen-
sive for a given capacity than is most mass storage. As a
result, main memory is generally not suitable for long-term
or archival data storage.

3.4.6 Hard disk

Main article: Hard disk drive
Mass storage devices store programs and data even when

the power is off; they do require power to perform read and
write functions during usage. Although flash memory has
dropped in cost, the prevailing form of mass storage in per-
sonal computers is still the hard disk drive.
If the mass storage controller provides additional ports for
expandability, a PC may also be upgraded by the addition
of extra hard disk or optical disc drives. For example, BD-

A Western Digital 250 GB hard disk drive

ROMs, DVD-RWs, and various optical disc recorders may
all be added by the user to certain PCs. Standard internal
storage device connection interfaces are PATA, Serial ATA
and SCSI.
Solid state drives (SSDs) are a much faster replacement for
traditional mechanical hard disk drives, but are also more
expensive in terms of cost per gigabyte.

3.4.7 Visual display unit

Main article: Visual display unit

A visual display unit, computer monitor or just display, is
a piece of electrical equipment, usually separate from the
computer case, which displays visual images without pro-
ducing a permanent computer record. A display device is
usually either a CRT or some form of flat panel such as a
TFT LCD. Multi-monitor setups are also quite common.
The display unit houses an electronic circuitry that gener-
ates its picture from signals received from the computer.
Within the computer, either integral to the motherboard or
plugged into it as an expansion card, there is pre-processing
circuitry to convert the microprocessor’s output data to a
format compatible with the display unit’s circuitry. The im-
ages from computer monitors originally contained only text,
but as graphical user interfaces emerged and became com-
mon, they began to display more images and multimedia
content.
The term “monitor” is also used, particularly by technicians
in broadcasting television, where a picture of the broadcast
data is displayed to a highly standardized reference monitor
for confidence checking purposes.
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3.4.8 Video card

Main article: Video card
The video card—otherwise called a graphics card, graph-

An ATI Radeon video card

ics adapter or video adapter—processes the graphics output
from the motherboard and transmits it to the display. It is
an essential part of modern multimedia-enriched comput-
ing. On older models, and today on budget models, graphics
circuitry may be integrated with the motherboard, but for
modern and flexible machines, they are connected by the
PCI, AGP, or PCI Express interface.
When the IBM PC was introduced, most existing business-
oriented personal computers used text-only display adapters
and had no graphics capability. Home computers at that
time had graphics compatible with television signals, but
with low resolution by modern standards owing to the lim-
ited memory available to the eight-bit processors available
at the time.

3.4.9 Keyboard

Main article: Keyboard (computing)
A keyboard is an arrangement of buttons that each corre-

A “Model M” IBM computer keyboard from the early 1980s. Com-
monly called the “Clicky Keyboard” due to its buckling spring key
spring design, which gives the keyboard its iconic 'Click' sound with
each keystroke.

spond to a function, letter, or number. They are the primary

devices used for inputting text. In most cases, they contain
an array of keys specifically organized with the correspond-
ing letters, numbers, and functions printed or engraved on
the button. They are generally designed around an oper-
ators language, and many different versions for different
languages exist.
In English, the most common layout is the QWERTY lay-
out, which was originally used in typewriters. They have
evolved over time, and have been modified for use in com-
puters with the addition of function keys, number keys, ar-
row keys, and keys specific to an operating system. Of-
ten, specific functions can be achieved by pressing multiple
keys at once or in succession, such as inputting characters
with accents or opening a task manager. Programs use key-
board shortcuts very differently and all use different key-
board shortcuts for different program specific operations,
such as refreshing a web page in a web browser or selecting
all text in a word processor.

3.4.10 Mouse

Main article: Mouse (computing)
A computer mouse is a small handheld device that users

A selection of computer mice built between 1986 and 2007

hold and slide across a flat surface, pointing at various ele-
ments of a graphical user interface with an on-screen cursor,
and selecting and moving objects using the mouse buttons.
Almost all modern personal computers include a mouse; it
may be plugged into a computer’s rear mouse socket, or as a
USB device, or, more recently, may be connected wirelessly
via an USB dongle or Bluetooth link.
In the past, mice had a single button that users could press
down on the device to “click” on whatever the pointer on the
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screen was hovering over. Modern mice have two, three or
more buttons, providing a “right click” function button on
the mouse, which performs a secondary action on a selected
object, and a scroll wheel, which users can rotate using their
fingers to “scroll” up or down. The scroll wheel can also be
pressed down, and therefore be used as a third button. Some
mouse wheels may be tilted from side to side to allow side-
ways scrolling. Different programs make use of these func-
tions differently, and may scroll horizontally by default with
the scroll wheel, open different menus with different but-
tons, etc. These functions may be also user-defined through
software utilities.
Mice traditionally detected movement and communicated
with the computer with an internal “mouse ball”, and used
optical encoders to detect rotation of the ball and tell the
computer where the mouse has moved. However, these sys-
tems were subject to low durability, accuracy and required
internal cleaning. Modern mice use optical technology to
directly trace movement of the surface under the mouse and
are much more accurate, durable and almost maintenance
free. They work on a wider variety of surfaces and can even
operate on walls, ceilings or other non-horizontal surfaces.

3.4.11 Other components

All computers require either fixed or removable storage for
their operating system, programs and user-generated mate-
rial. Early home computers used compact audio cassettes
for file storage; these were at the time a very low cost stor-
age solution, but were displaced by floppy disk drives when
manufacturing costs dropped, by the mid-1980s.
Initially, the 5.25-inch and 3.5-inch floppy drives were the
principal forms of removable storage for backup of user
files and distribution of software. As memory sizes in-
creased, the capacity of the floppy did not keep pace; the
Zip drive and other higher-capacity removable media were
introduced but never became as prevalent as the floppy
drive.
By the late 1990s, the optical drive, in CD and later DVD
and Blu-ray Disc forms, became the main method for soft-
ware distribution, and writeable media provided means for
data backup and file interchange. As a result, floppy drives
became uncommon in desktop personal computers since
about 2000, and were dropped from many laptop systems
even earlier.[note 1]

A second generation of tape recorders was provided when
videocassette recorders were pressed into service as backup
media for larger disk drives. All these systems were less re-
liable and slower than purpose-built magnetic tape drives.
Such tape drives were uncommon in consumer-type per-
sonal computers but were a necessity in business or indus-

A proper ergonomic design of a personal computer workplace is
necessary to prevent repetitive strain injuries, which can develop
over time and can lead to long-term disability.[66]

trial use.
Interchange of data such as photographs from digital cam-
eras is greatly expedited by installation of a card reader,
which is often compatible with several forms of flash mem-
ory devices. It is usually faster and more convenient to move
large amounts of data by removing the card from the mobile
device, instead of communicating with the mobile device
through a USB interface.
A USB flash drive performs much of the data transfer and
backup functions formerly done with floppy drives, Zip
disks and other devices. Mainstream operating systems for
personal computers provide built-in support for USB flash
drives, allowing interchange even between computers with
different processors and operating systems. The compact
size and lack of moving parts or dirt-sensitive media, com-
bined with low cost and high capacity, have made USB flash
drives a popular and useful accessory for any personal com-
puter user.
The operating system can be located on any storage, but is
typically installed on a hard disk or solid-state drive. A Live
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CD represents the concept of running an operating system
directly from a CD. While this is slow compared to storing
the operating system on a hard disk drive, it is typically used
for installation of operating systems, demonstrations, sys-
tem recovery, or other special purposes. Large flash mem-
ory is currently more expensive than hard disk drives of sim-
ilar size (as of mid-2014) but are starting to appear in laptop
computers because of their low weight, small size and low
power requirements.
Computer communications involve internal modem cards,
modems, network adapter cards, and routers. Common
peripherals and adapter cards include headsets, joysticks,
microphones, printers, scanners, sound adapter cards (as
a separate card rather than located on the motherboard),
speakers and webcams.

3.5 Software

Main article: Computer software
Computer software is any kind of computer program,

A screenshot of the OpenOffice.org Writer software

procedure, or documentation that performs some task on
a computer system.[67] The term includes application soft-
ware such as word processors that perform productive tasks
for users, system software such as operating systems that
interface with computer hardware to provide the necessary
services for application software, and middleware that con-
trols and co-ordinates distributed systems.
Software applications are common for word processing,
Internet browsing, Internet faxing, e-mail and other digi-
tal messaging, multimedia playback, playing of computer
game, and computer programming. The user of a mod-
ern personal computer may have significant knowledge of
the operating environment and application programs, but is
not necessarily interested in programming nor even able to
write programs for the computer. Therefore, most software
written primarily for personal computers tends to be de-

signed with simplicity of use, or "user-friendliness" in mind.
However, the software industry continuously provide a wide
range of new products for use in personal computers, tar-
geted at both the expert and the non-expert user.

3.5.1 Operating system

Main article: Operating system
See also: Usage share of operating systems

An operating system (OS) manages computer resources
and provides programmers with an interface used to access
those resources. An operating system processes system data
and user input, and responds by allocating and managing
tasks and internal system resources as a service to users and
programs of the system. An operating system performs ba-
sic tasks such as controlling and allocating memory, priori-
tizing system requests, controlling input and output devices,
facilitating computer networking, and managing files.
Common contemporary desktop operating systems are
Microsoft Windows, OS X, Linux, Solaris and FreeBSD.
Windows, OS X, and Linux all have server and personal
variants. With the exception of Microsoft Windows, the
designs of each of them were inspired by or directly inher-
ited from the Unix operating system, which was developed
at Bell Labs beginning in the late 1960s and spawned the
development of numerous free and proprietary operating
systems.

Microsoft Windows

Main article: Microsoft Windows

Microsoft Windows is the collective brand name of several
operating systems made by Microsoft which, as of 2015,
are installed on PCs built by HP, Dell and Lenovo, the
three remaining high volume manufacturers.[68] Microsoft
first introduced an operating environment named Windows
in November 1985,[69] as an add-on to MS-DOS and in
response to the growing interest in graphical user inter-
faces (GUIs)[70][71] generated by Apple’s 1984 introduction
of the Macintosh.[72] As of August 2015, the most recent
client and server version of Windows are Windows 10 and
Windows Server 2012 R2, respectively. Windows Server
2016 is currently in Beta Testing.

OS X

Main article: OS X
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OS X (formerly Mac OS X) is a line of operating systems
developed, marketed and sold by Apple Inc.. OS X is the
successor to the original Mac OS, which had been Apple’s
primary operating system since 1984. OS X is a Unix-based
graphical operating system, and Snow Leopard, Leopard,
Lion, Mountain Lion, Mavericks and Yosemite are its ver-
sion codenames. The most recent version of OS X is code-
named El Capitan.
On iPhone, iPad and iPod, versions of iOS (which is an OS
X derivative) are available from iOS 1.0 to the recent iOS
9. The iOS devices, however, are not considered PCs.

Linux

Main article: Linux
Linux is a family of Unix-like computer operating systems.

A Linux distribution running KDE Plasma Workspaces 4.

Linux is one of the most prominent examples of free soft-
ware and open source development: typically all underlying
source code can be freely modified, used, and redistributed
by anyone.[73] The name “Linux” refers to the Linux kernel,
started in 1991 by Linus Torvalds. The system’s utilities and
libraries usually come from the GNU operating system, an-
nounced in 1983 by Richard Stallman. The GNU contribu-
tion is the basis for the alternative name GNU/Linux.[74]

Known for its use in servers, with the LAMP applica-
tion stack as one of prominent examples, Linux is sup-
ported by corporations such as Dell, Hewlett-Packard, IBM,
Novell, Oracle Corporation, Red Hat, Canonical Ltd. and
Sun Microsystems. It is used as an operating system for
a wide variety of computer hardware, including desktop
computers, netbooks, supercomputers,[75] video game sys-
tems such as the Steam Machine or PlayStation 3 (until this
option was removed remotely by Sony in 2010[76]), sev-
eral arcade games, and embedded devices such as mobile
phones, portable media players, routers, and stage lighting
systems.

3.5.2 Applications

Main article: Application software
Generally, a computer user uses application software to

A screenshot of GIMP, which is a raster graphics editor

carry out a specific task. System software supports applica-
tions and provides common services such as memory man-
agement, network connectivity and device drivers, all of
which may be used by applications but are not directly of
interest to the end user. A simplified analogy in the world
of hardware would be the relationship of an electric light
bulb (an application) to an electric power generation plant
(a system): the power plant merely generates electricity, not
itself of any real use until harnessed to an application like
the electric light that performs a service that benefits the
user.
Typical examples of software applications are word pro-
cessors, spreadsheets, and media players. Multiple appli-
cations bundled together as a package are sometimes re-
ferred to as an application suite. Microsoft Office and
OpenOffice.org, which bundle together a word processor,
a spreadsheet, and several other discrete applications, are
typical examples. The separate applications in a suite usu-
ally have a user interface that has some commonality mak-
ing it easier for the user to learn and use each application.
Often, they may have some capability to interact with each
other in ways beneficial to the user; for example, a spread-
sheet might be able to be embedded in a word processor
document even though it had been created in the separate
spreadsheet application.
End-user development tailors systems to meet the user’s
specific needs. User-written software include spreadsheet
templates, word processor macros, scientific simulations,
graphics and animation scripts; even email filters are a kind
of user software. Users create this software themselves and
often overlook how important it is.
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3.5.3 Gaming

PC gaming is popular among the high-end PC market. Ac-
cording to an April 2014 market analysis, Gaming plat-
forms like Steam (software), Uplay, Origin, and GOG.com
(as well as competitive e-sports titles like League of Leg-
ends) are largely responsible for PC systems overtaking con-
sole revenue in 2013.[77]

3.6 Toxicity

Toxic chemicals found in some computer hardware in-
clude lead, mercury, cadmium, chromium, plastic (PVC),
and barium. Overall, a computer is about 17% lead,
copper, zinc, mercury, and cadmium; 23% is plastic, 14%
is aluminum, and 20% is iron.
Lead is found in a cathode ray tube (CRT) display, and on
all of the printed circuit boards and most expansion cards.
Mercury is located in the screen’s fluorescent lamp, in the
laser light generators in the optical disk drive, and in the
round, silver-looking batteries on the motherboard. Plas-
tic is found mostly in the housing of the computation and
display circuitry.
While daily end-users are not exposed to these toxic ele-
ments, the danger arises during the computer recycling pro-
cess, which involves manually breaking down hardware and
leads to the exposure of a measurable amount of lead or
mercury. A measurable amount of lead or mercury can eas-
ily cause serious brain damage or ruin drinking water sup-
plies. Computer recycling is best handled by the electronic
waste (e-waste) industry, and kept segregated from the gen-
eral community dump.

3.6.1 Electronic waste regulation

Main article: Computer recycling

Personal computers have become a large contributor to the
50 million tons of discarded electronic waste that is being
generated annually, according to the United Nations En-
vironment Programme. To address the electronic waste
issue affecting developing countries and the environment,
extended producer responsibility (EPR) acts have been im-
plemented in various countries and states.[78]

Organizations, such as the Silicon Valley Toxics Coalition,
Basel Action Network, Toxics Link India, SCOPE, and
Greenpeace have contributed to these efforts. In the ab-
sence of comprehensive national legislation or regulation on
the export and import of electronic waste, the Silicon Valley
Toxics Coalition and BAN (Basel Action Network) teamed

up with 32 electronic recyclers in the US and Canada to
create an e-steward program for the orderly disposal of
manufacturers and customers electronic waste. The Sili-
con Valley Toxics Coalition founded the Electronics Take-
Back Coalition, a coalition that advocates for the produc-
tion of environmentally friendly products. The TakeBack
Coalition works with policy makers, recyclers, and smart
businesses to get manufacturers to take full responsibility
of their products.
There are organizations opposing EPR regulation, such as
the Reason Foundation. They see flaws in two principal
tenants of EPR: First EPR relies on the idea that if the
manufacturers have to pay for environmental harm, they
will adapt their practices. Second EPR assumes the current
design practices are environmentally inefficient. The Rea-
son Foundation claims that manufacturers naturally move
toward reduced material and energy use.

3.7 See also

• Computer case

• Computer virus

• Desktop computer

• Desktop replacement computer

• e-waste

• IBM 5100

• Information and communication technologies for de-
velopment

• Laptop

• List of computer system manufacturers

• Market share of personal computer vendors

• Personal Computer Museum

• Portable computer

• Public computer

• Quiet PC

• PC game

3.8 Notes
[1] The NeXT computer introduced in 1988 did not include a

floppy drive, which at the time was unusual.
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Максимовић, Oda Mari, Hxhbot, Dangerousnerd, Paolo.dL, BobShair, Oxymoron83, AngelOfSadness, Baseball007, Steven Crossin, Light-
mouse, RW Marloe, Poindexter Propellerhead, Saltiem, Tomi T Ahonen, BenoniBot~enwiki, Nancy, Cool200, CharlesGillingham, Spartan-
James, Karl2620, Singsmasta, Cyfal, KingGrue, Hamiltondaniel, Maralia, Sonny1day, Rocky34, Dust Filter, Formatinitials, DRTllbrg, Rishi225,
Lloydpick, Obeso24, Escape Orbit, Eaglesfan2593, Marsheo, Delahe15, Kevin Langendyk, Martarius, Csarvey, Mcelite, ClueBot, Abc753159,
Mukulnryn, Speaker4000, PipepBot, Error5001, C1932, XxXrah-chompXxX, Plastikspork, Test2008, Test2010, Rilak, B. van der Wee, Ma-
hagna, Xaffect, Supertouch, Bastien Sens-Méyé~enwiki, Kornxi, Pradkart, Franamax, OOJaxxOo, Beweird123456, Ian slater, Leahcim512,
Leeyhe, SuperHamster, Sickbrah, I luv jonas brothers, Hazmo1, Jenn0123, Goel madhur, Trivialist, Rabidbuzz, Pope16, M4gnum0n, Rogue-
Mountie, Blazzer44, Jus930710, NickDanger42, Rhododendrites, Sun Creator, Katavothron, Cenarium, Jotterbot, Afghangangster, Homeless5,
Redthoreau, Davidgoldner18, P09ol,, Lambtron, Hwalee76, XmDXtReMeK, Djhbrown, Joezamboni, Nafsadh, JederCoulious, Skunkboy74,
RkOrton, Cicicicico, Jovianeye, Ost316, Mitch Ames, Galzigler, Link5547, Dekart, Gaga654, Jaimo01, LizGere, Branrile09, TravelinSista,
Sportzplyr9090, Addbot, Irpatos, Mortense, Ghettoblaster, RN1970, The informator, Looloopoo9, Globalsolidarity, Laurinavicius, Jrpibb,
CarsracBot, Saulsinaloa, Favonian, LinkFA-Bot, Jasper Deng, Numbo3-bot, Abiyoyo, Lightbot, Jarble, Woome, Yobot, JSimmonz, Rsquire3,
FUZxxl, Vanished user rt41as76lk, KamikazeBot, Timir Saxa, Helena srilowa, OregonD00d, Koman90, AnomieBOT, Valueyou, Royote,
Quispiam, RadioBroadcast, Citation bot, Papppfaffe, MauritsBot, Xqbot, TinucherianBot II, St.nerol, JimVC3, ����, Selesti, Locos epraix,
Gap9551, 94knux, GrouchoBot, Omnipaedista, Tedzdog, Mark Schierbecker, RibotBOT, SassoBot, Yoganate79, GliderMaven, FrescoBot,
Cameron168, Tobby72, Nageh, KerryO77, Michael93555, Allen Jesus, Citation bot 1, DrilBot, HRoestBot, Skyerise, Ezrdr, Jaguar, Laptop65,
Full-date unlinking bot, Richdude24, Horst-schlaemma, Abhingeorgegodwin, Arbero, FoxBot, Pdebee, Thrissel, Trappist the monk, SchreyP,
DixonDBot, Lotje, Steelergolf11, Michael Jones jnr, Extra999, AmyzzXX, Drummer1508, Maxlaker, Specs112, Mason Clegg, Lysander89,
Nascar1996, AXRL, Wyverald, TjBot, Ripchip Bot, Jackehammond, AaronTownsend, EmausBot, John of Reading, Happyisenough, Wiki-
tanvirBot, Timtempleton, Anshuman.jrt, Dewritech, Faolin42, GoingBatty, Benny476, Old nic, Wikipelli, P. S. F. Freitas, Djembayz, Weri-
eth, ZéroBot, Garrison Savannah, HugoLoris, Mike in Aus, H3llBot, IIIraute, Vanished user fois8fhow3iqf9hsrlgkjw4tus, Anmol9999, Demi-
urge1000, Noodleki, Palosirkka, Tír na nÓg 1982, Epicstonemason, Rangoon11, MainFrame, ChuispastonBot, Targaryen, Mjbmrbot, Arsenal-
TechKB, Jake279, Georgy90, Will Beback Auto, Matthiaspaul, LogX, DobriAtanassovBatovski, Movses-bot, Frietjes, U.Steele, Firowkp, North
Atlanticist Usonian, MerlIwBot, Aztek2313, Helpful Pixie Bot, Smart Nomad, Frank.manus, Wbm1058, BG19bot, Guy vandegrift, Vagobot,
TheGeneralUser, Canoe1967, FutureTrillionaire, Cadiomals, Kelton2, Cliff12345, BattyBot, FootholdTechnology, Cyberbot II, Luckydhaliwal,
Wjcw, Dustin Dewynne, APerson, Dexbot, Thenewguy34, Mogism, JasonMacker, Tary123, Elialbert94, Jonhope123, 93, Zziccardi, Dhriti
pati sarkar 1641981, Reatlas, Neutralmonist, Differtus, Tentinator, Jchwang, Jakec, Praemonitus, CensoredScribe, Comp.arch, Techie007,
Koza1983, Jarash, Svetoslavv, Atotalstranger, Nizolan, 12visakhva, Tlenyard, AH999, PerfectComposition, Fabutahoun, Concord hioz, Ubalek-
ishore, Monkbot, The123dj, ChamithN, The Average Wikipedian, DJW56, GeorginaMat, Sdxu, Yuil.Tr, Kefas ayuba, Treve005, Renuka sarkar,
Nøkkenbuer, KasparBot, Voloum, Hangzhaohans, MethaneK and Anonymous: 1354

• Analog computer Source: https://en.wikipedia.org/wiki/Analog_computer?oldid=707175492 Contributors: The Anome, Malcolm Farmer, An-
dre Engels, LA2, Waveguy, Topory, Nealmcb, AdSR, Michael Hardy, Liftarn, Ixfd64, Egil, Ellywa, ThirdParty, William M. Connolley, Angela,
Kevin Baas, BenKovitz, Tim Retout, Smack, Vroman, Charles Matthews, Timwi, Dysprosia, Greenrd, Maximus Rex, Owen, Lumos3, Twang,
Robbot, AlainV, Rursus, Blainster, Wikibot, Wile E. Heresiarch, Carnildo, Ancheta Wis, Giftlite, Wizzy, Levin, Duncharris, Gracefool, Foo-
bar, Isidore, Gadfium, Physicist, Sonjaaa, Bumm13, Halo, Icairns, Discospinster, Rich Farmbrough, Florian Blaschke, ArnoldReinhold, Ben
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Hmains, ERcheck, Snori, Hibernian, Dual Freq, Antonrojo, Sholto Maud, Furby100, JonHarder, Pooresd, Kcordina, Tlusťa, Normxxx, Di-
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man04, MartinBot, GoldenMeadows, Jim.henderson, Sm8900, Keith D, Yonaa, R'n'B, Tgeairn, Ceros, J.delanoy, Herbythyme, KILNA, SharkD,
LordAnubisBOT, AntiSpamBot, Belovedfreak, DorganBot, Mlewis000, VolkovBot, TXiKiBoT, Java7837, Rei-bot, Rick Jelliffe, Madhero88,
MCTales, Oscillon, Dmcq, Donped, Missy Prissy, Soler97, ,05ترجمان Lightmouse, SimonTrew, OKBot, Fakhredinblog, Canglesea, ClueBot,
Binksternet, Niceguyedc, Pekelney, Eeekster, John Nevard, Posix memalign, Esbboston, Cexycy, Dekisugi, Ankaraj.marri04, Qwfp, Egmontaz,
InternetMeme, Terry0051, Danny galaga, BodhisattvaBot, Dthomsen8, Libcub, Alexius08, MystBot, P.r.newman, Coffee joe, Cantaloupe2,
Mathew Rammer, ProperFraction, Favonian, Habanero-tan, Herr Gruber, RW Dutton, Lightbot, Softy, Legobot, Luckas-bot, Yobot, OrgasGirl,
Bunnyhop11, Brian in denver, AnomieBOT, 1exec1, Jim1138, Materialscientist, Xqbot, Transity, Gfreemanphd, Asijut, Gumok, GrouchoBot,
RibotBOT, Pent112, FrescoBot, Tobby72, Jc3s5h, Alarics, JMS Old Al, Whtowl2001, HamburgerRadio, Citation bot 1, Beao, Cnwilliams,
TobeBot, Ripchip Bot, Balph Eubank, DASHBot, EmausBot, WikitanvirBot, Tommy2010, Serketan, Bethnim, Knight1993, East of Borschov,
Gz33, AndyTheGrump, EdoBot, Uziel302, ClueBot NG, Jostikas, Widr, Helpful Pixie Bot, Wbm1058, DBigXray, JokerWild11, BG19bot,
Northamerica1000, MusikAnimal, GMRE, Francoisguay, Jonastyleranderson, Mariam Asatryan, Autodidaktos, Cyberbot II, ChrisGualtieri,
Mbit, Bjfwiki, Kupraios, Johny.JAson, Ueutyi, LiveRail, Bleahy48, Fitzcarmalan, Maamazulia, Jcoreer, Lucasdealmeidasm, SIHAEN, Kjerish,
Crystallizedcarbon, GeorginaMat, Byro Chimel, KasparBot, Ning1987 and Anonymous: 212

• Personal computer Source: https://en.wikipedia.org/wiki/Personal_computer?oldid=714582719 Contributors: AxelBoldt, Magnus Manske,
Mav, The Anome, Tarquin, Stephen Gilbert, Taw, Andre Engels, Christian List, Aldie, Ortolan88, William Avery, Ben-Zin~enwiki, David spec-
tor, Fonzy, Volker, Edward, Patrick, Kchishol1970, Michael Hardy, Fred Bauder, Lexor, Norm, Blueshade, Mahjongg, Pnm, Liftarn, Tannin,
Cyde, TakuyaMurata, Arpingstone, Gaz~enwiki, KAMiKAZOW, Haakon, Nanshu, Julesd, Lupinoid, Cyan, Nikai, Cimon Avaro, Mxn, Cru-
sadeonilliteracy, Revolver, Andrevan, RickK, Dmsar, Ww, Vancouverguy, Furrykef, Ed g2s, Wernher, Mang kiko, Morn, Bloodshedder, Rohan
Jayasekera, Riddley, Robbot, Moriori, Fredrik, Boffy b, RedWolf, Donreed, Nurg, Modulatum, Pingveno, Rursus, Bkell, Hadal, Iain.mcclatchie,
Tobias Bergemann, Ancheta Wis, Giftlite, Graeme Bartlett, DocWatson42, Andries, DavidCary, Kim Bruning, Philwelch, Inter, Kenny sh,
Obli, Peruvianllama, Curps, Mboverload, Siroxo, Marcusvox, Jaan513, Edcolins, Chowbok, Bact, Nova77, Knutux, LiDaobing, Antandrus,
Beland, MisfitToys, Wikimol, Cb6, DragonflySixtyseven, PFHLai, Necrothesp, Icairns, Ktvoelker, JulieADriver, Neutrality, Hellisp, Cab88,
Trevor MacInnis, Millisits, Mike Rosoft, Discospinster, Rich Farmbrough, Rhobite, Pak21, Pie4all88, Chad okere, Chowells, LindsayH, Mani1,
Deelkar, Martpol, Paul August, Stereotek, Dyl, Bender235, Kbh3rd, Kaisershatner, Plugwash, MaxPower, PPGMD, Hayabusa future, Shanes,
Grue, Vanished user sdfkjertiwoi1212u5mcake, Func, BrokenSegue, Brim, Matt Britt, Mkapor, Davelane, Giraffedata, Juzeris, SpeedyGonsales,
Kjkolb, Nk, Woodsjay, Martinultima, PochWiki, Notnoisy, Maximusnukeage, Mdd, Espoo, Stephen G. Brown, Poweroid, Alansohn, Guy Harris,
Arthena, Diego Moya, Andrewpmk, MarkGallagher, Lightdarkness, Jaw959, Denniss, Hu, Snowolf, Wtmitchell, Melaen, Velella, VanillaDeath,
KingTT, Rebroad, Wtshymanski, Max Naylor, RainbowOfLight, Mikeo, NicholasJones, Versageek, Mattbrundage, Stinger~enwiki, Kirev, Dto-
bias, Firsfron, Mel Etitis, Woohookitty, TigerShark, Rocastelo, Ae-a, TomTheHand, WPPWAH, MattGiuca, JeremyA, MONGO, Gengiskanhg,
Wikiklrsc, Hotshot977, Bbatsell, Mangojuice, Frungi, Sega381, SDC, Waldir, Toussaint, Karam.Anthony.K, Mkleine, Emerson7, Mandarax,
Gettingtoit, LimoWreck, Graham87, Cuvtixo, Magister Mathematicae, Keeves, BD2412, Melesse, Reisio, Vanderdecken, Sjakkalle, Rjwilmsi,
Mayumashu, Wikibofh, Vary, Loudenvier, Hiberniantears, JoshuacUK, Tangotango, Bruce1ee, Dcsutherland, Gudeldar, ElKevbo, SeanMack,
DirkvdM, JanSuchy, Harda, FlaBot, CAPS LOCK, RobertG, The.valiant.paladin, Master Thief Garrett, Ysangkok, Who, Nivix, SuperDude115,
RexNL, Ewlyahoocom, Swtpc6800, TeaDrinker, Diza, Hibana, Vchapman, King of Hearts, Chobot, Fourdee, DVdm, Random user 39849958,
Bgwhite, Hahnchen, Simesa, Mr.Do!, Roboto de Ajvol, The Rambling Man, Wavelength, Eraserhead1, Sceptre, OtherPerson, Retodon8, DMa-
halko, Amckern, Fabartus, The Storm Surfer, Pigman, Yuhong, Hydrargyrum, Stephenb, David Woodward, Gaius Cornelius, CambridgeBay-
Weather, Alvinrune, Rsrikanth05, Neilbeach, SamJohnston, Thane, Gustavb, Ricree101, NawlinWiki, ENeville, Wiki alf, Msikma, Aeusoes1,
Grafen, Welsh, Oberst, DarthVader, Cholmes75, PhilipO, Allynnc, Tony1, Ospalh, Mysid, Wangi, Brat32, PS2pcGAMER, Jeh, Oliverdl, Groink,
Lllll, Robertbyrne, Searchme, Rwxrwxrwx, LarryLACa, EAderhold, J S Ayer, Zzuuzz, I kant spel, StuRat, Ageekgal, Covington, Arthur Rubin,
KGasso, Eric Jack Nash, DynaBlast, JuJube, Pablo2garcia~enwiki, Petri Krohn, GraemeL, Mike1024, Kevin, HereToHelp, Anclation~enwiki,
JLaTondre, ArielGold, ViperSnake151, Katieh5584, Kungfuadam, Junglecat, Captain Proton, Paul Erik, Rwwww, MansonP, Roger wilco, Nip-
poo, DVD R W, Kimdino, Veinor, AndersL, A bit iffy, SmackBot, Kellen, Thomas Ash, Classicfilms, Schyler, Benjaminb, Anarchist42, Aflm,
KnowledgeOfSelf, VigilancePrime, Hydrogen Iodide, McGeddon, Pgk, C.Fred, Blue520, Bomac, Jagged 85, RenOfHeavens, Video99, KVDP,
Delldot, Darklock, CapitalSasha, Onebravemonkey, Edgar181, Lakhim, Gilliam, Ohnoitsjamie, Hmains, Oscarthecat, Skizzik, Mushroom King,
Andy M. Wang, Slo-mo, Chris the speller, Master Jay, Jethero, Thom2002, Ian13, MK8, Thumperward, Miquonranger03, Nobloodyname,
Mdwh, EdgeOfEpsilon, DHN-bot~enwiki, Cassivs, Colonies Chris, Para, Hallenrm, Darth Panda, Janipewter, Gsp8181, Stanthejeep, Can't
sleep, clown will eat me, Shalom Yechiel, Flibbert, Boomeringue, OrphanBot, Azio, Cyber rigger, SundarBot, Flyguy649, Theonlyedge, Cyber-
cobra, Nakon, T-borg, Valenciano, The Pondermatic, SpacemanAfrica, Warren, Weregerbil, DenisRS, Andrew c, DMacks, A gx7, Acdx, Sigma
7, Luigi.a.cruz, LeoNomis, ISeeYou, Candorwien, Xufem, Clicketyclack, Chickenofbristol, Kkailas, Ed@islandnet.com, Lambiam, Gailim,
Lester, Harryboyles, Rklawton, KLLvr283, Oskilian, Pkalaher, Statsone, Danorux, JH-man, Sir Nicholas de Mimsy-Porpington, Leksey, Shad-
owlynk, Minna Sora no Shita, IronGargoyle, Ckatz, Slakr, Werdan7, Tasc, Beetstra, Noah Salzman, Optimale, Kondspi, Xiaphias, Optakeover,
Waggers, TastyPoutine, Kvng, ShakingSpirit, Hans Bauer, DabMachine, SimonD, Typelighter, Smoothtofu, Iridescent, BrainMagMo, Kaarel,
JoeBot, TimTIm, Aeons, Audiosmurf, Radiant chains, FairuseBot, Tawkerbot2, Daniel5127, Pithecanthropus, ChrisCork, TheHorseCollector,
Ryt, Andrés Djordjalian, Eastlaw, Coolman435, Ale jrb, Raysonho, W guice, KyraVixen, Page Up, Baiji, Lmcelhiney, Pasten, Green caterpillar,
Bungalowbill, Blackbox77, Karenjc, 0xF, AndrewHowse, Jac16888, Cydebot, Atomaton, Reywas92, Meno25, Gogo Dodo, ST47, Pascal.Tesson,
Roketjack, Clovis Sangrail, Gvil, Christian75, Mallanox, Quadrius, Kozuch, Editor at Large, DalekClock, Omicronpersei8, Eb42, JodyB, Lan-
droo, Gimmetrow, Satori Son, FrancoGG, Mattisse, Thijs!bot, Epbr123, Kubanczyk, ChunkySoup, O, Mojo Hand, Oliver202, Headbomb, James
uk, Marek69, A3RO, Kathovo, X201, Tellyaddict, Not Diablo, Avitaltr, OrenBochman, Cooljuno411, CTZMSC3, M Nabil, Mentifisto, AntiVan-
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dalBot, MrMarmite, Majorly, Luna Santin, Widefox, Seaphoto, Prolog, Jj137, Sooriyank, Kristoferb, LibLord, Spencer, Jwisser, Jenny Wong,
Wahwahpedal, Stokelake, Leuqarte, JAnDbot, Leuko, Jimothytrotter, Stanleyozoemena, TigerK 69, NapoliRoma, Thomleno, Arch dude, Blak-
wyte, Db099221, Plm209, Peachey88, Andonic, Greensburger, Bookinvestor, Kerotan, Robert Buzink, LittleOldMe, Geniac, DataMatrix, Ma-
gioladitis, Waterchan, Bongwarrior, VoABot II, Harryjohnston, JamesBWatson, Soulbot, Tobogganoggin, Ecksemmess, Pixel ;-), Nikevich, Bil-
Cat, A3nm, Frotz, FrederikVds, Glen, DerHexer, GermanX, Pappa11~enwiki, Alwolff55, Gwern, FisherQueen, AVRS, Rustyfence, MartinBot,
Bboyskidz, Akbeancounter, Vanessaezekowitz, D thadd, Paracel63, Rettetast, Mike6271, R'n'B, CommonsDelinker, AlexiusHoratius, Snozzer,
Technolust, The Anonymous One, Tgeairn, J.delanoy, Svetovid, AstroHurricane001, WarthogDemon, Cpiral, Davidm617617, WikiBone, Kata-
laveno, McSly, Gurchzilla, Jon83m, 97198, M-le-mot-dit, Alecperkins, Slashs-tophat, NewEnglandYankee, DadaNeem, Cobi, KCinDC, Mat-
man00, Redskins99, Cmichael, KylieTastic, Cometstyles, Equazcion, WarFox, Gtg204y, Bonadea, Commander-64, Diggory Hardy, HighKing,
Useight, Avitohol, Xiahou, Squids and Chips, Mokgen, ThePointblank, Idioma-bot, Thedec, Dezignr, Gambacort, Wikieditor06, Vranak, Jrugor-
don, Wilko12, Hammersoft, VolkovBot, Morenooso, Jeff G., BlueFalconLoyd, Katydidit, Coolest-tech, Zeno333, Philip Trueman, Fran Rogers,
Quackdave, Erik the Red 2, BuickCenturyDriver, TheDude231, Darkrevenger, Planetary Chaos, Walor, Vyx, ElinorD, Crohnie, Qxz, Root-
beer22, Westbrom123, 1 20 O9, Raymondwinn, Jorophose, Biffthemonkey, Natg 19, Aliasxerog, K Watson1984, Ngch89, PlayStation 69, Bo-
tard1, Andy Dingley, Madman2468, Haseo9999, Synthebot, Enviroboy, MF88389DTU, Entegy, Entirelybs, Chaplin62, Julian dahl, Lyinginbed-
mon, S8333631, Deconstructhis, Hokie92, Red, GM matthew, FrederikHertzum, SieBot, Octmed, MuzikJunky, Sonicology, Tiddly Tom, Yo
man bob, Freaky4jesus32, Bachcell, Dawn Bard, Caltas, Scorpus57, Lahs08, Roquai, Paulapie, Kartoffelsalad, Keilana, Interchange88, Android
Mouse, Flyer22 Reborn, Radon210, Theaveng, Nopetro, Duplico, Oxymoron83, Lightmouse, RW Marloe, Seuraza, Gamingnews, SimonTrew,
Alex.muller, Cebra, IdreamofJeanie, Nancy, JohnSawyer, Force316, P.Marlow, Cyfal, Alatari, Veldin963, Wiknerd, Ken123BOT, Pinkadelica,
Denisarona, Xplogic, Wudy1, Stormycarlos, Troy 07, ClueBot, NickCT, Avenged Eightfold, Binksternet, Fyyer, The Thing That Should Not Be,
Voxpuppet, IceUnshattered, Rilak, AbstractEpiphany, R000t, Saddhiyama, Drmies, Frmorrison, Mild Bill Hiccup, Tylerpimpin, Mcglone14,
SuperHamster, Monica vicelli98, Niceguyedc, Homayonifar, Turnmeoncomputers, Neverquick, ChandlerMapBot, Puchiko, Pointillist, Ahelon,
Flipja, DragonBot, Excirial, Eeekster, Vanisheduser12345, Lartoven, Technobadger, Cenarium, Kit Berg, Jotterbot, Dekisugi, Newyorxico,
Ark25, Tjlarson90, ChrisHodgesUK, Guitarhero1992, Thingg, SteveJobs8436492, Ranjithsutari, Jnw222, 12345ear, -keeleykins-, -alexdream-,
MuckFizzou, Vybr8, Johnuniq, SF007, DumZiBoT, Bones000sw, Fwn122, XLinkBot, Xxray03, Emmette Hernandez Coleman, Gwandoya,
PseudoOne, Rror, Ost316, Nepenthes, AnnSavage~enwiki, Mitch Ames, Bestkeeps34, IngerAlHaosului, Alexius08, Noctibus, Zodon, Dsimic,
Matty4123, Dekonegawa, Addbot, Xp54321, Military-ucon, Tcncv, Cherry Red Toenails, Non-dropframe, Friginator, Xoloki, Metagraph, Ron-
hjones, Fieldday-sunday, Roiba803~enwiki, Scientus, MrOllie, Cpall, Luxinalibaba, PROTOTYPE10, Glane23, Wot2the, Favonian, LinkFA-
Bot, Abo-Bakr, Tassedethe, Tide rolls, BraedenP, D10Krumped, Krano, Aarsalankhalid, Greepnik, Luckas-bot, Yobot, JSimmonz, Senator
Palpatine, TaBOT-zerem, II MusLiM HyBRiD II, I Love SVG, Unknown Subject, Mmxx, QueenCake, Jerebin, Dylpickleh8, OregonD00d,
Synchronism, AnomieBOT, DemocraticLuntz, ThaddeusB, Jim1138, Galoubet, Piano non troppo, Solidsandie, HELLO11152111, DEFCON
3, RandomAct, Materialscientist, Danno uk, Mysteryfm, GB fan, LilHelpa, Smith00783, Xqbot, Belasted, Begkurp, Madkid981, Iadrian yu,
CoolingGibbon, Topilsky, 94knux, Laguna CA, J04n, BohaiZhuangyong, Morten Isaksen, Shirik, Holypoopmobs, Mark Schierbecker, Sas-
soBot, Mpgenius, 78.26, SCΛRECROW, Yoganate79, Doulos Christos, The Wiki Octopus, Cyfraw, Dell1010, E0steven, SchnitzelMannGreek,
PM800, Haploidavey, A.amitkumar, Yoshidude22, Timer9918, FrescoBot, NKristensen, Klyppi123, MISTYFAN4EVER8887, Sandgem Ad-
dict, Tobby72, Pepper, GEBStgo, Comm12group, Lonaowna, Recognizance, Wifione, Urasmart1, Orion 8, Edgar8207, DigbyDalton, Simple
Bob, Pinethicket, Recipe For Hate, LittleWink, Jonesey95, Calmer Waters, Jschnur, Jaguar, SpaceFlight89, Rltcheer12, Full-date unlinking bot,
Horst-schlaemma, FoxBot, Rh cool, Tgv8925, AmpicoJSteinway, Ravenperch, Orb85750, Callanecc, Vrenator, Sarina132, DragonofFire, Radar
scanner, EggNogInTheMorning, Diannaa, Balben, Engande, Jesse V., What? Wham!, Genetixs, 11james22, Cryptichaos, Shannonarmstrong,
DARTH SIDIOUS 2, Onel5969, The Utahraptor, RjwilmsiBot, TjBot, Rahul ram bhat, Larry.europe, Ripchip Bot, VernoWhitney, Bing Wid-
der, Hajatvrc, MANGEJ KUMAR, Balph Eubank, Yojoisbob, EmausBot, John of Reading, Brian S. Elliott, MrFawwaz, Immunize, Gfoley4,
JteB, Ajraddatz, Angrytoast, Senorclean1212, Dewritech, Golfandme, Shannon Bradley, Minimac’s Clone, RenamedUser01302013, Vanished
user zq46pw21, F1tutorials, Mo ainm, Zaixionito, Dcirovic, K6ka, Thecheesykid, Kkm010, MithrandirAgain, Wackywace, Allforrous, Lateg,
Shatsky, Nahferrari66, Netknowle, Misabharis, Mtiddens, Okboyfriend, Wayne Slam, John9278, EricWesBrown, Rcsprinter123, Rvrcopy,
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• File:099-tpm3-sk.jpg Source: https://upload.wikimedia.org/wikipedia/commons/a/aa/099-tpm3-sk.jpg License: Public domain Contributors:

Scan made by uploader from copy of Thomson’s design sketch for the third tide-predicting machine, 1879-81, as published in Proceedings of the
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• File:Abacus_6.png Source: https://upload.wikimedia.org/wikipedia/commons/a/af/Abacus_6.png License: Public domain Contributors:
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• File:Acer_Aspire_8920_Gemstone_by_Georgy.JPG Source: https://upload.wikimedia.org/wikipedia/commons/7/7b/Acer_Aspire_8920_

Gemstone.jpg License: CC BY-SA 3.0 Contributors: Georgy Papantoniou’s Work in Nicosia, Cyprus Original artist: Georgy90
• File:Acer_aspire_4930G.jpg Source: https://upload.wikimedia.org/wikipedia/commons/2/29/Acer_aspire_4930G.jpg License: CC BY-SA
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• File:Acorn_BBC_Master_Series_Microcomputer.jpg Source: https://upload.wikimedia.org/wikipedia/commons/c/cd/Acorn_BBC_

Master_Series_Microcomputer.jpg License: CC BY-SA 2.0 Contributors: Flickr Original artist: Dejdżer / Digga
• File:Analog_Computing_Machine_GPN-2000-000354.jpg Source: https://upload.wikimedia.org/wikipedia/commons/0/0e/Analog_

Computing_Machine_GPN-2000-000354.jpg License: Public domain Contributors: NIX C1949-24357 Original artist: NASA Headquarters -
GReatest Images of NASA (NASA-HQ-GRIN)

• File:Assorted_computer_mice_-_MfK_Bern.jpg Source: https://upload.wikimedia.org/wikipedia/commons/8/87/Assorted_computer_
mice_-_MfK_Bern.jpg License: CC BY-SA 3.0 Contributors: Own work Original artist: Sandstein

• File:Asus_a8n_VMCSM02.jpg Source: https://upload.wikimedia.org/wikipedia/commons/b/b4/Asus_a8n_VMCSM02.jpg License: GFDL
1.2 Contributors: Own work Original artist:
fir0002 | flagstaffotos.com.au
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wikipedia/commons/e/e9/Bundesarchiv_B_145_Bild-F077948-0006%2C_Jugend-Computerschule_mit_IBM-PC.jpg License: CC BY-SA
3.0 de Contributors: This image was provided to Wikimedia Commons by the German Federal Archive (Deutsches Bundesarchiv) as part of a
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• File:Colossus.jpg Source: https://upload.wikimedia.org/wikipedia/commons/4/4b/Colossus.jpg License: Public domain Contributors: This file
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• File:Cray_2_Arts_et_Metiers_dsc03940.jpg Source: https://upload.wikimedia.org/wikipedia/commons/a/a2/Cray_2_Arts_et_Metiers_
dsc03940.jpg License: CC-BY-SA-3.0 Contributors: Own work Original artist: David Monniaux

• File:DDRSDRAM400-1GB.jpg Source: https://upload.wikimedia.org/wikipedia/commons/1/18/DDRSDRAM400-1GB.jpg License: CC BY
2.5 Contributors: ? Original artist: ?

• File:DM_IBM_S360.jpg Source: https://upload.wikimedia.org/wikipedia/commons/a/af/DM_IBM_S360.jpg License: CC BY 2.5 Contribu-
tors: DM IBM S360.jpg on en.wiki Original artist: Ben Franske

• File:Dell_PowerEdge_Servers.jpg Source: https://upload.wikimedia.org/wikipedia/commons/1/13/Dell_PowerEdge_Servers.jpg License:
Public domain Contributors: Own work Original artist: Dsv

• File:Desktop_personal_computer.jpg Source: https://upload.wikimedia.org/wikipedia/commons/b/b6/Desktop_personal_computer.jpg Li-
cense: CC BY 2.0 Contributors: originally posted to Flickr as New Computers Original artist: Jeremy Banks

• File:Difference_engine_plate_1853.jpg Source: https://upload.wikimedia.org/wikipedia/commons/9/9e/Difference_engine_plate_1853.jpg
License: Public domain Contributors: Google books Original artist: Woodcut after a drawing by Benjamin Herschel Babbage
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• File:Ferranti_Mark_1.jpg Source: https://upload.wikimedia.org/wikipedia/en/1/17/Ferranti_Mark_1.jpg License: Fair use Contributors: http:
//www.mosi.org.uk/collections/explore-the-collections/ferranti-online/timeline.aspx (Select timeline 1950) Original artist: Unknown

• File:FortranCardPROJ039.agr.jpg Source: https://upload.wikimedia.org/wikipedia/commons/5/58/FortranCardPROJ039.agr.jpg License:
CC BY-SA 2.5 Contributors: I took this picture of an artifact in my possession. The card was created in the late 1960s or early 1970s and has no
copyright notice. Original artist: Arnold Reinhold

• File:G5_supplying_Wikipedia_via_Gigabit_at_the_Lange_Nacht_der_Wissenschaften_2006_in_Dresden.JPG Source:
https://upload.wikimedia.org/wikipedia/commons/2/2c/G5_supplying_Wikipedia_via_Gigabit_at_the_Lange_Nacht_der_Wissenschaften_
2006_in_Dresden.JPG License: CC BY 2.5 Contributors: Own work Original artist: Conrad Nutschan

• File:Gimp-gnome-2.2.8.png Source: https://upload.wikimedia.org/wikipedia/commons/b/bc/Gimp-gnome-2.2.8.png License: GPL Contrib-
utors: ? Original artist: ?

• File:H96566k.jpg Source: https://upload.wikimedia.org/wikipedia/commons/8/8a/H96566k.jpg License: Public domain Contributors: U.S.
Naval Historical Center Online Library Photograph NH 96566-KN Original artist: Courtesy of the Naval Surface Warfare Center, Dahlgren,
VA., 1988.
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