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Chapter 8  Computing

Computers
by Amy J. Ko 

As we discussed in Chapter 1, before the digital computer, the meaning of

the word “computer” was simply “a person who computes.” And to

Key ideas

* Digital computers were invented as a way of replacing people
with something faster, less error prone, and tireless, mirroring
the capitalist values of the industrial revolution.

* Modern computers include a CPU, system clock, RAM, secondary
storage, and a variety of input and output devices that must
align with the abilities of people to be accessible.

* Computers generate immense waste, much of which is only
visible in developing countries where that waste is processed
with human hands to extract valuable rare earth metals.

* Engaging students in critically examining computers is not only
about helping them understand what makes something a
computer, but also why we’ve created them and what we do with
them when we’re done with them.

﻿
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compute, in essence, meant to calculate. From the earliest use of

mathematics in human civilization, all the way until the mid-20th

century, “human” computing was the only way we had to compute, and

“human computers” were an essential part of using data to make

decisions. 

For example, in 1870, the United States Signal Corps

 envisioned a mathematical model for tracking weather patterns, to help

support agriculture and war. The model was complex, however, requiring

a sophisticated knowledge of mathematics and a careful attention to

detail to compute correctly. The Signal Corps hired a small computing

staff that processed data that had to be collected quickly; the people on

this team worked in intensive 2-hour shifts to compute the model’s

predictions. These large teams of women, often paid 25 cents an hour to

compute, formed professional societies, unions, and were the workforce

that computed missile trajectories in World War I, and flight trajectories

for the first NASA human orbit around Earth. 

The human role as computer, however, was not lost to history: most K-12

mathematics education continues to train children as human computers

when it teaches arithmetic. Our children, just as the women of the 19th

and 20th centuries, learn to manually add, subtract, multiply, and divide,

often without any realization that the computers at home and in their

pockets are doing the exact same work. The only difference — and the

critical difference — is that computing technology does it faster, without
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error, never gets bored, frustrated, or tired, and only needs to be fed

electricity.

If people were the original computers, why were they replaced with the

digital computer, and what technologies made that possible? Throughout

this chapter, we’ll discuss this history, the values underlying it, and the

global consequences of the digital computer. We’ll then turn to how to

develop students’ critical consciousness of this history, the future it

imagined, and the world it actually created.

Jessie Hyunh

What a computer is has always evolved.

The invention of computers

The previous sentence made this point

important emphasis here



The earliest imaginings of “automatic” computers were therefore about

replacing human computers with machines. As we discussed in previous

chapters, Charles Babbage first imagined these machines, which he called

“differencing engines.”

. He conceived of these machines as large mechanical devices with gears

and cranks, taking numbers as input and after the right number of cranks,

producing an answer. In his vision, these machines might replace the

many people who computed for hire, saving businesses time and money.

These imaginings were not entirely original, of course. The industrial

revolution in the 18th and 19th century had followed the same basic

pattern: find some work done by low paid laborers and automate it with

machinery, reducing costs further

. The values in Babbage’s vision were fundamentally the same, centered in

capitalism, efficiency, and profit: the faster and more reliably one could

calculate, the more money businesses could make.

At the time, Babbage struggled to solve two major problems: how a

computing machine might store data for calculation, and how it might

store the formulas to be calculated. These two problems captivated

researchers and engineers, leading to decades of experimentation to

create Babbage’s imagined machines. The earliest attempts to create

Babbage’s vision digital computers in the 19th century were mechanical,

and made of wood and iron gears, both materials that could be easily
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reclaimed and recycled. For example, in 1890, Herman Hollerith created a

mechanical punch card system

, which used paper to store data as hole punches, and mechanical systems

of wood, metal, and belts to read and tally the holes. This system was used

to automate processing of the U.S. Census results, saving the government

millions in labor, and also eventually leading to the founding of IBM

. Because these computing machines were mechanical, they could easily

fail, breaking a belt, wearing down gears, and snapping wood. Moreover,

they were “special purpose,” only capable of performing the specific

calculations they were designed to do (such as tallying). Researchers kept

searching for more reliable materials, and more general purpose

machines.

In 1937, John Vincent Atanasoff, a professor of physics and mathematics at

Iowa State University made a breakthrough, finding a way to store both

data and instructions for calculation using something called a vacuum

tube

. These tubes looked like light bulbs, but stored and transmitted bits of

information — 1’s and 0’s — for processing by mathematical instructions,

also stored in vacuum tubes as bits. Shortly after in 1945, two University of

Pennsylvania professors, John Mauchly and J. Presper Eckert, built

the Electronic Numerical Integrator and Calculator (ENIAC)
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, the first general purpose computer that realized Turing’s vision of a

general purpose computer. Vacuum tubes stored data as well as

instructions; instructions could be encoded on a paper punch card,

inserted into a punch card reader, which translated the punches in the

card into vacuum tube 1’s and 0’s. When the program executed, it shifted

1’s and 0’s in ways that perfectly and reliably mirrored the arithmetic done

by human computers at the time, but much faster. The machine filled a

20-foot by 40-foot room and had 18,000 vacuum tubes; women

programmed it via punch card ,

. While the vacuum tubes were more reliable than wood, gears, and belts,

they were large, there were many of them, they often broke, and they got

very hot, meaning that computing machines needed large specialized

rooms to stay cool.

Just a few years later in 1947, William Shockley, John Bardeen, and Walter

Brattain of Bell Laboratories invented the transistor

, making vacuum tubes obsolete, and dramatically shrinking the size of

the hardware used to store data and programs on computers. A transistor

is an electrical circuit switch that, when voltage is passed through it, can

either be on, or off, allowing computers to represent data as binary. This

basic unit of storage allowed computers to store data encoded in binary

and programs encoded in binary. And unlike wood, metal, belts, or
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vacuum tubes, transistors were small, relatively cool, had no moving parts,

and were very unlikely to break. 

Since the transistor was invented, hundreds of thousands of scientists and

engineers have spent decade refining transistor technology, to the point

where modern computers can fit billions of them onto a computer chip

the size of one’s thumb and where robots, powered by these very same

transistors, can print millions of chips with minimal human intervention.

And each of these chips with their billions of transistors do the same

basic task of storing a binary digit, possibly representing part of a number,

part of a computer program, or part of the latest viral video on YouTube.

What once was a task of human cognition is now a task of electricity,

silicon, copper, and trace elements of rare earth metals extracted mostly in

China.
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Computers have many distinct parts, many mimicking human anatomy and
intelligence.

The modern computer

While the computing machines of today are built from quite different

things than the mechanical differencing machines that Babbage

imagined, they have the same basic function: they take in some data as

input, use a program to do some calculations on that input, and then

produce some output, just like human computers that came before digital

computers did. The difference is the medium: people were given data on

paper, used paper to make calculations with pencils and ink, and then

https://creativecommons.org/publicdomain/zero/1.0/
I don't think this difference is important, especially since human computers used lots of mediums other than paper - abacus for example, or clay tablets, or chalkboards



wrote down the output on paper. Modern digital computers use a variety

of standard components to replicate these human functions.

Jeremy Bezanger

A CPU, printed on silicon.

The first, and perhaps most important part of modern computers

are central processing units (CPUs). These are often described as the

“brain” of the computer, although this is a poor metaphor, as CPUs are

quite unintelligent. All they really know how to do is basic arithmetic,

how to retrieve data for processing, how to store it after processing, and

how to move to the next instruction in a program, optionally based on

whether a number is zero or not. They do these small sets of actions

mindlessly, quickly, and reliably. And thus they are not really like a brain

at all, as human brains can process many kinds of sensory inputs, make

complex decisions, interleave emotions, memories, and ideas. CPUs just

https://unsplash.com/photos/wl8hZoJBSU8
computers can do these two, others are solid though



quickly manipulate 1’s and 0’s to do basic arithmetic a billion times a

second, much like a simple mechanical process on a conveyor belt in a

factory.

How quickly computers manipulate bits relies on something called

a system clock. This part of a computer is responsible for sending regular

pulses to the CPU and the rest of the computer. This clock is like a human

heart, pushing electricity to the rest of the computer’s body through its

vascular network to each of its components. However, unlike a heart, it is

perfectly regular, it pulses electricity, and keeps everything in perfect

synchrony. When you see something like “3.2 GHz” to describe a

computer’s CPU, that is the frequency at which the computer’s “heart”

beats: GHz is a unit from physics that means “billions of times per second,”

and so 3.2 GHZ is “3.2 billion times per second.” Some modern CPUs can

change their system clock speed, slowing down to save battery life, such as

on a phone, or speed it up, to calculate more quickly. The faster a

computer’s system clock, the faster electrons move through its circuits,

and the hotter those circuits get; therefore the faster that computers get,

the more work computer engineers have to do to manage heat with

cooling techniques such as fans or carefully designed airflow pathways. In

fact, many modern computers have built in temperature sensors so that if

they get too hot, the system clock can slow down or the CPU can stop

processing so that the computer’s circuits do not melt.

expand the abbreviation to gigahertz



Michael Dziedzic

Two RAM chips for storing data while a computer is on.

CPUs cannot do anything useful without data and code. Whereas the

earliest computers stored data and code on punch cards and in vacuum

tubes, modern computers store it in something called random access

memory
random access memory: A temporary place to store data while a computer is running; when the computer is
shut off, it is erased.


memory, RAM

 (RAM). RAM is like the working memory in our brains, which allows us to

temporarily remember something and think about it, until we replace it

with some other thought. However, unlike human working memory,

which only lets us remember a few ideas at a time, RAM can store billions

https://unsplash.com/photos/XTblNijO9IE


of bits at a time while they’re being used, allowing computers to run

multiple programs and analyze large data sets. When the CPU retrieves

data from long term storage, it stores it in RAM to use; when it stores data,

it copies that data from RAM to storage. And much like when we go to

sleep, all of the thoughts in our working memory are lost, when RAM

loses power, all of its contents are lost as well. (This is why power outages

often cause computers to restart in different states from where we left

them — they didn’t have a chance to record what was in RAM to restore

after reboot).

Samsung

Solid state drives are one form of long term secondary storage.

While RAM can store a lot of data, it’s not enough for everything. For

example, a high definition digital movie might be 8 GB — 8 billion bytes,

https://unsplash.com/photos/No89W_1obbc


where a byte is 8 bits — but a smartphone’s RAM might only be 4 GB. To

store large amounts of data, computers have secondary storage
secondary storage: A semi-permantent place to store data such as files and operating systems; common media
include hard drives, solid state drives, flash memory, and disks. When the computer is shut off, the data is not
lost.


storage

, which is like a computer’s long term memory. It includes any storage

device, including floppy disks, hard disks, flash drives, CD or DVD drives, or

magnetic tape. All of these different technologies semi-permanently store

large amounts of data while it is not being used. When it is used, it’s

copied to RAM, so the CPU can use it. Of course, unlike human long term

memory, which cannot perfectly or precisely recall every memory,

secondary storage is intended to be perfectly precise in its storage of data,

keeping every bit intact for later retrieval. It doesn’t always achieve this

goal: plastic discs like CDs and DVDs erode over time, losing data; hard

drives have mechanical parts that eventually fail; flash drives can only be

written to a certain number of times before they no longer work. The

problem of data storage is therefore one of constant duplication, failure,

replacement, and restoration, much like the upkeep of our built

environments and bodies.



Sigmund

Braille keyboards are more accessible than QWERTY keyboards to people who are blind
and know Braille.

Much of what makes modern computers useful is that they can receive

input from many things. input devices like keyboards, mice, cameras, and

other sensors are how a computer gets this input. Much like human

senses of sight, hearing, and touch, computers use input devices to gather

data from the natural world and convert it into binary data for storage

and processing. Computers need a variety of other hardware components

to allow the input device to do this translation and store the data in RAM.

For example, a wireless computer mouse has its own CPU and memory to

track its movement across surfaces, compute its movement along two axes,

encode those movements into wireless signals to a Bluetooth receiver in a

https://unsplash.com/photos/HE1zW44Zm_Y


computer, which reads those movements hundreds of times per second,

stores them in RAM, and uses them to update the position of a mouse

cursor on a display. As sophisticated as such input devices are, this says

nothing of their accessibility: if someone is blind, has motor tremors in

their hand, is paralyzed, or has no hands at all, a mouse is useless. Input

devices like keyboards for text entry and microphones for speech input

may be far more accessible. Computers therefore need a variety of input

devices to mirror the diversity of human physical abilities to provide

input.

NBC

Screens and speakers are computer output, but so were drone-powered laser light
shows at the 2020 Tokyo Olympics.

Similarly, computers need output devices to share the results of their

calculations in the natural world. Much like humans produce output like

speech and physical movement in the world, computers produce output

like pictures on screens, sound on speakers, and words and images from

printers. These devices read data from a computer’s RAM and convert it

a variety of specialized input devices are also available - this would be a good juncture to draw attention to some of them (I saw braille keyboard in image - tell us about more!)



into physical forms in the natural world such as light, sound, and patterns

on organic material like paper. For example, modern computers often

have a special kind of RAM to store the color of every pixel on a computer

display; they send all of that data to the display to, which updates each

pixel on the display to match the color of that pixel stored in RAM. To

provide computer users with rapid feedback and smooth animations,

displays often do this at 60 Hz — 60 times per second. Of course, just as

with input devices, output devices are not universal: if someone is blind,

for example, and display is useless. Output devices like speakers for

speech-based interactions, and braille readers for text display, may be key.

Computers therefore need a variety of output devices to mirror the

diversity of human sensory abilities.

Modern computers have many other specialized components, often used

to increase a computer’s speed, expand its memory capacity, or

supplement the CPU. For example, a graphics card might be added to free

the CPU from having to render the polygons of a game, or a sound card

might be added to free the CPU from having to mix together multiple

channels of sound to send to a speaker. Modern computers also have

components that connect all of the above components, such as a logic

board, where all of the above components are connected via microscopic

wires to transmit data to each other. These enhancements, like those that

led to the basic architecture of computers, have all been in demand of

ever greater speed.

not always organic - you can print on plastic sheets or stickers - or even 3D printers

word missing?

are some of the accessibility options.

This is a very important point!

I appreciate getting away from gendered language ('motherboard') but since that's much more widely used you may want to add a (also called....)

confusing phrasing - maybe 'are constantly being re-designed for greater speed'



Thomas Jensen

Computers communicate to each other fastest through fiber optic cables that transmit
light signals.

In addition to all of the hardware above, most modern computers also

have  networking devices are a special kind of device that take both input

and output. They take input from other computers and send output to

other computers, allowing computers to communicate with each other,

much like humans communicate with each other via voice and sign

language. Whereas people communicate with natural languages,

networking devices communicate using protocols

like WiFi and Bluetooth, translating data into radio light waves to be

received by other computers. Protocols like Ethernet allow computers to

send data as light in fiber optic cables. The computer modems of the 1980’s

and 90’s transmitted data via sound over telephone lines. Computers, of

course, are the key components of the modern internet. However, the

https://unsplash.com/photos/ISG-rUel0Uw
https://en.wikipedia.org/wiki/Wi-Fi
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electricity OR

ethernet was around before fiber optic - and fiber optic can be used with any protocol why are these two connected?



internet is made up of many other specialized computers, each containing

all of the components above, but also additional specialized hardware for

moving data between computers. This includes:

* Modems. These devices translate digital data in computers into other

signals, suitable for transmission via other channels. For example,

computer modems of the 1980’s and 90’s translated digital data into

sound, transmitted over telephone lines. The cable modems that

many have in their homes for broadband internet access translate

digital data into electrical signals that run over coaxial cable. Cellular

modems translate digital data into radio light signals, transmitted to

nearby cell towers.

* Routers. These devices take digital data, formatted according to

the internet protocol (IP) format, and transmit it to their destination

on the internet (usually through other routers, as the internet is a big

network of computers connected by routers). The data is formatted

into packets, which specify the IP address they are coming from, and

the IP address they are trying to reach. Each address corresponds to a

device or collection of devices on the internet (e.g., your computer, or

a data centers
data center: A building dedicated to storing a large number of networked computers and data, usually
powered by a nearby electricity source.


the cloud

).

* Servers. These are specialized computers that receive large amounts

of data from other computers on the internet, and often store large

https://en.wikipedia.org/wiki/Internet_Protocol
is this 'also known as' ?

Modem vs NIC:
originally modems were all analog-digital converters for computers to use existing transmission media like telephone wires (later modems were able to use digital encoding). Now we have 'Network Interface Cards' which are all digital and use transmission methods designed for internet: ethernet cables, wifi)



amounts of data for retrieval. Any computer can be a server, but

specialized server hardware is built to quickly process large volumes

of requests. Data centers, for example, may have tens of thousands of

computers acting as servers, storing many petabytes of information,

and processing billions of requests a day.

All of this internet functionality requires surprising physical

infrastructure: for example, to enable internet communication between

Eastern United States and Europe, there are thousands of fiber optic cables

running under the ocean, in a waterproof tube to protect it from sharks,

transmitting bits at the speed of light. And whether a computer’s internet

connection is fast and functional depends on each part of this

infrastructure: a webpage might not load if the network card in a

computer fails, if it’s connection to a modem fails, if a router fails, or a

server is offline. In fact, a packet of data might make it all the way to its

destination device, but if that device is offline, or overwhelmed with

requests, it may not be received. There may also be intentional reasons it

is not received: for example, China includes special software and hardware

in its routers to automatically censor some data from ever reaching

Chinese computers; this is often informally known as the Great Firewall of

China. Many internet service providers (ISPs) also want to use hardware to

privilege certain data packets sent by companies who pay them more

money; this issue, known as net neutrality, concerns whether all data

should be moved at the same speed, or allowed to be privileged based on

market competition.

https://en.wikipedia.org/wiki/Great_Firewall
https://en.wikipedia.org/wiki/Net_neutrality
for sending to other computers

bite-proof

software is also part of this process

or blocked!



And of course, the shape of a network determines more than just its

efficiency or access. If someone is not connected to the internet, or their

bandwidth is limited, or their data is capped, they are not connected to all

of the information stored on all of the other computers on the internet, or

to the people who create it. This can increasingly mean being

disconnected from family, from health care, from social services, and even

from food and safety. Thus, this “digital divide”

 is therefore more than just about access to information, it’s about the

availability and cost of computing and networking hardware, the policies

that internet service providers and governments set about who gets access,

and the relentless push for hardware obsolescence, making older, less

expensive computers useless.

16

Jan Van Dijk (2006). Digital divide research, achievements and shortcomings. Poetics16

https://doi.org/10.1016/j.poetic.2006.05.004
then

This was a bit confusing as we were just before discussing network topography, and here you mean also abstract 'shape' (i.e., how much it costs, where you can get access, if it's filtered). Clarify or reword?
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All computers are eventually garbage.

Computer waste

All of these modern computer components make up a computer. But they

are far more general purpose machines than Babbage might have

imagined, finding their way into every object and surface that we people

create, bestowing them with the ability to quickly and reliably calculate,

and interact with the world. For example, a desktop computer might be

the first thing that comes to mind, or perhaps a laptop or tablet. But a

smartphone is also a computer. And so are all consumer electronic

devices: modern televisions essentially have large user interfaces like

computers; alarm clocks have displays that often show a range of

https://creativecommons.org/publicdomain/zero/1.0/


information; even wired office telephones have many computer

functions, like remembering phone numbers and voicemail notifications. 

But the reach of computers goes well beyond consumer electronics. All

home appliances have computers in them: computers drive the behavior

of modern thermostats; refrigerators use computers to regulate the

freezer; stoves use computers for timers and alerts; dishwashers use

computers to conserve energy and avoid wasting water; microwaves use

them to store heating programs; washers and dryers use them to monitor

clothing wetness and dryness; and air conditioners use them to turn off

and on automatically. And increasingly, many other objects in homes have

computers as well, even smart light bulbs and doorbells. 

Even objects we don’t think of as computers at all are bursting with

computers. Modern cars, for example, many have as many as 50 distinct

computers, for controlling temperature, music, collision warnings,

cameras, braking systems, security, and more; consequently, diagnosing

and repairing cars, while it still requires mechanical knowledge, also

requires the use of complex software diagnosis tools to find problems

with sensors and install software updates. Therefore, the rise of computers

as both a consumer good, but also a tool for enhancing everyday objects in

invisible ways, have made computers ubiquitous in our lives.

While this ubiquity can be wondrous, there is a darker side to our

fascination with computing hardware. Not only did inventing digital

computers mean replacing human computer labor with digital computer

not all, most ones manufactured tody



labor, but it also meant the rapid and chronic obsolescence of computing

hardware. In fact, every day, roughly 300 million pounds of computer

hardware are discarded

. Phones, computers, screens, mice, cables, printers, modems, keyboards,

tablets, and countless other categories of appliances are sent to landfills to

rest, undisturbed for the coming centuries. If this number seems hard to

comprehend, it becomes much easier when considered at the scale of one

person in a year: all it takes is each person tossing away 13 pounds of

computer hardware each year to reach this number. For an individual,

this might be discarding an old laptop and accessories or throwing away

an old printer. But more likely, it is not individuals, but companies,

upgrading their computer hardware every two years, discarding entire

desktop computers for each employee, trying to ensure that everyone has

the newest technology with which to do their work, as fast as possible.

This massive increase in computer waste has led to some efforts at

computer recycling ,

. Many recycling and garbage collection companies, for example, send

computer garbage to Thailand, to be mined for precious metals. Workers

sit, crouched upon piles of computer components, breaking down

motherboards, screens, and other hardware with hammers and their

hands, salvaging bits of the gold, silver, and copper wire used to transmit

17

Rolf Widmer, et al. (2005). Global perspectives on e-waste. Environmental Impact Assessment Review17

10 12

Ching-Hwa Lee, et al. (2000). Management of scrap computer recycling in Taiwan. Journal of Hazardous
Materials

10

Pornwasin Sirisawat, et al. (2015). A study of reverse logistics practices: A case study of the computer parts
industry in Thailand. IEEE International Conference on Industrial Engineering and Engineering Management
(IEEM)

12

https://doi.org/10.1016/j.eiar.2005.04.001
https://doi.org/10.1016/S0304-3894(99)00191-0
https://doi.org/10.1109/IEEM.2015.7385668


data inside computers. Some of this hardware is worthless: the plastic

casings of mice, for example, are impossible to reuse and hard to recycle,

and so they are often discarded as garbage. But the rare Earth metals are

well worth the time to extract. This reclamation, and the burning of less

valuable parts for efficient disposal, often leaks toxic heavy metals into

Thailand’s soil and groundwater, while also creating toxic fumes. This is

the hidden price of upgrading.

Another difference between human computers and computing

technology is the fuel they run on. People eat food, but computers use

electricity. And they use electricity roughly at the rate that their system

clocks run: the faster the computer, the more energy they use. And the

energy consumed by computers has risen rapidly, especially as more of

our computing has been done by the world’s more than 500,000 data

centers, each with as 100,000 computers, spanning more than 50 billion

computers using electricity continuously. So far, this only constitutes

about 5% of the world’s energy usage, and about 4% of the world’s carbon

output, but it continues to grow as every object in our lives is digitized.

The future of computer hardware will likely look much like its past:

constant innovation, an obsession with speed, the replacement of people,

and the wasteful, polluting, and often toxic discarding of old technology.

The question for the future of computers is whether the single goal of

speed will continue to drive innovation, or whether new goals, such as

sustainability and accessibility will begin to also shape their evolution.

https://blogs.scientificamerican.com/observations/why-do-computers-use-so-much-energy/
https://www.bbc.com/future/article/20200305-why-your-internet-habits-are-not-as-clean-as-you-think
and other countries which do computer recycling

as many as? What's the average?

Is this referencing just data centers? Would be more interesting to say for all computers

with "especially as' it sounds like the data centers are extra bad, but are they really worse than if the same computing was done on desktops? I thought data centers were particularity efficient



Jessie Huynh CC0

Students need to understand that computers are objects, not magic.

Teaching computers critically

Computer science, confusingly, is not particularly about computers. In fact,

the academic discipline most concerned with computers is called

computer engineering. And yet computers are perhaps the most salient

connection that students have to computer science, as they likely have a

computer of some kind at home and at school, can see computers in

popular culture, and probably interact with them daily. This makes

computers themselves a fraught entry point to talking about computer

science, as it can distract from learning about computation itself6

Shuchi Grover, et al. (2016). "What Is A Computer": What do Secondary School Students Think? ACM Technical
Symposium on Computer Science Education (SIGCSE)

6

https://creativecommons.org/publicdomain/zero/1.0/
https://doi.org/10.1145/2839509.2844579
physical

students start their interests here because that's what they know about: how can we make it clear that CS is more than hardware and programming? (for that matter, how do we define CS?)



, which can be more invisible and abstract.

And yet, there is so much to be critical about when it comes to computer

hardware. Understanding that computers were originally people doing

arithmetic, and that much of students’ math education experiences are

precisely that same work, can be a profound realization about the

historical ties between computation and education. Understanding that

computer hardware is full of precious, valuable metals, but also toxic

materials, and that human hands extract them when wealthier countries

are done with computers, is a revealing insight about globalization and

the developing world. And understanding the electricity that computers

use, where that electricity comes from, and the increasing role that

computers play in climate change, ties computers to the natural sciences.

Computers then, as ancillary as they might be to computation, cannot be

ignored.

Unfortunately, there is very little research that offers guidance on

teaching computers, let alone research that examines how to teach

computers critically. Most research and practice focuses on teaching

computer architecture and organization, often using a combination of

lectures and simulation tools to visualize the components of a computer

and the processes involved in executing programs at the hardware level ,3 18

Lillian (Boots) Cassel & Deepak Kumar (2002). A state of the course report: computer organization & architecture.
ACM Technical Symposium on Computer Science Education (SIGCSE)

3

Cecile Yehezkel, et al. (2007). The contribution of visualization to learning computer architecture. Computer
Science Education

18

https://doi.org/10.1145/637610.544466
https://doi.org/10.1080/08993400601165545
The critique you presented here is two part: 1) research and practice is on architecture and organization (not hardware) and 2) that lectures and simulation tools are used. Regarding this second point, why is this a critique? What do you think they should be doing differently? I'm assuming maybe you'd like to see them get hands on? Or should be more technical? Or needs to include critique with the technicality? This could be clarified. 

Furthermore, all K12 computing curricula I've seen does talk about how the computer hardware works, the constantly increasing speed, and includes at least an aside about e-waste (even if this is usually cast in an optimistic light): again, what specifically is your critique to how it's taught now?

How much research would we expect on teaching computer hardware, when this is often only covered briefly in intro CS classes?




. One example of the latter explored the teaching of a post-

secondary computer systems course

 that discusses how computer hardware and software is organized. But

rather than providing a strictly technical view on hardware components,

the course used a metaphor, describing computers as an old house, one

with a long history of choices, each made to support particular values

(usually speed), and each with unintended consequences for its

inhabitants. This metaphor resonated with many, helping them see that

computers are not given, but designed, giving them agency and a prompt

to challenge design choices.

In the rest of this section, we share a similar pedagogical tactic, helping to

reveal the amazing and powerful ubiquity of computers in society, while

also making space to question their creation and disposal.

Unit sketch: Unpacking ubiquity

The focus of this unit sketch is to engage students in interrogating what

computers are, where they come from, and where they go, while

positioning them as mere tools for computation that might be situated in

any object in students’ lives. The unit addresses the invisibility of

computers — their origins, their roles in appliances, and their final

destination in landfills — is the subject of this example unit.

The learning objectives are:

8

Mara Kirdani-Ryan & Amy J. Ko (2022). The House of Computing: Integrating Counternarratives into Computer
Systems Education. ACM Technical Symposium on Computer Science Education (SIGCSE)

8

I'm confused: are you supporting this example or not - it's presented as an example of one of the ideas in the previous sentence, which was critically presenting the idea?

Phrasing a little odd : "mere" mixed with "any" is a minimizer with a maximizer - which are you aiming for here?

One critique is that typically giving 5 class sessions to hardware is not realistic in classes which are more about programming.



1. Students will be able to identify that computers are ubiquitous.

2. Students will be able to identify the central components of modern

computer architecture.

3. Students will be able to relate the use of computers to the

consumption of electricity, to the energy sources that produce that

electricity.

4. Students will be able to identify the moral tensions in upgrading

computers as they relate to waste, labor, and sustainability.

To achieve these learning objectives, the unit contains five sessions,

moving from the computers in students’ lives, the composition of those

computers, to the origins of those computers, to the energy used by those

computers, and finally to the destination of those computers when they

are discarded. Throughout, students engage in critical discourse about

what a computer is and its various stages of a computer’s life.

Session 1: What is a computer?

* Start the session by brainstorming about the kinds of things that
are computers or have computers in them. The salient things
will be desktops, laptops, and possibly phones.

* As students run out of ideas, begin to suggest other less obvious
objects that have computers, especially objects in the classroom,
such as lights, clocks, watches, and other devices, or the vehicles
that they used to get to school, whether cars, buses, or trains.

* As the ubiquity of computers becomes more apparent, turn the
conversation to things that students want, and the extent to

I don't think skipping tools for efficiently doing work is the way to ensure people don't get left out of economic prosperity. There's plenty to be done in this world; computers causing loss of jobs is less about there not being _enough_ work as in some work being valued while other work is neglected. Also, people shouldn't need to keep working the same number of hours to make a living - isn't the dream shorter work weeks? Computers replacing people should be less a critique of computers per se than policy and capitalism.

computers becoming more efficient also means less electricity used for the same tasks. Faster computers also makes for potential energy savings by helping design more sustainable things like architecture, traffic systems, energy production, supply chain, etc. Cryptocurrency, on the other hand....

Also the quantity of e-waste has a more to do with capitalism's need to keep selling iPhones as any inherent flaw with computers themselves. Most e-waste from printers isn't necessary - they could be designed to last decades, but it makes more money to keep selling new ones. So the critique here isn't computers as much as capitalism and political policy.

Definitely phones. 

Highlight

I think kids these days are quite aware of computers in watches, clocks, etc. I think a google search for 'internet of things' items makes the hidden ubiquity more obvious

This is leading the witness. Maybe _start_ the discussion with them making a list of what they'd get if they had a shopping spree for their birthday - or their parents would buy! - many of the highly desirable objects do in fact contain computers, which you could wrap back to here



This first session sets the stage for the unit, helping students recognize

the increasing ubiquity of computers in modern life, and challenging

their conception of what a computer is. Ideally, students leave this session

noticing many other things in their world that might contain computers

and begin wondering whether they do.

The next session builds on this greater awareness and curiosity by

providing direct instruction about what computers actually are,

challenging the consensus definition of the class built in session 1.

which they involve computers. These might include things like
consumer electronics like video game consoles, headphones, and
other computer-containing gadgets.

* Once students have run out of ideas, turn the session to a debate.
Are some things on the list more “computer” than others? What
makes something a computer? Converge toward a consensus
about what counts and what doesn’t.

* Foreshadow the forthcoming sessions, about what computers
actually are, where they come from, what they’re made of, and
where they go.

﻿

Session 2: What computers actually are

* Remind the class of the consensus definition from the first
session.

Can you give some examples of what you'd put as 'less computer'? A refrigerator? But that does have a computer in it....I think the line between 'computer' and 'not a computer' has to do with turing completeness and how sophisticated the electronics are, which the discussion so far doesn't set up. What is the goal with this framing?

make a distinction between modern computers and historic computers (which didn't create e-waste - they were wood and metal and paper). It's possible to prioritize recyclable materials and sustainability in computer design, we just haven't b/c it's less profitable. Again, critique isn't about inherent features of computers but our choices.

Ok so the 'increasing' hasn't really been discussed here: maybe add a discussion point about what their parents or grandparents had available for computes in their lives compared to now. For kids in many parts of the US, computers in everything have always been available (even if their family hasn't acquired all the possibilities yet)



This second session gives a conception to students grounded in modern

computer architecture, while connecting it to students’ lived experience

with computing devices. Ideally, the curiosity that students left with

session 1 is somewhat satisfied, giving them a sense that the devices in

their world might all have the same basic components, even though they

come in different shapes and sizes. They should also leave with a

conception of what each of those components do, and how they are

related to their interactions with computing devices, tying the input they

provide to the data stored, the instructions that process that data, and the

resulting output.

* Define a computer as a device that receives input, stores data,
follows instructions to process that data, and then produces
output, connecting this definition to the many example objects
brainstormed in the previous session.

* Define the parts of a computer: CPU, clock, RAM, secondary
storage, input devices, output devices, and network devices. For
each, use the brainstormed examples from session one to make
the role of each component clear. For example, when talking
about an alarm clock, one might note that the RAM stores the
current time, the CPU follows instructions to check whether to
start the alarm sound, the input devices are the buttons, and the
output devices are the screen and speaker.

* At the end of the session, compare the definition presented with
the consensus definition from session 1. What was right about
that definition?

﻿

Can students construct this definition instead of being given it? I think given the list of items you could point out all these features in common. 

Again the computer/not computer line wasn't effectively scaffolded earlier to help students make sense of this. Maybe it's less 'what is a computer' as 'how does a computer work' ? Afterall, the difference between a mechanical dimmer light bulb and an app controlled dimmer light bulb won't be clear to them given the lesson plan so far. Or a crystal radio and a digital radio, or a land-line switch board telephone and a modern land-line telephone, or a gear alarm clock and a digital alarm clock, etc



Having built a conception of computers, the third session begins to build

students’ critical consciousness about the origins of computing devices,

focusing on who makes computers and where they make them.

Session 3: Where computers come from

* Begin the session with a video, showing concrete examples of
where computing devices are assembled (e.g., a video of one of
the factories that manufactures Apple devices). Ask students to
watch for the different jobs that factory workers do to create the
device, and how they are related to the components of a
computer.

* After the video, surface the jobs that students noticed in the
video. What did they notice about the work itself? Was it fun or
boring? What kind of attention did it require? Would the
students want to work in one of those factories? Why or why
not?

* After the discussion, turn students’ attention toward the
materials used to create the parts being assembled. Provide direct
instruction on the various rare earth metals and plastics used,
then showing a video on where rare earth metals come from (e.g.,
this Financial Times video). Ask students to notice who controls
the metals.

* After the video, discuss control. Why does China control most of
the rare earth metals? Why are they essential to computing
devices?

* Formative assessment. After the discussion, engage the students
in a web-based research project, identifying the value of the rare
earth metals such as copper and silicon in computing devices.
What is the value of the metals in the devices they are using to
do the research? What would they have to do to sell these metals
to recoup its value? Discuss with students what they would like
to present in their research and how.

https://www.youtube.com/watch?v=9XkX6EGk_CA
https://www.youtube.com/watch?v=gyH_PvLZoD0
What's the point here, that factory work is boring? So what, it should be replaced by robots (which would run contrary to your critique of computers replacing human labor....).  Doing calculations by hand is also boring and tedious...

This is rapidly changing so teachers should check for updates. China's rare earth supply has gone from 95% to like 65% in recent years, still a lot! but landscape could continue to shift



This session gives students a sense of the global nature of computer

manufacturing, and the contested state of the natural resources that go

into computers. This broadens their critical consciousness from beyond

just the ubiquitous nature of computers in everyday devices, but the

particular places that computers come from, and who manufacture them

for our use.

The fourth session extends this critical consciousness to sustainability,

discussing the power that computers use to execute instructions.

* This is responsive because it centers the devices in students’
lives, asking them to become more critically conscious of their
contents, origins, and values.

* This is participatory because it gives agency in shaping the
format of their presentations.

* This is educative because it surfaces the research of multiple
students, leading to differing perspectives and judgments about
the value of the devices.

* After the research session, have the students share the different
amounts they found, and calculate the value of the components
inside the computers they are using.

﻿

Session 4: How we power computers

I would have students do research on how long computational devices are expected to last, pointing out how planned obsolescence has become the norm.



At the end of this fourth session, students should be able to connect the

components of computers to the origins of those computers and their raw

materials, to the energy that powers them and the other computers they

use in data centers. This global picture of computing devices, combined

with the sense of computers as ubiquitous, should lead children to

* Begin the session by having students share from where they
believe their computing devices’ electricity comes (coal,
hydroelectric, wind). Have they ever visited the power plant that
generates the electricity?

* Provide direct instruction on cloud computing, explaining that
many of the things we do online are not executed on the
computer we are using, but on other computers stored in data
centers. Show a video of a data center, revealing that they are
large, cooled warehouses close to electricity sources.

* Have the students research where the closest data center is to
their classroom. What are its sources of electricity? Who works at
those power plants?

* Provide direct instruction on how much energy a computer uses
in a day, how much a class uses, and how much everyone on the
planet uses. Situate that energy use into the context of global
energy use, and its contributions to global warming. Sources for
this information include Apple’s extensive website on
environment and sustainability.

* End the session with a discussion about how this information
about energy use and global warming might change their use of
computers. Will they search less? Browse social media less? Turn
their screen brightness down?

﻿

https://www.apple.com/environment/
What are your goals here: really to use computers less? Do you want them to go back to vinyl records instead of streaming since that uses much less electricity? Or turn their computers off when not in use? It's not so much about the _quantity_ of electricity (other than bitcoin, obvy) as the source of electricity.

It could be very interesting to bring the point the google AI researcher made (and was fired for) that the electricity footprint of A.I. probably meant it was unethical to keep doing research under current electricity generating systems, as the benefits from AI wouldn't outweigh the impact on the climate emergency.



wonder about the global scale of computer use and their individual role

in it.

The next session adds a final piece to this global picture, investigating

what we do with computers when we are done with them.

Session 5: How we discard computers

* Begin the session by reminding students of the global systems
that allow computers to be created and run, then pose a final
question for discussion: what do we do with them? Capture
students’ beliefs.

* Explain that most computers go to landfills, showing a video of
landfills full of computing devices, and noting the location of
the closest landfill to the school.

* Turn the discussion to the potential of recycling computers, then
show a video of Apple’s iPhone recycling robot. Ask students to
monitor for both good and bad aspects of the robot.

* Then show a video of computer waste, which is done by hand,
and can be toxic. Ask students to monitor for the problems they
see in the recycling process, who is doing the recycling, and what
incentive companies have to recycle.

* Summative assessment. Using a philosophical chairs discussion
format, pose the question to students: knowing everything that
they do about rare earth metals, energy use, and the risks and
rewards of recycling, when is it worth upgrading a computer?
Half of the class should defend the position that computers
should be used until they stop functioning, and the other should
defend the position that people should upgrade whenever they
want to. Discuss how students’ arguments should be judged and
what they might submit as evidence of their arguments.
Alternate sides, eliciting positions and arguments.

https://www.youtube.com/watch?v=2Bu-gl7v-P8
https://www.youtube.com/watch?v=JXDrIvShZKU
But 



By the end of these five sessions, students should not only be able to

identify the central components of a modern computer architecture, but

also understand what those components are made of, where those

materials come from, how much energy computers use, where that energy

comes from, and what happens to computers when we discard them.

Throughout, students should be able to identify the moral tensions in

basic actions with a computer, like recharging or discarding it.

The clearest limitation of this example unit is that it prioritizes critical

consciousness of the industrial and economic systems behind computer

manufacturing and use at the expense of a robust technical

understanding of computer architecture. This technical understanding

can be valuable for helping students link the ideas in computer science

more closely to how they are implemented in hardware. However, it’s

questionable whether such ideas are key literacy for all youth, especially

more so than the social implications of computer hardware. Moreover,

* This is responsive because it centers students’ personal choices
around upgrading.

* This is participatory because it gives agency in shaping the
evaluation criteria for their arguments.

* This is educative because it surfaces alternate arguments that
students may not have considered.

﻿



these topics are rigorously taught in post-secondary CS education settings

already.

Conclusion: From calculation to
computer

From our very first chapter on Critical CS History through a series of

chapters on Critical CS Pedagogy, Critical CS Assessment, CS, Equity, and

Justice, CS and Design, and the big questions of computing, there has been

one consistent thread: humanity finds mathematic calculation valuable.

Some have found it so valuable, and so fascinating, that they have spent

the past two centuries inventing ways to make calculation so fast, so

cheap, so reliable, and so broadly applicable to all human activity, that

now, nearly every aspect of our lives is shaped by the digital computer.

Of course, the original vision of computing was not one of ubiquity, but

simply profit and power. It’s only in hindsight that we have come to see

that the computational world we have created not only has social

consequences on how we live our lives, but our ability to sustainability

survive on this planet. Take one last moment to ponder this macro scale

of computing before we dive deep into the intricate lattice of CS ideas

that have brought us to this point in history, and connect each of these

ever ideas to the broader world above.

Relevant learning standards

https://criticallyconsciouscomputing.org/history
https://criticallyconsciouscomputing.org/pedagogy
https://criticallyconsciouscomputing.org/assessment
https://criticallyconsciouscomputing.org/justice
https://criticallyconsciouscomputing.org/design


This chapter covered the concepts in the following learning standards:

CSTA

Learning

Standards

Original Standard Critically Conscious Revision

Impacts of Computing

2-IC-21 Discuss issues of bias and

accessibility in the design of

existing technologies.

Explain how software excludes groups

marginalized by their gender, race,

ethnicity, language, and ability.

3A-IC-24 Evaluate the ways computing

impacts personal, ethical, social,

economic, and cultural practices.

Critique how computing amplifies,

centralizes, privatizes, and automates

social processes in society, impacting

individuals, communities, and culture.

3B-IC-26 Evaluate the impact of equity, access,

and influence on the distribution of

computing resources in a global

society.

Examine inequities in access to

computing devices and the internet

and how those inequities amplify

other forms of oppression.

3B-IC-27 Predict how computational

innovations that have

revolutionized aspects of our

culture might evolve.

Predict how computational

innovations will shape culture, power,

and equity in global society.

3B-IC-28 Debate laws and regulations that

impact the development and use of

software.

Debate laws, regulations, and policies

that impact the development, use, and

impacts of software on marginalized

groups.

Networks & the Internet

2-NI-04 Model the role of protocols in

transmitting data across networks

and the Internet.

Explain the role of protocols

determining who can receive data

across networks and the Internet, and

how.

https://csteachers.org/page/about-csta-s-k-12-nbsp-standards


3A-NI-04 Evaluate the scalability and

reliability of networks, by describing

the relationship between routers,

switches, servers, topology, and

addressing.

Evaluate social, technical, and

sociotechnical qualities of networks in

terms of routers, switches, servers,

topology, and addressing.

3B-NI-03 Describe the issues that impact

network functionality (e.g.,

bandwidth, load, delay, topology).

Describe issues that impact network

functionality (e.g., bandwidth, load,

delay, topology, censorship, capitalism).

Computing Systems

2-CS-02 Design projects that combine

hardware and software components

to collect and exchange data.

Design and critique projects that

combine hardware and software to

gather, structure, analyze and store

data.

3B-CS-02 Illustrate ways computing systems

implement logic, input, and output

through hardware components.

Explain the values underlying the

binary systems of input, output, and

logic.

Social

Justice

Standards

Original Standard Computing Revision

Justice

5 Students will recognize traits of

the dominant culture, their home

culture and other cultures and

understand how they negotiate

their own identity in multiple

spaces.

Students will recognize traits of the

dominant culture, their home culture,

and other cultures in computing

artifacts and understand how they

negotiate their own identity in

computing spaces.

https://www.learningforjustice.org/frameworks/social-justice-standards


12 Recognize unfairness on the

individual level (e.g., biased

speech) and injustice at the

institutional or systemic level (e.g.,

discrimination).

Relate how unfair experiencies with

software on the individual level (e.g.,

inaccessible websites) emerge from

injustice as the structural level (e.g.,

algorithms, data, and platforms).

14 Recognize that power and

privilege influence relationships

on interpersonal, intergroup, and

institutional levels and consider

how they have been affected by

those dynamics.

Recognize that the power and privilege

imbued into computing influences

relationships on interpersonal,

intergroup, and institutional levels and

consider how they have been affected by

those dynamics.

CSTA

Teacher

Standards

Original Standard Critically Conscious Revision

CS Knowledge and Skills

1a Apply CS practices. Apply CS practices in ways that center equity and

justice for marginalized groups.

1b Apply knowledge of

computing systems.

Develop critical consciousness of computing

systems knowlege.

1c Model networks and the

Internet.

Explain how the internet shapes its accessibility,

access, and impact on society.

1f Analyze impacts of

computing.

Analyze the interaction between computing,

power, oppression, and justice.

Equity and Inclusion

2a Examine issues of equity Examine issues of equity and justice in CS.

https://csteachers.org/page/standards-for-cs-teachers-interactive


in CS.

2b Minimize threats to

inclusion.

Create culturally responsive and sustaining

learning environments for all students.

2c Represent diverse

perspectives.

Make space for diverse perspectives, values, and

assets from both students and broader society.

Professional Growth and Identity

3b Model continuous

learning.

Learn alongside students, modeling sociotechnical

humility, vulnerability, and curiosity.

Instructional Design

4c Design inclusive

learning experiences.

Design culturally responsive and sustaining

learning experiences that advance justice.

4e Plan projects that have

personal meaning to

students.

Situate CS learning in students’ identities, values,

goals, and communities.

4f Plan instruction to foster

student understanding.

Co-construct learning and assessment to foster

student interest, identity, and agency.

4g Inform instruction

through assessment.

Co-design culturally responsive, participatory, and

educative formative assessments to support

learning.

Classroom Practice

5a Use inquiry to faciliate

student learning.

Use inquiry and discourse to faciliate students’

critical consciousness.

5b Cultivate a positive

classroom climate.

Ensure all students feel safe, supported, valued,

and heard.

5c Promote student self-

efficacy.

Center student agency, assets, values, and culture.

5d Support student Center student collaboration and discourse to



collaboration. foster critical consciousness.

5e Encourage student

communication.

Encourage student communication, reflection,

writing, and speaking about CS equity and justice.

5f Guide students’ use of

feedback.

Guide students to both seek and learn from

feedback, as well provide it to those with power.

References

1. Jean Jennings Bartik, Jean Bartik, Jon T. Rickman, Kim D. Todd (2013).

Pioneer Programmer: Jean Jennings Bartik and the Computer that

Changed the World. Truman State University Press.

2. Alice R. Burks, Arthur Walter Burks (1989). The First Electronic

Computer: The Atanasoff Story. University of Michigan Press.

3. Lillian (Boots) Cassel, Deepak Kumar (2002). A state of the course

report: computer organization & architecture. ACM Technical

Symposium on Computer Science Education (SIGCSE).

4. P.M. Deane, Phyllis M. Deane (1979). The First Industrial Revolution.

Cambridge University Press.

5. W. Barkley Fritz (1996). The Women of ENIAC. IEEE Annals of the

History of Computing.

https://www.google.com/books/edition/Pioneer_Programmer/jbMezgEACAAJ?hl=en
https://www.google.com/books/edition/The_First_Electronic_Computer/_Zja6hoP4psC?hl=en&gbpv=0
https://doi.org/10.1145/637610.544466
https://www.google.com/books/edition/The_First_Industrial_Revolution/eMBG_soDdNoC?hl=en&gbpv=0
https://doi.org/10.1109/85.511940


6. Shuchi Grover, Daisy Rutstein, Eric Snow (2016). "What Is A Computer":

What do Secondary School Students Think?. ACM Technical

Symposium on Computer Science Education (SIGCSE).

7. Anthony Hyman (1985). Charles Babbage: Pioneer of the computer.

Princeton University Press.

8. Mara Kirdani-Ryan, Amy J. Ko (2022). The House of Computing:

Integrating Counternarratives into Computer Systems Education. ACM

Technical Symposium on Computer Science Education (SIGCSE).

9. F. W. Kistermann (1991). The Invention and Development of the

Hollerith Punched Card: In Commemoration of the 130th Anniversary

of the Birth of Herman Hollerith and for the 100th Anniversary of

Large Scale Data Processing. Annals of the History of Computing.

10. Ching-Hwa Lee, Ssu-Li Chang, King-Min Wang, Lih-Chyi Wen (2000).

Management of scrap computer recycling in Taiwan. Journal of

Hazardous Materials.

11. Scott McCartney (1999). ENIAC: The Triumphs and Tragedies of the

World's First Computer. Walker.

12. Pornwasin Sirisawat, Tossapol Kiatcharoenpol, Ninlawan Choomrit,

Pilada Wangphanich (2015). A study of reverse logistics practices: A

case study of the computer parts industry in Thailand. IEEE

International Conference on Industrial Engineering and Engineering

Management (IEEM).

https://doi.org/10.1145/2839509.2844579
https://www.google.com/books/edition/Charles_Babbage/YCddaWqWK2cC?hl=en&gbpv=0
https://doi.org/10.1109/MAHC.1991.10023
https://doi.org/10.1016/S0304-3894(99)00191-0
https://www.google.com/books/edition/ENIAC_the_Triumphs_and_Tragedies_of_the/l2nGQgAACAAJ?hl=en
https://doi.org/10.1109/IEEM.2015.7385668


✓ Saved

13. Emerson W. Pugh (2009). Building IBM: Shaping an Industry and Its

Technology. MIT Press.

14. Getting the Message Through: A Branch History of the U.S. Army

Signal Corps (1996). Rebecca R. Raines. U.S. Department of Defense.

15. Michael Riordan, Lillian Hoddeson (1998). Crystal Fire: The Invention

of the Transistor and the Birth of the Information Age. Norton.

16. Jan Van Dijk (2006). Digital divide research, achievements and

shortcomings. Poetics.

17. Rolf Widmer, Heidi Oswald-Krapf, Deepali Sinha-Khetriwal, Max

Schnellmann, Heinz Bönia (2005). Global perspectives on e-waste.

Environmental Impact Assessment Review.

18. Cecile Yehezkel, Mordechai Ben-Ari, Tommy Dreyfus (2007). The

contribution of visualization to learning computer architecture.

Computer Science Education.

https://www.google.com/books/edition/Building_IBM/tf-1DgAAQBAJ?hl=en&gbpv=0
https://www.google.com/books/edition/Getting_the_Message_Through_A_Branch_His/KpPfAAAAMAAJ?hl=en&gbpv=0
https://www.google.com/books/edition/Crystal_Fire/SZ6wm5ZSUmsC?hl=en&gbpv=0
https://doi.org/10.1016/j.poetic.2006.05.004
https://doi.org/10.1016/j.eiar.2005.04.001
https://doi.org/10.1080/08993400601165545



