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APPENDIX 1: CONNECTION BETWEEN
TOPICS AND CONCEPTS
When designing a curriculum, it is important to make sure all content serves to highlight the
(Threshold) Concepts of the relevant knowledge areas, across levels. Table X shows the
relationship between sample Chemistry Topics and relevant Chemistry Core Ideas.1

Table 1: Topics and their alignment to concepts
Source: Cooper, Posey, and Underwood

In the table above, it may seem that some of the Core Ideas are themselves potential Subjects,
in that they are good ways of organizing content. This is a consequence of examining
knowledge at such a fine-grained scale; Topics can be a mix of Concepts and Content.
However, this provides an important criterion for extracting from the curriculum elements that
are dense in content but not in concept.
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Cooper, M. M., Posey, L. A., & Underwood, S. M. (2017). Core Ideas and Topics: Building Up or Drilling
Down? Journal of Chemical Education.
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For example, one can imagine the Krebs cycle as a Topic in Cellular & Molecular Biology, but,
although it clearly is relevant to other concepts, it is itself not a useful concept. Contrasting that
with the Topic of Succession in Ecology, it becomes evident that although Succession may be a
chapter title in a textbook, it is also itself an important concept of a type of dynamic that happens
in ecosystems over time (likely a Threshold Concept of Ecology). Perhaps, then, the Krebs
cycle should not be memorized for its own sake, and instead only be studied to the degree that
it serves other concepts, whereas Succession may be a fruitful stand-alone Topic of Ecology.

3

APPENDIX 2: REALMS OF MEANING
Philip Phenix outlines four principles which should be used to select or exclude content:
1. Integral to the discipline as it is professionally practiced
“The present proposal … argues for the exclusive use of materials that have been produced in
disciplined communities of inquiry by [professionals] who possess authority in their fields.
Given the developments in disciplined inquiry, the proposal to use knowledge from the
disciplines favors a modern rather than a traditional type of curriculum”.
2. Representative of the main ideas of the field
“If the content of instruction is carefully chosen and organized so as to emphasize these
characteristic features of the disciplines, a relatively small volume of knowledge may suffice to
yield effective understanding of a far larger body of material. The use of teaching materials
based on representative ideas thus makes possible a radical simplification of the learner’s
task.”
3. Illustrating the methods of inquiry
“Every discipline is unified by its methods, which are the common source of all the conclusions
reached in that field of study. As this common thread, their characteristic modes of thought are
included in the category of representative ideas, which, as indicated above, allow for the
simplification of learning.”
4. Arousing imagination
“Such imaginative use of materials generates habits of thought that enable the student to
respond to rapid changes in knowledge and belief with zest instead of dismay and to
experience joy in understanding rather than the dead weight of ideas to be absorbed and
stored.”
If a particular piece of content in the curriculum does not fall under at least one of these
categories, it is a sign that it may be difficult for students to integrate it into their knowledge in a
meaningful way.
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APPENDIX 3: EVOLUTION OF CONTENT
The most influential of early Western
formulations of the curriculum were
the Trivium and Quadrivium — a
medieval revival of classical Greek
education theories that defined the
seven liberal arts for university
education: grammar, logic, rhetoric,
astronomy, geometry, arithmetic, and
music.
Changes have occurred very slowly,
with some subjects becoming
optional (astronomy, ethics, Latin,
etc.), or taught at tertiary education
level (rhetoric, oratory as
“communications”). Knowledge
discipline standards in secondary
education in the United States were
first established in 1893 by the
Committee of Ten, led by Charles
Eliot, the president of Harvard
University and sponsored by the
National Education Association. He
convened ten committees of
education experts, led mostly by
college presidents and deans, and
charged them with defining the
standardized curriculum
requirements for all public secondary
schools.

Figure 1: The classical Greek education frameworks

To various degrees, these early
education discipline standards (minus
the Greek, Latin, and other specific
language requirements) are still
reflected in secondary school
graduation requirements in many
education systems today.
Thus the traditional disciplines taught
in most education systems around
the world are:

Figure 2: The Report of the Committee of Ten
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•
•
•
•
•
•
•

Languages (domestic)
Mathematics (arithmetic, geometry, algebra)
Science (biology, chemistry, physics)
Languages (foreign)
Social studies (history, geography, civics, economics, etc.)
Arts (performing & visual)
Wellness (often physical education in particular)

Within the disciplines, the pattern is similar; areas of knowledge are added on when they
became common enough, but nothing has been majorly redesigned. In math for example, the
curriculum reflects the monumental contribution of Leonardo de Pisa (Fibonacci) who wrote the
book Liber Abbaci in 1202 to help merchants transition from using Roman numerals to using the
ten digits of the Hindu-Arabic system, and to learn things like ratio and proportion, rate, linear
equations, etc.2

Figure 2: The evolution of content over time
Source: CCR

2

Bardige, Art (2013) Elegantly Simple: On the Future of Knowledge
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It has become clear that what was relevant for
13th century merchants is not relevant to 21st
century students. Progress in human endeavors
has increased exponentially, and although
Trigonometry and Calculus were added to the
curriculum, more modern subjects, such as
Robotics and Entrepreneurship, do not fit into the
current over-crowded system. Furthermore,
standardized assessments are placing pressure in
particular on language and mathematics, thereby
further narrowing the scope of school subjects. In
the image below,3 Social Studies, Science,
Recess, Art/Music, and PE have by and large
been squeezed out to make room for ELA and
Math in the United States.
Figure 4: Percentage of districts in the U.S. with
change in allotted time per discipline since 2001
Source: Center for Public Education

3

Center for Public Education. Source data: Center on Education Policy, Instructional Time in Elementary
Schools, Feb. 2008. http://www.centerforpubliceducation.org/Main-Menu/Organizing-a-school/Time-outIs-recess-in-danger
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APPENDIX 4: EXPERIMENTS IN KNOWLEDGE
VIZUALIZATION
The evolution of encyclopedias and the birth of modern library science have also contributed to
the organization of the knowledge disciplines, such as the high-level knowledge schemes
outlined in the table below.

Table 2: Knowledge Classifications
Source: CCR

With the arrival of the Information Age, both the amount of new knowledge produced, and the
ease of accessing this knowledge, expanded exponentially. New and more innovative
knowledge maps are now needed to help us navigate the complexities of our expanding
landscape of knowledge.
A wide variety of new knowledge representations are now possible using new technologies such
as Big Data, cloud computing, artificial intelligence, and visualization techniques. The areas of
knowledge mapping and the dynamic display of information are producing amazing new
visualizations, such as this snapshot of a simulation showing the dynamic relationships among
scientific fields based on the number of cross-referenced clicks across scientific papers (see
Figure 3.3).

8

Figure 3: Network Visualization of Science-Related Disciplines
4
Source: Ismael Rafols, Alan L. Porter, and Loet Leydesdorff

CCR will endeavor over the next several years to produce knowledge maps that help explain
the relationship within and between disciplines, as part of an effort to redesign knowledge
standards from the ground up. Understanding the interrelatedness of knowledge areas will help
to uncover a logical and effective progression for learning that achieves deep understanding.
Highlighting and following connections among knowledge domains is in line with research on
the development of expertise and the cognitive underpinnings of understanding, which point to
the importance of the networks of connections between concepts in students’ minds.
Figure 4 is a preliminary visualization of CCR’s work on visualizing the interconnectedness
among disciplines, based on the ~6 million Wikipedia pages and their ~140 million connections.
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Ismael Rafols, Alan L. Porter, and Loet Leydesdorff, “Science Overlay Maps: A New Tool for Research
Policy and Library Management,” Journal of the American Society for Information Science and
Technology 61, no. 9 (2010): 1871–1887
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Figure 4: Screenshot of CCR's Knowledge Navigator
Source: CCR

This analysis focused on disciplines as they exist today. However, the Subjects, Branches, and
Topics that knowledge is divided into are not static. Over time, disciplines branch to create
subfields and merge to create interdisciplinary fields.

Figure 5: Visualization of increasing interdisciplinarity in social organization, tech and business
Source: IBM
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The second pattern, of disciplines splintering from existing disciplines to become more
specialized was born out in CCR’s analysis of Wikipedia. Plotting the relative centrality
measures of the disciplines in the Wikipedia network, it becomes clear that the newer disciplines
tend to be less central. These are fields like Civil Engineering, Pharmacy, and Material Science.

Figure 6: Age of disciplines and their Centrality in the Wikipedia network
Source: CCR

These more specialized disciplines may remain more specialized (in which case they function
more like subdisciplines), or they may begin to make connections with other disciplines as they
develop, and become interdisciplinary over time.

Artificial Neural Networks
The process of organization of information into abstractions that enable transfer can be
informed by recent work on machine learning. A neural network that is fed a large block of text
can calculate the “proximity” of words based on how close and how often they appear in the
text, and create a mapping of them in a high-dimensional vector space. Their closeness in this
vector space becomes meaningful, as each data point is plotted based on its relationship to the
other data points. The result is that meaning can be derived from their configuration. In a
famous example, a neural net given the question King - Man + Woman = ? is able to predict the
word “Queen”; it has successfully inferred the abstract relationship of gender by calculating what
word is closest to the predicted point in vector space.5

5

King - Man + Woman = Queen: The Marvelous Mathematics of Computational Linguistics: The ability to
number-crunch vast amounts of words is creating a new science of linguistics. MIT Technology Review
(2015) https://www.technologyreview.com/s/541356/king-man-woman-queen-the-marvelousmathematics-of-computational-linguistics/
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Considering the necessary conditions for transfer discussed above, it would make sense that
adjacency in the high-dimensional space, which implies similarity of the concepts, would
facilitate ease of transfer. Perhaps not surprisingly, the structure of the “curriculum” given to the
neural net affects the resulting concept space. For example, if drilled on one class of things and
then drilled on another, it may have trouble learning the new one, or forget the old one. It has
also been shown that if the input is divided such that the material gets progressively more
difficult,6 7 the neural net will ultimately reach a better organization of information than if it were
fed all the data in random order.
It is well known of course, that curriculum has an effect on human learning as well. But it may be
important to consider that it is not just a matter of learning the same material more or less
quickly or more or less thoroughly; the structure of the curriculum will affect the structure of
understanding in the learner’s mind, which will ultimately determine the degree to which it is
both learned, and becomes transferable to new contexts.
To this end, CCR has begun to explore ways that knowledge can be represented using neural
networks. By training a network on such sources as the Richard Feynman lectures and the
Youtube series Crash Course Physics and then plotting the interconnections among words in a
hyper-dimensional space, we were able to create a network with several clusters that it is
possible to navigate. Results will be reported in a forthcoming paper.

6 Mikolov, T., Deoras, A., Povey, D., Burget, L., & Černocký, J. (2011, December). Strategies for training
large scale neural network language models. In Automatic Speech Recognition and Understanding
(ASRU), 2011 IEEE Workshop on (pp. 196-201). IEEE.
7 Bengio, Y., Louradour, J., Collobert, R., & Weston, J. (2009, June). Curriculum learning. In Proceedings
of the 26th annual international conference on machine learning (pp. 41-48). ACM.
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APPENDIX 5: CROSS CUTTING THEMES
Environmental Literacy
As discussed earlier, humankind is fast approaching or may have surpassed a number of our
planet’s ecological limits, and to avoid future major environmental crises or ecological disasters,
every citizen must have a basic understanding of the fundamentals of environmental science
and the impacts of our societies on the long-term sustainability of humankind.
P21 defines the components of environmental literacy as the abilities to:
• Demonstrate knowledge and understanding of the environment and the circumstances
and conditions affecting it, particularly as they relates to air, climate, land, food, energy,
water and ecosystems.
• Demonstrate knowledge and understanding of society’s impact on the natural world
(e.g., population growth, population development, resource consumption rate, etc.)
• Investigate and analyze environmental issues, and make accurate conclusions about
effective solutions.
• Take individual and collective action towards addressing environmental challenges (e.g.,
participating in global actions, designing solutions that inspire action on environmental
issues).

Global Literacy8
Our global community continues to grow more interconnected, and it is no longer enough to
learn from the perspective of only one country. To be educated for the twenty-first century,
every student now needs to learn each subject from a variety of cultural perspectives9 from
around the world. This means for example that world history includes histories from countries all
over the world, math class discusses relevant Eastern (Arab, Indian, and Chinese)
mathematicians, not just Western ones, and students are prompted to critically examine their
cultural biases and perspectives, and develop understanding and acceptance of other
viewpoints. Throughout the curriculum, students should learn to see individual issues within the
context of their global socio-cultural significance, gain an international awareness, and a deep
appreciation of cultural diversity.

Civic Literacy
Humans and education systems exist within societies, and the main ways to interact most
directly with society is through law and policy. It is important that students feel connected to their
society and feel that it’s possible to effect change. In the coming years, there are going to be
many issues that will need to be discussed publicly and decided at the societal scale, and civic
8 Called global competence by other groups. We do not want the themes to be confused with the 12
competencies of the CCR framework.
9

The Asia Society has been a highly credible champion of global competence:
http://asiasociety.org/globalcompetence
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literacy will therefore become increasingly relevant. To make sure that what is learned is school
can be transferred to those conversations when necessary, it will be helpful to explicitly highlight
the ways that law and policy connect with course content, and the kinds of questions facing
society in the near future that need to be considered from an informed perspective. According to
the Partnership for 21st Century Skills, Civic Literacy is:
•
•
•

Participating effectively in civic life through knowing how to stay informed and understanding
governmental processes
Exercising the rights and obligations of citizenship at local, state, national and global levels
Understanding the local and global implications of civic decisions

They also recommend several resources to learn more about civic literacy

Information Literacy
According to Eric Schmidt, CEO of Google, every two days we create as much information as
was created from the dawn of civilization to 2003.10 The amount of scientific papers grows by
seven to nine percent every year (compounded), which equates to a doubling of scientific output
roughly every ten years.11,12
While it is true that many people know how to search for information on the Internet, it is not
clear that they have grasped the more nuanced reasoning skills necessary to critically evaluate
and synthesize what they find, especially when we consider the daunting amount of information
they must process.
Twenty-First Century Information Literacy Tools (TILT), a program of The People’s Science13,
has identified six core skills and sensibilities for interacting with and applying information in realworld contexts. These objectives outline the essential capacities that must be developed in
order to responsibly curate, evaluate, and transform an abundance of information into usable
knowledge.
TILT identifies the following core capacities of information literacy:

10

M.G. Sigler, “Eric Schmidt: Every 2 Days We Create As Much Information As We Did Up To 2003,”
TechCrunch, http://techcrunch.com/2010/08/04/schmidt-data
11

Richard Van Noorden, “Global scientific output doubles every nine years,” Nature News Blog,
http://blogs.nature.com/news/2014/05/global-scientific-output-doubles-every-nine-years.html
12

Ronald Bailey,”Half the Facts You Know Are Probably Wrong,” Reason, October 2, 2012,
https://reason.com/archives/2012/10/02/half-of-the-facts-you-know-are-probably
13

The People’s Science, developed by Stephanie Sasse and Maya Bialik
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• Maintain a dynamic disposition by accepting the progressive nature of information and
remaining open to new evidence.
• Consider the role of socio-cultural lenses in the interpretation of information and the
proliferation of new ideas.
• Cultivate comfort with competing evidence by acknowledging informed debate as a critical,
nuanced step towards replication, refinement, and eventual consensus.
• Evaluate source credibility for common access points in the information dissemination cycle.
• Develop an informed orientation to ensure clarity of how specific evidence is situated in the
broader landscape of relevant knowledge.
With information output growing at an unprecedented rate, information literacy skills are
increasingly important for all students throughout all subject areas.

Digital Literacy
As discussed above, technological savvy is becoming increasingly important. As tools and
technologies continue to develop, students must learn to use a variety of new technologies. The
majority of jobs are going to require upskilling, as we begin to integrate technological
innovations across the majority of possible careers. It is important that students learn to be
comfortable with existing technological tools, such as searching on the internet, word
processing, spreadsheets, and social media applications, and that they feel comfortable
learning new technologies.
All these themes offer educators and students alike a way to make learning more relevant,
grounded in the real world, motivating, and action-oriented. They also provide a foundation for
interdisciplinary thinking, as they are lenses that educators can mix and match to content areas
and competencies.

Systems Thinking
Scientific disciplines as well as social systems are converging on the ideas of complex systems
(see Figure 3.6).14 This requires a paradigm shift from the mechanistic and reductionist model of
twentieth century Western culture, toward a more balanced approach. Analysis continues to
serve a critical purpose by isolating parameters, thereby allowing for their deep treatment and
understanding, but it must be integrated with a holistic perspective through synthesis, such that
each part can be considered as a whole, each whole as a part of a larger system, and the
relationships between all of them explored.15

14

Y. Bar-Yam. Dynamics of Complex Systems. (Reading, MA: Addison-Wesley, 1997).
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Systems thinking is not the same as holistic thinking. It comprises reductionist and holistic thinking
together.
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Figure 7: Systems Thinking
Source: Bar-Yam, Y. Dynamics of Complex Systems

According to educational theorist and cognitive scientist Derek Cabrera, students should be
encouraged to consider distinctions, systems, relationships, and perspectives (DSRP).
• Distinctions: Develop increasingly sophisticated characterizations of ideas and objects.
• Systems: Deconstruct ideas and re-constructing new integrated concepts with a variety of
part/whole interactions.
• Relationships: See connections between things.
• Perspectives: See things from different points of view.16
By considering the common properties of complex systems, learners can apply this approach to
view more traditional disciplines from a modern, systems perspective.

Design Thinking
As we have seen, the twenty-first century challenges we now face are demanding a major
rethinking and redesigning of many of our societal institutions from education, to agriculture and
energy use, to product design and manufacturing, to economics and government. Almost every
product and service needs to be redesigned in light of our increased use of information and
communications technologies, global connectivity, energy and material ecological sustainability,
longer lifespans, and increased well-being. Beyond products and services, a design thinking
mindset is needed in the ways we approach our challenges.
One way of crisply conceptualizing the design process is through four main principles:17

16

D. Cabrera et al., “Systems thinking,” Evaluation and Program Planning 31, no. 3 (2008): 299–310. For
a TEDx talk by Dr. Cabrera, see www.youtube.com/watch?v=dUqRTWCdXt4.
17

Hasso Plattner, Christoph Meinel, Larry J. Leifer, eds., Design Thinking: Understand, Improve, Apply.
Understanding Innovation (Berlin; Heidelberg: Springer-Verlag, 2011): xiv–xvi. DOI: 10.1007/978-3-64213757-0.
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• The human rule: All design activity is ultimately social in nature.
• The ambiguity rule: Design thinkers must preserve ambiguity.
• The redesign rule: All design is redesign (mistakes are a natural part of the process of
iterative improvement).
• The tangibility rule: Making ideas tangible facilitates communication.

Computational Literacy
In discussions about how to best prepare students for the 21st century, it is common to focus on
the increasingly ubiquitous role of technology, and thus the need for students to learn computer
science skills. But experts have agreed that rather than any particular programming language or
paradigm, what is most important is internalizing the types of thinking that is involved in mastery
of Computer Science. According to the Royal Society,18 “Computational thinking is the process
of recognising aspects of computation in the world that surrounds us, and applying tools and
techniques from Computer Science to understand and reason about both natural and artificial
systems and processes”. In a recent review article,19 the following elements were defined as
central to CT:
• Abstractions and pattern generalizations (including models and simulations)
• Systematic processing of information
• Symbol systems and representations
• Algorithmic notions of flow of control
• Structured problem decomposition (modularizing)
• Iterative, recursive, and parallel thinking
• Conditional logic
• Efficiency and performance constraints
• Debugging and systematic error detection
.

18

Royal Society. (2012). Shut down or restart: The way forward for computing in UK schools. Retrieved
from http://royalsociety.org/ education/policy/computing-in-schools/report/
19

Grover, S., & Pea, R. (2013). Computational Thinking in K-12: A Review of the State of the Field.
Educational Researcher, 42(1), 38–43. http://doi.org/10.3102/0013189X12463051
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APPENDIX 6: MODERN & TRADITIONAL
KNOWLEDGE DISCIPLINES
There are many equally valid ways of breaking down disciplines for curriculum. The following is
CCR’s working model:

CCR Knowledge Framework
Essential Content: Disciplines, Branches, Subjects, Topics
Core Concepts (including processes)

Sustainability/Environmental literacy
• Global literacy
• Civic literacy
• Information literacy
• Digital literacy
• Systems thinking
• Design thinking
• Computational Thinking
• Etc.

•
•
•
•
•
•

•

Themes - Embedded everywhere across Knowledge, to the appropriate extent

Modernized Traditional Knowledge + Interdisciplinarity

•
•

Maths
Science
Languages – domestic
Languages - foreign
Social Studies (History, geography, civics, economics, etc.)
Arts:
o Visual arts [drawing, painting, photography, etc.]
o Performing Arts [dance, music, drama, etc.])
Physical education
Etc. (country-dependent)

Modern Knowledge + Interdisciplinarity
•

Technology & Engineering, including:
o Computer science, in particular: Coding; Robotics & Artificial
Intelligence
o Bioengineering, in particular: Genome editing; Synthetic Biology
o Advanced manufacturing including CAD, 3-D printing
o Etc.
• Media, including:
o Journalism (digital)
o Cinema
• Entrepreneurship & business
• Personal finance
• Wellness:
o Physical
o Mental
• Social sciences (psychology, sociology, anthropology, political science,
civics, future studies, etc.)
• Etc.
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