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 27. Humankind’s Cultural Evolution
• emergence and unfolding
• today – in transition
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Homo lineage: commons.wikimedia.org/w/index.php?curid=64917473

humankind’s cultural evolution

by far the fastest
 

transition ever
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emergence of human culture
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• elements

• ‘modernity’ has no unique origin in one time, place (Africa), or population 
it is a composite with elements appearing at different times and places 
elements were shared/learned as well as developed in parallel 
and they were assembled gradually through complicated paths and processes

cultural revolution

‣ complex technologies (making tools and fire, fishing,…) 
‣ adaptation to hostile environments (hot & dry,…, cold & wet) 
‣ engravings 
‣ pigments 
‣ personal ornaments 
‣ formal bone tools 
‣ burial practices

appear, disappear and reappear in different forms 
suggesting major discontinuities in cultural transmission

recall communal evolution & Darwinian threshold 

with horizontal gene (information) transfer 

at emergence of prokaryotes

d’Errico and Stringer, 2011: Evolution, revolution or saltation scenario for the emergence of modern cultures?



unfolding of human culture
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• domestication of plants & animals, empirical breeding 
→ high-quality nutrition in diverse environments 
→ rapid population growth

• after 1500 (Copernicus, Newton,…) 
physical world follows simple laws 

• after 1860 (Darwin,…) 
life follows simple laws

• deep understanding of physical world with 
manufacturing/operational capabilities 
(material sci., synthetic biol., human machine incl psyche,…) 

• ever more operational with deep modular hierarchies 
(AI, robotics, infrastructure (IoT),…)

• primitive technological capabilities (tools, fire,…) 
and social structures (conception of “higher worlds” 
→ cooperation) 
[Johnson 2016: Hand of the gods in human civilization]

notice: it is “sim
ple laws”, 

not “simple phenomena”

simple laws are enticing
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a proposition

hierarchical layers 
(typical for evolving systems)

bifurcations never sharp 
in noisy world

non-linear time scale 
(think of Feigenbaum diagram

for period-doubling cascade)



bottlenecks 
bifurcations

Out of Africa… to global dominance

www.amnh.org/explore/amnh.tv/(watch)/science-bulletins/human-population-through-time [Oct 2016]
American Museum of Natural History



notice your time of birth 
and recognize the part of the development you experienced

?

1. recall the world when you were 15 years old 2. note the 10 most important things you would not be willing to give up today but that did not exist back then 
3. ask your parents for their list



today – in transition



Steffen et al. 7

Figure 3. Trends from 1750 to 2010 in indicators for the structure and functioning of the Earth System. 
(1) Carbon dioxide from firn and ice core records (Law Dome, Antarctica) and Cape Grim, Australia 
(deseasonalised flask and instrumental records); spline fit. (2) Nitrous oxide from firn and ice core records 
(Law Dome, Antarctica) and Cape Grim, Australia (deseasonalised flask and instrumental records); 
spline fit. (3) Methane from firn and ice core records (Law Dome, Antarctica) and Cape Grim, Australia 
(deseasonalised flask and instrumental records); spline fit. (4) Maximum percentage total column ozone 
decline (2-year moving average) over Halley, Antarctica during October, using 305 DU, the average 
October total column ozone for the first decade of measurements, as a baseline. (5) Global surface 
temperature anomaly (HadCRUT4: combined land and ocean observations, relative to 1961–1990, 20 
yr Gaussian smoothed). (6) Ocean acidification expressed as global mean surface ocean hydrogen ion 

 (Continued)

 at Universitaetsbibliothek on February 10, 2015anr.sagepub.comDownloaded from 

Great
Acceleration
System Earth
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Steffen et al., 2015:
The trajectory of the Anthropocene:
The Great Acceleration



Great
Acceleration
Socioeconomics
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4 The Anthropocene Review 

Figure 1. Trends from 1750 to 2010 in globally aggregated indicators for socio-economic development. 
(1) Global population data according to the HYDE (History Database of the Global Environment, 2013) 
database. Data before 1950 are modelled. Data are plotted as decadal points. (2) Global real GDP (Gross 
Domestic Product) in year 2010 US dollars. Data are a combination of Maddison for the years 1750 to 
2003 and Shane for 1969–2010. Overlapping years from Shane data are used to adjust Maddison data 
to 2010 US dollars. (3) Global foreign direct investment in current (accessed 2013) US dollars based on 
two data sets: IMF (International Monetary Fund) from 1948 to 1969 and UNCTAD (United Nations 
Conference on Trade and Development) from 1970 to 2010. (4) Global urban population data according 
to the HYDE database. Data before 1950 are modelled. Data are plotted as decadal points. (5) World 
primary energy use. 1850 to present based on Grubler et!al. (2012), 1750–1849 data are based on global 
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 at Universitaetsbibliothek on February 10, 2015anr.sagepub.comDownloaded from 

Steffen et al., 2015:
The trajectory of the Anthropocene:
The Great Acceleration
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information – processing
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1 GFLOPS = 1’000’000’000 Floating Point Operation per Second (Rmax, i.e., actually achieved in LINPACK benchmark)
fastest super computer

Apple Watch

Mac Pro

28 y

13 y

…in relation to modern appliances & personal computers

comparison no longer useful: newer machines host additional and different processing units (graphics & neural engines)



information – storage (global capacity)
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(such as RAM) because the ultimate end of vol-
atile memory is computation, not storage per se.
Communication was defined as the amount of
information that is effectively received or sent by
the user while being transmitted over a consid-
erable distance (outside the local area). This in-
cludes those transmissions whose main purpose
consists in the overcoming of distances, not the
local sharing of information (such as the distribu-
tion of copies at a meeting, or communication
through private local area networks). We took in-
ventory of the effective communication capacity
(the actual amount of bits transmitted). We de-

fined computation as the meaningful transforma-
tion of information and estimated the installed
(available) capacity.

More precisely, as shown in Fig. 1, we dis-
tinguished among storage of information in bits,
unidirectional diffusion through broadcasting in
bits per second, bidirectional telecommunication
in bits per second, computation of information by
general purpose computers in instructions per
second [or MIPS, million (or mega) instructions
per second], and the estimated computational ca-
pacity of a selected sample of application-specific
devices (MIPS).Whereas previous studies tracked

some two or three dozen categories of ICT over
three consecutive years at most, our study en-
compasses worldwide estimates for 60 categories
(21 analog and 39 digital) and spans over two
decades (1986–2007).

We obtained the technological capacity by
multiplying the number of installed technological
devices with their respective performances. All
estimates are yearly averages, but we adjusted
for the fact that the installed technological stock
of a given year is the result of an accumulation
process of previous years, whereas each year’s
technologies contribute with different perfor-
mance rates. We used 1120 sources and explain
our assumptions in detail in (16). The statistics
we rely on include databases from international
organizations [such as (17–22)], historical in-
ventories from individuals for commercial or
academic purposes [such as (23–26)], publicly
available statistics from private research firms
[such as (27, 28)], as well as a myriad of sales
and product specifications from equipment
producers. We filled in occasional blanks with
either linear or exponential interpolations, de-
pending on the nature of the process in question.
Frequently, we compared diverse sources for
the same phenomena and strove for reasonable
middle grounds in case of contradictions. In cases
in which specific country data were not available,
we aimed for a globally balanced outlook by
creating at least two international profiles, one for
the “developed” member countries of the Organ-
isation for Economic Co-operation and Develop-
ment (OECD) and another one for the rest of
the world.

Information, not hardware with redundant
data.Although the estimation of the global hard-
ware capacity for information storage and com-
munication is of interest for the ICT industry
(14), we are more interested in the amount of
information that is handled by this hardware.
Therefore, we converted the data contained in
storage and communication hardware capaci-
ty into informational bits by normalizing on
compression rates. This addresses the fact that
information sources have different degrees of
redundancy. The redundancy (or predictability)
of the source is primarily determined by the con-
tent in question, such as text, images, audio, or
video (29, 30). Considering the kind of content,
we measured information as if all redundancy
were removed with the most efficient compres-
sion algorithms available in 2007 (we call this
level of compression “optimally compressed”).
Shannon (29) showed that the uttermost com-
pression of information approximates the entropy
of the source, which unambiguously quantifies
the amount of information contained in the mes-
sage. In an information theoretic sense (30), in-
formation is defined as the opposite of uncertainty.
Shannon (29) defined one bit as the amount of
information that reduces uncertainty by half (re-
garding a given probability space, such as letters
from an alphabet or pixels from a color scale).
This definition is independent of the specific task

Fig. 2. World’s technological installed capacity to store information (table SA1) (16).

Fig. 3. World’s technological effective capacity to broadcast information in optimally compressed
megabytes MB per year, for 1986, 1993, 2000, and 2007; semi-logarithmic plot (table SA2) (16).

www.sciencemag.org SCIENCE VOL 332 1 APRIL 2011 61

RESEARCH ARTICLES

analog

digital

Hilbert and López, 2011: The World’s Technological Capacity to Store, Communicate, and Compute Information
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or content. For example, after normalization on
optimally compressed bits we can say things like
“a 6-cm2 newspaper image is worth a 1000words”
because both require the same average number
of binary yes/no decisions to resolve the same
amount of uncertainty.

Normalization on compression rates is essen-
tial for comparing the informational performance
of analog and digital technologies. It is also in-
dispensable for obtaining meaningful time series
of digital technologies because more efficient
compression algorithms enable us to handlemore
information with the same amount of hardware.
For example, we estimated that a hard disk with a
hardware performance of 1 MB for video storage
was holding the equivalent of 1 optimally com-
pressedMB in 2007 (“optimally compressed”with
MPEG-4) but only 0.45 optimally compressed
MB in 2000 (compressed withMPEG-1), 0.33 in
1993 (compressed with cinepack), and merely
0.017 optimally compressed MB in 1986 (sup-
posing that no compression algorithms were used).
Given that statistics on the most commonly used
compression algorithms are scarce, we limited our
estimations of information storage and communi-
cation to the years 1986, 1993, 2000 and 2007
[(16), section B, Compression].

Conventionally, bits are abbreviated with a
small “b” (such as in kilobits per second: kbps)
and bytes (equal to 8 bits) with a capital “B”
(such as in megabyte: MB). Standard decimal
prefixes are used: kilo- (103), mega- (106), giga-
(109), tera- (1012), peta- (1015), exa- (1018), and
zetta- (1021).

Storage. We estimated how much informa-
tion could possibly have been stored by the 12
most widely used families of analog storage
technologies and the 13 most prominent families
of digital memory, from paper-based advertise-
ment to the memory chips installed on a credit
card (Fig. 2). The total amount of information
grew from 2.6 optimally compressed exabytes
in 1986 to 15.8 in 1993, over 54.5 in 2000, and
to 295 optimally compressed exabytes in 2007.
This is equivalent to less than one 730-MB CD-
ROM per person in 1986 (539 MB per person),
roughly 4 CD-ROMper person of 1993, 12 CD-
ROM per person in the year 2000, and almost
61 CD-ROM per person in 2007. Piling up the
imagined 404 billion CD-ROM from 2007would
create a stack from the earth to the moon and a
quarter of this distance beyond (with 1.2 mm
thickness per CD).

Our estimate is larger than the previously
cited hardware estimate from IDC for the same
year (IDC estimates 264 exabytes of digital hard-
ware, not normalized for compression, whereas
we counted 276 optimally compressed exabytes
on digital devices, which occupy 363 exabytes
of digital hardware) (14). Although our study is
more comprehensive, we are not in a position
to fully analyze all differences because IDC’s
methodological assumptions and statistics are
based on inaccessible and proprietary company
sources.

Before the digital revolution, the amount of
stored information was dominated by the bits
stored in analog videotapes, such as VHS cas-
settes (Fig. 2). In 1986, vinyl long-play records
still made up a considerable part (14%), as did
analog audio cassettes (12%) and photography
(5% and 8%). It was not until the year 2000 that
digital storage made a notable contribution to our
technological memory, contributing 25% of the
total in 2000. Hard disks make up the lion share
of storage in 2007 (52% in total), optical storage
contributed more than a quarter (28%), and
digital tape roughly 11%. Paper-based storage
solutions captured a decreasing share of the total
(0.33% in 1986 and 0.007% in 2007), even though
their capacity was steadily increasing in absolute

terms (from 8.7 to 19.4 optimally compressed
petabytes).

Communication.We divided the world’s tech-
nological communication capacity into two
broad groups: One includes technological sys-
tems that provide only unidirectional downstream
capacity to diffuse information (referred to as
broadcasting), and one provides bidirectional up-
stream and downstream channels (telecommu-
nication). The ongoing technological convergence
between broadcasting and telecommunication
is blurring this distinction, as exemplified by the
case of digital television, which we counted as
broadcasting even though it incorporates a small
but existent upstream channel (such as video-on-
demand).

Fig. 4. World’s technological effective capacity to telecommunicate information (table SA2) (16).

Fig. 5. World’s technological installed capacity to compute information on general-purpose computers,
in MIPS (table SA3) (16).

1 APRIL 2011 VOL 332 SCIENCE www.sciencemag.org62

RESEARCH ARTICLES

Hilbert and López, 2011: The World’s Technological Capacity to Store, Communicate, and Compute Information
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or content. For example, after normalization on
optimally compressed bits we can say things like
“a 6-cm2 newspaper image is worth a 1000words”
because both require the same average number
of binary yes/no decisions to resolve the same
amount of uncertainty.

Normalization on compression rates is essen-
tial for comparing the informational performance
of analog and digital technologies. It is also in-
dispensable for obtaining meaningful time series
of digital technologies because more efficient
compression algorithms enable us to handlemore
information with the same amount of hardware.
For example, we estimated that a hard disk with a
hardware performance of 1 MB for video storage
was holding the equivalent of 1 optimally com-
pressedMB in 2007 (“optimally compressed”with
MPEG-4) but only 0.45 optimally compressed
MB in 2000 (compressed withMPEG-1), 0.33 in
1993 (compressed with cinepack), and merely
0.017 optimally compressed MB in 1986 (sup-
posing that no compression algorithms were used).
Given that statistics on the most commonly used
compression algorithms are scarce, we limited our
estimations of information storage and communi-
cation to the years 1986, 1993, 2000 and 2007
[(16), section B, Compression].

Conventionally, bits are abbreviated with a
small “b” (such as in kilobits per second: kbps)
and bytes (equal to 8 bits) with a capital “B”
(such as in megabyte: MB). Standard decimal
prefixes are used: kilo- (103), mega- (106), giga-
(109), tera- (1012), peta- (1015), exa- (1018), and
zetta- (1021).

Storage. We estimated how much informa-
tion could possibly have been stored by the 12
most widely used families of analog storage
technologies and the 13 most prominent families
of digital memory, from paper-based advertise-
ment to the memory chips installed on a credit
card (Fig. 2). The total amount of information
grew from 2.6 optimally compressed exabytes
in 1986 to 15.8 in 1993, over 54.5 in 2000, and
to 295 optimally compressed exabytes in 2007.
This is equivalent to less than one 730-MB CD-
ROM per person in 1986 (539 MB per person),
roughly 4 CD-ROMper person of 1993, 12 CD-
ROM per person in the year 2000, and almost
61 CD-ROM per person in 2007. Piling up the
imagined 404 billion CD-ROM from 2007would
create a stack from the earth to the moon and a
quarter of this distance beyond (with 1.2 mm
thickness per CD).

Our estimate is larger than the previously
cited hardware estimate from IDC for the same
year (IDC estimates 264 exabytes of digital hard-
ware, not normalized for compression, whereas
we counted 276 optimally compressed exabytes
on digital devices, which occupy 363 exabytes
of digital hardware) (14). Although our study is
more comprehensive, we are not in a position
to fully analyze all differences because IDC’s
methodological assumptions and statistics are
based on inaccessible and proprietary company
sources.

Before the digital revolution, the amount of
stored information was dominated by the bits
stored in analog videotapes, such as VHS cas-
settes (Fig. 2). In 1986, vinyl long-play records
still made up a considerable part (14%), as did
analog audio cassettes (12%) and photography
(5% and 8%). It was not until the year 2000 that
digital storage made a notable contribution to our
technological memory, contributing 25% of the
total in 2000. Hard disks make up the lion share
of storage in 2007 (52% in total), optical storage
contributed more than a quarter (28%), and
digital tape roughly 11%. Paper-based storage
solutions captured a decreasing share of the total
(0.33% in 1986 and 0.007% in 2007), even though
their capacity was steadily increasing in absolute

terms (from 8.7 to 19.4 optimally compressed
petabytes).

Communication.We divided the world’s tech-
nological communication capacity into two
broad groups: One includes technological sys-
tems that provide only unidirectional downstream
capacity to diffuse information (referred to as
broadcasting), and one provides bidirectional up-
stream and downstream channels (telecommu-
nication). The ongoing technological convergence
between broadcasting and telecommunication
is blurring this distinction, as exemplified by the
case of digital television, which we counted as
broadcasting even though it incorporates a small
but existent upstream channel (such as video-on-
demand).

Fig. 4. World’s technological effective capacity to telecommunicate information (table SA2) (16).

Fig. 5. World’s technological installed capacity to compute information on general-purpose computers,
in MIPS (table SA3) (16).
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Fig. 5. World’s technological installed capacity to compute information on general-purpose computers,
in MIPS (table SA3) (16).

Hilbert and López, 2011: The World’s Technological Capacity to Store, Communicate, and Compute Information

why of fundamental interest?

proposition: 
1. sufficiently broad and detailed 

sensing of the environment 
2. process, store, and exchange 

streams of information 
3. passive and active physical interaction 

with the environment 
‣ communication with fellow entities 
‣ manipulations of the environment 

all integrated interoperably in an entity recall: 
the World’s unfolding was, 

and continues to be, 

an autonomous process 

specifically, 

our self-conscio
usness 

emerged autonomously

prerequisites for self-consciousness?



Night Lights 2016 [earthobservatory.nasa.gov]

peek at an aspect of
our technological front

steps in the technological revolution 
• first industrial revolution 

– manual → local machine manufacturing 

• second industrial revolution 
– infrastructure for transporting material and 

information; standardization 

• digital revolution 
1. communication 
2. computation 
3. information → matter (3d printing,…)



globalization of services
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globalization so far has been about material goods, 
future globalization will be about services

Future globalization will be 
about things we do, 
not about things we make. 
[Baldwin, TEDx talk 2018]

services (customer service, consulting,…) in contrast 
are difficult to transport because of differences in 
•native language 
•body languages 
• cultural norms & behaviors

2019material goods have been easy to transport and 
transport capacities have increased dramatically

some platforms: 
•upwork.com for free-lancers 
•nanome.ai, the future of molecular design (matryx,…)

but… recall experience from 
social meetings in gather.town 
not even to mention Zoom,…

available technical solutions: 
•digitization & telecommunication 
•machine translation (DeepL,…) 
• telepresence

urgencies, habituation, and acceptance greatly increased with COVID-19, together with infrastructure needed

confinement 
well-mixed → CEP

dispersion 
recombination → diversity



telepresence – avatar
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www.geminoid.jp/projects/kibans/resources.html (accessed March 5, 2021)

example from Hiroshi Ishiguro Lab, Osaka University 
(there are others, e.g., Sophia from Hanson Robotics Ltd, Hongkong)

Geminoid HI-2
reasons for developing HI-2 

Ishiguro: 
1. engineering 

build a robot to 
represent a person with 
all their communication 
capabilities 

2. science 
study the nature of 
human presence

http://www.geminoid.jp/projects/kibans/resources.html


telepresence – autonomous
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example from Hiroshi Ishiguro Lab, Osaka University 
(there are others, e.g., Sophia from Hanson Robotics Ltd, Hongkong)

ERICA

youtu.be/oRlwvLubFxg (accessed March 5, 2021)

with the avatar, I still need to be available at the time 
of interaction & to think and act myself

https://youtu.be/oRlwvLubFxg




Erica is going to be starring in 
the Hollywood movie “b”, to be 
shot this year 

Erica has been “human-educated” 
by a wide range of experts for her 
communication. 

For exploring just the intellectual 
aspect of talking to an AI, one 
who “learned it all by itself”, also 
check out GPT-3 



peek at an aspect of
our societal front



COVID-19 
(and others to come)

• inherently small challenge 
(moderate infection-, killing-, and 
mutation-rate) 

• good understanding 
(fundamental & past experiences) 

• methods for control known 
& available (but expensive) 

• differentiation 
(persons, social & economic 
segments, states)

our challenge

24

a hierarchy of clusters, all impacting humanity as a whole
climate change 

(environmental change) humankind’s future

• highly self-organizing 
system (basins of attraction, 
self-stabilization, tipping points) 

• partial understanding 
+ physical dynamics 
± ecosystem dynamics 
– anthropogenic forcing 

• control largely unknown 
(mainly explore reduction of 
greenhouse gas emissions) 

• massive differentiation 
(economic branches, geographic 
regions)

resources
societal structures

occupation
meaning

humans vs 

machines/algorit
hms

evolution

education

aims 
(person…society)

diversity (bio & societal)

can we choose 
at all?

parasites niche construction future
not particular to humankind

all demanding individual sacrifice of behavior, resources, time, eventually life,



COVID-19 – spotlight on societies
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challenges 
• complexity of COVID-19 

beyond grasp of single person
complexity (aspects) 
• hard sciences (biochemistry, microbiology, 

evolution of viruses, empirical epidemiology) 
• judgement of impact 

– economy 
– public health (physical & mental) 
– young people: development/socialization 
– political stability

• choice not arbitrary 
– capability (cognition-judgement-action) to choose some path 
– determines progression (pandemic control, economy,…) → red queen

• no reality or truth here, 
it is all opinions & choices

• how to choose & follow a path for a society, for humankind?

to explain
<latexit sha1_base64="rIznv5ovfOtjbKU+O/uRgGD8RZ0="></latexit>

cases deaths
relative relative

China 1 1
USA 1’189 450
EU 436 226
Switzerland 904 341
Singapore 146 1
Taiwan 1 0
Australia 16 10

COVID-19: relative 
cumulative numbers 
for Feb 26, 2021



egalitariandemocratic state (USA,…) 
• diverse goals and views at all levels 
• individual interests aggregated in 

multilevel, iterative process 
• grand goals emerge from 

self-organizing opinions  
• state formulates and executes 

resulting laws

fraternalcivilization state (China) 
• state responsible to civilization, 

protects and promotes it 
• mandate over all aspects of civilization 

(population, industry, culture) 
• individuals largely 

– share grand goals and views 
– follow diverse goals at lower levels

COVID-19 – spotlight on societies

26

societal organizations

aspects showing up
to explain

<latexit sha1_base64="rIznv5ovfOtjbKU+O/uRgGD8RZ0="></latexit>

cases deaths
relative relative

China 1 1
USA 1’189 450
EU 436 226
Switzerland 904 341
Singapore 146 1
Taiwan 1 0
Australia 16 10

COVID-19: relative 
cumulative numbers 
for Feb 26, 2021
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focus
stop pandemic (and prevent mutation) 
and accept/employ differential impact

balance individual/aggregated goals 
to reduce differential impact

acting entities knowledgeable (in pandemics) acting entities ignorant

acting entity
small group (government) with access to 
all information & all instruments

ultimately the society’s individuals, 
hierarchically self-organizing

operation
gain advice from knowledgable parts of 
society (different for different topics) and 
act according to society’s grand goals

educate the entire population in all 
potentially relevant topics to allow 
fast self-organization

egalitariandemocratic state (USA,…) 
• diverse goals and views at all levels 
• individual interests aggregated in 

multilevel, iterative process 
• grand goals emerge from 

self-organizing opinions  
• state formulates and executes 

resulting laws

fraternalcivilization state (China) 
• state responsible to civilization, 

protects and promotes it 
• mandate over all aspects of civilization 

(population, industry, culture) 
• individuals largely 

– share grand goals and views 
– follow diverse goals at lower levels



COVID-19 – spotlight on societies
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acting entity
small group (government) with access to 
all information & all instruments

ultimately the society’s individuals, 
hierarchically self-organizing

operation
gain advice from knowledgable parts of 
society (different for different topics) and 
act according to society’s grand goals

educate the entire population in all 
potentially relevant topics to allow 
fast self-organization

who decides
Red Queen by competition, evolution, and coevolution of complementary approaches

wisdom & responsibility of small group modular hierarchy mandatory for all but 
the simplest problems

fundamental challenges

fundamental 
aspects 

chaos

complexity

evolution

finite time horizon

CEP (competitive exclusion principle)

spontaneous pattern formation
diversity

aut
ono

mous
 un

fold
ing

modular hierarchy

horizontal gene transfer

confinement–dispersion evolutionary transition



quo vadis?

create

choose
designunderstand


