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At the time of European discovery, the Old World, Americas and Australia had
populations and technological levels that were ranked in the same order as their
size. In Australia, population and technology had remained steady for thousands
of years. This suggests that the size of an isolated territory limits both the popu-
lation and the technology it can achieve. Since world population growth is slow-
ing down, it could be that humanity as a whole is approaching the population
limit — and hence the technological limit — that a planet the size of the earth can
support. The question is whether space colonisation lies within this limit, so that
humanity can escape the earth's boundaries, or whether it is beyond the limit, so
that humanity will converge to a stagnant, earth-bound equilibrium. Drawing on
existing models of social macrodynamics, the author concludes that earth is
probably just large enough for escape to occur.
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Introduction

The human race has come a long way, from the stone axe to the iPhone, and, as is com-
mon knowledge, this progress has occurred at an accelerating pace. It has been accompa-
nied by a similar acceleration in the growth of world population (see Fig. 1).

Extra-terrestrial anthropologists observing this growth from the distance of, say, Alpha
Centauri might logically expect that it would continue. They would have no reason to sus-
pect that a dynamic that has been in place for at least 30,000 years — even for several mil-
lion years — would suddenly come to an end just as they happened to be watching. Contin-
ued growth would mean that the fundamental discoveries of past centuries — ocean naviga-
tion, various kinds of engine, electricity, heavier-than-air flight, radio, semiconductor
chips — should be followed by equally fundamental discoveries at ever more frequent in-
tervals — fusion power, weather control, space travel, ocean colonisation, manipulation of
the human genome, matter transportation. Indeed, the only feasible way for the dramatical-
ly rising curve of Fig. 1 to continue would be for the human race to move off the small
planet it currently inhabits and expand through the cosmos, where there are unimaginably
large reserves of energy, raw materials and living space to sustain such explosive growth.
Extra-terrestrial observers might feel secure in concluding that this is the way things are
going since they would see that humans have already visited their planet's satellite and are
now clambering into orbit in an ever more determined way.

However, here on earth, confidence in humanity's ability to continue expanding and pro-
gressing is little in evidence. Mainstream discourse focuses on the finiteness of the planet
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and the limits it presents to human ambitions. International concerns regarding climate
change or exhaustion of hydrocarbons betray an assumption that humans will remain con-
fined to their home planet and that technology will remain largely at its current level.
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Fig. 1. The accelerating growth of human population
Source: Kremer 1993; Roser 2018.

Such concerns and attitudes could be seen as the result of humans' perennial chrono-
centrism — the belief that the present is a special moment of culmination, rather than that it
is an entirely typical moment blending unremarkably into the general pattern of social evo-
lution. The early Christians believed that the day of reckoning was near, and there has
barely been a time when the end of the world was not expected by at least some elements
of society. The idea that civilisation can go no further has a long pedigree (Herman 1997).
That people today see the world as on the brink of ecological disaster, with too many hu-
mans on the planet and dwindling resources, is to be expected as a continuation of this
way of thinking, albeit that such fears have never been realised.

An alternative strand of thought, that of the ‘techno-optimists’, considers human tech-
nology as the continuation of a long process of cosmic evolution characterised by increas-
ing complexity (Panov 2005; Kurzweil 2005). Not only does this view provide a close fit
to the history of cosmic, biological and social innovation going back billions of years, but
it can be linked theoretically and empirically to the population growth curve of Fig. 1 (Ko-
rotayev 2018, Appendix 1). Furthermore, it predicts, by extrapolation, an explosion of
technological capability in the mid-21* century. This has been called the ‘singularity’ after
the mathematical term for the point on a graph where the function becomes infinite. It im-
plies a capability so advanced that it must surely propel humanity into the cosmos with
almost magical technologies previously known only from science fiction.

If what is coming is, say, the conversion of the asteroid belt into a Dyson sphere, fol-
lowed by interstellar travel and the colonisation of the galaxy with its estimated 40 billion
earth-like planets (Petigura et al. 2013), then contemporary initiatives for sustainability on
earth would seem as misplaced as if the Romans had reined in their industrial activities out
of concern that the people of the 21% century would run out of firewood.

The problem is that this may not be what is coming. The idea that the historical pro-
cess is, if not reaching its end, transitioning to a new regime is no longer hypothetical or
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imaginary. There is evidence that it has passed a point of inflection where the curve turns
over (Korotayev 2018: 104). World population growth is slowing down rapidly. Funda-
mental innovation, notwithstanding subjective impressions, is rarer (Gordon 2016; Cowen
2010; Huebner 2005). After the promise of the Apollo programme, manned space explora-
tion has fallen back to a desultory though exceedingly costly effort with just a handful of
people in orbit at a time. Everything suggests that humanity will achieve demographic
equilibrium in a century or so, and then, if technological progress does not cease altogeth-
er, it will presumably function differently, bringing improvement at the margins, not the
radical transformations of the past.

The belief of techno-optimists that technological progress is natural and inevitable is
contradicted by the case of Australia, whose aboriginal inhabitants were still using Mode 3
stone tools — simpler than the Mode 4 tools developed in the Old World Upper Palaeoli-
thic — at the time they were reached by Europeans. Had the other continents sunk beneath
the waves following the colonization of Australia, there is every reason to think that the
human race would be in the Stone Age to this day, with no indication it might ever move
beyond it. The extra-terrestrial observers from Alpha Centauri would have seen a species
in technological stasis, persisting with its rudimentary material culture until it was perhaps
wiped out by some cosmic catastrophe. The human race would then have come and gone
on this planet without ever knowing the travails of a farming lifestyle, or knowing New-
ton's laws or the scale and structure of the universe.

There arises the possibility that the ongoing curtailment of the previously explosive
growth of the human species is a larger example of what happened in Australia. Equilibri-
um has taken longer to reach and is at a higher level, but the endgame for humanity is nev-
ertheless one of stasis and isolation within a confined region. Unless cosmic visitors arrive
to connect humans to a wider galactic community, social evolution could be essentially
over, and what humans know now, and what they can do, is pretty much all they will ever
know or be able to do.

On the other hand, perhaps such a conclusion is premature, and the world is only wit-
nessing a transient slow-down. Probably, the present trickle into space will turn into a flood
and, just as physicists proclaimed that physics was all but complete shortly before the revolu-
tions of relativity and quantum mechanics, perhaps discoveries around the corner are about
to unleash not only major technological advances but resumed demographic expansion.

According to Grinin's concept of ‘production principles’, humanity is currently in
Stage 2 (Adolescence) of a macro-technological cycle (Grinin 2012: 15-45). This is
equivalent to the period before the Industrial Revolution, when new ideas were coming in
but society still had a rural and traditional character, and the transformation brought about
by steam power and the rise of factories lay in the future. Grinin's model suggests that it
will be after 2030 or 2040 that the present ‘information-scientific’ production principle
leads to a full-scale displacement of population and change in the nature of work, which is
consistent with the idea of a large-scale colonisation of near earth orbit, supported by arti-
ficial intelligence and perhaps new, super-abundant power sources.

The Korotayev-Malkov-Khaltourina Model

To deal with these issues more formally, the place to start is with Korotayev, Malkov and
Khaltourina's compact macromodel of demographic-technological evolution (2006a). This
model, which simplifies and extends the work of earlier theorists (especially Kremer
1993), provides an exceptionally powerful and precise explanation of the curve of world
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population growth since around 25,000 BC, which is found to follow a hyperbolic trajecto-
ry. In its most compact form, the model can be reduced to two assumptions and a line of
derivation, as follows.

The first assumption is that population N is proportional to technology 7. When peo-
ple lived by hunting and gathering, they inevitably lived at low densities. If there were too
many people in a band, they would exhaust the resources of a district more quickly than
they could move on to a new territory. If there were too many people in the world, bands
attempting to move to new districts would find others already there having consumed what
they had to offer. With the transition to agriculture — most likely necessitated by precisely
such population pressures and resulting food shortages (Boserup 1965; Cohen 1977) — it
became possible to support more people from the same territory, and the human popula-
tion could satisfactorily increase.

In general, throughout history, technology has determined the carrying capacity of the
land, and population has expanded to this level. This can be termed a Malthusian assump-
tion, in that Malthus articulated clearly the way the technology of food production limits
population (Malthus 1978 [1798]). In symbols, this can be written as:

N~T. (Eq. D)

The second assumption is that the rate of technological growth is proportional to both
the existing technological level and the population size. It is proportional to the existing
technological level because more technology means more possibility of combining ideas
to create new inventions. It is proportional to the population size because a larger popula-
tion means more people to come up with ideas; this is the Kuznetsian assumption, being
attributable to Simon Kuznets (Korotayev et al. 2006a: 35). In symbols, this can be written
(using the dot notation for the time derivative):

T~NT. (Eq. 2)

With these two assumptions, the hyperbolic growth of world population can be de-
rived as shown in Eq. 3. Note that technology becomes eliminated from the equations in
favour of the tangible and measurable quantity of population. This makes it possible to
avoid defining ‘technology’ explicitly. While the term is adopted to give an intuitive feel-

ing for the quantity in question, it can be considered more agnostically as the factor that
determines carrying capacity.

N~T:>N~T~NT~N2:>N~N2:>N=t ; (Eq. 3)
0
with ¢ for time and the introduction of constants C and .

The above derivation can be explained as follows. The first step is simply Eq. 1,
which by differentiation leads to the second step, relying on further substitution of N for 7.
The third step (which merely summarises the second step) shows that the rate of popula-
tion growth is proportional to the square of the population. Solution of this differential
equation, by standard mathematical procedures, leads to the fourth step of the derivation.

The resulting formula for N describes hyperbolic growth, which is always the outcome
for equations of the form x ~ x*. With exponential growth, which occurs when x ~ x , the
quantity takes an infinite time to reach infinity. With hyperbolic growth, the quantity
reaches infinity in finite time. In this case, it can be seen that, when ¢ reaches 7, the bottom
of the right hand side becomes zero and the whole expression becomes infinite. Hence, the
population will nominally become infinite at the ‘doomsday’ point or singularity at ¢ = .
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Clearly, population cannot really become infinite, and thus the population growth
must deviate from its hyperbolic trajectory some time before the singularity is reached. Up
to about 1970, world population was exceptionally well described by a hyperbolic curve
(see Fig. 2, where the line represents a fitted hyperbola and the dots represent the actual
data). Korotayev et al. (2006a: 28) find that the fitted hyperbola, for the data from 500 BC,
has an R* value of 99.66 per cent, i.e. the hyperbola accounts for 99.66 per cent of the var-
iation in the data. This is a remarkable result, showing that something that might be
thought to be subject to numerous vagaries and contingencies — human population
growth — actually follows a very simple curve when seen on the grandest scale, and, more-
over, can be explained by a very simple model.
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Fig. 2. Hyperbola fitted to world population data

Source: Kremer 1993.

The singularity implied by the hyperbola of Fig. 2 is at ¢. 2026. This is the date when,
from the perspective of 1970, the world population would become infinite. In fact, as
Fig. 3 shows, the population growth curve has turned over and is flattening out. Far from
being infinite, world population looks set to be around 8.26 billion by 2026, a little over
double its value in 1970.

A closer look at Fig. 2 reveals that a similar flattening of the world population curve
occurred for a period of about a thousand years between 500 BC and 500 AD. Prior to
500 BC, world population was following a trajectory that would have led to a singularity
around 39 BC. Korotayev et al. (2006a) refer to this as the ‘older hyperbola’, contrasted
with the ‘younger hyperbola’ for the trajectory up to 1970 (Korotayev et al. 2006b: 147;
see Fig. 4).
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Fig. 3. UN world population median estimate to 2100
Source: United Nations 2017.
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Fig. 4. The older hyperbola (solid line)

Source: Kremer 1993.

A closer view of this is in Fig. 5, showing that the older hyperbola provides a better fit to
the pre-500 BC data than does the younger hyperbola.
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Fig. 5. Data to 500 BC, comparing younger hyperbola (dashed) with older hyperbo-
la (solid)

Source: Kremer 1993.

In fact, Korotayev et al. (2006b: 154 n. 1) suggest that the older hyperbola may itself con-
sist of two separate hyperbolas. This is illustrated in Fig. 6, which shows the data just up to
2000 BC and compares the older hyperbola with another hyperbola calculated specifically
for these data. The (even older) 2000 BC hyperbola is clearly rising faster than the ‘older
hyperbola’ and has a singularity date of c. 1107 BC.
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Fig. 6. Data to 2000 BC with older hyperbola (dashed) and alternative hyperbola
(solid)

Source: Kremer 1993.

Thus, up to 500 BC, world population was rising more steeply than it was for the whole
period up to 1970, and up to 2000 BC, it was rising more steeply still. Insofar as technolo-
gy sets the limit to population size, this implies that technology was rising more steeply in
2000 BC than it was in 500 BC, and more steeply in 500 BC than it was by 1970. In other
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words, and contrary to modern intuitions, research productivity was greater earlier in his-
tory than it was later, which is to say that, while the absolute rate of invention was of
course much lower than today, it was higher in terms of the rate of invention per person-
year of human effort (Korotayev et al. 2006b: 158—159). Kremer (1993: 690) suggests this
can be accounted for by a greater duplication of effort in a larger population.

The analysis can be extended to calculate the implied singularity date as it has evolved
over world population history. This means finding the best fit hyperbola to the world popula-
tion data up to the given moment. The results are plotted in Fig. 7, where the historical date is
along the x-axis and the singularity date is on the y-axis; for example, the data up to AD 1 fita
hyperbola with a singularity at AD 500, which corresponds to the point (0, 500) on the graph.
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Fig. 7. Variation of singularity date over time
Source: Kremer 1993.

As can be seen, the singularity has mostly been moving to the right throughout history,
implying that population growth has been becoming steadily less aggressive. Only occa-
sionally, though particularly since ¢. 1750, has the singularity been moving to an earlier
date, indicative of an acceleration of the general trend.

Although the singularity has been receding into the future, it has not usually been reced-
ing as fast as the human race has been moving towards it. For instance, in 3000 BC, the sin-
gularity date was ¢. 1600 BC, 1400 years in the future, whereas in 2000 BC, it was ¢. 1100 BC,
only 900 years in the future. The singularity was 500 years nearer than before. This is illu-
strated in Fig. 8, which shows the time remaining to the singularity as a function of year.

In Fig. 8, when the graph is falling, population is growing vigorously and closing in
on the singularity; when it is rising, the reverse is true. It can never actually reach the bot-
tom, which would mean reaching the singularity and achieving infinite population.

Figs 7 and 8 show that, while world population growth follows an amazingly simple
trajectory, it nevertheless reveals a certain amount of structure, which may shed light on
historical processes.
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Fig. 8. Time remaining to singularity
Source: Kremer 1993.

e The rapid decline of the time to the singularity after 1750 seems related to the inau-
guration and spread of the industrial revolution, with the global integration it made possi-
ble. This turn-down began more modestly around the time of the Renaissance, which Grin-
in identifies as the true start of the Industrial production revolution.

e An earlier period of falling time-to-singularity was from 3000 to 2000 BC, which
can perhaps be linked to the invention and spread of bronze-working — an earlier Industrial
revolution, while the fall from 1000 BC up to about 300 BC can be linked to the coming of
iron — yet another industrial revolution.

e Conversely, the fall of the time-to-singularity was arrested during the era of mature
Bronze Age civilisation, in the 2™ millennium BC, and again during the era of mature
classical civilisation, from the 1% millennium BC to the 1* millennium AD. Given the
close link between population and technology, these periods of maturity could be seen as
periods of less transformative innovation. While the Bronze Age stasis saw the time-to-
singularity just stop falling, the classical era and its aftermath saw the time-to-singularity
actually rise, to reach a level higher even than it had been during this Bronze Age stasis.
The rise in time-to-singularity only ended in the late 1* millennium, with the ending of
what were traditionally called the ‘dark ages’.

The curve in Fig. 8 can thus be divided into alternating phases of falling time-to-
singularity and static / rising time-to-singularity, with the former being associated with
technological revolutions (bronze, iron, industrialisation) and the latter being associated
with mature hegemonic world orders. These phases each lasted about a thousand years,
though this may be just an artefact of the particular window chosen for investigation,
which is dictated by data availability. The initial phase, which is truncated at the begin-
ning, may have lasted longer than a thousand years, while the other phases only approxi-
mately fit a thousand-year pattern.

The downturn of time-to-singularity that began towards the end of the 1* millennium
AD went into reverse and climbed again during the 14" century. An obvious reason for
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this is the Black Death. While that is a proximate factor, it may be a symptom of a deeper
explanation. Given that demography is to be understood as responding to technology —
something that is not just an a priori assumption but is justified by its success in explaining
demographic history — then disease should be seen as part of a nexus of causes. For exam-
ple, the upturn of time-to-singularity might be understood as reflecting a failure of techno-
logical innovation to keep up with the (medical, epidemiological) challenges of an increas-
ingly connected world. Understanding that failure, which is endogenous and sociological,
may then have more useful implications for theoretical history than appealing to the exog-
enous natural disaster of the plague.

The recent slow-down of population growth, implying a turning away of the time-to-
singularity curve from the x-axis, can now be seen as inevitable, since the x-axis, repre-
senting the unattainable singularity, is a kind of repelling boundary. Fig. 8 shows that such
a repulsion has occurred before and, while it lasted a thousand years, it did not turn out to
be the end of transformative technological progress — the curve would eventually turn
down again, with major innovations from the windmill to electricity and nuclear power. In
the same way, the present recoil should not be assumed to be a permanent end to hyperbol-
ic growth or to technological breakthroughs. It is nevertheless clear from the above figures
that the hiatus beginning now could last as much as a millennium, and science fiction
technologies, like colonisation of other planets, might be long delayed.

The period of stasis need not be experienced as problematic. It might seem instead like
an era of mature civilisation in largely happy equilibrium, albeit, if the previous such
phases are representative, one that ends in an episode of political, economic and cultural
dissolution like the ‘dark ages’ that ended the bronze and iron age world orders.

Whether the present demographic slow-down is a temporary or permanent phenome-
non cannot be answered with the model presented so far. There is a need for a better un-
derstanding of what might lie behind the rises and falls of the time-to-singularity. The
basic hyperbolic shape of the growth curve is driven by the Malthusian-Kuznetsian dy-
namics of Egs 1 to 3. The distortions to this shape imply the existence of other factors.

An Extended Model

A more nuanced presentation of Eq. 1 above is that population growth follows a logistic
trajectory, rising asymptotically towards the limiting value given by the carrying capacity.
In other words, it obeys the equation:

- N
N = rN(l—ﬁj, (Eq. 4)

where r and & are constants of proportionality. )
Eq. 4 shows that the population is in equilibrium, i.e. N =0, when

1—l:0:>N:kT:>N~T.
kT

Hence, Eq. 1 follows from the normal logistic model for population growth, with the
proviso that growth is rapid enough that population will usually be at its limiting value.
Here, ‘rapid enough’ means that it is rapid compared to the growth of technology. It has
been a reasonable assumption for most of history. Unconstrained human population
growth can be very rapid, at 3 per cent a year or more (Korotayev et al. 2006b: 49) — on
Pitcairn Island after settlement by the Bounty mutineers and among the early American
settlers, it reached from 6 to 7 per cent (Renfrew 1984: 190; Buckminster Fuller 1969:
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231) — whereas for most of history overall growth rates have been much lower, a fraction
of one per cent.

Thus, population growth has a fast dynamic described by Eq. 4 and a slow dynamic de-
scribed by the middle part of Eq. 3. It is the slow dynamic that matters for the long-term popu-
lation growth shown in Fig. 2 and the model behind it. In effect, population is always pushing
upwards and follows an envelope set by technology and the resultant carrying capacity.

By the logic of hyperbolic growth, as population approaches infinity at the point of
singularity, so does the population growth rate. Hence, while the actual population growth
rate has always been below what might be considered the human biological limit of 3 to
7 per cent per annum, had hyperbolic population growth continued much beyond 1970,
this would have no longer been the case. It might be thought that this implies an absolute
limit to how fast population can grow. Since the growth rate peaked at 2.1 per cent in 1967
(Roser 2018), the ending of hyperbolic growth could be seen as an inevitable and perma-
nent consequence of humanity bumping up against this biological limit.

However, the human birth rate is not biologically limited and could be increased by
technological means: for example, by cloning and artificial wombs. The present organic
method of human reproduction might one day be seen as primitive and might be left be-
hind, so this cannot be considered as any kind of ultimate limit.

Furthermore, the possible adoption of new reproductive technologies is not a matter of
chance. The success of the Korotayev et al. model shows that, at the largest scale, there is
a compelling logic to the link between technology and population growth that is insensi-
tive to detail — Neolithic agriculture, iron metallurgy and medieval windmills all affected
human capacities in particular ways but their complex idiosyncrasies somehow disappear
in the powerful principle that N ~ T. Therefore, it is not necessary to consider how or why
human reproductive capacities could be expanded. The millennia-attested logic shows that
technology will find a way.

It follows that the present slowdown must be understood as a matter of technological
underperformance rather than as a matter of physiological constraints. After all, the growth
rate has not stabilised at 2.1 per cent, or at a level close to the biological maximum, but
has fallen back to near 1 per cent, and looks set to fall much further, as far as zero. The
physiological constraint is not the issue.

Korotayev ef al. show further that the slowdown can be explained in terms of a link
between ‘human development’ — in the sense of the United Nations Human Development
Index (UNDP 2018) — and declining fertility. With rising standards of living, and declining
child mortality, there is, in the terms of population ecology, a switch from r-strategies, in-
volving the production of many offspring in the hope a few will survive, to K-strategies,
involving the production of a few offspring that are carefully nurtured and protected (on r-and
K-strategies, see Begon and Mortimer 1986). This results in fewer children and reduced
population growth rates. Korotayev et al. model this in terms of female literacy, which is
both a proxy for human development and a mechanism in its own right. They present a
model in which literacy follows a logistic curve, moderated by income, and, as literacy
approaches 100 per cent, it chokes the population growth rate to zero. They then show that
this model not only has strong statistical backing but can explain the timing and extent of
the post-1970 population slowdown (Korotayev et al. 2006a: 67-80).

The Korotayev et al. literacy-based model clearly describes an actual process that has
caused the fall in world fertility rates over recent decades to centuries. The link between
female literacy and reduced fertility has strong support from statistics, ethnography and
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everyday observation. There is nevertheless scope for an alternative, abstract and generic
treatment that subsumes the issue of literacy. Literacy could be seen as applicable largely
to the particular historical situation of the industrialising world, and less suited for explain-
ing the earlier ups and downs illustrated in Fig. 8. As a proxy for human development, the
literacy rate may also be losing its effectiveness as literacy reaches saturation, while, even
in the developed world, where literacy exceeds 99 per cent, poverty, inequality, healthcare
inadequacy and other negative contributors to the Human Development Index have by no
means been eliminated. Nor does the literacy-based model allow for future technological
breakthroughs that will decouple human fertility from the lives and experiences of women
per se, thereby possibly shifting humanity back onto a hyperbolic growth trajectory.

Australia presents a situation where population growth had reached a plateau without
any literacy whatsoever. It would be desirable to have a generic model, like the compact
Malthusian-Kuznetsian model, where technological detail is smeared out and seen to be
subservient to some strong abstract constraint that is as applicable to Stone Age Australia
and to classical civilisation as it is to the industrialising world. The literacy model would
then be a specific example of how such a constraint manifests itself, just as, say, the dis-
covery of agriculture was a specific manifestation of the powerful principle that technolo-
gy growth rate is proportional to population times technology (see Eq. 2).

In Eq. 1 of the compact macromodel described above, population size is set propor-
tional to technology as the determinant of carrying capacity. Yet in the justification of this
equation, it was observed that the move say from foraging to farming led to an increase
not in population per se but in the density of population. If the model refers to a fixed area,
such as the whole world, then this distinction does not matter. Population is just propor-
tional to population density, and the one can be substituted for the other. However, if the
aim is to compare different land masses, then it is important to remember that it is popula-
tion density, rather than population, that is proportional to technology.

Suppose there are two islands (i.e., perfectly isolated landmasses) that have the same tech-
nology, with one island having a larger area. Assume also that the islands have the same ecolo-
gy. This can be assumed without loss of generality so long as the term ‘area’ is understood to
mean not necessarily physical area but some kind of ‘effective area’ that takes into account
ecological variation. Since the islands have the same technology, they will have the same
population density — on each island, a land parcel of given size will support the same number
of people. Therefore the island with the larger total area will have the larger population.

The larger population of the large island is not without consequence since, according
to the Kuznetsian assumption, it implies a faster rate of technological growth. Hence,
technology, population density and population would all be expected to grow faster on the
larger island. If the two islands start with the same technology, their technologies will be
at different levels after some time has elapsed.

An important point is that the innovation rate, hence the technological growth rate,
depends not on local population density but on the overall population of the island. This is
because innovations can occur anywhere on the island and then diffuse throughout (see
Korotayev et al. 2006a: 30, who discuss the reasonableness (and success) of this assump-
tion in connection with the world as a whole). Hence, the second assumption of the origi-
nal macromodel is unchanged.

The model thus becomes, using 4 for area, and with no change to the second equation:

%~T:>N~AT (Eq. 5)
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T ~NT. (Eq. 2)
Focusing on technology, and introducing a constant of proportionality &, gives:
T ~NT ~ AT? = kAT". (Eq. 6)

Solving this, with constant of integration c, gives:

! Jha

= =>T =" (Eq. 7)
c— kAt @_t t,—t

defining ¢, = c/kA.

Thus, the singularity date is #y ~ 1/4. If two islands start off with the same technology,
the one with the larger area will have an earlier singularity date. The larger island's tech-
nology may be approaching infinity while, on the smaller island, technological growth is
only just getting started.

If the ‘isolated islands’ are two different planets, the planet with the larger (effective)
surface area will achieve particular technologies — electricity, interplanetary travel, galac-
tic colonisation — sooner than the smaller planet. If the isolated islands are Australia and
the Afro-Eurasian World Island, the large World Island will make technological advances
much faster than considerably smaller Australia. Population is just A7, so has the same
singularity date as technology. Thus, although technology has not been defined in a meas-
urable way, it is possible, for empirical studies, to multiply Eq. 7 by 4 to get a formula for
N, which can be measured.

If the technology at ¢t =0 is Tp, by Eq. 7

%A 1 %A

T, = =1, = =T= . (Eq. 8)
1 -
zo kAT, AATO ¢

Let # be the time for technology to increase by a factor A beyond Ty, i.e.
T — ATy. Then
Ji
kA

Ay =—7/— (Eq. 9)
Jhar,

which can be rearranged to give
1 A-1 A-1
Z =1, :
kAT A A

(Eq. 10)

The middle part of this equality formalises the point that the time to achieve a given
technological level, from the same starting point, is inversely proportion to the size of the
island (), ~ 1/4).

Meanwhile, let £ be the amount of human effort (person-years) to achieve the techno-
logical level AT,. Then

E, det jATdt j (Eq. 11)
%AT —t
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7]
[ T 2 Yo )=
k KL, )|k JAT, JAT,

1 1

= ln—
k- kATy, (Eq. 12)
substituting for #, from Eq. 10
1 1 1 A 1
E, =—In =—In =—InA
l—ar, L ATl ko 2-(A-1) K (Eq. 13)
kAT, 2

This shows that the effort required to achieve a given technological level, from a fixed
starting point, is independent of the area. Roughly speaking, the effort required to achieve
a certain technology may be 1,000 person-years, and it does not matter whether this is 100
people working for ten years or ten people working for 100 years. The smaller population
takes longer to get there, but there is nothing to prevent it from doing so, and it requires
only the same total expenditure of human effort. Implicitly, if the other continents had
sunk beneath the waves after the colonisation of Australia, the human race would have still
achieved electricity, spaceflight and the iPhone. It would just have taken a lot longer.

Therefore, with the analysis so far, the relative lack of development of Australia com-
pared to the Old World would be understood not as stagnation but merely as the result of a
much slower development. When a snapshot was taken in the early modern era, the largest
region, the Old World, had progressed the furthest, the smaller but still substantial New
World had progressed less far, and the very small Australia had progressed hardly at all.

This explanation (which is to be challenged and refined below) is essentially the one
proposed by Kremer (1993: 708—712). Kremer's explanation has two problems.

1. The resulting prediction for the population density of the Americas is out by an or-
der of magnitude (0.0564 persons per square kilometre versus 0.36 in actuality). Since the
model has two free parameters and four data points (Old World, Americas, Australia,
Tasmania), this level of disagreement is not easily forgivable. That said, Kremer deals on-
ly in physical areas and does not model the issue of ecological equivalency, so it might be
possible to get a better fit by taking that into account — it would require the Americas to
have a higher proportion of habitable area than the Old World.

2. The more serious problem is that the model is extremely sensitive to land area. This
is illustrated in Fig. 9, which shows Kremer's curve for the relationship between popula-
tion density and land area. The curve barely moves for land areas below about 70 million
square kilometres, then shoots to infinity for a land area of 84.51, just above the Old
World land area of 83.98. The implication is that, if the Old World had been only slightly
bigger, it would by now have attained infinite population density, or in reality transitioned
to some other trajectory before reaching the singularity, but in that case a single model
could not explain the differential outcomes anyway.

Area and Equilibrium

The idea that Australia's lower technological level, when reached by Europeans, should be
explained only in terms of developing more slowly is therefore unsatisfactory. The combi-
nation of incorrect prediction and reliance on very special circumstances, in terms of the
Old World's land area, makes such a model implausible and it cannot be rescued by differ-
ent parameter choices.
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Fig. 9. Explanation of the populations of different continents in terms of differential
development rates alone is highly sensitive to parameter choice and does
not predict correctly

Source: Kremer 1993: 710-711.

The straightforward way to resolve this is to abandon the assumption that Australia was
continuing to develop just at a slower rate. Instead, Australia should be seen as having
reached equilibrium and as no longer advancing technologically. This is in keeping with
the subjective impression created by a technology that had not advanced beyond the Pal-
aeolithic, achieved 30,000 or more years earlier. The completed development process of
Australia (and of Tasmania) could not then be meaningfully compared with the still con-
tinuing development processes of the Americas and the Old World, and any attempt to do
so would fail to find a fit, just as Fig. 9 shows.

Crucially, the lack of development in Australia did not result from a lack of dynamism,
creativity or even of the trickle of ideas from the rest of the world. There was continual
change in culture, in economic networks and activities, and even in specific techniques and
artefacts (Hiscock 2008; Butlin 1993: 55). There were incipient forms of agriculture, and
apparent experiments with more intensive cultivation that later died out (Flood 1983: 219-
232; Dunbar 1995: 49). Nor was Australia truly isolated, but trade and the transmission of
material culture occurred via the Cape York Peninsula (Flood 1983: 222-223).

The fact remains that there was no overall upward movement — Australians did not
adopt the bow and arrow, for example — and this is best understood as due to a lack of suf-
ficient critical mass to sustain or — to adopt a Boserupian perspective (Boserup 1965) —
impel technological progress. While not completely cut-off, Australia was sufficiently dis-
connected from the rest of the world that it did not participate in the broader technological-
demographic dynamic until the European era of discovery. It had its own dynamic, which
was capped by its limited geographical size.

That this interpretation makes sense is shown not only by the way technologies could
reach Australia yet fail to be adopted, but more forcefully by the example of Tasmania,
where technology was even more rudimentary than in Australia (Diamond 1997: 16). The
Tasmanians lost much of the technology they brought from the Australian mainland. This
is to be expected if land area constrains not just the rate of technological growth but the
maximum level of technology that can be achieved. After Tasmania was settled, those
technologies that exceeded the limit set by Tasmania's size had to be shed.
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What is more, there is a theoretical problem with the earlier idea that, on a smaller is-
land, technology can still grow without limit, just at a slower rate. This is that, when the
large and small islands have the same technology, and therefore the same population den-
sity, the small island has a smaller population. In other words, the small island is able to
sustain a given technology with fewer people than on the large island. The following will
explain why this is a problem.

For concreteness, suppose the technology is the iPhone. If Steve Jobs had been para-
chuted into an isolated Amazon village of, say, 100 people, he would not have been able to
produce the iPhone even with all his expertise. The iPhone can only exist in a globally
connected world that provides all the countless technologies and activities that go into
making an iPhone a meaningful device and furthermore that provides one billion purchas-
ers to make it commercially viable. An iPhone requires computer chips, touchscreens, op-
erating systems, apps, cellular networks, billing systems and so on. Each of these requires
other cascading technologies, going back for example to the people who mine and refine
the metal ores that go into the phone enclosure and the microwave transmission masts.
There are simply not enough people in an Amazonian village to supply the effort. It is not
acceptable for this effort to be spread over thousands or millions of years, as implied by
Eq. 13, where only the total effort is important not its distribution through time. This
would imply thousands of years to build a chip manufacturing machine, then thousands more
years before the chips were assembled into the iPhone, then thousands more years before
some software was developed for it, and so on. It is not even hypothetically possible, as it
would require someone at the start to map out the whole project and define it for millennia to
come, and all this time the villagers would still have to be feeding and clothing themselves,
raising their children, maintaining their huts, and so on. Nor is it just a case of building the
phone. To make it a useful technology, in the here and now there must be people who will
maintain the infrastructure and create content. Finally, with a market of only 100 people, the
unit cost of the iPhones would be stupendous and completely unaffordable.

Therefore, the implication in the model of Eqs 2 and 5, or in Kremer's analysis, that,
given enough time, any technology, however sophisticated, can be reached on any isolated
island, however small, is completely unrealistic. Not just for the iPhone but for any tech-
nology, there must be a limiting population size below which the technology is not viable.
In short, not only does technology determine the population but population determines
what technology can exist. There is an inexorable link between population size and tech-
nological inventory (Turchin et al. 2018).

A technology is not just a gadget or gizmo. It is an organising principle structuring
human activity. It is an open dissipative structure (in the sense of Dyke 1988: 114), like a
vortex in a stream, existing not as a static object but as a persistent pattern within a flow of
matter and energy. It is processual (see Fig. 10).

Fig. 10 is a more abstract justification of the point that a technology requires a mini-
mum supporting population. It is dynamic and requires a throughput. It receives matter
and energy from producers and transmits the transformed matter and energy to consumers,
while dissipating a certain amount in the process. The whole system needs to be in place
continuously and simultaneously, and it is closed and connected, since producers are also
consumers. There can be no long-term imbalance. Consumers are as important as produc-
ers because, without consumers, there will soon be no producers.
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Technology

Producers

Population

Fig. 10. A technology is a dynamic dissipative structure requiring a minimum popu-
lation to support it

Let N; be the population required to support a given technology 7. Suppose that Ny de-
pends on T by

Ny~ T, (Eq. 14)
where the exponent a is to be determined.

This implies that the maximum technology 71, that can be supported by a given popu-
lation N is

T~ NY. (Eq. 15)

Technology can be assumed to grow logistically towards its maximum so that the
model becomes

%~T:>N~AT (Eq. 5)

. T . T
T~NT(1—EJ:>T~NT(1—W), (Eq. 16)
where b is introduced as a constant of proportionality.

Note that, as T increases, N increases and so does Ty, = bN'* ~ 4"“T"* (by Eqs 15
and 5).

Ifa<1= 1/a>1, then T, ~ 7" increases faster than T or at the same rate as T.
In this case, if technological growth can get started at all, it will go on forever, never
reaching its maximum, which is increasing either in step or at an even faster rate.

Ifa>1= 1/a<1,then T, ~ T" increases more slowly than T. In this case, although
the maximum possible technology is increasing along with technology, it is not increasing
fast enough, and so the actual technology will converge to the maximum possible. Once
that happens, technology must stop increasing because any further increase would no
longer produce enough extra people to allow such an increase to occur.

The empirical datum of Australia's convergence to equilibrium creates an expectation
that a > 1, i.e. that the required supporting population increases faster than the population
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supported by a given technology. This can also be expected as a consequence of technolo-
gy's dissipative nature, i.e. it is not friction-free and some effort is wasted.

By Eq. 16, the equilibrium, where technology has converged with its theoretical max-
imum, occurs when

1 1 a
1—L1=0:>bN“ =T~%:AN“ ~N= N~ 451,
bN«
That is, the equilibrium population N, is related to area 4 by

a

N, ~ 4, (Eq. 17)

A plot of log N, against log 4 would be expected to be a straight line with slope Ll .
-

Testing this relationship requires data on developmentally isolated landmasses that
have completed their technological evolution, i.e. that have reached an equilibrium techno-
logical level where the population required to support that technology is equal to the popu-
lation supported by the technology. Instances of this are rare. Kremer's dataset for testing
his area-population relationship consisted of the Old World, the Americas, Australia and
Tasmania. Of these, only Australia and Tasmania are considered here to have been in the
technologically saturated, equilibrium state. However, it is now possible to add a third data
point as world population growth is slowing down and apparently approaching the saturat-
ed, equilibrium level for a planet of the size of the earth. That is, the entire globe can now
be regarded as a connected landmass and, insofar as its population seems to be approach-
ing an asymptotic limit, it is possible to estimate its equilibrium population.

For Australia and Tasmania, Kremer's data can be used. As discussed earlier, Kremer
does not adjust land areas for ecological comparability, and this is essential for a meaning-
ful test, so this adjustment needs to be made. The habitable area of Australia is about
10 per cent of the land mass (37 Property Group 2016; while the origin of this figure is not
clear, it accords with the modern distribution of population; habitability is a somewhat
loose concept anyway since it depends on technology; here it is used as a proxy to estab-
lish ecological comparability and the relative confinement of today's Australian population
to a narrow fringe provides a fair comparison with the wider distribution in most of the
rest of the world). The habitable area of temperate Tasmania can be taken to be about
100 per cent. For the entire world, the habitable area is about 70 per cent of the total of
149 million square kilometres (Roser and Ritchie 2018). To complete the dataset requires
the equilibrium population of the earth, for which the UN's medium projection of 11.2 mil-
lion by 2100 will be used (see Table 1).

Table 1. Dataset for test of relationship between equilibrium population and land
area for developmentally isolated regions

Land mass Tot?l arczea Habit%ble ?rea Equilibrium ﬁpopulation
(10° km") (10° km") (10%)
World 149 104.00 11200
Australia 7.7 0.77 0.2
Tasmania 0.07 0.07 0.0012

Source: Kremer 1993: 710; plus adjustments described in paper.
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These data are plotted in Fig. 11, which (a) shows the results of using raw land areas, and
(b) shows the results of using ecologically normalised areas. The normalised areas provide
a rather convincing relationship with equilibrium population. As Fig. 11a shows, although
there are just three data points, such a close conformity to a straight line is by no means
inevitable.
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Fig. 11. Test of relationship between equilibrium population and land area for de-
velopmentally isolated regions. R2 for line in 11 (b) is 99.98 %

Source: Table 1.
The slope of the line in Fig. 11b is 2.2 (more precisely, 2.20 + 0.03). As shown in Eq. 17,

the slope is equal to Ll' Hence
-
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How can this value for the coefficient in Eq. 14, that is a = 11/6, be explained? A deep
understanding may require a full theoretical treatment of the dynamics illustrated in Fig. 10,
addressing the largely avoided question of what ‘technology’ means. However, it is possi-
ble to get a preliminary appreciation of where such a strange number may come from. The
explanation involves three steps, to be presented below.

Note, to begin with, that the concern is with the ability of populations to support tech-
nology, and how that leads to a maximum possible technology. In order to be included
within the population, people have to be interacting, directly or indirectly, with the rest of
the population so that they can act as producers and consumers, supporting the technology
in question. Thus, the region of interest is that which contains a fully mixed, interacting
population. The extent to which it is fair to identify this with a whole continent like Aus-
tralia will be addressed in the next section.

The first step is to examine the variation of technology with area. Consider an ensem-
ble of regions having the same population while varying in 4 and 7. Each region can be
divided into standardised unit cells, where the larger regions will clearly have more such
cells. Each cell must interact over the whole region by its definition as containing an inter-
acting population. The unit cell generates a certain revenue or product through its local
activity, and it incurs costs (i.e., for transport and communication) through its interaction
with the rest of the region. For viability, revenue / product must match costs.

According to Kremer, the gross product G of a region is given by G ~ TN' where y < 1.
The results of Korotayev et al. suggest, in fact, that y is best regarded as equal to 1. For
example, they find that absolute per capita surplus growth rate is proportional to absolute
population growth rate (Korotayev et al. 2006a: 53). Now growth rate of per capita surplus
is the same as growth rate of per capita product = G/N. If ~ TN’, then by Eq. 1 G ~ NN' =

= G/N ~ N'. In this case
4(9)
dt\ N dt

4(0) v
dt\ N dt
consistent with the Korotayev ef al. finding.

Similarly, they find that the gross world product follows a quadratic-hyperbolic curve
(Ibid.: 58). This also follows naturally if y = 1 by means of Eqs 1 and 3. That is

S G~IN~ N~
t,—t (;0 - t)
which is the formula of a quadratic hyperbolic curve.

One can also raise aesthetic objections to the introduction of arbitrary real-valued ex-
ponents in the hypothesised relationships (Barnet 2003; Kim 2015), especially since a
compact model with simpler assumptions about exponents explains the data well.

At any rate, holding N constant for the ensemble of regions gives G ~ T, which means
the product of a standardised unit cell is G/4 ~ T/A.

Meanwhile, the costs of interaction, being the costs of transport and communication,
can be taken as proportional to the typical distance over which interaction takes place, and
this is proportional to the diameter of the region, which is ~ A7

Setting cellular revenue equal to cellular costs gives

If y = 1, this becomes

T~N~
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T L El 2
;~A2:T~A23A~T3. (Eq. 19)

The second step is to consider the variation of primary workers with technology, in
particular the variation of primary worker density. Primary workers are those involved in
primary production, which particularly means food production. As technology increases, a
growing number of workers are involved in secondary activities, that is directly or indi-
rectly contributing to the technology that allows primary workers to extract enhanced val-
ue from the land. Thus, the proportion of primary workers falls as technology increases.
Since the total population increases linearly with technology, the population of primary
workers, N,, must increase less than linearly.

Thus, one might naively assume that the density of primary workers is proportional to
technology, that is Ny/4 ~ T, but by Eq. 5 N/4 ~ T and N, is increasing more slowly than
N, so it cannot obey the same equation.

Furthermore, let us consider two regions, one larger than the other, with the same density
of primary workers. If it were true that N,/4 ~ T, then they would have the same technology.
However, the workers in the larger region would be interacting over greater distances, which
would imply a greater technology (better transport and communication), leading to a contra-
diction. This is despite the fact there is no a priori reason why the primary worker density
could not be the same. This contradiction can be resolved if what is important is not the total
technology for the region but the local availability of technology, that is the technology per
primary worker = 7/N,,. It is the technology per primary worker that determines the ability of
primary workers to support / feed the wider population. This sheds light on the meaning of
‘technology’, which is thus revealed as a kind of capital stock — it is not so much a measure of
sophistication as a measure of the totality of equipment structuring the flow of matter and
energy through the population, albeit that more sophisticated devices count for more.

It follows that consistency will be achieved if the number of primary workers is con-
strained in such a way that

N T
7”~N—: N? ~ AT. (Eq. 20)

P

By Eq. 5, this yields the expectation that

1
1 N 1
N~ NN ~N2 e NNy (Eq. 21)
P P N N

Thus, if Eq. 20 holds true, the number of primary workers would be expected to be pro-
portional to the square root of the population, which is equivalent to saying the fraction of
primary workers (V,/N) should be inversely proportional to the number of primary workers.

To test this proposition, Fig. 12 plots the global proportion of agricultural workers
(i.e., the chief primary workers) versus the absolute number of such workers, using data
from 1900 to 1970. It is necessary to use the world as a whole because any individual
country, being connected to others by trade, would not count as an isolated region of the
kind under consideration. This assumes that, by 1900, the world could be considered to be
fully connected. This assumption seems justified given that, by the early 20" century,
some 84 per cent of the world was under European colonial control and that, by some
measures, trade and interdependency were even greater in 1900 than they are today (Ken-
nedy 1988: 192; Dougherty and Pfaltzgraff 1981: 425).
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Fig. 12. Relationship between fraction and absolute number of primary workers.
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Source: Grigg 1975.

Fig. 12 shows that the expected relationship of Eq. 21 is reasonably well confirmed. The
slope of the line is -0.96 = 0.16, compared with the predicted value of -1. In other words,
Eq. 20 is consistent with the empirical data.

The third step is to consider how the supporting population, N, depends on technolo-
gy and the number of primary workers. The proposition is that

Ns~ N,T. (Eq. 22)

This expresses the ideas that (1) technology acts as a multiplier allowing primary pro-
ducers to support more people from the same land; and (2) the population required to sup-
port technology cannot, in the long run, systematically deviate from the population sup-
ported by the technology.

To take the first point, a technological level of 1 would correspond to minimal forag-
ers with no tools roaming over a wide territory supporting only themselves. Increasing
technology would allow these primary workers to support more people from the same area
either by shrinking the territory or by increasing the number of people — in general, both
would occur and are equivalent in that the net result is an increase in density, as captured
in Eq. 5. Thus, technology is a multiplier of the effectiveness of primary production, which
may be either directly, by increasing the output of the food producer, or indirectly, by in-
creasing the output of secondary workers who in turn support the food producer. The idea
of technology as a multiplier of human effort is similar to Buckminster Fuller's concept of
‘energy slaves’, measuring the work done by machines in terms of the work done by a
healthy human. He calculated that, in 1940, East Coast Americans each had 135 energy
slaves working for them (Buckminster Fuller 1969: 176).

The second point corresponds to an assumption that every person finds a role in socie-
ty's production, i.e. contributes to the circulation of energy and matter depicted in Fig. 10.
That this has been true historically is shown by the way technology always creates more
jobs than it destroys. There is a perennial fear that technology will take away jobs, as
shown by the 17" century laws banning machines on the grounds they would endanger the
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livelihoods of traditional craft workers, or by the machine wreckers of the Industrial revo-
lution, or by today's concerns about the impacts of artificial intelligence (Heaton 1948:
481; Cameron 1992: 114). Yet the machines have spread anyway and, while they have
indeed destroyed livelihoods, people have eventually found new occupations. Primary
workers do not work for nothing and, while some extraction occurs via taxation or charity
to those who cannot support themselves, the recipients of primary production generally
have to provide something in return. Even taxation, insofar as it pays for material technol-
ogies like roads or social technologies like law and order, can be considered to involve a
quid pro quo, and government officials are contributing to the maintenance of a complex
society that allows primary producers to be more effective than they would otherwise be.
Thus, apart from the very young and the very sick, the consumers of primary production
are also the producers on which primary production depends.

Fig. 13 is an attempt to illustrate these points. It shows that the N, primary workers
can support N,T persons. Some of these N,I" persons are themselves primary workers,
while the remainder are secondary workers, producing the technology that multiplies the
effort of either primary workers or secondary workers. The system is completely interlock-
ing and requires the activities of all its elements to maintain the flow of energy and matter.

It is now possible to put these three steps together. Combining Eqs 19 and 20 gives

2 5 5\2 5
Nj~AT~T3T~T3:>Np~[T3j ~Te. (Eq. 23)
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Supported population = Supporting population
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Fig. 13. Summary of the model described in the text: consumers are producers in
the interlocking social system

Source: author's calculations.

Then combining Eqs 22 and 23 gives

5 11

N,~N,T~T°T~T5. (Eq. 24)

Comparing Eq. 24 with Eq. 14, it appears that the exponent a = 11/6, as was deduced
empirically from the data plotted in Fig. 11b.
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Speed and Extent of Expansion

In the analysis above, a region is the zone containing a fully mixed, interacting population.
It now needs to be considered that the ability to interact depends on technology. This is
because improved transport and communications links are one of the accompaniments of
technological progress, so that the region of interaction expands.

Let us consider Fig. 14. The connected region has diameter (linear size) L., while its
area and population are A, and N, respectively. The region exists within an isolated island
of area 4 and population N. Technology is assumed to diffuse in slower time than the in-
teractions that define a connected region. That is to say, interactions are synchronous —
people have to be present and interacting in real time, which means at least on sub-lifespan
timescales, and the interaction is two-way — but technology diffusion is asynchronous —
inventions can spread over the course of generations, and there is no necessary require-
ment for a return flow. Thus, 7T is the same throughout the island.

isolated island
{continent)

interacting (connected) region

Fig. 14. A connected region within an isolated island

The supposition here will be that L, ~ 7. In fact, the relationship between L. and 7 may be
different from this, but the assumption of linearity is sufficient for the qualitative points to
be made below.
Since the region's area is proportional to the square of its diameter
Lo~T=A.~T (Eq. 25)
using Eq. 5 along with Eq. 25, the population of the connected region is found to be

N =4 % < AT =T, (Eq. 26)

where g is a constant of proportionality.
Meanwhile Eq. 16 becomes

. T T
TNNT(I—T—JN NT[l_WJ (Eq 27)

m

Here note that the basic growth of technology depends on N since this is an asynchro-
nous process that can occur across the whole island. However, the maximum technology
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depends on the size of the synchronously interacting population needed to support it, i.e.
on N..
Substituting from Eq. 26 gives

: T 1 1
T~ NT| 1= |~ NT| 1= |~ NT| 1= | (Eq. 28)
bgT“ bgT“ bgT =
Thus, equilibrium occurs when
1 a e -1 -
l-——,=0=0bgT * =1=T =(bg) =T, =(bg), (Eq. 29)
bgT
where T, is the technology at equilibrium.
For simplicity of discussion, define
r=1- IH =T ~ NTT.
bgT o

Fig. 15 shows how I varies with T for varying values of a.
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a

Tequilib = (bg)a—3

Fig. 15. Dependency of I on T for varying values of a

This figure indicates that:
e For a > 3, the equilibrium is stable. If 7>T

equilib °
while if T<T,

equilib >

<0=T7<0 and T decreases,
I'>0=7>0 and T increases. Hence T is pushed towards its equilib-

rium value.
e For a < 3, the equilibrium is unstable. The signs are reversed so that if 7" is above

it increases and if 7'is below T, ,, , it decreases.

T

equilib >

e For a = 3, the situation depends on the value of 1 — 1/bg. If this value is positive,

I is always positive, so T is always positive and 7 increases without limit. If the value is
negative, the reverse is true and 7 decreases without limit.

It follows that, for a < 3, if technology growth can get started at all, then it will in-

crease without limit so that the interacting region expands to fill the whole island. At this
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point, further expansion will be arrested, with N, = N. The model of Eqs 5 and 16 will then
take over, leading to the earlier conclusion that the population and technological level of
an isolated island is a function of its area.

Since it was found above, empirically and theoretically, that o :%< 3, it is safe to

assume that, by the end of an island's technological evolution, the region of interaction
does fill the whole island, and so the earlier discussion of the relationship between area
and population / technology is valid.

This conclusion, that the zone of interaction expands to fill the whole island, is de-
pendent on the assumption that technological growth can get started at all, which means
that the starting value for technology has to be above the unstable equilibrium at

T = (bg)7.
Hence, whether the region of interaction can expand depends on b and g. Now
o ) reflects the dependency of supporting population on technology; and
o g reflects the extent to which interaction radius increases with technology.

It is g that is of most interest here. With a < 3, it transpires that the higher the value of
g, the higher the value of I' for a given value of 7, and the lower the value of 7, .

Hence, g can be thought of as a measure of the ‘easiness of the terrain.” When g is large, it
is possible to expand even with low values of 7, and small increases in 7 will lead to rapid
expansion of the connected region. In other words, the terrain presents few barriers to ex-
pansion, or, to put it another way, the terrain imposes low costs for transport and commu-
nication. When g is small, the reverse is true: the terrain presents high barriers or imposes
high transport and communication costs.

In the real world, terrain is heterogeneous and so g varies over the earth's surface.
When a population is pushing into high-g terrain, such as flat, fertile country, expansion
and growth will be rapid (note: it is not actually the population that is expanding but the
zone of interaction). When it is pushing into low-g terrain, such as deserts and mountains,
expansion and growth will slow down. If the population comes up against terrain of suffi-
ciently low g, the T for that terrain may exceed the current 7" of the society. In this

equilib
case, further progress in that direction will cease and will not resume until expansion of
the connected region in another direction allows 7 to rise sufficiently to surpass the re-

quired 7, - If the population finds itself surrounded by low-g terrain, it will be unable to

expand the connected region at all, and will remain trapped at its existing 7 and N. An
ocean barrier can be thought of as a low-g terrain encircling a continent. This low-g terrain

imposes a high 7, ,,, , below which it cannot be crossed.

The story of Australia can thus be told as follows. Population and technology expand-
ed there until the connected region encompassed the whole continent — aboriginal ex-
change networks are described as ‘far-flung’ and reached from one coast to the other
(Flood 1983: 235-240). At this point, the Australian population found itself confronted by
the low-g ocean barrier. The T permitted by its existing size was less than the 7, of

equili
ocean navigation. Hence, it could expand no further and development ceased. Meanwhile,
on the larger Afro-Eurasian landmass, expansion was able to continue, and T kept growing
until it surpassed the 7, ,, of the oceans. Expansion then pushed across the oceans, ab-
sorbing Australia into the larger connected world system. During the period when Austral-
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ia was isolated, it had its own 7, constrained by its size. Once it was reached from Eurasia,
it became part of the larger system, and, as implied by Fig. 14, its T equalised to that of
this larger connected region, through the arrival of European settlers.

This issue of varying g can then help explain the stagnation of the world population
around 500 BC to AD 500. It implies that the empires at the western and eastern ends of
the World Island at that time (e.g., Rome, China) were coming up against difficult terrain,
perhaps in the deserts and mountainous regions of central Asia, inhibiting their expansion
and connection into a single synchronously interacting region. Rome, in fact, traded regu-
larly as far as India — although there was contact with China, it was sparse, veering more
towards the asynchronous diffusion of technology without genuine interdependency (Sit-
well 1984; Warmington 1995 [1928]).

For a rough check, the population of the Roman Empire in the early first millennium
AD was around 60 million, while that of the Indian sub-continent was around 40 million.
The intervening regions, including Iran and Afghanistan, may have added another ten mil-
lion, for a total population of around 110 million (McEvedy and Jones 1978). By the rela-
tion indicated in Fig. 11b, this implies a connected, interacting region of 12.9 M km®. The
length of this region, from Britain to India, was about 7,500 km, implying that its breadth
should be about 12.9x10%/7500 = 1,700 km, and indeed the breadth of this corridor varied
between about 1,000 and 2,000 km; for example, from the mouth of the Rhine to Morocco
is 2,000 km, while from the Himalayas to the Indian Ocean is 1,400 km.

The calculation is necessarily rough, since the region was not neatly isolated in the
same way as Australia, and it was heterogeneous, with mountain ranges and the Mediter-
ranean Sea contained within it. Nevertheless, the broad agreement between what is known
of ancient trade and the predictions of the model suggest that the hiatus in world popula-
tion growth of the classical era can be understood in terms of such a temporary entrapment
within a confined region. The resumption of world population growth after the middle of
the first millennium AD would then be attributed to humanity's breaking through the low-g
barrier limiting contact between the different sides of the World Island.

So far, it has been implied that g depends on the quality of the earth's surface — flat
prairie, desert, mountain, sea, ocean, efc. It is possible, however, that g can be affected by
sociological issues. The reason the Roman world's interaction region finished at India may
be because any further expansion would have brought it into the interaction region of Chi-
na, which was already organized around an equally powerful nexus, of the kind illustrated
in Fig. 10, and which resisted Roman penetration — and vice versa for China. More likely,
the low g of the classical era had both physical and sociological causes.

It seems no coincidence that the resumption of world population growth occurred pur-
suant to the rapid expansion of the Islamic Empire, from AD 610 to 750. The Islamic
world stretched from Spain to Pakistan, creating a much tighter connection between the
eastern fringes of the former Roman world and its core, and providing a more effective
conduit for interaction between China and Europe. The Islamic expansion could be re-
garded either as caused by a breakthrough of the low-g barrier separating east and west, or
as causing this breakthrough by achieving a new level of political, economic and cultural
integration. Again, it is probably best regarded as involving an interplay of these causes,
rather than a case of either / or.

There is not enough space in this paper for further consideration of variations in g and
how they have influenced the detailed population history of the earth as illustrated, for
example, in Fig. 8. However, the above discussion points to how these ideas can shed light
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on fluctuations in the rate of humanity's demographic and technological progress, going
beyond the basic hyperbolic pattern to understand the way it has speeded up and slowed
down. For example, the overall stretching of the hyperbolic curve, with the singularity date
shifting to the right, can be understood in terms of the human race first colonizing the
high-g areas, and then moving into areas of lower and lower g so that the average g de-
clined. The discussion also suggests how the model of population and technology growth
might be extended to include sociological variables representing the political, economic
and cultural forces that can speed up or slow down demographic-technological progress —
for example, political discouragement of innovation or encounters between similarly de-
veloped societies, inhibiting expansion of either one.

Escaping the Earth

According to the model presented above, the question ‘Can humanity escape the earth?’ is
the same as asking whether the exceptionally low g of the interplanetary environment re-
sultsina T that exceeds the T, of a planet the size of the earth.

equilib

In fact, it is possible that humanity's next direction of expansion will not be into space
but, say, into the oceans, a large and still vastly underutilised part of the planet. In this
case, humans could expand into the oceans and there gain the additional critical mass nec-
essary for the foray into space. However, plans to colonize the oceans seem less well-
advanced than those to explore space, perhaps related to the fact that the oceans present
pressure differentials of thousands of atmospheres compared to the one atmosphere differ-
ential of outer space. The focus of this paper will therefore remain on the issue of space
colonization.

How can such a question be answered? The approach here will use the following
chain of logic:

1. Note that humanity's energy production, like population and technology, has been
growing more slowly and veering towards a steady state as human progress begins to feel
the limitations of the earth's size.

2. It is possible to calculate the increase in the global energy budget between now and
when growth ceases.

3. This additional energy can then be compared with the amount of energy needed to
establish a significant presence in space.

4. If the energy required for initial space colonization is within the extra energy ex-
pected to be available, it can be assumed that space colonisation is feasible and will go
ahead.

5. Once the initial hurdle has been overcome, the project will become self-sustaining —
using abundant solar power and weightless conditions to manufacture goods more cheaply
than can be done on earth for example — and it can therefore be assumed expansion will
continue in the new environment; it will then be possible to say humanity has escaped the
earth.

To anticipate the conclusion, the finding is that the energy required is within the ener-
gy increment, though not so overwhelmingly, so the answer to the question is a tentative
‘yes’.

An author writing in the 1970s drew attention to accelerating progress in the area of
energy supply in terms of the ‘ever-increasing frequency of discoveries’: fire, 50,000 years
ago; then 45,000 years to water power; 3,500 years to wind power; 300 years to steam
power; 100 years to the internal combustion engine; 40 years to nuclear power (Stent
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1978: 28). However, since then the curve of progress has turned over and begun to decel-
erate. 70 years have now gone by since the discovery of nuclear power and, though ‘re-
newables’ like wind and solar have found a niche in the energy supply, there has been no
really dramatic advance in human power generation capabilities. Indeed, nuclear is strug-
gling to make way against environmentalist and geopolitical objections.

Fig. 16a shows the acceleration of world energy production from 1800 to 1970. It
closely approximates a hyperbolic curve. Fig. 16b projects this curve forward to 1985,
comparing it with the actual data for 1950 to 1985. The deceleration is plain to see.
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Fig. 16. World energy production, showing (a) hyperbolic growth to ¢. 1970 and
(b) subsequent slow-down. R2 = 99.95 % for curve to 1970

Source: Ritchie and Roser 2018.

It might be expected that energy production would be quad-hyperbolic rather than hyper-
bolic since, as Buckminster Fuller indicated with his concept of ‘energy slaves’, per capita



348 Globalistics and Globalization Studies

energy use has been increasing. The combination of increasing population and increasing
use per person might be expected to produce a double acceleration. However, energy use
is also subject to what Buckminster Fuller calls the principle of ‘ephemeralization’, i.e.
‘doing more with less’ (Buckminster Fuller 1969: 212-214). The modern smartphone is
not only vastly more capable than the portable phones of ¢. 1990, but also much smaller
and less demanding in materials. Thanks to ephemeralization, per capita energy use has
grown less than hyperbolically and has not redoubled the hyperbolic trend of total energy
use. Indeed, in the high income countries, per capita energy use has declined recently,
while in the world as a whole it has climbed very slowly, despite the dramatic increase in
highly populous China (see Fig. 17). Nor should it be assumed that the lower income
countries will all come up to the level of the high income countries given (1) that the
world is tending towards stagnation and (2) that the Pareto principle implies there will al-
ways be a distribution of incomes with few high ones and many low ones.
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Fig. 17. Per capita energy consumption by class of country
Source: Ritchie and Roser 2018.

For the purposes of this paper, the requirement for humanity to be considered on its way to
escaping the earth will be taken to be that there should be at least 10 million people living
and working in space by 2040. This may seem a daunting requirement and, insofar as it
does seem daunting, that illustrates the seriousness of the problem. Humanity's window for
breaking out of earth's gravitational potential well is closing as population growth and
technological progress approach their logistic limit. If space colonization proves a step too
far now, then it will remain a step too far, and humanity will grow old on this planet at its
current technological level.

The date of 2040 corresponds with Grinin's (2012) estimates for transition to Stage 3
of the present production principle, which will involve a major change in how and where
people work — just as the industrialization of space would imply. The ambition of having
‘millions of people living and working in space’ also accords with the mission statement
of Jeff Bezos's Blue Origin space company, where this is viewed as an active and current
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project, not some far future dream (Blue Origin 2018). As for the figure of 10 million, this
represents the population of a small country and can be considered a demonstration that
humanity truly has arrived in space.

To estimate the increment in global annual energy supply by 2040 is a simple matter.
Fig. 17 indicates that per capita energy consumption will not exceed 30 MWh by then, so
this can be taken as an upper limit (optimistic assumptions are appropriate, since the aim is
to prove that escape from earth is at least feasible). Meanwhile, the world population of
2040, by United Nations estimates, will be about 9 billion (United Nations 2017). Thus,
energy use in 2040 will be about 270,000 TWh. This compares with a current annual ener-
gy use of 153,596 TWh (Ritchie and Roser 2018), implying an increment of about
120,000 TWh, which is about 80 per cent.

To estimate the energy cost of placing and supporting 10 million people in space, it is
easiest to work in terms of monetary costs. This can give an order of magnitude estimate,
which is all that is needed here — (1) if the cost is an order of magnitude or more smaller
than the calculated energy increment, space colonization will be easy; (2) if it is an order
of magnitude or more greater, then it is impossible; (3) if it is the same order of magni-
tude, it is feasible but not an inevitability.

The cost of energy, assuming the cheapest (fossil fuel) sources, is about US$ 150 per
MWh. The global annual energy consumption of 150,000 TWh therefore represents a cost
of US$ 22.5 trillion USD. This is about a quarter of global GDP of US$ 80 trillion. Hence,
on the grandest scale, about a quarter of global expenditure corresponds to energy use.
This can be used to convert between energy and money. For example, the total cost of the
International Space Station (ISS) is estimated to be US$ 150 billion (Wikipedia 2018).
This would be taken to correspond to a total energy input, direct or indirect, worth 0.25 x
150 billion = US$ 37.5 billion, which corresponds to energy of 250 TWh (US$ 37.5 billion
divided by US$ 150 per MWh).

According to this argument, the estimated increment of 120,000 TWh can be convert-
ed into an equivalent monetary amount of US$ 70 trillion (4 x US$ 150 per MWh x
120,000 TWh, rounded off to avoid spurious precision). This is the available budget.

The costs to be considered will be (1) the amortised cost of providing orbital accom-
modation for 10 million people plus working facilities, and (2) the annual cost of main-
taining this population, for example providing food, oxygen, trips home, materials, station-
keeping propellant, and ground-based infrastructure.

The cost of a passenger jet carrying about 1,000 people is around US$ 100 million
(e.g., at the high end, an Airbus A380 with about 850 passengers has a list price of US$
445.6 million [Airbus 2018]) implying a cost per passenger capacity of US$ 0.1 million.
The cost of the ISS carrying 3—6 people is US$ 150 billion implying a cost per crewmem-
ber capacity of US$ 30 billion, 300,000 times as great. The cost per crewmember capacity
of a large industrial space station will be somewhere between these extremes, surely closer
to the airliner, enjoying returns to scale, than to the ISS, which is a small-scale experi-
mental facility. As a reasonably conservative estimate, the cost will be assumed to be hun-
dred times that of the commercial airliner. 10 times as much is surely too little, bearing in
mind that the space station not only has to be built and then operate under more testing
conditions but also, unlike a jet airliner, has to include living quarters and workspace for
the crew. 1,000 times as much, implying the equivalent of a whole airliner per person, is
possibly too much. Thus, the cost per crewmember will be taken to be US$ 10 million.
The cost of accommodating 10 million people in space will then be US$ 100 trillion. This
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will be amortised over a period of 20 years centred around 2040, implying an annual capi-
tal cost of USS$ 5 trillion.

For the operating cost, that of the ISS will be used as a guide. This is about US$ 3—
4 billion per year for the United States (NASA 2014). Including the expenditure of other
countries contributing to the ISS (primarily the Russian Federation) will bring the cost to
USS$ 5-10 billion per year. It will be assumed that this expenditure, which currently sup-
ports just 3—6 people in space, will be sufficient to support an airliner-sized module con-
taining 1,000 crew members. This is on the basis that a 1,000-person crew is a realistic
size of module (100 would not be cost-effective; 10,000 would be too cumbersome, at
least for humanity's first attempts at space colonization), and that through efficiency sav-
ings such a module can be maintained with the same effort currently devoted to the world's
existing, albeit much smaller, space station. With US$ 5 billion per 1,000-person module,
the operating cost for 10 million people would be US$ 50 trillion per year. Thus, the oper-
ating cost greatly outweighs the amortised capital cost.

The total annual cost of a space colony of 10 million people is thus estimated to be
USS 55 trillion per year. This is to be compared with the equivalent US$ 70 trillion budget
calculated from the increment in energy supply. Clearly, these are of the same order of
magnitude. The conclusion would be that space colonization, i.e. pushing into the low-g
environment of earth orbit, is just about feasible within the 71, that seems to be emerging
as the limit of earthbound development. However, the margin involved is by no means so
comfortable that such an outcome appears as inevitable.

Is the estimate reliable and how might one revise it in a direction more favourable to
the likelihood of space colonization? Any revision is unlikely to involve the ‘budget in-
crement’, which is determined by well-established constraints on world population and per
capita energy availability. This increment is also consistent with estimates of the growth in
world GDP arrived at by other means (PricewaterhouseCoopers 2017: 36). It would be
possible to increase the size of the increment by pushing the deadline for space coloniza-
tion out from 2040, when world population will be even larger. This could double or pos-
sibly treble the estimated increment, though it comes into conflict with Grinin's estimate of
the timing of the technological transition. Alternatively, the cost of space colonization
could be reduced by assuming lower costs than those above. The different assumptions
should be focused on operating cost rather than capital cost, which emerges as insignifi-
cant from an annualized perspective. Specifically, it would need to be assumed that a pop-
ulation of at least 10,000 could be maintained in orbit for the same level of expenditure as
currently maintains the handful of crew on the ISS. Such dramatic savings are certainly a
feature of technological progress but it might seem optimistic to expect them for the earli-
est phases of humanity's expansion into orbit.

In fact, the present author is confident that human destiny does lie off the earth and
eventually beyond the solar system. This is because of a belief that God would not have
created this vast universe with the intention that humanity should remain confined to one
tiny planet. Nevertheless, like any good puzzle setter, God has made the challenge not im-
possible but difficult enough to be worthwhile. It must nevertheless be admitted, on the
basis of the foregoing, that a pessimist would have good reason to cast doubt on such a
conclusion, and the view of many people that large-scale space colonization will never
occur could turn out to be correct. The pessimist is justified because (1) the task is beyond
present human capacities (or it would already have been done) and (2) the empirical and
theoretical arguments given above indicate that those capacities are capped by the size of
the earth and will not increase beyond twice their present value.
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Even if a substantive move into space proves to be beyond the Ty« of an earth-sized
planet, there is a loophole, meaning it will still be possible for small groups to escape spo-
radically.

Consider that Australia was settled from Eurasia, and that the first inhabitants must have
made at least one sea voyage out of sight of land in order to get there. Suppose then that,
after Australia was occupied, humanity had been wiped out by some cataclysm on all the
other continents. Although development within Australia would still have come to an end at
its boundaries, and although this would be at a level below that necessary for regular travel
to other continents, nevertheless it could be expected that, from time to time, reverse sea
voyages would have been made from Australia to Eurasia. These voyages of occasional ex-
plorers would be enough to re-seed the World Island, where development could then proceed
much further than it did in Australia, eventually leading to the world of today.

In a similar way, occasional space explorers could in future travel away from earth to
seed other parts of the solar system, or perhaps establish self-sustaining settlements in
earth orbit. Provided these new environments have an effective 4 that is greater than that
of earth, they could eventually reach a technological level sufficient to incorporate the
earth into a space-going civilization that it was unable to create on its own.

Conclusion

This paper is based on the works of Korotayev et al. (2006a, 2006b), which demonstrated
the power of compact macromodels of the world system. It has taken the work forward by
suggesting that the effect of literacy / human development on fertility is a specific mecha-
nism instantiating a more general limitation on demographic growth and technological
progress. The extended model adds just one variable, that of area, to the base variables of
the Korotayev et al. model, namely population and technology. It then proposes that a giv-
en technology requires a minimum population to support it, and, insofar as this minimum
tends to increase faster with technology growth than does the population that the technolo-
gy supports, this implies there is a maximum technological level and population size for a
given area within which growth is taking place. Area itself depends on technology because
technology affects transport and communication costs. If a population finds itself surrounded
by an environment — whether the ocean or interplanetary space — that it is unable to expand
into with its existing technology, it becomes trapped. This way of seeing things explains the
stagnation of ancient Australia and the emerging stagnation of the whole earth. It also ex-
plains the temporary slowing down of social evolution in various historical periods. Given
this background, it is calculated that the requirements for a meaningful level of space coloni-
zation are only just within the expected increase in human capacities before a stagnant equi-
librium is achieved some time in the next century. While it is therefore feasible that humani-
ty will avoid the fate of being trapped on earth through not having the critical mass necessary
to progress beyond it — instead escaping through a closing gap, like Indiana Jones slipping
under a falling portcullis in the cave of doom — this is by no means a certainty.

Some might well argue that these conclusions are wrong. Much contemporary dis-
course is based on an assumption that the earth is the only planet humanity will ever know.
Indeed, many people seem to think that space colonization is a science fiction concept on-
ly and cannot happen in reality — the unsuitability of the conditions for human life on other
planets is often cited (e.g., Bharmal 2018; Creighton 2018). Alternatively, there is an im-
pression that technological progress is unlimited and relies only on the accumulation of
human creativity.
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Against such objections, which are based more on supposition than any kind of theo-
retical or empirical support, certain points need to be made. First, the success of the Koro-
tayev et al. theory in explaining human population history since the Upper Palaeolithic
provides strong evidence that the relationship between population and technology is robust
and correct. Second, the extraordinary achievements of the human race in transition from
the stone axe to the iPhone, involving technologies that would seem magical to earlier
generations, show it is foolhardy to make claims about what can or cannot be achieved in
future, purely on the basis of current knowledge. Third, the example of Australia shows
that progress is not inevitable and, with the additional examples of Tasmania and the
Americas, that it is related to the size of the collected landmass. Fourth, the undisputable
slowing of world population growth provides strong evidence that humanity is coming up
against some limit imposed by the finite size of the earth, which implies a very real possi-
bility of permanent techno-demographic stagnation. In short, the question addressed by
this paper is non-trivial, and the theory used to resolve it is firmly rooted in evidence
drawn from some 30,000 years of human experience.
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