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Like Ray Kurweil, I think the Singularity will occur, and that this event poses an
existential threat and a great opportunity to civilization, humanity, and life on Earth. The
advent of machine intelligence must be compared to events like the mass extinctions of
geologic ages past, including the evolutionary ‘radiation’ that followed each such
extinction event, where whole new classes of living organisms arose suddenly, and often
filled newly vacant environmental niches. Seen from our human perspective, these mass
extinctions, followed by evolution of new classes of life forms, were good things, despite
the destruction of most of the previous species and the disruption of the biosphere.
Without the development of multi-cellular organisms, the colonization of the land, the
extinction of the dinosaurs, and other similar cataclysmic events, we wouldn’t be here.
But now that we are here, such an event would be a disaster, threatening our own
existence.

Similarly, without the development of machine intelligence, I cannot see how life on
Earth can avoid ultimate extinction, for the planet itself must eventually become
uninhabitable, due to the evolution of the Sun into a red giant, or to some other cosmic
development which will unavoidably destroy the biosphere. The only way of avoiding
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this fate is for life to leave the confines of Earth, and the only way I can see this
happening is through the agency of human beings. Human beings, with their
technological abilities, are the only species capable of leaving the Earth and carrying life
elsewhere. Since outside Earth’s thin, warm, wet biosphere, complex organic life cannot
exist unaided by technology, the continued existence of life and intelligence is dependent
on human beings using their technological skills to either create environments in space
where life can thrive, or alternatively, creating new forms of life that can thrive in the
existing space environment. The first approach is that outlined by Gerard K. O’Neill and
his fellow advocates of space colonization. The second approach is the creation of robots
or cyborgs that can live and thrive in space. These two approaches are not mutually
exclusive; indeed, the human colonization of space will be greatly facilitated by the
development of smart robots.

The development of Als is both necessary for the continuation of life in the universe, and
also a threat to existing life. So, how do we ensure things go our way? How do we ensure
that, after we build our robot companions, they don’t decide that we are troublesome
vermin that must be exterminated?

We won’t be able to outfight them, since they will be much more intelligent that us,
probably by orders of magnitude, and will of course be physically stronger and faster
than we are, especially outside the confines of Earth's biosphere. Nor will we be able to
outrun them by escaping into space, since they will be much better adapted to the space
environment than we are.

Since we will not be able to beat them, at least some of us must join them. That is, at least
some human beings must ‘upload’ their minds into robot ‘bodies’ so that some
representatives of our species can compete with the Als on a level playing field, where
our minds can grow in power as fast as the Al’s, and can exist inside robot bodies which
can function outside the very limited confines of human sustainable environments. Such
uploaded persons, who would act as guardians of the rest of humanity and of the
biosphere, would by origin be human and not ‘artificial’ intelligences, but would be able
to compete effectively against Als, should the need arise. They would represent human
values amongst the Als.

How can uploading be accomplished before the Singularity occurs? I can think of only
one technical path to uploading, which is to image the brain and animate that image in
silico, using neural simulation software. To do this will require three things: sufficiently
powerful computers, software to accurately model the behavior of neurons and neural
circuits, sensory and motor peripheral systems, and the ability to acquire detailed images
of brains. It is the last item, which I believe is not currently being developed, which I
present a path to in this paper.
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As many have pointed out, including Ray in The Singularity is Near, the development of
computers sufficiently powerful to model the operation of the human brain is proceeding
apace, and is being pushed by diverse forces, so that this element up uploading
technology needs no further support for its realization. Similarly, computational
neuroscientists are developing neural simulation software, for example Neuron 5.8 from
researchers at Yale University and the proprietary SNN (Spiking Neural Network)
software from Artificial Development, Inc. in San Francisco. Development of artificial
sense organs (seeing, hearing, touching, and chemical sensing) is widely reported in the
literature, and there is growing understanding of how animal brains process the raw
sensory data provided by natural sense organs. As Kurzweil points out, synthesis of these
technologies will result in the creation of human level (and above) autonomous Al robots,
within the next few decades. But these techniques do not allow uploading of individual
human minds, they only allow the creation of Als and robot bodies to act as their avatars
in the real world.

The detailed, physical structure of the brain is what encodes memory. Activation of
specific neural circuits corresponds to occurrence of specific thoughts. Coordinated firing
of neurons makes up the brain's information processing activities, which in aggregate
constitute the phenomenon we call mind. Mind is a non-physical pattern that is encoded
in the structure of the brain. Like a symphony, novel, a work of visual art or a software
program, the essence of a mind is not material in nature. The essence of a mind is not the
matter of the mind's brain, it is the pattern encoded in the structure of that brain.

Mind and matter are related specifically through the detailed structure of the network of
neurons that make up the brain. By structure, I don’t just mean the nanometer scale shape
of the neurons and their synaptic connections, but also the identity and distribution of
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chemical substances (such as neurotransmitter molecules) in and about the synapses, and
any other structural information needed to specify how the neurons will respond to
stimuli, including perhaps genetic and epigenetic information affecting the internal state
of the brain’s cells (i.e. which genes are active and which are inactive).

This structural information is in principle an observable data set. Acquisition of such a
data set for a particular brain, along with software that can model the activity of the
neurons described by the data set, can duplicate the information processing functionality
of the brain, if a suitably powerful computer is available to run the software, and if the
appropriate input/output (sensory/motor) channels are provided to the software. Brains
are physical systems, obeying the laws of physics, and so in principle can be modeled to
arbitrarily high accuracy by digital computers. Since the function of a brain is itself
information processing, such a software model can perform the function of the original
brain in its entirety.

Successful ‘uploading’ of a mind into software emulation in this way, in no way implies
that we understand #ow the mind so uploaded ‘actually works,” any more than being able
to copy a given piece of software means we understand how it works. The fact that you
can make a copy of your laptop’s operating system and use the copy to boot up another
computer doesn’t mean you understand how the operating system works. Uploading is
fundamentally a copying operation, not a synthetic or analytic operation. Uploading a
mind is not creating a new mind; one cannot create an Al this way. One can only
duplicate an existing mind and, once duplicated and animated, observe how that copy
begins to evolve into a new individual with an increasingly separate set of memories.

On a more practical note, while we cannot create Als by copying existing minds, there
may be economic value in ‘harvesting’ the algorithms present in brains that nature has
evolved over 600 million years of animal evolution. Reverse engineering from nature is a
tried and true method in the technical arts.

The missing element for development of successful uploading technology is the ability to
capture a sufficiently detailed, 3-dimensional image of a brain, so that the brain’s
structure, which must encode the software of that brain’s mind, can be acquired and
saved in digital form.

The Initial Goal

The technologies needed to demonstrate uploading either exist or can be realized now.
These technologies can be combined to demonstrate uploading of a simple animal into a
computer. The behavior of this virtual uploaded animal, moving about in a virtual reality
environment, can then be compared to the behavior of the original animal moving in a
corresponding real environment.
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The proposed project will demonstrate:

1) A whole, simple multi-cellular organism, with a separate nervous system that
can learn and remember, can survive cryopreservation and reanimation.

2) The above organism, while in the immobile, cryopreserved state, can be
imaged and uploaded into a virtual reality environment, where its mind and
behavior can animated in emulation and compared with the behavior of the
original organism, living and moving in the real world.

Further Development

Following this initial demonstration, techniques to cryopreserve and upload the brains of
more complex organisms (e.g. fruit flies, mice, et cetera) can be developed, as
cryopreservation, imaging and computing technology grows in power. This technology
can be used to “harvest” the mind-software resident in biological brains, which will likely
be useful for building intelligent machines.

Platform for developing Reanimation techniques

The experimental methods developed and used to demonstrate this technology, may also
contribute to improving current methods of cryopreservation and may also be used as a
model system to begin studies of reanimation techniques.

The technology to freeze, image and thaw biological specimens for this project is
described in two US patent applications: US20070227719 and US20070231787.

Proposed Experiment and Animal Model System

The proposed experiment is to vitrify, image, and reanimate a specimen of the planarian
flatworm, Dugesia tigrina. This animal has about 1,000,000 cells, organized in a 3-layer
body approximately 6 millimeters (mm) long by 2 mm wide by 170 microns thick. The
planarian has a single ended digestive system and a nervous system consisting of
approximately 100,000 neurons connecting sensory and muscle cells, including two light-
sensitive eyespots. Ganglia in the animal’s nervous system together act as a simple brain.
Planaria have been used as model animals in studies of learning, since they can be taught
to run simple mazes and so can be shown to learn and remember behaviors.

Vitrification and Cryopreservation

The same technology routinely used by electron microscopists as the first step in their
biological sample preparation protocols can be used to vitrify the planaria. Vitrification is
achieved by pressurizing the sample (suspended in water) to a pressure of approximately
2100 atmospheres, and while pressurized, rapidly cooling it to liquid nitrogen
temperature. The combination of pressure and rapid cooling results in solidification of
water into a vitreous solid, preserving the nanometer scale structure of the sample, which
is what electron microscopists are interested in imaging. This vitrification technique was
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used to successfully cryopreserve viable rat brain slices, demonstrating that it does not
kill the sample.

The images below show the results of freezing and thawing under various conditions.
Cells stained green are alive. Cells stained red are dead.

1024x1024 pixels 650um x 650um 40X objective

Control tissue sample - living: Neither pressurized nor frozen
Rat brain kept in ice cold bicarbonated Hextend for fifteen minutes, then cut into
200pum thick slices, then stained with Molecular Probes 1.-3224 live/dead stain, and
imaged with Zeiss Meta 510 Confocal Laser Scanning Microscope.
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1024x1024 pixels 650um x 650pum 40X objective

Dead brain tissue: Slowly frozen and thawed while pressurized
Rat Brain kept in ice cold bicarbonated Hextend, then pressurized to 2177atm,
frozen to -196°C over five minutes, held at this temperature and pressure for five
minutes, then thawed over fifteen minutes while held at 2177atm pressure, then
depressurized, cut into 200um thick slices, stained with Molecular Probes L-3224
live/dead stain, and imaged with Zeiss Meta 510 Confocal LSM.
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460um x 460um 512x512 pixels 20X objective

Living brain tissue: Frozen quickly at 2100 atm pressure then thawed at 1 atm
Rat Brain cut into 200um thick slices, then soaked in ice cold bicarbonated Hextend
+20% glycerol, then rapidly frozen under 2100atm pressure to -196°C in Bal-Tec
HPM-010 machine, then thawed at 1 atm pressure by immersion in Hextend at 20°C,
stained with Molecular Probes L.-3224 live/dead stain, and imaged with Zeiss Meta
510 Confocal Laser Scanning Microscope.

The images above show that brain tissue frozen in the manner used by electron
microscopists, using the available high pressure freezing machines, is still alive after it is
rewarmed to room temperature. Exposure to pressure of 2177 atmospheres does not kill
the brain tissue. However, its structure is damaged (note the black cavities in the living
tissue). This damage is caused by the brief formation and melting of ice crystals during
rewarming at normal atmospheric pressure, which would not occur if the sample was
rewarmed at high pressure.
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In the proposed experiment, the high-pressure vitrification of the planarian model animal
will be done in a cryogenic diamond anvil cell (CDAC) designed and built specifically
for this project. Uniquely, the CDAC will be able not only to cool and vitrify the sample,
but also warm and reanimate it, which existing machines cannot do. Existing high
pressure freezing machines cannot rewarm their samples, because they are used by
electron microscopists to prepare their samples, and such samples never need to be
rewarmed.

After vitrification, in the cryogenic state, the planarian will be whole and immobile,
locked in a transparent disk of solid, vitreous water suspended in the hole of a washer-
shaped sealing gasket made of copper. If kept at cryogenic temperatures (-196°C), the
sample need not be held under high pressure to stay in the vitreous state. The sample is
metastable and can be stored at normal pressure, provided it is kept at cryogenic
temperatures.

Acquisition of the Image Data Set

In this immobile, cryogenic state, the entire animal will be imaged with 10 nm spatial
resolution. This imaging will be realized via the newly developed technique of optical
microscopy called Structured Light Microscopy (SLM). SLM achieves super-resolution,
beyond the classical diffraction limit of about 150 nm, by combining non-linear optical
response in the sample with intense digital image processing, combining dozens or even
hundreds of images of the sample into one, super-high resolution 3D image of the
sample. Imaging will be performed on an optical fluorescence microscope set up with a
cryogenic stage, an SLM illumination source, and an electronic imaging system (e.g. a
camera with a CCD imager).

Acquisition of this image data set takes a long time, and is only possible because the
sample being imaged is immobile in its cryogenic state. In the cryogenic state, the
imaging process can take arbitrarily long periods of time, which is necessary to pass large
numbers of photons through the sample, which in turn is required by the existence of the
photon noise limit. Photon noise is the fundamental physical phenomenon, which
ultimately limits the resolution of any well constructed imaging system.

Reanimation

Rewarming the planrian from the vitreous cryogenic state under pressure, in reverse time
sequence of the vitrification process, will reanimate it. This rewarming method avoids the
temporary formation of ice crystals during rewarming, and so preserves the structure and
viability of the sample.

Reanimation will demonstrate successful cryopreservation and reanimation of a
complete, macroscopic organism. If the planarian remembers how to run a maze, this will
further demonstrate that cryopreservation and reanimation preserves the memories and
information processing abilities of a complex nervous system. This is the essence of the
cryonics thesis.
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Further Work

Success in the experiment above (vitrification and reanimation) will demonstrate the
validity of the basic idea of cryonics: That a nervous system can be cryogenically
preserved and reanimated, without wiping its memory or programming, and while
preserving is functional integrity.

Further work can develop the capability to animate the super-resolution image acquired
in the vitreous state, and so demonstrate the ability to upload a particular nervous system.

The technology to image and upload brains/minds also can be used to “harvest” the
software resident in animal brains, which evolution has spent 600 million years
developing and repeatedly beta testing in the harsh environment of the real world. Instead
of trying to reverse engineer and reinvent the algorithms that animals use to sense and
navigate through their environments, software engineers working to develop Al systems
can copy them directly and run them in emulation. This may have significant economic
value.

Spinoff: Storing and Transporting Cryopreserved Living Cells and Tissues

Development of the technology described above can have economically important
application outside of neuroscience and Al. Revenue from this outside application can
support further development of the uploading technology.

We are entering the era of Regenerative Medicine, in which the therapeutic agents are
living cells and structures made of living cells. Creation of stem and progenitor cells for
therapeutic use is well underway, and several companies have already created the
technologies needed to “bioprint” structures out of living cells.

However, widespread use of cells, tissues and bioprinted structures presents a logistical
problem: How does one store them long term (for more than a few days) in the viable
state? Cryopreservation, specifically vitrification via high pressure freezing, can solve
this problem, and in doing so create and serve a potentially multi-billion dollar market for
the storage and transport of cultures of stem and progenitor cells, bioprinted tissue slices,
synthetic “organs on a chip” for use in pharmaceutical testing, and biochips used as
Sensors.

Creation of a system to cryopreserve tissue slices based on rapid, high pressure freezing
and thawing of said slices, and subsequent licensing of this system to a pharmaceutical
partner for manufacturing, sales and distribution, may be a significant source of revenue.
To see this, examine the markets for bioprinted products, as described in the 2010 paper
by Sheehan et alia.
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The initial markets to be served are cryopreservation, storage and reanimation of:

a) Colonies of bioprinted “synthetic organs” grown and used in vitro for

pharmaceutical and cosmetic testing;

b) Bioprinted tissue slices for use in surgery and to be used to assemble 3D

organs; and

¢) Biochips (structures of cells grown on electronic chips) used as sensors and

diagnostic tools.

We analyze here only the first two markets. From the graph in Sheehan's paper:

The current market for regenerative medicine products is $1.57 billion per year. For the
market segments above, the following is projected:

a) For bioprinted tissue slices, $1.5 billion by 2030 and $26 billion by 2040; and
b) For bioprinted in vitro assays $9 billion per year by 2030 and $13.3 billion by
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Thirty-year outlook for bioprinting technology. Our market segments’ sizes total
$10.5 billion per year in 2030 and $39.3 billion per year in 2040.

The High Pressure Freezing (HPF) machine, in its market-ready form, will be a machine,
or pair of machines, that cryopreserve and reanimate economically important biological
samples with push-button control, solving the logistical problem of how to store and
transport medically important cell structures.

Summary

We can build and demonstrate the technology necessary to cryopreserve, image and
reanimate a simple, macroscopic animal, and load the resulting image into a computer
and animate it in virtual reality. The effort to do this can, as a spinoff, create
economically valuable technology that could support the development and maturation of
uploading.
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Once the software and other aspects of the technology have been independently brought
to a sufficiently mature stage of development (after being successfully tried on a series of
increasingly complex animal models), uploading will be ready for use on humans.

In this way, a person could change bodies, whether in the real world or in virtual reality,
like a person gets in and out of their clothes today. Your body would be your avatar in
every sense of the word.

You could also transport yourself as bits on a beam of light, to any place with a suitable
receiver and avatar. Interstellar travel would be realized. Anywhere you could see, there
you could be.
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