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How Neuronanotechnology Will Lead to Melding of Mind 

and Machine  

Ray Kurzweil  

This article was adapted from a lecture given by Ray Kurzweil at Terasem's 
2nd   Annual Workshop on Geoethical Nanotechnology on July 20, 2006 in 

Lincoln, VT.   

Entrepreneur, au thor, futurist and producer, Ray Kurzweil, deftly explains a 

path to understanding the basic principles of human and artificial 
intelligence, and reverse engineering of the brain in attempting to copy 

intelligently biological subsystems and brain uploading .  

Brain uploading is a complex issue because it 

comes after some of the other developments. I 

very often talk about GNR: genetics, 

nanotechnology and robotics.  G is Genetics -  

basically reverse engineering biology and 

reprogramming. N is Nanotechnology -  basically 

bringing massively parallel self organizing 

programmability to matter and energy.  R is 

robotics, which really stands for general 

artificial intelligence, so -called strong AI.   This 

is AI at the human level, which I pointed out 

earlier, would not be necessarily beyond 

human levels, because it would combine the 

strengths of human and machine intelligence.   

Anytime you use Google, or in many other 

examples, the advantages of machine 

intelligence are evident.   But brain uploading 

goes beyond that.  

Image 1   

              

GNR will unfold in that order. We are now in 
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the golden age of reprogramming biology. 

Nanotechnology is not at that level yet of 

programming, althoug h I will point out many 

examples of being able to build complex 

systems at the molecular level that are 

performing complex functions already. And in 

robotics -artificial intelligence -  we have many 

impressive examples of narrow AI. [ 1] The 

narrowness will gradually give yield to general 

intelligence, [ 2] but thatôs further off. 

And brain uploading is even more daunting.  

We could create an intelligent entity, one thatôs 

convincing at the human level, which is a very 

broad span of abilities and a broad array of 

capabilities.   

 Consider 

human 

musical 

intelligence:   

on one end 

itôs a guy 

whistling, the 

other end could be Moz art or Beethoven.   

Thereôs a very broad range of human 

intelligence in each area. So for an entity to 

pass the Turing Test, [ 3] itôs a very fuzzy 

horizon.   Brain uploading is recreating a 

specific person; I think itôs a much more 

demanding capability.  

You could in theory say, well, we donôt have to 

understand how general intelligence works, we 

could just methodically copy each of the 

structures and the final entity would then 

preserve th e capabilities of the original even 

though we have no overall idea of how that 

system works.  

I think thatôs very unrealistic.  You have to 

understand what the salient features are that 

weôre copying of an individual, because itôs not 

feasible to recreate a n individual at the atomic 

level.   You would have to understand which 

issues are important and what weôre looking 

for.   The thing that weôre going to have to 

understand is the basic principles of human 

intelligence to do brain uploading.   But if I 

have gen eral AI -  human level AI -  in 2029, I 

have brain uploading not until the 2040ôs, 

although I do believe it will be feasible.  

 

Image 2: Reader [ 4 ]  

I want to start by demonstrating my recent 

invention to make a few points about the 

invention and how this fits into my own 

thinking. This is a pocket sized reading 

machine for the blind.  As previo usly 

mentioned, Iôve been in this field for 33 years; 

I started in 1973.    In 1976 I introduced the 

first print - to -speech reading machine for the 

blind which had three new technologies of 

omnifont OCR (optical character recognition), 

text - to -speech synthe sis, and the first flat -bed 

scanner. OCR was able to intelligently deal 

with patterns it had never seen before. You 

could present a whole different type style, 

which could be quite different than anything 

itôd seen before and it would be able to 

intelligen tly deal with it and recognize letters.    

Itôs the same as what you would do if you see 

a capital A youôve never seen before, because 

it was looking for the actual geometric features 

that a capital A has. A has a concave region 

facing south, it has a trian gular shaped loop 

portion, it has certain connections, and even if 

the letters were serifed and so on it could 

intelligently figure that out. It could 

intelligently separate letters if theyôre touching 

ñthe thing that weôre 
going to have to 
understand is the basic 
principles of human 
intelligence to do brain 

uploading.ò 

http://www.terasemjournals.org/gn0204/rk1.html#1
http://www.terasemjournals.org/gn0204/rk1.html#2
http://www.terasemjournals.org/gn0204/rk1.html#3
http://www.terasemjournals.org/gn0204/rk1.html#4
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one another, or if a piece of the letter was 

broken of f it could reattach it.  

If all the AI systems in the world suddenly 

stopped functioning, our economic 

infrastructure would grind to a halt. Your bank 

would cease doing business.   Most 

transportation would be crippled.   Most 

communications would be crippled .  This was 

the not the case a decade ago.   Of course, our 

AI systems are not smart enough ðyet --  to 

organize such a conspiracy. Strong AI.   If you 

understand something in only one way, then 

you really donôt understand it at all.  This is 

because if somethi ng goes wrong, you get 

stuck with a thought that just sits in your mind 

with nowhere to go.    

The reading machine is a good example of the 

Law of Accelerating Returns. It is a thousand 

times smaller and lighter than the original 

reading machine, and a lot less expensive. The 

computer is thousands of times more powerful 

in terms of speed and capacity, and depending 

on how you measure this stuff, itôs thousands 

of times more capable.  

Itôs also a good 

application of 

applying 

technology 

trends.   I got 

involved  in 

modeling trends of technology 30 years ago 

because I realized that the key to success as 

an inventor is being able to model and 

anticipate technology trends, or basically 

timing.    

We get a lot of business plans, and we fund 

some projects and do some m entoring. I think 

95% of those groups would do exactly what 

they say if given the funding, and 95% of 

those projects would fail because the timing is 

wrong: not all the enabling factors are in place 

when theyôre needed. 

So I began to be an ardent student o f 

technology trends. Being an engineer I 

gathered a lot of data and built some 

mathematical models.  I now have a team of 

ten people that collect data in different areas. 

We built models of technology in different 

areas in information technology, not anyth ing 

else.  

Each industry goes through pre and post 

information eras.  An interesting field thatôs 

now transforming from a pre - information era 

to a post one is biology.   Biology used to be hit 

or miss. Weôd find something out, for example, 

ñhereôs something that lowers blood pressure, 

we donôt know why this works but it seems to 

work.ò 

Weôve automated that drug discovery process 

now, but I think 99 percent of the drugs on the 

market today were created with no clear model 

of these biological processes. Most dr ug 

development now is rational drug design.   This 

term has been out for a while but it is only 

recently that we have had the tools and 

genetic knowledge to do it. The Human 

Genome Project [ 5] has been completed since 

1993.  

 

Image 3: DNA Sequencing Cost  

              

And really, weôre in the early stages of this, of 

reprogramming biology.  RNA interferen ce can 

turn genes off: we can send little pieces of RNA 

http://www.terasemjournals.org/gn0204/rk1.html#5
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that block the messenger RNA expressing the 

gene.  

There are new forms of gene therapy.   Gene 

therapyôs been around for a long time but 

there are new techniques that can put the 

genetic information in  the right place, at the 

right time. United Therapeutics [ 6] has an 

interesting technology that takes the cell in 

vitro, modifies it in vitro, and then you can 

inspect it and make sure t hat it got done 

correctly.   Then you replicate the cell, re - inject 

those millions of cells back into the organism 

and they work their way into the right tissues, 

which in this case are the lungs, and itôs cured 

pulmonary hypertension -  a fatal disease. 

Theyôve done that in animal models. Itôs now 

going into human trials.  

So there are many examples of being able to 

reprogram these information processes in 

biology.   You can turn enzymes on and off via 

the expressions of genes. Pfizerôs Torcetrapib 

[ 7] turns off one specific enzyme at one 

specific stage in the development of 

arteriosclerosis, and the phase 2 trials showed 

it was very effective. Theyôll be spending a 

record $1 billion in phase  3 trials, and there 

are thousands of developments like this.  

And any one of them is unpredictable to 

address. But the overall impacts of these 

technologies are remarkably predictable, 

really.    Iôve been making predictions going 

forward, Iôm not just looking at this data and 

over - feeding to back data, for a quarter 

century.  

  

 

Image 4: "The Age of Intelligent Machines"  

The first book I wrote, The Age of Intelligent 

Machi nes  [ 8], written twenty years ago in the 

1980ôs, had hundreds of predictions about  the 

1990ôs and early 2000ôs,  based on these 

models, which are quite accurate, and Iôm not 

embarrassed  about any of them. Some were a 

few years off. I was generally overly 

conservative because some outlier -  like 

Novamente [ 9] -  makes some breakthrough 

and things happened a little bit more  quickly, 

thatôs what happens. 

 

Image 5  

In the mid -80ôs I predicted the emergence of a 

worldwide communication network because I 

saw the ARPANET [ 10 ] doubling every year.   It 

was 10,000 nodes going to 20,000 nodes, and 

it wasnôt on anybodyôs radar map.  But 

doubling every year is multiplying by a 

thousand in ten years, so I figured in the mid -

1990ôs it would be ten million going to twenty 

million and then forty to eighty million -  it 

would be a worldwide phenomenon, and that is 

what we saw.   I predicted that for 1995 or 

1996, and it happened in 1993 to 1994, and 

that progression was very predictable.    

The genome project was controversial when it 

was announced. It was not a mainstream 

project. Mainstream scientists said back in 

1989, when weôd collected one-ten -

thousandths of the genome, how are you going 

to do the whole thing in 15 years?   And the 

skepti cs were going strong, seven and a half 

http://www.terasemjournals.org/gn0204/rk2.html#1
http://www.terasemjournals.org/gn0204/rk2.html#2
http://www.terasemjournals.org/gn0204/rk2.html#3
http://www.terasemjournals.org/gn0204/rk2.html#4
http://www.terasemjournals.org/gn0204/rk2.html#5
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years later, halfway through the 15 year 

project, saying ñI told you this wasnôt going to 

work, and here you are seven and a half years 

into your 15 year project and youôve finished 

one percent of the project.ò   

But if you double one percent seven more 

times you get 100 percent and that is exactly 

what happened.   And that has continued since 

that time.   If you apply this to other types of 

data, to the Proteome Project [ 11 ] and so on, 

youôll see the same kind of exponential 

progression. When you can measure the 

information content of a process, we find these 

very smooth exponential progressions.  We 

find a doubling time of 11, 12, 13 months, 

depending  on what youôre measuring.   

The same thingôs true with the brain.  Spatial 

resolution 

for 3D 

volume 

brain 

scanning is 

doubling every year. The amount of data weôre 

collecting on the brain is doubling every year. 

Weôre also showing that we can turn this data 

into working simulations.  

Let me quickly go through a few dozen 

examples of just how pervasive and 

predictable these exponential trends are and 

how we can use them to make useful 

predictions.    Exponential growth is seductive 

and surprising.   Itôs smooth, there are no 

discontinuities.  I sometimes refer to the óknee 

of the curve.ô Itôs been pointed out that 

exponential doesnôt have a knee of the curve 

as itôs mathematically identical.  But it does 

make a difference in terms of its impact 

whether youôre doubling a thousand nodes on 

the ARPANET or 100 million nodes on the 

internet, if it gets to a point where it has real 

traction and makes a dramatic difference, and 

Iôll show you many examples of that. 

 

Image 6: Linear vs. Exponential Growth  

I have a whole theory as to why that is the 

case. In fact, the paradigm shift rate is 

doubling ever year: the rate of technical 

progress is itself not a constant.  

I was at the 50th a nniversary of the discovery 

of DNA and all of us speakers were asked, 

òWell, what will the next 50 years bring?ò  And 

every speaker there, except for Bill Joy and 

myself, used the last couple of years as a 

model for the next 50 years, and came up with 

very  tame predictions. I think you could have 

asked them about 500 years and you would 

have gotten the same predictions.  

Watson [ 12] said in 50 years weôll have drugs 

that enable you to eat as much as you want 

and remain slim.   And I said, ñJim, weôve done 

that in animals by using RNA interference to 

block the fat insulin receptor gene in the fat 

cells.ò 

These animals ate ravenously and remained 

slim and it wasnôt a fake slimness. They got 

th e benefit of caloric restriction without the 

restriction, they didnôt get heart disease, they 

didnôt get diabetes, and they lived 20 percent 

longer.  

ñThe amount of data 
weôre collecting on the 
brain is doubling every 
year.ò 

http://www.terasemjournals.org/gn0204/rk2.html#6
http://www.terasemjournals.org/gn0204/rk2.html#7
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There are a number of pharmaceutical 

companies rushing to bring fat insulin receptor 

gene inhibitors to the  human market; weôll 

have that in five to ten years (it would be even 

less if it wasnôt for the FDA) and not 50 years. 

We are doubling the paradigm shift rate every 

decade.   That means the next 50 years will 

have 32 times, approximately, the number of 

para digm shifts weôve seen in the last 50 

years.  

These are all log charts.   As you go up a chart 

it represents multiplying some key feature, 

some key measurements, by factors of ten.    A 

straight line on a log chart is exponential 

growth.  

 

Image 7: Growth of U.S. Phone Industry   

Telephones took 50 years to be adopted by a 

mass audience, a quarter of the U.S. 

population.   Cell phones did that in seven 

years. These early commun ication 

technologies -  telephone, radio, and television -  

took decades to be adopted.   The cell phone, 

the PC, the Web, is measured in a few years 

time, and that acceleration has continued. 

Search engines were not used five or six years 

ago; the word blog wa snôt used three years 

ago; ósocial networkô wasnôt used two years 

ago. The pace of the paradigm shift continues 

to accelerate.  

 

Image 8: Mass Use of Inventions  

I have a  whole theory, which I donôt want to 

spend a lot of time on, that an evolutionary 

process inherently accelerates because it 

basically creates a capability and uses that 

capability to evolve the next stage. You can 

even see that when we simulate evolution i n 

genetic algorithms on the computer.    

This is a double log chart; with the number of 

years ago that this event took place on the X 

axis, and how long the paradigm shift took to 

take place until the next paradigm shift on the 

Y axis.  

 

Image 9: Canonical Milestones  

The evolution of an information backbone to 

biology, DNA, took billions of years, although 

actually RNA came first.   And then evolution 
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used DNA to evolve the next stage.  It now 

had an information backbone which itôs used 

ever since, so the Cambrian explosion, when 

all the body plans of all the animals were 

evolved, took place 100 times faster, in 10 or 

20 million years.  

And then those body plans became a matur e 

technology and evolution concentrated on 

higher cognitive functions and that only took 

millions of years.   And then Homo sapiens 

evolved in only a few hundred thousand years.  

There are only three simple but giant changes 

that distinguish us from our prim ate ancestors, 

involving only a few tens of thousand of bytes 

of information. One was a larger skull, at the 

expense of a weaker jaw, so donôt get into a 

biting contest with another primate.   Another is 

our cerebral cortex so we can do ñwhat ifò 

experiment s in our mind, abstract reasoning, 

such as if I took that stone and that stick and 

tie them together with that twine, I can 

actually extend the leverage of my arm.  

And then we have opposable appendages that 

work so we could carry out these ñwhat ifò 

experi ments and change the environment.   It 

looked like a chimpanzee hand. That is similar 

but the pivot is down one inch, and basically it 

just doesnôt work very well.  They donôt have a 

power grip, they donôt have a fine motor 

coordination, and theyôre pretty clumsy if you 

watch them.  

So we could effectively change the 

environment and create tools, and the first 

stage of that was a little bit faster. We took 

tens of thousands of years for fire, wheels, 

stone tools, but then we always use the latest 

generation o f tools to create the next set of 

tools and so technology evolution has 

accelerated. And from the straight line on this 

logarithmic graph, technology evolution is 

emerging smoothly out of biological evolution.   

If we put this on a linear scale it looks lik e 

everything has just happened.    

 

Image 10: Paradigm Shifts  

Now some people said Kurzweil would only put 

points on this graph if they fit on a straight 

line. To addres s that I took 14 different lists 

from 14 different thinkers -  Encyclopedia 

Britannica, American Museum of Natural 

History, Carl Saganôs cosmic calendar, a dozen 

other lists. There can be disagreement 

between the lists: some people think the 

Cambrian explosi on took 25 million years, 

some people include the ARPANET with the 

Internet, and there is disagreement when 

language started.  

Therefore thereôs some spreading of the 

points.   But thereôs a clear trend line, and clear 

acceleration.   Nobody thinks the Intern et took 

a million years to evolve, nobody thinks the 

Cambrian explosion happened in ten years.   A 

billion years ago not much happened in a 

million years.  

Thereôs a clear acceleration in this evolutionary 

process.   And itôs to the point now where itôs 

very fast, and will continue to accelerate.  
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Image 11 : Linear vs. Exponential 

Growth   

If you compare an exponential to a linear 

progression, they look the same for a few 

yea rs.   Even if you go to the steep part of the 

exponential and take a small piece of it, it 

looks like a straight line.   A straight line is a 

good approximation of an exponential for a 

short period of time. Itôs a very bad 

approximation for a long period of time.  

And I think we are hardwired to think in linear 

terms.   Iôve had countless debates with 

scientists who take a lineal progression.  For 

example, one was with a neuroscientist who 

had spent 18 months modeling one ion 

channel.  Heôs adding up all the other similar 

nonlinearities in other ion channels and said it 

would be 100 years.  

Heôs assuming that itôs going to take 18 

months for every ion channel and every 

nonlinearity that 50 years from now thereôs 

going to be no progress to computers, to 

scanners, or the ability to model these types of 

phenomena. Heôs basically thinking in linear 

terms.  

The ongoing exponential is made up of a series 

of S -curves. People say exponential growth 

canôt go on forever. Rabbits in Australia ate up 

all the foliage and then t he exponential growth 

stops.   And thatôs true, any specific paradigm 

stops when it reaches the limit of that 

paradigm to provide exponential growth.  

 

Image 12: Growth i n Supercomputer Power  

What we find in information technology is it 

leads to research pressure that creates the 

next paradigm. Iôll show you in a moment how 

this happened five times in computers.  

People say there must be some ultimate limit 

of matter and en ergy, based on what we know 

about physics, to support computation and 

communication, and yes, there are. In Chapter 

3 I talk about that.   There are ultimate limits 

but theyôre not very limited.  One cubic inch of 

nanotube circuitry would be 100 billion tim es 

more powerful than the estimate that I used 

for simulating the several hundred regions of 

the human brain, and thatôs not even the 

ultimate limit.  

So, there are limits but theyôre not very 

limiting and we will be able to continue the 

double exponential growth in computation well 

into this century.  

Information technology doubles its power, in 

terms of price performance, capacity, and 

bandwidth, every year. When I was at MIT in 

ô67 an eleven million dollar computer took up 

about five times the size of this  room. It was 

shared by thousands of students and was 
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about one thousand times less powerful than 

the computer in your cell phone today.  

 

Image 13: Computer Power/Cost  

If we look at this chart of over a century of 

computing, the data processing equipment 

used in the 1890 census is in the lower left 

hand corner. Then relays were used to crack 

the German Enigma code.  Thereôs a lot of 

interesting literature about how the E nglish 

had to either ignore that information or 

convince the Germans that they didnôt get it 

through breaking the code but got it from 

some other way  

But they used it without reservation in the 

Battle of Britain. It enabled the outnumbered 

RAF to win that battle.   In the ô50s, they were 

using vacuum tube based computers. CBS 

predicted the election of Eisenhower, the first 

time the networks did that.  

They were shrinking vacuums every year, 

making them smaller and smaller to keep the 

exponential growth going,  and finally, that hit 

a wall, and that was the end of the shrinking of 

vacuum tubes.   It was not the end of 

exponential growth of computing. We then 

went on to transistors, which are not small 

tubes; itôs a whole different approach.  Then 

weôve had several decades of integrated 

circuits and Mooreôs Law [13], which basically 

states that the size of transistors on an 

integrated circuit is shrinking. You can put 

twice as many in every two y ears, and they 

run faster.  

 

Image 14: Moore's Law   

And the end of Mooreôs law has been predicted 

for some time; the first predictions were for 

2002. Predictions now are  for 2022. Thereôs an 

ITRS roadmap, itôs a thick document thatôs 

existed for years in the semiconductor industry 

with tremendous detail of every aspect of 

every kind of chip, going out fifteen to twenty 

years in the future; it runs now to 2020. By 

that tim e chips will have four nanometer 

features, twenty carbon atoms, and this has 

been followed very rigorously for several 

decades. But by that time, conventional two 

dimensional chips will be able to establish 

enough computation to simulate all regions of 

the  brain, and Iôll get to that in a moment, for 

one thousand dollars, based on conventional 

chips.  

If you speak to Intel engineers, theyôre quite 

confident of the sixth paradigm, which is three 

dimensional molecular computing. We live in a 

three dimensional world, we might as well use 

the third dimension.  

http://www.terasemjournals.org/gn0204/rk3.html#1
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Itôs very much a mainstream view today.  In 

my last book, The Age of Spiritual Machines, 

which came out in ô99 that was a controversial 

notion.   But thereôs been enough progress on 

nanotube circuits and othe r types of molecular 

circuits, so that it is very much a mainstream 

view. In fact, thereôs a nanotube based circuit 

due to hit the market next year.  

 

Image 15: Evolutio n of Computer Power/Cost  

These are Hans Moravecôs [14 ] computers, 

these are different computers than are on the 

previous chart, but itôs the same progression. 

Supercomputers are marching along and will 

hit ten to the sixteenth, which is the amount of 

comp utation required to do functional 

simulation of all regions of the brain, and I 

have four different derivations of that.  The 

estimates range from ten to the fourteenth to 

ten to the sixteenth -  I use the latter.    

Image 16: Exponential Growth of Computing   

And, again, these predictions end up being 

conservative. Six weeks after the book came 

out Japan announced two new supercomputer 

projects to hit that computation level  in 2010. 

And I donôt want to dwell on these examples of 

Mooreôs law, but look at this chart. This is the 

price of a transistor. When I was in high 

school, I could buy a device this big, a relay 

with support circuitry, equivalent to one 

transistor, but one  thousand times slower, for 

forty dollars. And I could buy a whole fast 

transistor for only one dollar in 1968.   We 

could get ten million in 2002 and get 100 

million today.  

 

Image 17: Average Transistor Price   

Weôve all heard these very dramatic 

comparisons, but what I think is interesting, 

and noteworthy, is how smooth this curve is 
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and how predictable.   You think that this would 

be a very jagged curve.   This is the 

measurement of millions of peopleôs activity in 

thousands of companies in dozens of countries, 

with wars and recessions and IPOôs and 

accusations of one country dumping products 

on another.  

 

Image 18: Processor Performance   

All this unpredictable human behavior and yet 

you get this very smooth progression: it looks 

like the outputs of some table top experiment.  

You might wonder how can that be, if specific 

projects like Mic rosoft and Novamente, (well, 

Novamente, weôre very confident of its 

success) are unpredictable. How can the 

overall impact of information technology have 

such predictable impact?  

              

We see other examples. Thermodynamics [ 15 ] 

was mentioned earlie r, where the path of each 

particle is completely unpredictable, it follows a 

random walk. In fact thatôs built into the 

derivation of the formulas of thermodynamics.  

But the overall system of a gas made up of a 

large number of dynamic, chaotically 

interact ing random particles is very 

predictable, to a very high degree of precision 

according to the laws of thermodynamics.  

You have a large complex system, and 

thermodynamics is the first one to be 

introduced in science.   The overall impact can 

be very predicta ble despite the fact each 

element is chaotic and random.   We can use 

that principle in building intelligent systems by 

having and simulating a lot of processes that 

are simple and chaotic and unpredictable at 

the levels of each process. They interact in a 

dynamic system and create a self -organizing 

process that shows emergent intelligence.  

Thatôs how a lot of these pattern recognition 

systems work, and thereôs a system like that in 

that device there.  

  

 

Image 19: Microprocessor Cost  

As transistors have gotten smaller, theyôve 

gotten faster, pretty smoothly. The cost of a 

transistor cycle has come down by half, every 

1.1 years. If you add all the other forms of 

innovatio n-  pipe lining, data caching, 

electronics -  it brings it down to one year.  

Weôre doubling price performance in 

electronics, every year, going back decades. 

Thatôs 50 percent deflation.  It turns out thatôs 

also true of lots of other types of information 

pro cesses, whether you talking about genomic 

data, proteomic data, brain data, databases of 

all kinds, all kinds of hardware: 50 percent 

deflation.  
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The economists, depending on what week it is, 

will worry about inflation or deflation. 

Bernanke [ 16 ] and the Fe d are back on 

inflation.  Theyôll say deflationôs bad too, 

although nominally itôs a good thing if you buy 

the same stuff a year later for half the money.    

Theyôll say as information technology 

ultimately becomes the majority of the 

economy, which accordi ng to my projection it 

will in the 2020ôs, itôs going to lead to shrinking 

the economy, because people will increase 

their consumption but theyôre not going to 

really double their consumption every year, 

year after year.   Theyôll increase it some, but 

the overall economy as it has to do with 

information technology will shrink in dollars 

and thatôs a bad thing. 

Thatôs not what we see.  We see people more 

than double their consumption.   Thereôs been 

18 percent growth in constant dollars every 

year for the las t 45 years in information 

technology of every kind despite the fact that 

you can buy twice as much capability each 

year for the same amount of money. And the 

reason for that is as price performance reaches 

certain capabilities at certain levels whole new 

applications just explode.   People didnôt buy 

iPods for $10,000 fifteen years ago, which is 

what it would have cost. People didnôt buy 

thousand dollar genomes, which is what it will 

cost pretty soon.  

 

Image 20   

As new applications open up, they explode on 

the horizon and this is the only thing that is 

growing, that is fueling economic growth. The 

reason that economic growth is increasing is 

because more of the economy is shifting to this 

information economy which has 18 percent 

growth versus a non - information economy 

which has negative growth.  

Image 21  

Magnetic data storage: I just put  that up 

because it has different engineers and different 

companies but the same expediential 

progression.  Weôve mentioned biotechnology: 

 sequencing costs were $10 per base pair in 

1990, itôs a penny today. This slope on this log 

graph represents a doubl ing of genetic data 

every year.  

And we see this in many other examples of 

biology.   Weôre also gaining means to 

reprogram these biological processes and that 

will lead to a profound revolution in our ability 

to reprogram biological processes away from 

thin gs like disease, cancer, heart disease; and 

away from aging processes which are 

themselves information processes which weôre 

beginning to understand. I talk about that in 

another book, Fantastic Voyage . [ 17 ]  

Communication technology: we wonôt dwell on 

this but we see the same progression. Hereôs 

that graph of the Internet. I had a little piece 

about this in the 1980ôs when it was the 

http://www.terasemjournals.org/gn0204/rk4.html#4
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ARPANET, I predicted that it will be a 

worldwide phenom ena.  

Image 22  

This is the same graph on a linear scale.   To 

the casual observer it looks like the Internet 

just came out of nowhere in the mid 1990ôs.  

The first refere nce to the World Wide Web in 

the New York Times was in 1993, December of 

ô93. But you could see it coming if you look at 

the exponential progression, which you can see 

on a logarithmic graph.  

Weôre shrinking technology at a predictable 

rate. Thatôs obvious in electronics, thatôs the 

whole force behind Mooreôs Law. Itôs also true 

of mechanical systems: itôs a factor of 100 per 

3D volume per decade.   A doubling every year 

is multiplying by 1000 in ten years of price 

performance, capacity and bandwidth of 

inf ormation technology.   Thatôs a billion in 

thirty years, and thereôs also a slow second 

level of exponential growth, so itôs really 25 

years. In 25 years weôll also be shrinking the 

size of electronic and mechanical technologies 

by a factor of 100,000.  

So, if you look at the impressive things we can 

do today and factor in this billion fold increase 

in capacity and one hundred - thousand fold 

decrease in size, it gives some idea about what 

will be feasible.   

These illustrations, which have now been 

simulated, which are in Eric Drexlerôs [18 ] 

book, ñEngineôs of Creationò of 20 years ago 

(which founded nanotechnology [ 19 ]) ar e now 

being built.  

   

 

Image 23   

I give several dozen examples in my book of 

molecular systems, in particular those being 

used in biology.   For example, one scientist 

actually cured Type 1 diabetes in rats with a 

blood cell sized device. Itôs quite intricate. It 

lets insulin out in a controlled fashion. It blocks 

antibodies and can stop Type 1 diabetes as an 

autoimmune disorder. It works, and theyôre 

gearing up for human  trials.  

At MIT and at the University of Rochester they 

have a little device thatôs blood cell sized that 

can detect antigens, specifically cancer cells.   

Once it detects them it latches onto the cell, 

burrows inside the cells, detects itôs inside the 

cells, and releases toxins. So, itôs a fairly 

elaborate procedure.   It works quite reliably in -

vitro and theyôre now gearing up for animal 

trials.  

So, this is whatôs feasible today.  There are 

four major conferences on this kind of stuff, 

bio -MEMS.  

http://www.terasemjournals.org/gn0204/rk5.html#1
http://www.terasemjournals.org/gn0204/rk5.html#2


Volume 2, Issue 4                The JOURNAL of GEOETHICAL NANOTECHNOLOGY 4th  Quarter, 2007  

Copyright © 2007 Terasem Movement, Inc. 15 

People sa y ónanobotô sounds very futuristic, but 

blood cell sized devices can actually do things 

inside the human body.  

Image 24: Respirocyte   

Theyôre not putting it in the human body yet, 

although we have pea size devices and bb 

sized devices we are putting in the human 

body, but we are putting them in animals and 

theyôre performing therapeutic functions today. 

If you apply the billion -fold increase Iôve 

spoken about, then very sophisticated 

nanobots will be feasible in the decades ahead. 

This is a robotic red blood cell that was 

designed by Robert Freitas [ 20 ], and we do 

understand how red blood cells work.  

It  brings up an interesting observation about 

biology. Itôs very intricate but itôs also very 

suboptimal in terms of its capability, because 

biology got stuck with some earlier substance 

like building everything out of proteins, which 

are interesting substan ces but a limited class 

of materials.  

We find out we can re -engineer these systems 

to be far more powerful.   If you replace ten 

percent of your red blood cells with these 

respirocytes, you can do an Olympic sprint for 

15 minutes without taking a breath, or  sit at 

the bottom of your pool for four hours.  

And a very dramatic example is in fact the 

brain, which transmits information through 

signals that are electrochemical and travel at a 

few hundred feet per second. Thatôs a million 

times slower than electroni cs.  

For another example, the computation that 

takes place in the interneuronal connections 

such as dendrites are computed at 200 

calculations per second. Theyôre not exactly 

calculations, theyôre digitally controlled analog 

transactions, but there are abou t 200 of them 

typically, as the reset time is about five to ten 

milliseconds. Thatôs a million times slower than 

electronics.  

Ultimately we can reengineer these things to 

become far more powerful. If we follow this 

doubly exponential progression, $1,000 of  

computation will equal ten to the fourteen 

calculations per second, which I maintain is 

enough to do functional emulation -simulation 

of all regions of the brain -  for $1,000.   You 

donôt even have to believe in three dimensional 

molecular computing, althoug h there are 

relatively few people who are knowledgeable 

and express skepticism about that anymore 

because theyôre now working in labs. 

But even if you are skeptical, two dimensional 

conventional photolithograph [ 21 ] chips on the 

ITRS [ 22 ] roadmap by around 2018 or 2019 

will provide this level of computation for 

$1,000.  

http://www.terasemjournals.org/gn0204/rk5.html#3
http://www.terasemjournals.org/gn0204/rk5.html#4
http://www.terasemjournals.org/gn0204/rk5.html#5
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Image 25   

I pose reverse engineering the brain as more 

of an existence proof, that weôll ultimately 

understand the principles of the operation of 

the human brain.   I agree with Ben Goertzel 

[ 23 ] that we can achieve human level AI even 

if we never looked at the brain at all.  Largely 

thatôs been the case in AI (Artificial 

Intelligence) because up until recently we 

couldnôt see in the brain, other than with these 

fuzzy fMRI [ 24] images, which arenôt sufficient 

to reverse engineer anything.  

Thatôs changing. I talk about five or six 

emerging scanning technologies where we can 

see, in -vivo  individual interneural connections, 

see them firing in real time and begin to 

develop models of how a real brain works, 

combining them with models of individual 

neurons that can be tested in -vitro.  

Weôre building very sophisticated model and 

simulations o f the brain like the IBM Project on 

the cerebral cortex.  

I make the case, although I donôt have time to 

go into details, in chapter 4 of the book, that 

at the progress weôre making (and you can 

measure certain aspects of this, like the spatial 

resolution o f brain scanning, the amount of 

data, the number of simulations weôre doing of 

specific regions) itôs really conservative to say 

within 20 years weôll have detailed models and 

simulations of the different regions of the 

brain.  

I do think that human level i ntelligence will 

come from AI research as it has, which is just 

trying to emulate human levels of intelligence. 

I believe narrow AI is getting less narrow, and 

combining multiple methodologies, and that 

will continue through hundreds of steps until 

itôs as broad as human intelligence, which is 

not completely general either.  

We will get some tips on reverse engineering 

the human brain. I just saw Tomaso Poggio 

[ 25 ] at one of these celebra tions at of the 50th 

anniversary of AI -  heôs head of vision research 

at MIT.   Heôs been a skeptic of finding out 

anything from the brain because we havenôt 

been, because we havenôt been able to see in 

the brain.   He just came up to me and said, 

ñYou know, you were right, weôve just gotten 

these fantastic insights from brain sciences 

into the coding of the early stages of the visual 

cortex and we applied that to our computer 

simulations.   And at first we didnôt understand 

why it works and we thought about it  some 

more and now we do.ò 

It was a real giant leap in performance.   We 

had the same experience in speech recognition 

in that we got early stages of the auditory 

cortex which were reverse engineered.   And 

those were also counter intuitive, but we 

applied t hem to the transformations in our 

speech recognition program and got a big leap 

in performance.  

So there is some useful information to be 

found in reverse engineering the human brain.   

It will expand the AI tool kit.   And all of this is 

gearing up exponent ially, the spatial resolution 

and the amount of data.  

Weôre also showing that we can simulate 

regions of   the human brain and these 

simulations are a completely different level 

http://www.terasemjournals.org/gn0204/rk5.html#6
http://www.terasemjournals.org/gn0204/rk5.html#7
http://www.terasemjournals.org/gn0204/rk6.html#1
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than trying to simulate at the molecular level 

of neurons, for example, althoug h thatôs also 

very valuable.    

You do need to understand one level of science 

before you can go up to the next.   So you have 

to understand physics before you can 

understand chemistry.   But chemistry has it 

own rules.   You need to understand chemistry 

befor e you go up to levels of biology, but 

biology has its own rules.  

Image 26   

This is a block diagram of 12 regions of the 

auditory cortex, and as mentioned earlier, 

theyôve applied sophisticated psychoacoustic 

tests to the simulation and get similar results 

as applying the same tests to human auditory 

perception.  

This doesnôt prove the model and simulation is 

perfect but it does show itôs pretty good.   

             

Thereôs a simulation of the cerebellum, which 

is comprised of more than half the neurons in 

the brain. The simulation is not of that many 

neurons, but it can easily be scaled up.   And 

then they apply skill formation tests -  the 

cerebellum is responsible for skill  formation -  

and get similar results.  

This brings up an important issue which I think 

has come up a number of times this morning, 

which is how complicated is the human brain?   

We need to distinguish between the human 

brain as itôs manifested versus the design of 

the human brain.  

Because if you look at the human brain as itôs 

manifested in a mature person, itôs vastly 

complex. We can argue about the amount of 

complexity, but there are a hundred billion 

neurons and thousands of connections per 

neuron, so thatôs a hundred trillion connections 

(these are all order of magnitude), and 

thousands of ion channels for a connection and 

so forth.  

Thatôs a vast amount of complexity.  Iôve 

estimated it would take thousands of trillions of 

bytes of information to characteri ze the state 

of the human brain: that might be low.  

But the design of the human brain is a billion 

times simpler than that.   How do we know 

that?   Well, the design of the human brain and 

body is in the genome, and the genome 

doesnôt have very much information in it, 

relatively speaking.   There are three billion 

rungs, or six billion bits, or a hundred billion 

bytes, but itôs replete with redundancies. 

One system called ALU [ 26] is a lengt hy 

sequence is repeated 300,000 times, and there 

are many other sequences like that. I show in 

the book how you can, using lossless 

compression and knowledge of the structure of 

the genome, compress the genome, including 

the junk -  the so called junk which isnôt junk 

because it effects gene expression.  

We can compress the whole genome into 50 to 

100 million bytes.  This is not simple either, 

http://www.terasemjournals.org/gn0204/rk6.html#2
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but it is less than Microsoft Word and itôs a 

level of complexity that we can manage.  

Image 27  

They might say how can that be?   How could 

something that is 50 to 100 million bytes then 

describe an entity thatôs a billion or more times 

complex than that?   Well, the relationship of 

the genome to the brain is the relationship of a 

description of a recursive probabilistic fractal to 

the expression of that fractal.  

Image 28: Mandelbrot Set Image   

Youôve all seen this image.   In fact itôs on the 

cover of a book called Complexity  [ 27]. Itôs a 

very complex image: itôs the Mandelbrot set. 

And how complex is it?   Well, the manifestation 

of i t could be billions of bytes depending on 

what resolution you present it in. As you zoom 

in on small regions, you get more complexity.   

Thereôs complexity within complexity. 

But how complex is the design of the 

Mandelbrot set? It is six letters long.   And that 

is a good example of the relationship of the 

genome to the brain.  

Image 29  

Take the cerebellum, for example. If I asked 

you to reverse engineer the cerebellum and I 

show it to you and you see the trillions, 

literally, of these deeply intertwined 

connections youôd say this is a vast amount of 

complexity.   But it has been reverse 

engineered.   There are only a few genes that 

control it and there are only a few tens of 

thousands of bytes in the design.    

The genome says there are four different types 

of neurons, that one module is organized like 

this, and now repeat ten billion times, and add 

a certain amount of random variations within 

the following constraints with eac h repetition.   

Thatôs a summary of what the genome says 

about the cerebellum.  

Thereôs tens of thousands of bytes and it 

creates this system.  It looks very complex. 


