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I run the Allen Discovery Center at Tufts University. My lab studies a variety of topics
that I’m going to mention today. My background is computer science first, then
biology, and I’m interested in many related issues at the boundaries.

If you’re interested in getting in depth into any of the issues I’m going to mention
today, this is our official lab website. You can find there the papers, the data sets, the
software, everything is there. And this is my own personal blog around what I think
some of these things actually mean.

What I’m going to talk about today is this issue that I call mind blindness, which is the
difficulty we have as humans at recognizing unconventional intelligences that are all
around us. We’re going to talk about that.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=0
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I find this particularly interesting. There’s a piece of one of the four Buddhist vows that
says, ”Sentient beings are innumerable. I vow to liberate them all.” There are several
interesting pieces here. First of all, this notion of enumeration that, if something is
going to be innumerable with an E, so able to be numbered, there needs to be some
kind of effective procedure for recognizing them. In other words, there should be some
algorithm or some way that we’re going to find all of these sentient beings. You need to
do that if you’re going to liberate them or at the very least relate to them ethically. I
would like to point out that we have a lot of difficulty doing that.

If you look at this close up, this is a giant pile of cutlery. These are knives, forks,
spoons. When you look at this, at first glance, what you see is a pile of garbage. There’s
no order here, just a bunch of random metal silverware.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=44
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However, if you shine light through it, you find out that actually this is a sculpture and
it has a very particular pattern. This motorcycle. This is an amazing sculpture by
Shigeo Fukuda, who made these sculptures that don’t look like anything at first. They
just look like a pile of objects. And then when you shine a light through them, you see
what’s really hidden underneath.

This tells us several things. It tells us that perspective is really important. Things that
don’t look like anything might actually be something much more interesting if you
look at them in a certain way. In particular, the version of this that I’m going to talk
about today is that I think all cognitive claims, meaning when you look at a system and
you say this thing is intelligent or it’s not intelligent or it has some degree of cognition
or it’s a simple mechanism or an algorithm or whatever it is, these claims are in large
part IQ tests for ourselves because you have to be smart enough to really realize what
you’re looking at. If you don’t see it, it may not be an issue with the system, it may be
an issue with the observer. I think it’s really important for us to raise our game as far as
being able to notice some of these things.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=103
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Now, another example that I use here has to do with the electromagnetic spectrum.
Think what it was like back in the day before we had a good theory of
electromagnetism. We had many things. We knew about lightning and static electricity
and light and magnets. First of all, we thought that these were all different things.
Second, what we didn’t know is that there’s this whole enormous spectrum to which
we are basically blind. We’re completely oblivious to most of this, except a very narrow
range here, which is the visible spectrum. That’s because of our own evolutionary
history and our own cognitive and sensory architecture. We didn’t know any of this.

The benefits of having a good theory, like the modern theory of electromagnetism, are
that it does two really important things. First of all, it unifies phenomena that
otherwise seem like very different kinds of things. And it shows you that underneath
all of it is one single deep symmetry. The other thing it enables you to do is to create
technology that you can use to operate in other parts of the spectrum. You can improve
life by participating in what’s going on in these other parts of the spectrum for which
our own evolutionary history did not prepare us. That’s the benefit of having a deep
theory.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=172


Slide  of  · Watch at :

One of the things that my group is very interested in is to develop a framework that
allows us to recognize, create, and ethically relate to truly diverse intelligences.

Much like the electromagnetic spectrum, my claim is that there is a spectrum of
intelligences that are very, very diverse. Some of them are easy for us to see; others are
not. What we need to develop is a theory and the technology to allow us to relate to
them.

What I would like to do is be able to relate not only to familiar creatures, such as
primates, birds, and maybe an octopus or a whale, but even to very weird biological
forms, such as colonial organisms and swarms, and also to synthetic biology, meaning
engineered new life forms.

AIs, whether software or robotic; maybe someday exobiological agents; and some
really unusual things, such as patterns in physical media and also patterns that are not
embodied in the physical world at all. These are some of the things we work on.

Today, mostly for reasons of time, I’m going to talk about this, but I’ll mention a few of
these things.

Of course, I’m not the first person to try this. Here’s Rosenblueth, Wiener, and Bigelow
in  wanting to develop a kind of cybernetic continuum all the way from passive
matter up through different kinds of competencies, up through human level and
beyond, including metacognition.

My version of this, at least version ., is in this paper.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=247


What’s really important is that we need to develop theories that are not just philosophy,
although philosophy is really important.

We need to develop a theory and technology that, first of all, moves experimental work
forward.

In other words, the ideas I’m going to give you today about all these things are only as
good as their ability to lead to new discoveries.

I’m not interested in redefining words as part of linguistics or exclusively as
philosophy.

I want theories that help us make new discoveries: better biomedicine, better
bioengineering capabilities, and, importantly, better ethics in the future. This is the
project.

Slide  of  · Watch at :

Now, one thing that I think about a lot is this axis of persuadability, that is, different
kinds of systems, and what are the tools that you can use to interact with those
systems. I think that all cognitive claims are really just interaction protocol claims.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=379


When you say that a certain system has some level of cognition, what you’re saying is,
here’s a bag of tools that I plan to bring to communicate with that system. Then it
becomes an empirical task to try that, and we can all see how well that worked out for
you. You might use the tools of hardware rewiring. You might use the tools of
cybernetics and control theory, or maybe behavioral science, or maybe psychoanalysis,
love, and friendship. When you’re dealing with a system, knowing where on the
spectrum that system lies is not obvious. You can’t guess it. You can’t do that from a
philosophical armchair. You have to do experiments. The experiments will tell you
whether you’ve wasted a lot of time by trying to convince or psychoanalyze a
mechanical clock, or you’re treating animals as a simple machine and leaving a lot on
the table as far as what are some of the things they’re capable of. We are working on all
sorts of ways to move various tools from cognitive and behavioral science, typically
used up here, into embodiments and contexts where they’re not normally used, so cells
and tissues and some even stranger things.

Slide  of  · Watch at :

What I’d like to do today is to try to climb up this scale of progressively more unusual
agents, and for a final analogy to make it clear what we’re doing, something like this
happened to numbers already.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=466


We started out with counting numbers, one sheep, two sheep, and so on. Then
eventually somebody came up with zero and someone else came up with negative
numbers, then eventually some fractions, and then eventually some irrationals and
transcendentals and all these interesting things.

What happens every time you go up in the scale, something interesting happens. You
have to take a conceptual leap that breaks prior categories. You have to break some
assumptions you had about what is a number. People, when they were thinking about
this, certainly did not realize that any of this stuff was a number. You have to break
some boundaries. You have to be able to recognize them. You have to be able to do
something useful with them.

Slide  of  · Watch at :

And it’s disturbing and disruptive. And we know this, this poor guy got drowned at
sea for talking about irrational numbers, because these things upset very ancient
categories. And when you upset ancient categories, there’s a lot of resistance. And
what I’m about to tell you makes things much more complicated, but more beautiful,
and more meaningful.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=524
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So let’s begin. Many of us are educated in this tradition. So here’s a famous piece of art
called Adam Names the Animals in the Garden of Eden. It’s an ancient biblical scene
from the West that shows there are discrete natural kinds. Here are some animals.
Then here’s Adam. He is different from them. What I think they got right is that it’s
Adam’s job to name the animals.

In these ancient traditions, naming something means that you’ve discovered its true
inner nature. That part of this, I think, is right. It is on us to discover the true inner
nature of many beings and give them names.

This is a very anthropocentric view. Certainly, most of us were brought up in this era of
brain chauvinism, where we think intelligence and cognition arise with complex brains.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=545
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So those kinds of things are pretty easy for us to detect. So here’s this little squirrel.
He’s going to set up an accident scene here. You can see he knows precisely what he’s
doing. There he is. He’s going to set this up. He’s going to look to see if his owners are
noticing this. If they’re paying attention to this whole thing that he did, he wants some
attention. So he’s checking whether anyone’s looking at this. And so this kind of stuff
is easy for us to recognize because it happens at the same spatial-temporal scale as us.
It happens in the same three-dimensional space. These beings have similar goals to
ours. It’s easy for us to recognize this kind of thing.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=608
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Although I will say that even the story with brains is not that simple, because there are
amazing clinical cases, and we reviewed them in this paper, where humans have
extremely small amounts of brain tissue. So not nearly enough, as modern
neuroscience would tell you, is needed for normal performance. And yet they have
normal or above-normal performance. And so what’s going on here? Even the case
with the brain is not really obvious. That’s the first thing.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=648
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But we’re going to go significantly outside the brain. And so we’re going to take a few
conceptual leaps. We’re going to talk about the fact that intelligence is way older than
brains. And what it breaks is our assumptions of scale and our assumptions of
substrate. And the way we’re going to recognize these intelligences is by noticing their
anatomical goals and the degree of ingenuity that they can deploy in what they’re
doing.

What we’re going to study is a model system, which is cells as a collective intelligence
operating in morphospace. The idea is to move away from brains and to use a stepping
stone to the more unusual kinds of things to see what it’s like to recognize intelligence
in a novel substrate.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=681
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The first thing I will point out is that this is the kind of thing we’re all made of. This is a
single cell, and you will notice that there is no brain, no nervous system. This thing is
incredibly competent in the job that it has to do. All of its local cognitive light cone is
very competent in what it needs to do. Not only are we made of an agential material,
materials with an agenda, but even below that, the cell itself is made of molecular
networks.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=730


Slide  of  · Watch at :

The material that these cells are made of, the molecular networks, are themselves
capable of six different kinds of learning. You don’t need a cell for this. You don’t need
the nucleus or anything else. Just the small pathway of chemicals turning each other
on and off can be sufficient for habituation, sensitization, and associative conditioning.
We study this in these papers. In our lab, we’re using all of that, for example, for the
biomedical purpose of drug conditioning to try to form and erase specific memories in
these molecular pathways that are important for health and disease.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=767
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We’re starting to see that there are different kinds of properties that are important for
cognition all throughout the architecture that we’re made of. At the level of molecular
networks and subcellular components and cells and tissues and organs, and even up
through groups. Every level of this multi-scale competency architecture is solving
problems in different spaces. When I say intelligence, I’m using William James’s
definition, the ability to reach the same goal by different means. We’ll unpack this in a
minute. We consist of this agential material.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=811
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Now, one of the things that’s important about noticing intelligent behavior is that we as
humans are obsessed with three-dimensional space. That is, we basically know how to
recognize intelligence in medium-sized objects moving at medium speeds through
three-dimensional space, and birds and primates. It’s easy.

However, biology, for example, has been solving problems in other spaces long before
nerve and muscle enabled us to move through three-dimensional space. So long before
that, our cells were solving problems in a high-dimensional gene expression space, in
physiological state space, and the thing that we’re going to be talking about today,
which is anatomical morphospace. All these spaces are very hard for us to visualize.
They are not directly accessible to our senses the way three-dimensional space is, but
that doesn’t make them any less real. Everything we see in the three-dimensional
world is also constructed as a model by our cognitive system. And we’re just not very
good at noticing these high-dimensional spaces.

But what it does mean is that when you see something that isn’t embodied in the
conventional sense, meaning it doesn’t have a robotic body that allows it to move
around in the D world, that doesn’t mean it’s not embodied. So brain organoids, AIs
— people say, if it doesn’t engage with the real world, it’s not really cognitive. You may
not know the space with which it’s engaging, because what’s important is this loop,
this perception, decision, action loop, and that loop can happen in many spaces, not
just the three-dimensional space.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=845
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So what we’re going to do is to look at one specific kind of intelligence, which is that of
swarms of cells navigating anatomical space.

William James’s definition: ”intelligence is the ability to reach the same goal by
different means.” This is something we’ve been working on for years: the hypothesis
that morphogenesis is a collective intelligence exerting behavioral competencies in
anatomical space.

In other words, this is a parallel and symmetry between behavior and anatomy: the
construction of the body as behavior in anatomical space.

We’re going to pivot neuroscience. It’s exactly what brains do in three-dimensional
space, by integrating a bunch of cells using electrical signaling among cells to navigate
three-dimensional space. We’re going to show what this evolved from, which was
cellular swarms navigating anatomical space.

Everything is the same, except that instead of milliseconds, as in the nervous system,
we’re talking about the scale of minutes or even hours. Instead of three-dimensional
motion, we’re talking about movement through anatomical space, the space of possible
anatomical configurations.

What is the same are the mechanisms — literally homologous mechanisms: the exact
same molecular machinery, ion channels, gap junctions, microtubules, and all of these
kinds of things that are used by the brain to do conventional cognition were used by
groups of cells to figure out what shape you should be during embryonic development.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=952


These are ancient mechanisms; they got pivoted into brains, but they’ve been doing
this job for a long time.

We have a tool called Field Shift that you can play with, where you can paste in an
abstract from a neuroscience paper and it changes words: instead of neuron it will say
cell, instead of milliseconds it will say minutes, and it immediately converts it to a
developmental biology paper. It’s very interesting how much symmetry there is.

Slide  of  · Watch at :

Let’s talk quickly about what kind of intelligence these systems can deploy in
anatomical space. And the reason we’re going into this is that it’s a good example. It’s
one of the few examples we have that’s a stepping stone between the kind of
intelligence that we already understand and we know how to deal with. We
understand some of the mechanisms that are involved. And it helps us to see what
happens when that gets pivoted, even a little bit. It becomes very hard. Most people do
not, and certainly most of the textbooks do not think of morphogenesis as a cognitive
task, but in fact it is.

Here’s a simple example of what William James was talking about. If you have this
axolotl, this is an amphibian that has some interesting properties. One of the



https://www.youtube.com/watch?v=EKwQvOA84wo&t=1091


properties is that if it loses a limb anywhere along this axis—you make a cut anywhere
along this axis, the cells will immediately recognize that something is wrong. They
start to divide and undergo morphogenesis, they build the limb and then they stop.
That’s the most amazing part: they know when to stop. When do they stop? They stop
when a correct salamander limb has been completed.

It’s not simply the case that molecular pathways did what they did, and then there was
emergence, and some complex thing ended up happening. That’s true, but that’s not
the end of the story. It has an important amount of feedback and anatomical
homeostasis, because what it can do is reduce error. This is an error minimization
scheme. The system has the autonomy to pursue this goal, and when you try to deviate
it from that goal, it will keep working towards it, and it will stop when it’s done. That’s
the definition of goal-directedness.

The same thing is true of embryogenesis. Even in mammals, if you cut embryos in half,
you don’t get half bodies. You get two perfectly normal monozygotic twins and triplets.
In effect, this is also a case of regeneration. Your whole body regenerated an entire
body from one cell. It’s an amazing process. Both embryonic development and
regeneration are instances of anatomical homeostasis.

Slide  of  · Watch at :
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https://www.youtube.com/watch?v=EKwQvOA84wo&t=1222


But I want to point out that this is really important. This is not about damage and
repair of damage.

Here’s an experiment. You take a tail and graft it to the flank of an axolotl. What
happens over time is that it slowly remodels into a limb. This is remarkable because
the cells here at the tip of the tail, these little cells, there’s nothing wrong locally.
They’re tail tip cells sitting at the end of the tail. There’s nothing wrong with them, but
they turn into fingers. Why do they turn into fingers? Because this system, much like
any good cognitive system, is able to bend the action of its parts towards a larger scale
goal. No individual cell knows anything about what an entire axolotl is supposed to
look like.

But there are systems and subsystems here, each of which has different scales of set
points, of anatomical set points. When there’s an error, they will have to bend the
action space of their subsystem to align all the cells in the molecular pathways and
everything that needs to happen to turn tail tip cells into fingers. This is what will be
downward causation, where the effort of reducing error is going to control all of the
downstream steps. The local order here obeys the global plan. The large-scale system
can bend the action of its parts to do things in accordance with a larger scale plan that
the parts don’t know anything about, and it actually has a lot of ingenuity in doing this.


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This is one of my favorite examples. This is a cross-section through a kidney tubule in
the newt. Normally you see about  to  cells working together to form this little
structure. One thing you can do experimentally is make the cells much bigger. The
way you do that is you provide extra copies of the genetic material. This is a polyploid
newt where they have multiple copies of the genome and the cells end up being much
bigger, but the newt stays the same size.

How does that happen? That’s because fewer cells are working together to give rise to
the same structure. The size of the cells will be matched by the number of cells that
participate. When you make the cells truly gigantic, just one cell will wrap around
itself and give you the same final outcome.

There are a couple of things going on here. First, this is a downward causation: in the
service of having this large-scale outcome, different molecular mechanisms are being
called up in order to execute the plan. On any IQ test, they will often give you a set of
parts and they’ll say, solve this problem with these objects, and you have to be creative
in how you do it.

But look at what happens if you’re an embryo coming into this world. You can’t, never
mind the environment, you can’t even count on your own parts. You don’t know what
size your cells are going to be. You don’t know how many copies of your genetic
material you’re going to have. This is not a hardwired process. It’s problem solving.
Every single time you have to use the genetic affordances that you have, the different
molecular components, to solve the problem in different ways.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=1316


Josh Bongard had this amazing paper almost  years ago trying to do this in robots.
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What’s really interesting is that in our conventional way of looking at systems that
solve problems like this, goal-directed systems that can remember a goal, can reduce
the error towards that goal, can act towards it, then we know at least some of what
happens here. The hardware is this nervous system, you have your central nervous
system. The software is the bioelectrical or the electrophysiological patterns that run
on this hardware. And neuroscientists are doing this thing called neural decoding,
where they try to read the electrophysiology and from that infer the cognitive state of
the agent: what are the memories, the preferences, the goal states, and so on. All of
this is executed by the hardware of these little ion channels that sit in the cell
membrane. They set voltage patterns across the membrane. Those voltage patterns
create the bioelectric network that can store memories and allow you to move in
three-dimensional space to execute on your goals. It turns out that this amazing
system is ancient.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=1444
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This is not about brains. Brains pivoted this and adapted this from what was going on
in morphogenesis. Every cell in your body has these ion channels. Most of the cells
have these electrical synapses with their neighbors. And they do the same thing,
except instead of moving you through three-dimensional space, they move the
configuration of your body through anatomical space. But everything else is the same.

And so the reason we’re going through all this is to show that even when you’re using
the exact same machinery to do the same algorithm to execute on goal states that are in
memory, things look quite different. And we have different sciences devoted to this.
You have developmental biology versus cognitive and neuroscience.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=1520
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Typically, they’re not seen as that much overlapping. We try to explore this symmetry.
We develop tools to read the electrophysiology of cells during morphogenesis, the way
that neuroscientists try to read the brain.

These are voltage-sensitive fluorescent dyes that we used to non-invasively watch the
cells talking to each other electrically. What you can see here is not data. These are not
the models. These are actual real living organisms.

This is an early frog embryo. You can see all the different cells and all the conversations
they’re having with each other. These are explanted cells in culture deciding whether
they should be a part of this mass that’s going to build something or go on their own.
We can watch these things happen non-invasively. We can literally see now the
cognitive glue that binds together individual subunits into a collective that does
something more than the parts.

We do lots of simulations. We do the molecular biology simulations and the
electrophysiology. Even at a higher level, things that are studied in machine learning,
so pattern completion. That regeneration I showed you is very similar to pattern
completion and trying to minimize free energy that neuroscientists study.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=1565
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Importantly, beyond just being able to read these patterns, you also want to be able to
rewrite them. You want to be able to change the memories and the information that
exists in these patterns. And so we’ve developed tools to do this. We don’t use applied
electric fields or magnets or electromagnetic radiation. We don’t do any of that. What
we do is hack the normal interface that is generally used by cells to control each other.
That means, just like in neuroscience, we have ways to open and close ion channels,
and these might be drugs, and these might be optogenetics and different ways to
control both the electrical state of the cells and the connectivity. Who talks to whom?
That’s the communication interface that we have. What happens here is that these
groups of cells and individual cells pass each other messages, and these messages are
often very convincing.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=1656
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I want to show you an example of what a convincing message looks like. The color
here indicates a voltage state. You can see these cells — these are two frames of the
same video. I’m going to play the movie for you in a minute.

What you see here is that this cell is moving along. It has a different voltage than the
rest of these. Then it touches, just barely. As soon as it touches, from here to here,
boom, it changes its voltage. Watch what happens. It’s crawling along. It has its own
voltage state. It’s going to reach out, bang. That little touch is all it took to convert that
cell to the same state as these others. Now it’s joined the collective and it’s going to do
collective things.

What we’re talking about here is the mechanism of one kind of cognitive glue. I’m sure
there are many. But in this model system, we get to see the same as in our brain. It’s
the mechanism that binds cells together towards larger scale goals, is able to propagate
information and radically change the future, the state and then the future behavior of
that subunit. Now it will coordinate it towards greater goals.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=1719
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Now, what kind of messages and what kind of goals can you pass? One of the things
we do, and this is part of our work on regenerative medicine, is we try to convince cells
to build specific organs. Here, what we’ve done is this is an early frog embryo. What
we do is inject into one of the cells some ion channel RNA that’s designed to change the
voltage of those cells. It’s a spot. It’s not a single cell. It’s going to be a group of cells
that have a particular voltage. One of the things we found is a message that says, build
an eye here. It’s a particular bioelectrical state that is a memory of a place where an eye
should be formed. When we do this, it makes an eye.

This is a tadpole. You’re seeing it from the side. Here’s the gut. The tail is back here.
There’s a brain out here. The mouth is here. This is the gut. You can see this eye here
because we took these cells and we convinced them that they should be an eye. If you
section that eye, you see all the stuff that belongs in the lens, optic nerve, retina.

In fact, if you only get a few cells, the blue cells are the ones that we injected, they will
convince their neighbors to help them build an eye. Like another collective intelligence,
ants and termites, if they come across some kind of a food object or something that’s
too big for them to carry, they will recruit their neighbors to work.

The reason this all works and the reason that we can create a whole eye without having
to specify all the different details that it takes to make an eye, all the different gene
expression, everything else, eyes are very complex. We don’t need to do any of that.
We specify only the top level goal, build an eye, and the material, this is one of the
competencies of the material, is to align all of the underlying molecular mechanisms


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towards that goal. We don’t need to worry about them. It’s the right size, the right
shape, we don’t have to worry about it.
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Now, importantly, this doesn’t always happen. Sometimes when we make, for example,
three spots here, this animal is only going to have one eye because this one ended up
being quite convincing and the cells took it and built an eye; these did not.

What the cells did was to normalize them, and the neighboring cells normalized out
their voltage and they won.

It’s a battle of worldviews. There’s a bunch of cells that are part of a cancer suppression
mechanism. A bunch of cells are saying, ”We don’t need an eye here. You have a weird
voltage. You should be like us.” These cells are saying, ”No, you really should be an
eye. This is the correct pattern.” They fight it out, and depending on which pattern
takes over is what you get in the end.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=1909
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And so this is part of our way to take these kinds of ideas and move them forward to
regenerative medicine. Because right now, all of the kinds of approaches that are used
in the field, surgery, stem cells, genomic editing, all these things, they’re bottom up.
They’re really about the hardware. But there are other approaches that are using the
tools of behavioral science to exploit the cognition, the intelligence of the material to do
things that we otherwise cannot micromanage. And I think because of this, the future
of regenerative medicine is going to look a lot more like a kind of somatic psychiatry
than it’s going to look like chemistry. Bioelectricity is the interface layer that enables
these kinds of top-down controls. It’s really mind-body medicine in a deep and
fundamental way.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=1952
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Now what we’re going to do is talk about the next conceptual leap and even
non-biological agents. Because what I’ve shown you so far is how to try to shift our
brain-centered tools to recognize and communicate with intelligences that are like
what we’re used to. They’re using the same materials that we evolved. In fact, we are
made of them.

But there are still major differences. It’s still really hard for people to take those ideas
and to use them in developmental biology and molecular medicine. But we’re going to
go even further. What we’re going to try to break is the standard divide that people
seem to like, which is this idea of life versus machines. We don’t have a good definition
of either of those things, but a lot of people feel like these are two disparate, discrete
categories, and we’re going to talk about that.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=2016
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The first thing is that when we talk about things like AI and synthetic intelligence and
so on, we’re not just talking about language models sitting in a server box somewhere.
We’re talking about a continuum of being where humans already are being modified.
They’re modifying themselves in both biological ways and technological ways. This is
only going to increase to an enormous diversity of embodiments for humans.

This is the kind of thing, when you try to make a distinction between a living organism
as a machine, this is what you need to deal with. It’s pretty obvious in certain cases,
but in something like this, it’s not at all. You don’t want an ancient phrenologist trying
to understand whether it’s % a machine when you’ve got somebody who’s partly
evolved material and partly engineered material.

The most interesting and important thing about all these novel beings with whom
we’re going to be sharing our world is the question of what their goals are going to be.
All the systems that we’ve looked at up until now have specific anatomical structures,
physiological patterns, gene expression patterns that have been, at least in theory, set
by evolution. So we have some idea of where their goals came from. We have some
experience in recognizing them. But as we make these and change ourselves into novel
beings, we really have to understand where these kinds of things come from. If not
from evolution, where else do they come from?

For example, in our work here there are flatworms, these planaria with different
shaped heads, and one of the things we can do is take a single species of planaria and
bioelectrically prompt them to make heads belonging to other species. So there are


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these attractors in anatomical space with different shaped heads—flat, round,
triangular, whatever. And we can make them because it’s not a hardwired kind of
thing; rather, the cells make electrically mediated decisions about what shape they’re
going to be, so we can ask them to go into one of these other attractors, easy enough.
These attractors were set by evolution, presumably. But what about novel beings who
have not had a history of selection?
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We need to think of where patterns come from. Biologists love two kinds of patterns.
They love patterns from physics. In other words, something is round because it has to
minimize surface area, so those kinds of things.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=2230
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They love history, meaning genetics and environment. In other words, you have a
genome that sets specific patterns because that genome has been selected in a certain
way and everything else died out in there. But we know that there’s another source of
patterns that doesn’t come from either of those things, neither physics nor history.
That’s patterns for mathematics. What you’re seeing here, this is a very simple function
in complex number Z.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=2240
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If you plot it, it’s called a Halle map of this function, you see this amazing kind of rich
pattern. You can actually change these slightly in each frame and make video, so you
can see these amazing mathematical transformations. All of this comes from the rules
about the way that complex numbers behave. There is no fact of physics that explains
why this thing is the way it is. There is no fact of history. This was not selected. It was
not evolved. There’s nothing about the physical universe that tells you what this is
going to be. These are patterns that come from mathematics. And it doesn’t hurt that
they’re very organic. Some of these patterns are incredibly organic looking. So now we
understand that there are physics inputs, there are historical selection inputs, but also
mathematics.

So now the question: can we find or make novel life forms with no history, at least in
their macroscopic configuration, such that we can practice this, getting better at
understanding what their behaviors and their forms are going to be like?



https://www.youtube.com/watch?v=EKwQvOA84wo&t=2263
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I want to introduce you to two of them. The first one... we call xenobots. They come
from cells that we scrape off the top of an early frog embryo, so these epithelial cells.
You can see here that when you dissociate these cells, they don’t die. They don’t crawl
away from each other. They don’t form a two-dimensional flat cell culture layer. What
happens is that when you put them by themselves, each one of these little things is a
cell, they basically coalesce together. Here you can see this is a small group of them
moving along. It looks like a little horse, but they don’t all look like that. They make all
kinds of different shapes. What they do is they interact here. That little flash you’re
going to see right here is calcium signaling.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=2332
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And what they do is they actually come together and they make something like this,
which is called a xenobot. It uses cilia, these little hairs that row on the outside of cells.
The cells row against the water, so they can move. They can go in circles. They can
patrol back and forth. They have group behaviors that you can see. They can interact
in groups or alone. You can make them into weird shapes if you want. You can punch
a hole. There’s our swimming donut shape.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=2374
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They have all kinds of interesting behaviors. Here’s one traversing a maze. It swims
along here. It takes the corner without bumping into the opposite wall. Here, for some
reason, we don’t know why, it decides to turn around, go back where it came from.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=2397
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This is an amazing thing they do. This is called kinematic self-replication. If you
provide some loose materials, these little bits are cells, loose epithelial cells, the
Xenobots, both individually and in a collective, will run around and pile these cells
into little piles, and then they polish little piles like this. Because they’re dealing with
an agential material themselves, these little piles mature to be the next generation of
Xenobots. Guess what they do? They run around and make more, and that makes it
the next generation.

We don’t think there’s any other creatures on Earth, as far as we know, that replicate in
this way. Nobody else does kinematic replication. There is certainly nothing in the
history of a frog that would suggest that this would happen. We’re going to discuss in
a minute what this means.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=2414
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First I want to show you one other creature. We call these anthrobots. If you watch this
little guy swimming around, if I didn’t tell you what this was, you might think that this
is a primitive organism we got on the bottom of a pond somewhere. I would tell you
that if you sequence it, you would find % Homo sapiens. These are made from
adult human epithelial cells, not embryonic and not amphibian. These are adult
tracheal epithelial cells. They come from human patients who give lung and trachea
biopsies. They can reboot their multicellularity and become this swimming little
organism that doesn’t look anything like any stage of human development.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=2482
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They have a couple of interesting properties. They have some of these collective
behaviors. This is a plot of genes that they express differently than the cells they come
from express. They have a completely different transcriptome, almost half the genome,
, genes are differently expressed. We didn’t change the genetics, much like with
the xenobots. These have absolutely standard human genetics. They are in the same
environment, except they’re not touching other cells, but otherwise they live in the
same kind of medium that they would be living in within a body. There’s no drugs, no
synthetic biology circuits, no nanomaterials. They’re just—this is what you’re seeing:
the amazing plasticity of the material. They are able to make this other kind of
creature. That creature has self-healing capacity. If you puncture it, it will heal the
wound. They’re younger. If you look at their age, they’re younger than the cells they
came from. This is an age reversal thing. That also has an explanation based around
thinking that they’re starting over as a new organism.

And then they have this amazing ability. Here’s what you’re seeing here is an
anthrobot swimming down a scratch that was made in a bunch of human neurons. So
here are human neurons plated at the bottom of the dish, and we put a big scratch
wound through it.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=2520
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The anthrobots drive down the wound, and then they settle down. They settle down
into a cluster. Here’s about a dozen of them. When they settle into this cluster, they
cause the wound to repair. They’re knitting the neurons across the gap. Here’s what it
looks like if you lift them up from this region. This is what you see underneath. They
were knitting it across the gap.

This was just the first thing we looked for. Who knows what else they can do? They
can do this. We didn’t make them do this. It’s some kind of intrinsic motivation that
induces the healing. Who would have thought that your tracheal epithelial cells could
become a self-motile little creature that has the ability to go around and heal other
kinds of damage? Imagine that in the body. That’s never happened before in the
evolutionary path. It’s not something that your tracheal cells do.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=2607
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So the big question here is this. We know that the genome can give rise to these sorts of
things. So the developmental stages of a frog and then tadpoles. Apparently the frog
genome also knows how to make xenobots and their weird developmental trajectories
and their behaviors. There’s never been any xenobots or anthrobots. There’s never
been any selection to be a good anthrobot or to be a good xenobot. Where did these
things come from?

This is all about figuring out shapes, behaviors, physiology, other properties of new
beings that have never been here before. This is a model system. We don’t have any
aliens, but we have a way to start answering this question. Where did these come
from? They didn’t come from selection.

An interesting question: we paid the computational cost to design a frog or a human in
the eons of evolution of that genome beating against the environment and winnowing
out the unfit variants. We know when we paid that computational cost. But there’s
never been any of these things. When was that computational cost paid? And it’s very
hard to simply say that you evolved these things at the same time you evolved a frog.
Because of course the whole point of evolutionary theory is that there’d be great
specificity between the thing you got and the environment and the history leading up
to it. That’s the whole point of evolution: to explain what you have now based on the
history of how it got here. And if these things get around that, then there’s something
seriously, seriously missing.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=2659


Slide  of  · Watch at :

So what we’re now understanding is that the closure of the physical world, this model
that everything we need to understand comes from either physics or genetics, I think is
not viable. We have to now understand that there are patterns that come from another
source, for example, mathematical patterns.

Now I’ll just give you a very simple biological example. These cicadas come out at 
years and  years. If you’re a biologist and you want to know why that is, you might
say that’s so that their predators can’t time them because these numbers don’t factor. If
the cicadas came out every  years, then the predators could get them every two years,
every three years, every four years, every six years. They choose these prime numbers
and you say that makes sense. Now I’d like to understand why  and . You have to
understand the distribution of primes and why  and  are prime. You are no longer
in biology, you’re in the math department, because that is not an answer that comes
from physics. It is not an answer that comes from biology; it is an answer that comes
from the properties of prime numbers. If the distribution of primes were different,
then the cicadas would be coming out at a different time. It’s these patterns that come
from mathematics, and there are many examples we could talk about that literally
inform what happens in biology and physics.

By the way, here’s a plug for a symposium. If you want to hear more about this kind of
stuff, there’s an amazing symposium that we’ve kicked off that’s going to be happening
all throughout this fall. You can go there.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=2753
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So now here’s the two approaches that we can take to this. The first thing you can say
is that the properties of novel beings who have not been here before are emergent.
What does that mean? It means it’s a surprise. It means we didn’t see it coming,
complex, new, things happened, and that’s it. That’s one way. What that allows you to
do is to keep a nice sparse ontology, meaning that you can then say, I’m only dealing
with the physical world. There are some big surprises, and these are just things that
hold in the physical world. We’re going to record them in our big bag of emergent
surprises, and that’s it.

Or you can take another option, which is the option that mathematicians often take,
which is to say that no, these are not random things. There is an ordered, structured
space of patterns, in particular mathematical patterns, that can be studied
systematically. These are not the random surprises that show up. This is a structured
space, and we need to understand that space. If you think that way, then a few things
follow. First, evolution really heavily exploits some of these patterns as free lunches,
things you don’t need to evolve because you get them for free from mathematics. There
are many that come from shapes and properties of networks and so on. It also means
that we can use Xenobots and Anthrobots and various kinds of synthetic
bioengineered constructs as vehicles, as tools to peer into this latent space of
possibilities and see what is actually there. We know there’s one point in that space
that represents a frog and one point that’s a human. But what’s all the stuff between
there that their hardware can also make, all these other things? Now we understand,
and this is my proposal, that all of these things are exploration vehicles for that space


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because they’re interfaces. Once you make one, and it could be a cell, an embryo, a
robot, a biobot, a chimera, a hybrid, whatever, you make these things, they serve as
interfaces to specific patterns that are going to then ingress into the physical world and
allow us to understand what’s going on.
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This is a research agenda.

The precedent for this is mathematics. Many mathematicians are Platonists in the sense
that they don’t think they’re inventing from scratch culture-dependent rules. They
think they are discovering pre-existing kinds of mathematical structures on which
everybody would eventually agree. The question is if there were aliens that were
different in body and in mind, would they eventually find the same mathematics that
we did? There’s a lot of debate over this, but I prefer the Platonist view where I think
that a lot of these things are not contingent. They are deep truths that then inform
physics and biology. What these mathematicians will say is that there’s a latent space
that holds specific kinds of objects that are amenable to the study of formal systems.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=2978
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I make a hypothesis. My hypothesis is that there are numbers in that space. Those are
probably low agency or at least lower agency patterns. But might there not be other
patterns in that space that are dynamic, very complex things that we might recognize
as behavioral propensities, AKA kinds of minds?

This is the idea that the Platonic space holds not only the things that mathematics
studies. Mathematics on this view is a behavioral science. It’s the science of behavior,
of simpler, low-order things, and things that behave that way that can be studied with
formal systems. We call that math. But maybe it has other patterns that, if you want to
study them, we no longer call that math. We call that behavior science or psychology.
And these are the patterns that drive not only the shape, but also the physiology and
the molecular biology and the behavior of the beings that we see all around us.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=3031
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At this point, you might be thinking, that sounds an awful lot like a philosophical
position that is long dead, proposed by Descartes, and many ancient thinkers in the
East. This idea that there is a non-physical mental world that contains patterns of
behavior, and that these interact through the brain or the body and drive behaviors
that we see. I don’t think this idea is as dead as most people nowadays think it is. I
think it’s actually pretty necessary. And I think the mind-body relationship is actually
the same as the math-physics relationship. In other words, already by the time of
Pythagoras, people knew that there were non-physical patterns that affect what
happens in the physical world. This interaction was the biggest problem; Descartes
was always challenged on it. How can non-physical things interact with the physical
brain? We don’t know exactly, but that problem has been with us long before we
thought about biology or behavior and long before we had quantum mechanical
interfaces. Even in Newton’s classical universe, we already had non-physical facts of
mathematics controlling what happens; they determine, they constrain the physics,
they enable biology. This has been with us for a long time. So I really think we need to
work on this. It is a serious thing.


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Slide  of  · Watch at :

It could be that when Hawking asked what breathes fire into the equations, maybe he
had it backwards. You don’t need to breathe fire into the equations. It’s the equations,
or rather the mathematical patterns that we describe using equations; they’re
breathing fire into the physical world. I think it’s backwards.


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And I’m going to wrap up in a couple minutes. There’s not a lot of time left. You don’t
have to have a very complex interface to support these kinds of aggressions. It doesn’t
need to be biological, it doesn’t need to be complex; even extremely simple things. You
can find it in this paper as an example, where even something simple, the stupidest
thing like a sorting algorithm, bubble sort, which is this simple six-line algorithm, six
lines of code, fully deterministic, completely transparent.

People have been studying this for decades. They are doing interesting things and they
have capacities that are not in the algorithm. If you look at the algorithm, you will not
see that they can do delayed gratification. They sort the numbers, but they also do
some other things, these weird side quests that are not described in the algorithm at all,
but recognizable to behavioral scientists.

When people say it’s emergent, what’s emergent is not complexity or unpredictability.
What’s emergent are behavioral competencies, AKA different degrees of intelligence. I
think we have to be really careful here because even very simple algorithms are doing
things that are not at all apparent from the thing we’re trying to force them to do,
which is the algorithm.

When we talk about AIs and robots, there are the things you try to force them to do
with the algorithms and with the materials. This is the kind of reinforcement learning
Skinner really liked. They also have intrinsic motivations. They do things that you
didn’t ask them to do. That’s different. That calls for a different relationship with them
and a different kind of theory of education, more Piaget and less Skinner.


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We just have to remember that when people say, this is a machine. It follows an
algorithm, and therefore it can’t do this and that, and I’m a real being, and I’m creative,
and this is just a machine.

As far as I can see, nothing in the world really matches those formal models that we
have of machines, Turing machines. They were designed to try to describe very simple
things that only do what you tell them. I’m not sure there are any like that anywhere.

We have to remember that our formal models, such as our models of computation,
whatever limitations they have, those are limitations of the formal model. It’s not the
thing itself. We don’t have access to the thing itself. All we can study is the models.
Our models are often limited, but we shouldn’t mistake that for the real thing.

And it’s like Magritte is telling us, ”This is not a pipe. This is a representation of a
pipe.” This is not a Turing machine. It’s our formal model of some machine. It may do
the things you want it to do, but it may also do some other things that you never asked
it to do.

We have to be really careful here.

People talk about computationalism and the notion that you might have a mind
because you do certain computations; I think neither synthetic nor evolved systems are
only what the models say they are. You might not be a mind because you do
computation. You might be a mind in spite of the fact that you’re being forced to do


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certain computations, but there are other things you can do despite that. Even very
simple interfaces do this.

That picture of the Garden of Eden initially, I think, is going to be very different.
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Looking forward, it’s going to be very weird with all kinds of diverse creatures,
because every combination of evolved material, engineered material, software is a
viable interface. Biology is interoperable.

All of these things, hybrids and cyborgs, are combinations of things that could support
interesting ingressions from this Platonic space. Some of those ingressions are
significant kinds of minds.

And so everything we’re used to in the biosphere is a tiny corner of this space. And we
need to understand how to have an ethical synth biosis with these other beings because
we don’t. We’re bad at recognizing, predicting, knowing what’s going to happen.

And so just a couple of final things that I want to bring to this. First is this notion that
as weird as all of this is, I’m talking about cyborgs and hybrots and AIs and so on, they


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all have one conventional thing in common. They’re embodied. They have a physical
body. And I just want to point out that things are, even that’s too limiting.

Slide  of  · Watch at :

I’ll tell a very quick story. Imagine these creatures come out of the center of the earth.
They live in the core. They’re incredibly dense. They work their way up to the surface
of our planet. What do they see? They don’t see any of us. They see a thin gas, a thin
kind of plasma covering the surface because they are so incredibly dense. None of our
stuff is really solid to them.

They look around and one of them is a scientist and he has this device and he’s starting
to look at this gas and he says, there are patterns in this gas, temporary self-reinforcing
whirlpools, very complex, but basically little vortices that almost look agential. They
almost look like they’re doing things, and they almost look like they interact with each
other and exchange messages.

The others say, we’re real beings. We’re physical beings. Patterns in the gas can’t be
agents. They’re data. They’re patterns. Even in our brains, there are patterns of heat
that are used as information, as thoughts. So you can have patterns inside a cognitive


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medium like thoughts, but those are not agents. Those are passive data that the agent
is moving around.

How long do these things last? He says, about  years. They say, and then nothing
interesting can happen in  years. So clearly these things can’t be agents.

What this kind of thing reminds us is that we too are patterns in an excitable medium.
We are metabolic patterns. There are other patterns within us. There are thoughts
within our cognitive medium and within our physiological medium of our bodies and
so on. But we are patterns too. This distinction between who’s an actual physical agent
and who’s a pattern in a medium is in the eye of the observer.

Slide  of  · Watch at ::

It is not an absolute thing. And there are many patterns that we can discover in digital
media, this amazing stuff by Bert Chan. These are bioelectrical patterns that you can
see between embryos. Each one of these things is a separate embryo, and you can see
they’re communicating with each other, but these patterns, they’re not even stuck
within. This is a bioelectrical pattern inside a frog embryo that you’ll see momentarily.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=3614


Slide  of  · Watch at ::

We call this the electric face because this is what determines the formation of the frog
face. You can see it here. But these patterns are not trapped within one body. They can
move from body to body. They exist within cells, they exist within embryos, they exist
within groups. And we have to start asking ourselves, what are the cognitive
competencies of patterns, not just of objects, not just of physical things, but of patterns
in media?



https://www.youtube.com/watch?v=EKwQvOA84wo&t=3639


Slide  of  · Watch at ::

Randy Beer actually, he had this amazing paper in Artificial Life back in  called
”The Cognitive Domain of a Glider in the Game of Life,” and he asked a similar
question because a glider in the Game of Life doesn’t really exist in the same sense as
you might expect a physical object to exist; it’s a pattern that propagates across an
excitable medium. And he asked the question, what does that pattern see? If I was that
pattern, if I was the inner perspective of that pattern, what would I see?

We expanded on this. Chris Fields and I wrote ”On the Symmetry of Thoughts and
Thinkers, The Symmetry of Objects and Processes.” We’ve gotten now even stranger:
we’ve gotten brains, and then we got to non-brainy bioelectricity, and agents that
navigate morphogenetic space. And then we said, you don’t even have to be biological,
and here are the things that apply to agents more broadly. And now I’m saying you
don’t even have to be a physical object as such; you can be a pattern within some other
medium.

The final thing that I’m going to say is this. All of these things are extremely different
from each other. What do they all have in common? What can we say that all agents, no
matter whether they’re embodied or not, or biologically evolved, have in common? I’m
going to just pull out a few; there’s a few other things too, but I’m going to focus on .

One thing they have in common is the need to demarcate themselves from the outside
world, the boundary of the self. What determines the self? We are all collective
intelligences, we’re all made of parts. What determines that a particular collection of
parts is a thing that’s different from its environment? One of the things I’ve claimed is


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that there’s this notion of a cognitive light cone, which demarcates the size of the
biggest goal that you can pursue as a system — not how far you can reach with your
senses and your effectors, but what is the biggest goal that you can pursue? If you’re a
system and you can bend your parts to pursue goals, what are the biggest goals that
you can pursue? That determines the size of that cognitive light cone and allows the
goals that you can pursue to determine where your borders are. You consist of all the
parts that have been aligned to pursue specific goals.

Slide  of  · Watch at ::

And one of the things about interesting agents is that those goals are plastic. They’re
not always the same size. So individual cells care about tiny little individual cell things.
They have a small cognitive light cone, a little bit of memory, a little bit of predictive
capacity. They only care about a very small radius.

But you put them together into a collective, and suddenly the collective can have
massive, grandiose goals. They remember how to build this giant thing, and if you try
to prevent them, they’ll work hard and they’ll try to do it again. They have a much
bigger cognitive light cone.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=3802


Slide  of  · Watch at ::

During embryogenesis, all of us self-construct primarily as the self-construction of a
cognitive light cone. Here’s an embryonic blastoderm. There’s , cells here. What
allows us to call that an embryo? What’s an embryo? Well, the reason we say it’s an
embryo and not just , cells is because all of these embryos have bought into the
same story of where they are moving in anatomical space. They’re all going to work
together to make one specific thing. An embryo is basically a really convincing model
that causes the alignment of the parts towards a particular outcome. If you cut it into
pieces, each one of these things will do the same, and you’ll get twins and triplets and
so on. You get interesting things at the borders of how these cells know which ones
they connect to.

This is also true in cognitive science. There are major issues of individuation. We have
split-brain patients and dissociative identity disorders. How many actual individuals
can be present in one cognitive medium? It’s not set by the genetics. I can take the
same embryo and make any number of individuals out of it. This is a dynamic process.
Self-construction is really critical.



https://www.youtube.com/watch?v=EKwQvOA84wo&t=3832


Slide  of  · Watch at ::

We have a program in cancer that’s designed to use these ideas as cancer therapeutics.
For example, when individual cells become transformed and they disconnect
electrically from the collective, as soon as they disconnect, they don’t remember the
goals of making nice organs. They’re amoebas at that point. They treat the rest of the
body as external environment. What we want to do is reconnect them, physically,
bioelectrically reconnect them, and we can see when they’re disconnecting, here’s the
bioelectrical map, they’re disconnecting. When we reconnect them, even though
they’re expressing very nasty ONCA proteins here, there’s no tumor because these
cells are plugged into this giant collective that remembers how to make muscle and
skin and useful organs instead of going off and being an amoeba in this environment
and reproducing it like metastatically and so on.

The reason I’m showing you this is to point out that all these philosophical ideas about
the nature of the self have very practical consequences. They become therapeutics if we
follow their implications and actually try to communicate with the material. They have
biomedical implications.


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Slide  of  · Watch at ::

The final thing that I want to say that all good agents have in common is the ability to
improvise. They have to reinterpret their own memories. They do not know
immediately what their memories mean. At any given moment, you don’t have access
to the past. What you have access to is the memory traces, the engrams that the past
has left in your brain or body. At any given moment, you have to reconstruct a story of
who you are, what you think of the outside world, what your goals are, what you’re
going to do from the molecular and physiological memory traces that exist.

There’s this bottleneck in this bow tie kind of architecture. This is the past here. This is
the future. This is the now moment. What happens is all your experiences, you
squeeze them down into memories. You generalize from generic experiences and you
have memories. That’s an algorithmic kind of process, but this is creative. You have
your memories at any given moment. What do they mean? What do these molecular
and physiological traces mean? You have to continuously self-construct a story of what
it is. All of this is described in this paper as memory, as a cognitive glue.

Developmental biology does exactly the same thing. The past experience of
generations gets squeezed down into a little bottleneck here, the egg. That egg does not
just mechanically give rise to whatever it encodes. Most species have incredible
plasticity. It’s a human genome. It might be a human body or it might be an anthrobot,
or it might be many other things. It has to be creatively interpreted by the machinery.
Because the process of morphogenesis is not hardwired machinery. It is literally an


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intelligent process. The genome is a kind of prompt to that process. That’s all
described here.

What’s really critical about agents, whether they be in morphogenetic space or in our
familiar cognitive space, is that unlike most of today’s computing machinery, where
everything’s about the fidelity of the data, everybody knows what they are and you
have the same interpretation as before. That’s completely different than what biology
does. Biology assumes the hardware is unreliable, and that what you’re going to have
to do at all points is to reinterpret the information you have, whether it’s genetic,
physiological, behavioral. You’re going to have to be good at telling new stories from
the information you have.

Slide  of  · Watch at ::

Here’s a summary of everything that I’ve told you today. We can and should develop
new tools to detect minds in unconventional substrates. This is going to be a major
unification of things that we think of as different, quote-unquote machines, organisms.
I think these terms are not serving us well at all. It’s going to drive new technologies,
biomedical applications, new discoveries and so on.


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But it’s also going to require a development of ethics to help us relate to novel beings
that are nowhere on the tree of life with us. They’re quite different and we’re going to
have to figure out how to relate to them. There’s a huge diversity in the degree of
intelligence of agents and the different spaces that they live in. These are truly alien
minds all around us. We don’t need to look for extraterrestrial intelligence. We’re
really bad at seeing the intelligence that’s all around us.

All minds have in common some interesting features. They have the responsibility for
demarcating their own boundaries at different scales. They have the responsibility for
interpreting their own memories and for continuously hacking their parts to align
them towards large-scale goals. I think life is basically just what we call systems that
are really good at this. Systems that are good at scaling their cognitive light cones so
that their parts do things as a collective that they couldn’t have known to do on their
own, and that have been under pressure through evolution to optimize their
improvisational skills to create adaptive models from minimal prompts in an
unreliable medium. This is the key to being a living agent.

The physical interface is just that. It’s an interface to a structured space of forms and
behaviors that can and should be systematically studied. The standard picture of the
sciences, from physics and chemistry with psychology up at the top, is backwards.
Behavioral science all the way down.





Slide  of  · Watch at ::

I’m going to stop here. I’m way over. I want to thank the people who did the work.
These are the postdocs and the grad students who did some of the work that I showed
you today. We have lots of amazing collaborators who have done some of the relevant
work. I have to do a disclosure: there are three companies that have licensed some of
the technologies that have come from these kinds of ideas that are supporting our
research, and our various funders that have supported us through the years. And most
of all, the thanks go to the actual model systems that we work with that teach us
everything that we think we know. Thank you very much. I’ll stop here.


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