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Main Points:

• How much intelligence/agency/cognition a system has - framed as an 
engineering problem, not just philosophy. I propose an empirical 
approach, using appropriate levels of cognitive concepts to better 
predict/control complex living systems.


• Diverse Intelligences can be directly compared with respect to the 
spatio-temporal scale of the goals they are capable of working 
towards: the “cognitive light cone” model.


• Synthetic bioengineering provides an astronomically large option space 
for new bodies and new minds, without standard evolutionary back-
stories - novel beings impact understanding of evolution, genomes, etc.


• The study of morphogenesis as an unconventional collective intelligence 
(solving problems in morphospace) operating via developmental 
bioelectricity provides a new window on cognitive (goal) scaling.



Framework Goal:

• enable comparison of truly diverse intelligences regardless 
of composition or origin story


• moves experimental work forward

• familiar creatures - us, apes, birds

• weird creatures (colonial organisms, swarms)

• synthetic biology - engineered new life forms

• AI

• exo-biological agents (Earth is N=1) 



Outline:
• Intro: broadening cognitive science


– plastic subject of intelligence

– expand the option space of model systems


• Technological Approach to Mind Everywhere

– philosophical principles

– specific hypothesis for defining Selves

– specific hypothesis for multi scale cognition


• Model systems and data:

– morphogenesis as a collective intelligence

– Xenobots - a novel proto-organism



crawls, 
chews plants

flies, 
drinks nectar

Changing the Subject (of Intelligence)

• minds are embodied

• bodies can change drastically


brain is 
liquefied, 

rebuilt

The Self is the subject/owner of complex memories, credit assignment, goals
it changes on evolutionary, but also ontogenetic, timescales

• we all make the journey across 
the Cartesian cut - from “just 
physics” of single cell (egg) 
biochemistry to conscious being


Ontogeny recapitulates phylogeny



Nested Cognition

Jeremy Guay

each level of 
organization solves 
problems in its own 
space (morphospace, 
transcriptional space, 
physiological space, 3D 
behavioral space, etc.) 
using some of the same 

bag of tricks, of 
various levels of 
sophistication

Multi-scale Competency

Architecture



Intelligence Solves Problems in Arbitrary Spaces
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Degree of Intelligence is Proportional to Ability 
to Stay out of Local Minima in Pursuit of Goals

Higher level of organization sees a different 
space - you might be moving further away 
from goal in your space but the supersystem 
sees that you're actually coming closer in a 
different, more clever space)
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• general-issue	humans	and	other	
animals,	plus	

• humans	with	intelligent	internal	
appliances	(e.g.,	neurotransmi8er	
pumps)	-	cyborgs	

• humans	with	brain	implants	to	control	
devices	

• novel	bioengineered	animals	with	
diverse	bodies	

• synthe=c	living	machines	made	of	cells	
+	new	materials	+	electronics	

• swarm	robo=cs	
• massively	distributed	bodies	(Internet	
of	Things)	with	electronic	and/or	living	
(cultured)	brain	controllers	

• highly	diverse	agents,	at	all	levels	of	
the	Rosenbleuth	and	Wiener	cogni=ve	
hierarchy,	created	by	a	mix	of	design	
and	evolu=on	(both	biological	and	
simulated)

Multi-Scale Chimerism

machine, robot, 
vs. creature -

essential
categories?



A True Diversity of Agents
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Outline:
• Intro: broadening cognitive science


– plastic subject of intelligence

– expand the option space of model systems


• Technological Approach to Mind Everywhere

– philosophical principles

– specific hypothesis for defining Selves

– specific hypothesis for multi scale cognition


• Model systems and data:

– morphogenesis as a collective intelligence

– Xenobots - a novel proto-organism



Foundations:
• no binary categories (“is it an agent?”) - take evolution and 

developmental biology seriously, gradual origins


• the point is not to anthropomorphize simple systems but to 
de-mystify human and other cognition


• engineering, empirical stance on theories - no teleophobia, 
type II errors in attributing agency


• agents can be a patchwork of multiple unconventional 
Intelligences at different levels


• there’s no magic in material (“synapses”, protoplasm, etc.)


• biology, not zoology - “life as it can be” and “mind as it can be”



Axis of Persuadability: 

an Engineering Take on a Continuum of Agency

Try	to	think	of	it	this	way…



A Cognitive Option Space for truly Diverse Intelligences 
Based on the Scale of the Goals they can Pursue

How to

define


and

compare


truly

diverse 

Selves?



Scaling of the Self: (owner of goals at scale)

Single cell
Goals

Multi-cell
flexible

cooperation
toward

huge goal

Cancer =
defection,

reversion to
local goals

goal size scales
UP

goal size scales
DOWN

video by Charles Krebs

video by Juanita Mathews



Origin of Multicellular Mind



� Scaling up Cognition

• larger-scale, more complex states can now be setpoints and source of stress 



Flexible Boundary Between Self and World:

shifting scale of cognitive agent

induced
tumor

Voltage dye map



Scaling Memories

• my memory -> our memories

• my stress -> our stress

• my goal -> our goal



Scaling Goals



Outline:

• Intro: broadening cognitive science

– plastic subject of intelligence

– expand the option space of model systems


• Technological Approach to Mind Everywhere

– philosophical principles

– specific hypothesis for defining Selves

– specific hypothesis for multi-scale cognition


• Model systems and data:

– morphogenesis as a collective intelligence

– Xenobots - a novel proto-organism



Multi-scale Competency Greatly Improves Evolvability

Ectopic 
eyes on 

tail 
provide 
vision!

Behavioral Testing Device

Brain dynamically adjusts behavioral programs

to accommodate different body architectures

1. Robust goal-directedness -> buffers 
negative consequences of mutations, allowing 
evolution to explore positive pleiotropic 
effects (creativity)


2. Higher-level control circuits don’t need to 
solve a huge-dimensional micromanagement 
problem - they can optimize in reward space



Example: transcriptional space 

-> physiological space

• planarian heads degenerate after exposure to barium

• planaria eventually adapt and regenerate heads that tolerate barium

• a relatively few transcripts were altered to produce barium tolerance

• how did the system choose exactly the right genes to modulate, to 

deal with this evolutionarily-novel challenge?

Small number of genes regulated

out of entire genome



• get to the same outcome (region of some arbitrary 
space)

• despite perturbations

• via different paths

• from diverse starting positions

Same Goal, Different Means

Changing the size of cells still enable large-scale structures to 
form, even if they have to utilize different molecular mechanisms

Induced frog leg regeneration takes 

different path than default

limb development, reaches


the same final shape

Limb Development Induced Regeneration

Frankhauser, 1945, J. Exp. Zool., 100(3): 445-455



Where is Anatomy Specified?

?

–  DNA specifies proteins; whence Anatomy?


–  how do cell groups know what to make and when 
to stop?


–  how far can we push shape change? Engineers 
ask: what’s possible to build given default 
genome?

stem cell

embryonic


blastomeres

How to repair

(edit) it?

self-assembly



Single Cells are Extremely Competent

they did not give up their 
smarts when joining into 

bodies, but they did have to 
learn to cooperate to work 
toward goals on a much 

larger spatio-temporal scale


Computational boundary 
expands drastically, when 
making a metazoan body

note spatio-temporal horizon 
(boundary) of this agent’s 

activity - purely local!


it goes where it wants, eats 
what it wants - selfish, and 

the “self” is very small


can can they form collectives 
to pursue organ-scale 

anatomical goals? (equally 
selfish, but the “self” is much 

larger)

video by Charles Krebs



Intelligent Problem-solving in Morphospace

Genetics does not specify hardwired 
rearrangements: it specifies a system 
that executes a highly flexible program 
that can recognize unexpected states 

and take corrective action.

Change bioelectric prepattern

Craniofacial mispatterning

Metamorphosis

Morphometric analysis and modeling
reveals: faces fix themselves!!

normal

development
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remodeling

Cannot just follow a rote set of steps. How 
does it know when it’s “right”?



injury

mutation


teratogens

…

Closed Loop Pattern Homeostasis

Genes Effector

Proteins

physics emergence

Unpredictable
environmental
perturbations

Anatomical Error Detection and Control Loop

GRNs

Tissues/organs change

position, shape, gene expression


until the correct shape is re-established,

and then they stop!  A homeostatic cycle for shape.


Our strategy:

- target the homeostatic setpoint (pattern memory)

- rewrite it, let cells build to spec

of anatomy

surveillance and adjustment of self-model
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Hardware and Software in the Brain

voltage
imaging

Jeremy Guay



DNA

Transcription

Cells
movement of
body shape in 
morphospace

control of cell
behavior: differentiate, 
migrate, proliferate, 
apoptose

External stimuli,
Neurotransmitter drugs,

Ion channel drugs

software

Modulated
electrical signaling

voltage
imaging

extract
semantics

Hardware and Software in the Body
El

ec
tr

ic
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Bioelectric Circuits consist of:

Neurons and synapses evolved by specializing similar functions 
in normal somatic cells - slow electric conduction, 
developmental roles of neurotransmitter molecules

ion channels - set Vmem
gap junctions - share Vmem

=

Jeremy Guay



Re-writing Anatomical Pattern Memory

normal anatomy

distinct anatomical outcomes despite identical, normal genomic sequence

middle-third

regenerates:

normal molecular

histology



The Same Body can Store different 
Electrical Pattern Memories

Bioelectrically-Encoded Pattern Memory

normal anatomy

edited bioelectric

pattern

The bioelectric pattern doesn’t indicate what the anatomy is now, it encodes the latent 
pattern memory that will guide anatomy if it is cut at a future time = counterfactual

middle-third

regenerates:

normal molecular

histology



Cut, and briefly perturb

bioelectric circuit

or, can force 
Vmem state back 

to normal

• Long-term stability

• Lability (rewritable)

• Latency (conditional recall)

• Discrete possible outcomes (1H v. 2H)

weeks later,

cut in plain


water …
Keep 

trunk

weeks later,

cut in plain


water

Keep 

trunk

Basic properties of memory

Like any Good Memory, it is Stable and its 
content is not determined by the Hardware



Tweaking of bioelectric network connectivity causes 
regeneration of head shapes appropriate to other 
species! (also includes brain shape and stem cell 

distribution pattern)

?!?

D. dorotocephala

cut off head, perturb network topology
qu
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brain shape and stem 
cell patterns match also!

Modifying Communication between Cells in Collective

causes them to recall pattern memories of other species

Alexis Pietak



Bioelectric state overrides genetic mutation (e.g., KRAS) in 
tumorigenesis - suppression and reprogramming



can cells, liberated from their normal boundary condition,

reboot multicellularity? Do they like to cooperate, and what 

will this swarm agent decide to build?

R. Feynman

Douglas
Blackiston

Making Novel Bodies and Minds:

How much real-time (software) plasticity - 


what goals are cells capable of forming, pursuing?



Rebooting Multicellularity

Early frog 
embryo

assay for form 
and function

8 hours self-organized 
form



Xenobot behaviors - repurposing cilia



Xenobot in a maze (still water, no flow):

1) it traverses maze,            2) rounds the corners without bumping into walls, and 
3) it makes a spontaneous decision to turn around without hitting anything.

1 mm



Xenobots Regenerate after Massive Damage

Back to their New Xenobots Shape



Reading the Xenobot mind: calcium spiking

in skin cells — there are no neurons here



Herding Behavior



Kinematic Replication in Xenobots: 

evolution, like engineers, works in agential materials



Xenobots have a normal Frog Genome

Xenobot bodies and minds have no straightforward 
evolutionary back story;


the cells do, but selection pressure was very different

Behavior is emergent; cognitive capacities TBD



Developmental Time Behavior
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genome 

Xenobots have a Unique Developmental Sequence



Technological Approach to Mind Everywhere
• Conceptual outlook


• continuum of agency (not binary)

• empirical stance - persuadability

• no privileged substrate for cognition


• Self = boundaries of goals it is capable of pursuing


• Intelligence = problem-solving in abstract spaces; same goals by different 
means


• Developmental Bioelectricity =

• phylogenetic precursor of brain dynamics

• the physiological medium for the software of life

• medium of the cognition of morphogenetic swarm intelligence of cells


• Evolution

• is greatly potentiated by multi-scale competency architecture

• does not find solutions to problems - it builds machines that solve 

problems

• where do the goals come from, if not selection?
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“Endless Forms Most Beautiful”   <—>   ethics



More Details Here:



Post-docs:       
Tal Shomrat - persistence of memory in regenerating brains 

    Nestor Oviedo, Wendy Beane, Johanna Bischof - bioelectrics of planarian regeneration
Douglas Blackiston - brain-body interface plasticity, synthetic living bodies

           Vaibhav Pai - voltage gradients in eye/brain induction and repair
    Santosh Manicka - cognitive and dynamical systems models of morphogenesis
    Nirosha Murugan - slime mold cognition   
    Surama Biswas - cognitive models of gene-regulatory networks
    

Ph.D. Students:
    Fallon Durant - Vmem and pattern memory in planarian regeneration
    Vasilios Nanos - chimerization in morphogenesis and cognition
    Franz Kuchling - cognitive neuroscience modeling applied to pattern homeostasis

Undergraduate Students:
    Maya Emmons-Bell, Kelly G. Sullivan - non-genetic cross-species morphogenesis

+ many other undergraduate students working in our lab over the years

Technical support:
    Rakela Colon - lab management

Erin Switzer - vertebrate animal husbandry
    Emma Lederer - Xenobot behavior
    Junji Morokuma - planarian molecular biology
    Joan Lemire, Jean-Francois Pare - molecular biology

Collaborators:   Allen Center members +
    Alexis Pietak - computational modeling of bioelectrics

Joshua Bongard and Sam Kriegman - Xenobot simulations and AI
    David Kaplan - Vmem and human MSC differentiation, regenerative sleeves 
    Fiorenzo Omenetto - optical approaches to bioelectric modulation
    Giovanni Pezzulo - cognitive science models of pattern regulation
    Vitaly Volpert, Chris Fields - mathematical models of pattern regulation
    Paul C. W. Davies, S. I. Walker, Karl Friston - top-down causation models 
    Don Ingber, Richard Novak, V. J. Koomson, J. H. Dungan - mammalian bioengineering
   

Model systems:   tadpoles, planaria, zebrafish, slime molds, human cells, and chick embryos
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