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PROTOCOLING AS A DESIGN THEORY

Design Paradigm Shift

The design material is becoming agential.



1 DESIGN PARADIGM SHIFT

Classical engineering specifies components

Dimensions, tolerances and
interfaces
can be specified tightly.

This gives the designer substantial
control over how parts relate to the
whole.

Example: iPhone disassembly | Yutaka Tsutano, CC BY 2.0
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1 DESIGN PARADIGM SHIFT

Classic engineering VS Emergent engineering

CLASSIC ENGINEERING EMERGENT ENGINEERING
reliable parts VS adaptive participants
restricted degrees of freedom constraints and feedback
known performance target contingent collective outcome

The design problem changes when the “components” can sense and revise.

Evidence: Krakauer, Emergent Engineering (2019)
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1 DESIGN PARADIGM SHIFT

Two engineering logics

DIMENSION CLASSICAL
PARTS specified components
SETTING bounded conditions
LEVER component behavior
TARGET known performance
TEST fit to specification

Comparison: author’s synthesis after Krakauer, Emergent Engineering (2019)

EMERGENT

adaptive participants
open, changing context
constraints and feedback
capacity to adapt

behavior across contexts
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1 DESIGN PARADIGM SHIFT

Krakauer names emergent engineering

PAPER / SOURCE

David C. Krakauer - 2019

Why does engineering that succeeds
with tightly controlled artifacts
struggle with adaptive biological and
social systems?

First page: Krakauer, Santa Fe Institute (2019), pp. 373-376




1 DESIGN PARADIGM SHIFT

Where the intervention sits

SPECIFY PARTS

specified function

Author’s schematic, informed by Krakauer (2019)

SHAPE CONDITIONS

local rule + feedback

J

different adaptive actors

d collective pattern



1 DESIGN PARADIGM SHIFT

Emergent engineering

Minimal mechanism + maximal adaptive system

A designed intervention recruits capacities the system
already has.

Design moves toward the conditions in which local action unfolds.

Source: Santa Fe Institute / David C. Krakauer, 2019
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1 DESIGN PARADIGM SHIFT

Passive material VS Agential material

PASSIVE MIATERIAL AGENTIAL MATERIAL

Properties are specified Cells sense, respond and
and shaped by an external VS pursue local goals within
designer. their context.

Design lever: shape and assemble Design lever: engage competencies

The distinction concerns the material’s capacities, not its moral status.

Concept adapted from Davies & Levin, Nature Reviews Bioengineering (2023)
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1 DESIGN PARADIGM SHIFT

Davies & Levin: agential materials

PAPER / SOURCE

Jamie A. Davies & Michael Levin -
2023

Their review proposes working with the
problem-solving capacities of living
cell collectives.

Synthe

morphology with agential materials

Jamie Davies' and Michael Levin®

*Deanery of Biomedical Sciences, and Synthsys Centre for Synthetic Biology, Hugh
Robson Building, University of Edinburgh, EH8 9X8, UK

2 Allen Discovery Center at Tuts University, Medford, MA, USA

* Corresponding Author: michael levin@tufts.edu

Important note: copyright rules mean that only the version accepted by the joural can
be mounted on PURE. The journal worked with us on improving layout and graphic
design, so final images will be different from those shown here, though their general
content is the same.

Abstract

Bioengineering can address many important needs, from transformative biomedicine to
environmental remediation. In addition to practical applications, the construction of new
living systems will increase our understanding of biology and nurture emerging
intersections between biological and computational sciences. In this Review, we discuss
the transition from cell-level synthetic biology to multicellular synthetic morphology.
Importantly, we highlight experimental embryology studies, including organoids and
Xenobots, that go beyond the familiar, default outcomes of embryogenesis, revealing
the plasticity, interoperabilty, and problem-solving capacities of life. In addition to
traditional bottom-up engineering of genes and proteins, design strategies can be
pursued based on modelling cell collectives as agential materials, with their own goals,
agendas and powers of problem-solving. Such an agential bioengineering approach
could transform developmental biology, regenerative medicine and robotics, building on
frameworks that, include active, computational, and agential matter.

[H1] Introduction

Many problems in biomedicine, from birth defects and traumatic injury, to aging and
degenerative disease, could be addressed by answering the fundamental
interdisciplinary question of how groups of cells cooperate to build specific anatomical
structures. Understanding natural morphogenesis, (the creation or development of
anatomical shape), which is, in effect, navigation in morphospace, is key to designing

1

First page: author-accepted manuscript, Edinburgh Research Explorer; published DOI 10.1038/s44222-022-00001-9
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1 DESIGN PARADIGM SHIFT

From passive to agential material

PASSIVE

retains physical
properties

shape and assemble

Greater capacity to act independently -

Adapted comparison: Davies & Levin, Nature Reviews Bioengineering (2023), Fig. 3

ACTIVE

A

changes state
under
a stimulus

trigger a response

COMPUTATIONAL

.4

processes signals
and changes
state

program the logic

AGENTIAL

©

pursues goals
with
context
sensitivity

engage competencies
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1 DESIGN PARADIGM SHIFT

A signal can recruit cellular work

Kv1.5 channel mRNA
targeted

to ventral or

posterior regions

Bioelectric intervention

An ectopic eye formed in
tissue outside the normal eye
reqgion.

The intervention changed a developmental signal.
The cells carried out the organ-building work.

Experiment: Pai et al., Development (2012) | Image: Levin, Aw & Pai, CC BY-SA 4.0
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1 DESIGN PARADIGM SHIFT

Game design VS Mechanism design

GAME DESIGN MECHANISM DESIGN

Choose rules and

Vs incentives so strategic
actors can reach a desired
result.

Design the player’s rules,
actions and experience
within a game.

Focus: a playable system Often called “reverse game theory”

This is a design analogy; game design and game theory are distinct fields.

Sources: Nobel Prize 2007 overview; O’Reilly (2026)
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1 DESIGN PARADIGM SHIFT

The desigh move

Designing conditions

for desirable emergence

Outcome remains contingent on how actors respond.

Author’s synthesis from Krakauer; Davies & Levin; mechanism design
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1 DESIGN PARADIGM SHIFT

Agent skills make the shift tangible

SKILL.md

A reusable instruction structure changes what an agent
notices, can use and is expected to do.

Al skilling offers a contemporary site for protocoling.

Documentation: OpenAl Agent Skills | Interpretation: author’s synthesis
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PROTOCOLING AS A DESIGN THEORY

Diverse Intelligence and
Cognitive Glue

How can bounded actors become a collective?



2 COLLECTIVE INTELLIGENCE

Diverse intelligence

Heterogeneous actors

different capacities
different goals
different ways of sensing the world

Coordination does not require identical participants.

Source: Levin’s diverse intelligence research | Framing: author’s synthesis
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2 COLLECTIVE INTELLIGENCE 18

Cognitive light cones

How far can a system’s goals reach?

ORGANISM

TISSUE

Coupling can enlarge
the horizon of collective
goals.

temporal reach T

spatial reach -

Editable schematic adapted from Levin (2019), Fig. 2; not the original Guay image



2 COLLECTIVE INTELLIGENCE

Levin: the computational boundary of a self

P trontiers
in Psycholo

PAPER / SOURCE .
y g

The Computational Boundary of a
“Self”: Developmental Bioelectricity
Drives Multicellularity and Scale-Free

Michael Levin - 2019

The cognitive light cone asks what
scale of goals a system can pursue
across space and time.

First page: Frontiers in Psychology 10, 2688. DOI 10.3389/fpsyqg.2019.02688



2 COLLECTIVE INTELLIGENCE

Bioelectricity as cognitive glue

Local cells can respond to shared
physiological signals.

These signals help align local activity with larger S e e

anatomical patterns.

Evidence: Levin (2023) | Visual: Istpoir, CC BY-SA 4.0



2 COLLECTIVE INTELLIGENCE 21

Levin: bioelectric networks as cognitive glue

PAPER / SOURCE

Bioelectric networks: the cognitive glue enabling evolutionary scaling
from physiology to mind

Michael Levin - 2023

This review proposes that electrical
networks help coordinate cell-level
activity into larger anatomical goals.

,,,,,,,,,

First page: Animal Cognition 26, 1865-1891. DOI 10.1007/s10071-023-01780-3



2 COLLECTIVE INTELLIGENCE

Price as a coordinating signal

A shared signal can make dispersed
plans mutually compatible.

Different goals. Partial knowledge. One locally actionable cue.

Source: Levin & Lyons, “Cognitive glues...” (2026)
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2 COLLECTIVE INTELLIGENCE

Cognitive glue as compression

Global complexity

shared signal

Author’s theoretical extension of Levin & Lyons (2026)

An actor can participate
without understanding the
entire system.
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2 COLLECTIVE INTELLIGENCE

Bounded reliance

A participant needs to rely on...

the next action
the verification point

the right to contest or revise

A protocol can make that reliance more explicit and bounded.

Author’s theoretical proposal | No claim that protocols eliminate trust
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PROTOCOLING AS A DESIGN THEORY

Chapter 3:

Protocoling

Protocol is the material. Protocoling is the design action.



3 PROTOCOLING

Protocol: codified interaction

A structure of codified interaction

that shapes local action spaces and enables coordination among
heterogeneous actors.

Author’s proposed definition
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3 PROTOCOLING

What a protocol shapes

What can an actor...

see? do? access? expect?

signal? commit? contest? revise?

These choices structure local action without specifying every move.

Author’s proposed framework
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3 PROTOCOLING

Protocols shape possibility

Auction rules can specify

who bids / what is visible / when bids close

They leave participants to choose how to act.

The protocol changes the distribution of possibilities. It does not quarantee one outcome.

Author’s proposed distinction | Auction example is schematic
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3 PROTOCOLING

Protocol is a design material

rules permissions
signals commitments
interfaces feedback

Material: the codified conditions of interaction

Author’s conceptual positioning

29



3 PROTOCOLING

Protocoling is the design action

Observe / design / enact / revise

Protocoling actively and iteratively changes interaction
conditions toward a desired collective possibility.

Author’s proposed definition
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PROTOCOLING AS A DESIGN THEORY

From Interaction to
Infrastructure

How repeated interaction becomes a durable coordination structure.



4 FROM INTERACTION TO INFRASTRUCTURE

Interaction design and protocoling

INTERACTION DESIGN PROTOCOLING
How should this How can many encounters
encounter work? remain coordinatable over

time?

Author’s conceptual distinction
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4 FROM INTERACTION TO INFRASTRUCTURE

Protocolization
interaction
repetition
convention
codification
standardization

Author’s proposed process model

infrastructure
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4 FROM INTERACTION TO INFRASTRUCTURE

Pak’s Merge: a bounded protocol example

The rule The trajectory

Collectors decide when,
whether and how much
to acquire.

Mass acquired by one collector
merges into a changing work.

The rule is specified. Collective behavior unfolds through participation.

Source: Nifty Gateway / Gemini (2021) | Theoretical reading: author’s
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4 FROM INTERACTION TO INFRASTRUCTURE 35

Infrastructure needs durable adoption

Shared expectations need...

adoption

maintenance
interoperability

ways to contest and revise

Example: ISO 668 container dimensions | Image: Marek Slusarczyk, CC BY 3.0



TAKEAWAY

From interaction to infrastructure

Protocol material
Protocoling action

Protocolization hardening process

Author’s theory proposal | Sources and visual credits on the next slide
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