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ABSTRACT

Participatory planning can help cities make better policy and planning decisions. An effective
participatory planning frameworkmust represent complex urban systems (compositional),
compute Pareto-optimal solutions (computational), and incorporate residents into the
decision-making process (collaborative).

We build a mathematical language using partially ordered sets to formally describe care in three
forms: preference, ethics, and design. We then create a compositional, computational, and
collaborative framework for participatory planning called the Experimental Public Co-Design of
Tomorrow (EPCODOT). This framework adapts monotone co-design to work with our language of
care and extends the approach with a collaborative interface. We demonstrate EPCODOT’s
capabilities first by modeling anMIT Senseable City Lab research project on trade-offs between
data privacy and urban well-being, and then bymodeling its potential application with a real
public project in Durham, North Carolina. We provide a software prototype at epcodot.com.

This work develops two interconnected contributions: a mathematical language of care connecting
applied category theory, decision theory, and ethics; and EPCODOT, a software tool enabling
participatory planning for researchers, communities, and cities. Future work should pursue four
directions: exploring additional category-theoretic structures within the mathematical language,
formalizing connections to social choice and decision theory, testing EPCODOT directly with
communities, and enhancing the computational capabilities of the framework’s monotone
co-design adaptation.
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How can cities make better decisions?

Participatory Planning

Participatory planning is a form of community engagement in urban planning that shares
decision-making power directly with residents (Forester, #(((; Afzalan andMuller, !"#’). The
promise of participatory urban planning, and of participatory governance more generally, is to
create a public decision-making process that leads to higher quality andmore equitable outcomes
for residents (OECD, !"!").

But many attempts at participatory planning remain at basic engagement levels (U.S. EPA, !"!&;
Arnstein, #()(). Where deeper processes have been attempted, positive effects are observed only
when participation is well designed and institutionally embedded (Mansuri and Rao, !"#$).
Successful participatory planning should allow residents to directly impact decisions and project
plans, and ensure that the effects of those decisions are well understood (OECD, !"!").
Participatory budgeting has produced notable outcomes when it is sustained and embedded, but
this type of consequential, well-informed participation is still rare in more general planning
contexts (Gonçalves, !"#&).

This does not mean we should give up on participatory planning. When done well, collaborative
decision-making can produce better policy outcomes (OECD, !"!"). When decision-making is
brought into the public sphere, it can also lead tomore local attachment and civic participation
(OECD, !"!"). Residents themselves want to have a say in decisions that affect them, and when
given that opportunity, trust in institutions improves (OECD, !"!").
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Participatory Planning Today

There are many tools that local governments and planners use for community engagement and
model-building, but none have provided a complete solution for participatory planning (Afzalan
andMuller, !"#’).

Decidim A set of open-source participatory tools for transparently accepting public input on
proposals, budgeting, and projects. Decidim has been deployed at scale in multiple cities
(Borge et al., !"!$).

Pol.is A tool for discovering and aggregating public sentiment at scale. Pol.is has been used
extensively in multiple cities (Small et al., !"!#).

UrbanSim An open-source platform that can simulate policy impacts onmultiple types of
interrelated urban systems like real estate and land use. UrbanSim has been used bymany
cities andmunicipalities (Waddell, !""!).

MIT CityScope A simulation and design software that lets participants make proposals and see
live feedback on their decisions. CityScope has been deployed across multiple cities (Alonso
et al., !"#’).

SystemDynamics A framework that uses stocks, flows, and causal connections to model complex
interactions, show trade-offs, and simulate outcomes. SystemDynamics has seen limited
deployments in public contexts (Veldhuis et al., !"!&).

Decidim and Pol.is successfully solicit and surface public input, but they lack native
representations of complex urban systems and provide no computational assistance for building
consensus or selecting desirable proposals (Afzalan andMuller, !"#’).

UrbanSim is a powerful tool for computing the impacts of potential policy decisions, but it is
primarily used by experts due to its technical complexity (Waddell, !""!). The computational
power cannot be easily leveraged by residents to understand impacts, and there is no native way to
make it collaborative.

CityScope offers a compelling software prototype that allows participants to collaboratively
simulate outcomes of their decisions. But it requires extensive customization for each urban
environment, making it challenging for cities to deploy practically for their own projects (Alonso
et al., !"#’).

SystemDynamics is novel because it can represent and simulate diverse types of systems to
multiple degrees of detail. But it has been around for decades and has not broken through as a tool
for use by public institutions (Veldhuis et al., !"!&). Only in recent years has there been an effort to
see how SystemDynamics could bemade collaborative (Hovmand, !"#&).
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WhatWe Need

Based onwhat we see with the above tools, let’s take a reasonable leap. Here are three requirements
of a successful framework for participatory planning.

Composition The frameworkmust be able to represent complex systems by breaking them down
into components and do so at an appropriate level of detail for participants with varying
expertise and background knowledge. The frameworkmust be able to trace the impacts of
proposals and preferences through the represented systems.

Computation The frameworkmust be able to simulate outcomes derived from the inputs
provided to the represented systems. The frameworkmust be able to legibly surface
trade-offs and discover Pareto-optimal solutions.

Collaboration The frameworkmust provide residents an interface to submit proposals and state
preferences. The frameworkmust show how consensus is formed and how it impacts
recommended solutions.

Each of the above tools misses at least one of these capabilities, so we aim to offer a novel
framework that builds in all three natively.
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Mathematical Formalisms for Participatory Planning

We know that mathematics is unreasonably effective in the natural sciences (Wigner, #()"). We
also see mathematics applied to decision sciences (von Neumann andMorgenstern, #(&&; Savage,
#(%&) andmany other human phenomena through logical correspondences like the
Curry-Howard-Lambek isomorphism. It is natural to ask if mathematical formalisms can be
reasonably effective in helping us solve complex problems in urban planning.

Monotone co-design is an experimental framework for engineering design that uses applied
category theory as its mathematical foundation. It represents system components as co-design
problems that describe monotonic relationships between resources and functionalities, then
composes these problems to represent more complex systems (Censi, !"#%). Originally developed
for engineering contexts, monotone co-design has the potential to be applied to diverse types of
complex systems (Zardini, !"!$; Zardini et al., !"!$).

The term co-design is meant to represent a combination of multiple ideas: compositional design,
computational design, and collaborative design (Zardini, !"!$). This combination of capabilities
makes monotone co-design a promising foundation for a participatory planning framework, but it
remains untested in public and participatory scenarios.

There are two questions we need to answer to determine if monotone co-design has potential for
use in participatory planning.

Canwe express care using a formal language of ordered sets?

Monotone co-design expresses system functionalities and resources as partially ordered sets. This
works well for engineering systems with technical components that have intuitively quantifiable
outputs and requirements.

But planning is not about making decisions based only on what our urban systems can do. Urban
planning is also concerned with what decisions and outcomes are better. We are concerned with
helping cities make better decisions. This meansmaking decisions and using a decision-making
process that are aligned with our preferences and values.

We call this concern for making better decisions care and try to express carewith a formal language
of ordered sets.

Canwemakemonotone co-design participatory?

With its compositional structure, monotone co-design can represent the priorities of different
stakeholders as different co-design problems.
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But there is no way to take input and actively negotiate those differences between stakeholders. In
order to be usable for participatory planning, a framework built onmonotone co-designmust add a
collaborative layer that allows residents and stakeholders to provide input and priorities that
contribute directly to the final decision-making process.

Towards a Public Co-Design

If we can show how to use ordered sets to express care, we hope to be able to rigorously express
what communities care about. If we can thenmakemonotone co-design participatory, we can
build the composable, computable, and collaborative Experimental Public Co-Design of Tomorrow
that governments, planners, communities, and organizations can use for participatory planning.
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Our Plan

Question How can cities make better decisions?

Scope We take our concern for making better decisions to mean care. We take decisions made by cities
to mean urban planning projects, programs, and services.

Claim Ordered sets can be used to express care andmonotone co-design can be adapted into an
effective framework for participatory planning.

Method We develop amathematical language of care using ordered sets and extendmonotone
co-design with collaborative interfaces to create the Experimental Public Co-Design of
Tomorrow.

Test We present two case studies of this Experimental Public Co-Design of Tomorrow: one
demonstrating the framework’s basic capabilities, and another showing its application to a
complex, real urban planning project.

Payoff A step toward expressing care usingmathematical formalisms that touches various
theories across social choice, decision science, and design. A framework and accompanying
software prototype of a new compositional, computational, and collaborative framework for
participatory planning that can be used in future research and community engagement
efforts.
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At this age she communicates more with movements than with words.

In fact, she communicates with no words at all. Just a look or a smile. Sometimes a
loud sound. Ever since we learned that pointing is "prelinguistic", our gaze diligently
follows her arms.

Today, she pointed.

It’s a remarkable form of communication, pointing. You first have to be in the same
space with someone else, then you have to understand where in that space the thing
you care about is, then you have to draw an arrow to the thing you care about.

All that to tell us she’s hungry. Or whatever it is she’s trying to say, who could possibly
know.

—
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worse

Part One

AMathematical Language of Care
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Chapter $

Care

$.$ Claim

We care.

We care about many things or very few. We care about things that matter. Maybe all that matters is
what we care about. We care needlessly. Maybe we should care more.

But we care.

Care canmeanmany things. Wemay care about something, or care for something. Wemay say that
certain actions are more caring, or that care is a way of being. There are care ethics, and we can
consider how to bring about more care in the world.

We initially used care to describe our concern for making better decisions, and this framing will
guide howwe build up this language of care.

But wemust acknowledge the vastness of what care could mean, and acknowledge that we
certainly will not be able to test our language against the whole vastness.

Still, we hope that our mathematical language will be flexible and robust enough to describe what
goes on when we care – to express the physics of care.
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$.! Thoughts

If our initial framing of care is as a concern for better decisions, we can start with a thought.

Care requires imagining more than one possible world.

For this, and likely any conception of care, wemust be able to see more than one possible world. If
we cannot honestly imaginemore than one possible world, then we cannot exhibit any form of care
(Keltner and Stamkou, !"!%). Even if we believe an outcome to be inevitable, if we care about the
outcome, wemust be able to imagine a world where the outcome is not realized.

The possible worlds we imagine can be outcomes, states, situations, actions, or anything else we
may care about.

PossibleWorld An imaginable potential form of the universe.

We can add a second thought.

Care requires a concern for the choice of possible worlds.

There may be infinite possible worlds (there are), but that does not require us to care. In any
conception of care, wemust have some feeling about those possible worlds. Even if we do not have
anything to say about two given possible worlds, care requires us to have some capacity for concern.

We can describe our concern as a capacity for believing in the existence of better possible worlds.

Better Away to relate two possible worlds according to our care.
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$." Forms

Our care is concerned with realizing better possible worlds. To reflect this, we will incrementally build
up amathematical language of care that is concerned with possible worlds that are aligned with our
preferences (preference), with possible worlds that are aligned with our values (ethics), and with the
decision-making process itself (design).

Preference

There is naturally an intimate connection between what a person cares about and what he
will, generally or under certain conditions, think it best for himself to do. —Harry Frankfurt

Caring organizes what we consider best to do (Frankfurt, #(’’). Caring is a pattern of emotions and
evaluations that makes things matter. Care is what creates the structures of our decision theory
models (Frankfurt, #(’’; Helm, !""#).

Ethics

On the most general level, we suggest that caring be viewed as a species activity that includes
everything that we do to maintain, continue, and repair our ’world’ so that we can live in it as
well as possible. That world includes our bodies, our selves, and our environment, all of which
we seek to interweave in a complex, life-sustaining web. —Joan Tronto

Care is not only what we prefer, it is also an expression and realization of our belief in justice
(Tronto, !"#$). Care is what gives us reasons, obligations, and ethical values (Korsgaard, #(()).

Design

Everyone designs who devises courses of action aimed at changing existing situations into
preferred ones. —Herbert Simon

Design is the work of discovering and realizing better futures. Design takes "matters of fact" and
converts them to "matters of concern", necessarily including an ethical dimension. Design is care in
action (Simon, #(’’; Latour, !""’).
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$.% Poetry

Any expressive language can be used for poetry (Alexander et al., #(*’). As we explore and build
this mathematical language, let’s keep an eye out for the poetry hidden at the edges of the prosaic.
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Chapter !

Preference

!.$ Better

!.$.$ Basic Preferences

What does it mean to prefer a possible world?

I may prefer the world where I’m happy tonight to the one where I’m sad, or prefer the one where
I’m full to the one where I’m hungry.

happy

sad

Figure !.#: Emotions tonight

full

hungry

Figure !.!: Hunger tonight

Note that we aren’t speaking of actions here. Wemay hope a certain future comes true, and wemay
take an action to help realize that future. But wemay not take any action at all.

I may prefer the world where I eat a cookie this evening to the one where I don’t, and I may bake
cookies to help realize that future. I may not be eligible to vote, but I may still care whowins.
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# cookie

" cookies

Figure !.$: Cookies eaten tonight

Candidate A wins

Candidate B wins

Figure !.&: Election result

Thinking of preference in this way allows us to first understand what it is to care about something
in the weakest sense. To care about something in the mind, whether or not it leads to action. This
weak, mental care is what we call preference.

You can see the foundation of a language in these figures. We’ve drawn arrows that indicate when
one possible world is preferable to another. Wemight say each drawing states a care.

!.$.! ManyWorlds

Wemay care about more than just two possible worlds. Wemay have a whole order of preferences.
Our drawingmay needmore than two elements.

much better

better

worse

abominable

Figure !.%: Much better andmuch worse

But the waywe care is not always so clear. Wemay not know enough to have a preference. At lunch,
wemay knowwe prefer a salad to a soup or a sandwich, but between a soup and a sandwich, we are
indifferent.

!"



salad

sandwichsoup

Figure !.): Lunch

!.$." Statements of Better

Let’s formalize what it means to prefer a possible world.

Whenwe state a preference, we state that we believe one world is better than another (Broome,
#((#; Hare, #()$; Harsanyi, #(%%). If we are capable of preference, then we are capable of believing
that someworlds are better than others.

We use better over prefer because we want to be able to describe more than just preferences. For
now, we are using better to mean better according to our preferences, but better canmeanmore.

Wemay say that someworlds are good and some are bad. We likely prefer good worlds to bad
worlds. But this distinction is stronger than just preference and implies that there is an important
line to draw between good worlds and bad worlds. Wewill allow ourselves to make stronger,
normative statements in Chapter $: Ethics.

For now, we can say that good worlds are better than bad worlds. And better worlds are better than
worse worlds.

good

bad

Figure !.*: Good and bad

better

worse

Figure !.’: Better and worse

What are the different statements we canmake with this idea of better?
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Statements of Better

For any two possible worlds a and b, wemust be able to express exactly one of the following three possibilities:

#. a is better than b.

!. b is better than a.

$. a is not better than b, and b is not better than a.

We can draw each of these forms of preference as well.

a

b

b

a

a b

Figure !.(: All statements of Better

These are the three types of statements our language can form about any pair of possible worlds.
But we want to be able to speak about more than two possible worlds.

We have already seen howwe can chain these statements to speak about more than just two
possible worlds.

a

b

c

a is better than b and b is better than c

a

cb

a is better than b and a is better than c

Figure !.#": Two chained statements of Better

These statements are all ordered sets that describe our care.
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!.! Caresets

!.!.$ Picking an Ordered Set

In order to formalize our statements mathematically, we need to decide what type of ordered set to
use.

Let’s consider three candidates: preorders, weak partially ordered sets, and strong partially ordered
sets.

Preorder

A setP equipped with a binary relation→ that satisfies:

• Reflexivity: For all x ↑ P , x → x.

• Transitivity: For all x, y, z ↑ P , if x → y and y → z, then x → z.

If neither x → y nor y → x, we say x and y are incomparable.
If both x → y and y → x, we say x and y are equivalent.

Weak Partially Ordered Set

A setP equipped with a binary relation→ that satisfies:

• Reflexivity: For all x ↑ P , x → x.

• Transitivity: For all x, y, z ↑ P , if x → y and y → z, then x → z.

• Antisymmetry: For all x, y ↑ P , if x → y and y → x, then x = y.

If neither x → y nor y → x, we say x and y are incomparable.

Strict Partially Ordered Set

A setP equipped with a binary relation↓ that satisfies:

• Irreflexivity: For all x ↑ P , it is not the case that x ↓ x.

• Transitivity: For all x, y, z ↑ P , if x ↓ y and y ↓ z, then x ↓ z.

• Asymmetry: For all x, y ↑ P , if x ↓ y, then it is not the case that y ↓ x.

If neither x ↓ y nor y ↓ x, we say x and y are incomparable.

Let’s pull out the differences to see what each structure offers (and requires) compared to the
others.

Compared to a preorder, a weak partially ordered set (poset) requires that if two elements are both
related by→, then theymust be= (antisymmetry). This means that weak posets do not differentiate
between equivalence and incomparability, where preorders do.

Compared to a weak poset, a strict poset uses a different type of binary relation:→ vs↓.↓ does not
relate an element to itself, while→ does (irreflexivity vs reflexivity).

!$



Whenwe consider how these differences connect to our statements about possible worlds, two
questions jump out.

#. Do we want to be able to differentiate between equivalence and incomparability?

!. Should better be↓ or→?

Dowewant to be able to differentiate between equivalence and incomparability?

Another way to put this questionwould be to ask if these two structures should say different things.

salad

sandwichsoup

salad

sandwichsoup

Figure !.##: Two chained statements of better

If we use a preorder, we can say precisely whether we believe soup and sandwich are equivalent or if
they are incomparable.

There is a strong case to be made that preorders do a better job of describing the subtleties of what
it means to care. Wemight have uncertainties that keep us from saying one possible world is better
than another, while also encouraging us to avoid saying the two possible worlds are equivalent.

But the idea of betterwe have used so far doesn’t need to differentiate between equivalence and
incomparability. Either one world is better than another or it isn’t.

We can think of our language as a way to make choices, which is what we hope it will eventually be
useful for. If we have no preference between twoworlds, labeling the twoworlds as equivalent or
incomparablemakes no difference to our choice. All we need to know is if one world is better or not.

There is also an added cognitive cost to this differentiation. Caresets reduce the differences between
possible worlds to a single relationship: is one possible world better than another? Choosing to
represent our care with preorders requires us to ask a follow-up question for any two possible
worlds where one is not better than the other: are these two possible worlds equivalently good or
simply incomparable?
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Answering this requires us to define a threshold for comparability. Howmuch information do we
need before we can say twoworlds are equivalent rather than incomparable? Any such threshold
risks being arbitrary.

Wewill not blame anyone for wanting to look further into the ramifications of using preorders to
describe howwe care, but for our purposes, we will prefer posets.

Shouldwe use→ or↑ to represent better?

We can bring back the lightweight definition of betterwe proposed in Chapter #: Care.

Better Away to relate two possible worlds according to our care.

To create a binary relation from this idea of better, we need to be a little more specific. If we choose
to use the standard usage of the word "better," that aligns more with↓. A possible world cannot be
better than itself.

But we can also define the relation to use a weakened form of better that aligns with→. This would
open our structures to more types of mathematical operations and theorems that are defined for
weak posets, like representing our poset as a category in category theory.

Lucky for us, weak and strong posets are isomorphic to each other. This means that nomatter
which structure we use, we can convert between the twowithout losing any information.

This allows us to both define our better relation as a strict↓ that alignsmore naturally with the way
we use the word in natural language, and also leverage themathematical properties that comewith
weak posets.

From now on, we will not differentiate between weak and strong posets unless necessary. Our
drawings will describe strong posets because that allows us to avoid drawing the reflexive arrows
from every element back to itself and allows us to say without restraint that our arrows indicate
one world is better than another.

!.!.! Complete Set of PossibleWorlds

We should also specify how to structure a complete poset of possible worlds, so we will require it to
be bothmutually exclusive and jointly exhaustive.

Mutual exclusivitymeans it is only possible for one of the possible worlds to be realized. In a
complete set of possible worlds, there is no way for us to ever exist in more than one possible world
simultaneously. This is required in order to be clear about what it means to prefer one world to
another.
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Joint exhaustivenessmeans that the set of possible worlds represents all possible worlds that can be
realized within the given scope of care.

Let’s take a look at our lunch preferences again.

salad

sandwichsoup

Figure !.#!: Lunch

In order to meet the requirements of a complete set of possible worlds, we have to assume the above
drawing is equivalent to the following.

salad, nothing else changes

sandwich, nothing else changessoup, nothing else changes

Figure !.#$: Lunch, explicitly complete

Whenever we create a drawing like the first, we will assume that it is complete and can also be
written like the second.

It is worth noting that both these statements assume that one of soup, salad, and sandwichmust
come true to be jointly exhaustive. We know that this is not a reflection of reality – it is possible
none of these three choices are realized.

To resolve this, we will assume that every statement of care describes all the possible worlds that
relate to our given scope of care. This will satisfy our quality of joint exhaustiveness, and will later
allow us to combine these statements andmaintain joint exhaustiveness throughout those
combinations.

!.!." Put the Pieces Together

Let’s put the pieces together.
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Careset

A careset is a setC of possible worlds, equipped with a binary relation↔ such that:

• Irreflexivity: For all x ↑ C , it is not the case that x ↔ x.

• Transitivity: For all x, y, z ↑ C , if x ↔ y and y ↔ z, then x ↔ z.

• Asymmetry: For all x, y ↑ C , if x ↔ y, then it is not the case that y ↔ x.

C is a complete set of possible worlds such that

• Mutual Exclusivity: For any x, y ↑ C , if x ↗= y, then x and y cannot both be realized.

• Joint Exhaustiveness: C includes all possible worlds that could be realized within the given scope of care.

The relation x ↔ y encodes the idea that x is better than y.
The structure (C,↔) forms a strictly partially ordered complete set of possible worlds.

Let’s call these posets of care caresets.
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!." A Language of Caresets

Caresetswill be the primitives of our language.

Imagine all the factors that go into choosing a job, or to picking a location to live. Because of the
complexities, wemay not always knowwhich we prefer. Let’s see what they look like as caresets.

athlete

librarianengineer

Figure !.#&: Jobs careset

Boston Philadelphia

New York City

Figure !.#%: Locations careset

Using caresets, we can hint at potentially complex feelings with just a few arrows and words. Above,
wemight be describing someone who dreams of becoming a professional athlete. But between
being an engineer and a librarian they are torn. Maybe they have interests in both, or are
considering the trade-offs between the money they will make and the life they will lead. Maybe all
they know is they want to be an athlete and nothing else matters. All we know is that by not having
an arrow between engineer and librarianwe know that right now they cannot say which of the two
they prefer today.

This is also why we choose posets instead of totally ordered sets. All totally ordered sets are also
posets, so we always have the ability to describe our care as a total order. But keeping posets as the
foundation grants us a flexibility that better reflects the complexities of caring.

!.".$ Combining Caresets

Emotions↓Hunger

Let’s revisit the very simple and very agreeable drawings we used to represent possible evenings.
We can now recognize these as caresets.
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happy

sad

Figure !.#): Emotions tonight

full

hungry

Figure !.#*: Hunger tonight

These caresets are drawn independently, but they describe related possible worlds that could be
realized for us tonight. Because caresets are posets, we can take their product (↘). In our language of
caresets, this will give us the full picture of possible worlds that are described by both of these
distinct caresets as one combined careset.

happy
full

sad
hungry

sad
full

happy
hungry

Figure !.#’: Emotions↘Hunger tonight

This product careset is a Cartesian product of the possible worlds (all combinations of possible
worlds from the two caresets are represented), and it maintains the ordering of the two caresets (the
product order). hungry is never above full and sad is never above happy.

Product of Partially Ordered Sets

Let (P,→P )and (Q,→Q)be twopartiallyorderedsets (posets). Theproductposet (P↘Q,→) isdefinedas follows:

• The underlying set is the Cartesian productP ↘Q = {(p, q) | p ↑ P, q ↑ Q}.

• The order relation→ onP ↘Q is given by:

(p1, q1) → (p2, q2) if and only if p1 →P p2 and q1 →Q q2.

For caresets, we will only allow taking the product of two caresetswhen all combinations of possible
worlds are in fact possible. They do not have to necessarily be independent—my happiness might
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depend on whether I’m full. But it must be the case that the Cartesian product of the possible
worlds of the two caresets still represents a mutually exclusive and jointly exhaustive set of possible
worlds, like both the original caresets did. All four of these possible worlds should, at least logically,
be possible.

Because our caresets are transitive, we also do not have to draw an arrow from sad, hungry to happy,
full. Like in posets, only the arrows that are required to show all the relations are drawn.

The product careset has not only maintained the ordering of the two original caresets but also shown
us where there is not enough information to decide if one possible world is better than another. If
two possible worlds are not connected by arrows, either directly or transitively, then the careset
cannot say if one is preferable to the other. The act of combining our two independent caresets has
not been able to tell us which of the two is preferable between happy, hungry and sad, full. We only
know that both are preferable to sad, hungry, and happy, full is preferable to both.

Caresets allow us to keep this uncertainty if it reflects our actual preferences. But maybe when we
see this combined careset, we can resolve this uncertainty.

Tonight, we prefer to be happy and hungry to sad and full. Let’s draw the line that describes this
preference.

happy
full

sad
hungry

sad
full

happy
hungry

Figure !.#(: Emotions↘Hunger tonight, with new assessment

Let’s remove the extraneous arrows.
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happy
full

sad
hungry

sad
full

happy
hungry

Figure !.!": Emotions↘Hunger tonight, with minimum arrows

Let’s have all our arrows point upward. To be as legible as possible, we will have caresets always go
frommost preferable to least preferable, top to bottom.

happy
full

sad
hungry

sad
full

happy
hungry

Figure !.!#: Emotions↘Hunger tonight, after assessment

Complexities of howwe care can be revealed and addressed with product caresets.
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Jobs↓ Locations

Let’s consider our optimistic friend, the one who dreams of becoming an athlete and has a
potentially contentious preference to live in either Boston or Philadelphia over New York City. Your
profession and your location are related, and we should relate them.

athlete

librarianengineer

Figure !.!!: Jobs

Boston Philadelphia

New York City

Figure !.!$: Locations

librarian
New York City

engineer
New York City

librarian
Boston

engineer
Boston

athlete
New York City

librarian
Philadelphia

engineer
Philadelphia

athlete
Boston

athlete
Philadelphia

Figure !.!&: Jobs↘ Locations careset

This product careset is more complicated than the Emotions↘Hunger careset, but it’s the same rule
being used to create the relationships. Every arrow (direct or transitive) in the product careset
means that both the projection caresets had arrows in the same direction between their respective
elements.

This is why librarian↘New York City and engineer↘ Boston do not have an arrow between them.
Even thoughNew York City has an arrow to Boston in locations, there is no arrow from librarian to
engineer in jobs.
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Saying we prefer living in Philadelphia over living inNew York City is a simple statement that implies
many unstated changes. When we place elements in a careset, we naturally infer from context the
effects on unspecified factors. The homewhere you live, the community you are surrounded by, and
the local sports teamwill all be necessarily different. But some things might be possible to imagine
holding equal, like income, proximity to a grocery store, and the existence of a local NBA team.

If we want to make a specific factor explicit rather than inferred, then it is the responsibility of the
careset to include it in the description of the possible world. The careset needs to describe the objects
of our care.

If there are multiple factors we need to make explicit, then theymay be best stated as separate
caresets. For example, we can imagine a companion Incomes careset that we can eventually combine
with our Jobs↘ Locations careset.

low income

high income

Figure !.!%: Incomes careset

That combined caresetwould remove the assumption that we hold income equal across the
different locations, even if the likelihood of finding a high income librarian job is low.

By having the possible worlds in our caresets bemutually exclusive and jointly exhaustive, we avoid
missing any possibilities. Not every possible world has to be equally likely, but our caresets are
precise about what possible worlds are better.

!.".! Antichains

Whenwe begin constructing caresetswithmultiple elements that do not have arrows between
them, wemay be interested in looking at these sets of uncompared elements.

Antichains are groups of elements in a poset that do not have any relations with each other, either
directly or transitively through other elements. An antichain represents a group of elements where
we cannot say any one of the elements is preferred to any of the others.

Antichain

Let (P,→) be a partially ordered set. An antichain in P is a subsetA ≃ P such that for all x, y ↑ Awith x ↗= y,
neither x → y nor y → x holds.

$$



Amaximal antichain is an antichain where nomore elements can be added to the antichain. In our
Jobs↘ Locations caresetwe can see four different maximal antichains.

librarian
New York City

engineer
New York City

librarian
Boston

engineer
Boston

athlete
New York City

librarian
Philadelphia

engineer
Philadelphia

athlete
Boston

athlete
Philadelphia

Figure !.!): Jobs↘ Locations maximal antichain ##

librarian
New York City

engineer
New York City

librarian
Boston

engineer
Boston

athlete
New York City

librarian
Philadelphia

engineer
Philadelphia

athlete
Boston

athlete
Philadelphia

Figure !.!*: Jobs↘ Locations maximal antichain #!
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librarian
New York City

engineer
New York City

librarian
Boston

engineer
Boston

athlete
New York City

librarian
Philadelphia

engineer
Philadelphia

athlete
Boston

athlete
Philadelphia

Figure !.!’: Jobs↘ Locations maximal antichain #$

librarian
New York City

engineer
New York City

librarian
Boston

engineer
Boston

athlete
New York City

librarian
Philadelphia

engineer
Philadelphia

athlete
Boston

athlete
Philadelphia

Figure !.!(: Jobs↘ Locations maximal antichain #&

In a careset, a maximal antichain can be thought of as a set of possible worlds where we don’t know
which is better. Because we are focused onmaximal antichains, moving forward when we use the
term antichain it can be assumedwe are discussing amaximal antichain unless we specify
otherwise.

If we have the option to be a librarian in Boston and an engineer in New York City, according to our
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initial Jobs and Locations caresets, we don’t have enough information to knowwhich one we will
prefer.

The size of the largest possible antichain that can be constructed from a poset is called its width.
We can consider the ratio of the width of the careset to the total number of elements in the careset to
be a heuristic for howmuch uncertainty we have about what worlds we prefer. The second
antichain above is the largest in the careset and has a size of %, and there are a total of ( elements.

These antichains are created naturally when we take the product of two caresets. But wemay in fact
have preferences within an antichain that have not been reflected in this new combined careset.
Stating this preference could reduce our width and allow the careset to more accurately reflect our
actual preferences.

We actually prefer the library in Boston to the library in Philadelphia, and we know in New York
City we would rather be an engineer than a librarian. Let’s update our careset accordingly.

librarian
New York City

engineer
New York City

librarian
Philadelphia

librarian
Boston

engineer
Boston

athlete
New York City

engineer
Philadelphia

athlete
Boston

athlete
Philadelphia

Figure !.$": Jobs↘ Locations careset (new preferences in blue)

We have reduced the width of our careset to & and added a bit more resolution. Narrowing our
product caresets is important so that our caresets represent our true preferences, and we reduce our
uncertainty about which possible worlds are preferred.
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!."." Tradespaces

The first maximal antichain we looked at above is a non-dominated set of possible worlds, and is
called a Pareto Frontier when visualized in a two-dimensional tradespace.

New York City Boston
Philadelphia

engineer
librarian

athlete

! elements & elements

# element ! elements

Figure !.$#: Jobs↘ Locations tradespace with Pareto frontier in blue

Tradespaces are used to show a set of options along two dimensions of criteria. The Pareto Frontier
is the set of points that are not dominated by any other points. This means all options that lie on
the Pareto Frontier are on an antichain.

Posets, and thus our caresets, can bemade up of as many dimension as we want. We can create
caresets that contain many different cares. A tradespace is a projection of a poset, and all our caresets
can converted into a tradespace. If we want a two-dimensional tradespace, we can pick two cares
from our combined careset and plot our antichain along those two dimensions.

!.".% Enriching Caresets

Whenwe care about something, it is not always enough to say only that we prefer one world to
another world. Wemay also need to specify just how strong that preference is. Consider a careset of
possible dinners wemay eat tonight.
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eat a slice of pizza

eat a cookie

eat nothing

eat a poisonous snake

Figure !.$!: Dinners tonight

Wemay like cookies, but wemay feel that one cookie is both not filling enough and not nutritious
enough for dinner, so wemay prefer a slice of pizza. A cookie is maybe better than nothing but just
barely. But if we know anything, we knowwe definitely prefer eating nothing to having to try to eat
a poisonous snake.

This careset does not communicate the magnitude of just howmuch we don’t like the idea of eating
the poisonous snake. We can enrich our careset to show this magnitude.

eat a slice of pizza

eat a cookie

eat nothing

eat a poisonous snake

a lot

a little

a little

Figure !.$$: Dinners tonight, enriched with howmuch we prefer

Caresets can have the relationships enriched to bemore precise about our care and preferences.

Mathematical enrichmentsmust make sense as youmove along the arrows. Theremust be a way to
understand how to compose these enriched values.
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To enforce this understanding, enrichment value must also come from posets, and those posets
must be monoidal. We need to be able to compose elements of the poset with the monoidal
operation and get back an element from the poset. This allows us to compose enriched
relationships in our careset and still have the composed relationship be enriched by the same poset.

Enrichment of a Partially Ordered Set

Let (P,→) be a partially ordered set and let (M,⇐, e) be amonoid. An enrichment ofP overM is a function

w : {(x, y) ↑ P ↘ P | x → y} ⇒ M

satisfying the following conditions:

#. Identity: For all x ↑ P , we havew(x, x) = e

!. Composition: For all x, y, z ↑ P with x → y → z, we have

w(x, z) = w(x, y)⇐ w(y, z)

Whenwe use a lot and a little to enrich our dinners tonight careset, we can declare the following
operations to make sure our enrichment poset is explicitly monoidal.

a little⇐ a little = a lot

a little⇐ a lot = a lot

a lot⇐ a lot = a lot

This means that both eat a cookie and eat a slice of pizza are preferred to eat a poisonous snake by a lot.

We chose the phrases a little and a lot to allow us to hand-wave the magnitude of the difference of
our preference. But we can see that caresets let us formalize that coarse quality withmathematical
precision.

Quantitative posets can also be used for enrichment, with composition that is oftenmore natural to
reason about. Let’s use pricing to indicate the magnitude of our preferences.
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eat a slice of pizza

eat a cookie

eat nothing

eat a poisonous snake

$#,"""

$!

$%

Figure !.$&: Dinners tonight, enriched with howmuchwewould pay

According to the caresets above, we would be willing to pay $#,""* to move from the eat a poisonous
snake to the eat a slice of pizzaworld for dinner tonight. Eat nothing is still a good deal.

These enrichments add detail while still being flexible enough to accurately represent the
complexities of howwe care. If we go back to a simpler meal decision from before, we can
reevaluate our preferences for lunch by enriching our preferences with howmuch wewould pay to
move up the careset.

salad

sandwichsoup

$$$*

Figure !.$%: Lunch, enriched with howmuch wewould pay

This careset adds more information about our lunch preferences, showing howmuchwewould pay
to move from one world to another. But there is no arrow between soup and sandwich. While the
enrichment leads us to think that maybewewould prefer sandwich to soup because we are willing to
paymore to move away from soup to salad than we are from sandwich to salad. But maybe we have
not thought enough about whether we prefer a soup or a salad, or we would needmore information
to make a comparison. For whatever reason, we cannot say if we prefer soup or sandwich.

Our enrichments do not need to exhaustively order all our preferences – that would defeat the
point of using a poset as our mathematical foundation. The careset allows us to speak with
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precision where it exists, andmaintain uncertainty or incomparability where appropriate, even
with enrichments.

!.".& Combining Enriched Caresets

We’ve changed our mind, a cookie is no longer a replacement for lunch, but a complement to it.
Let’s go back to our cost-enriched lunch careset, and also try enriching our cookie careset from
before.

salad

sandwichsoup

$$$*

Figure !.$): Lunch, enriched

# cookie

" cookies

a lot

Figure !.$*: Cookie, enriched

Let’s combine these two caresets to see howwe feel about lunch with a cookie.

soup
" cookies

sandwich
" cookies

salad
" cookies

soup
# cookie

sandwich
# cookie

salad
# cookie

$"
a lot

$"
a lot

$"
a lot

$$
none

$$
none

$*
none

$*
none

Figure !.$’: Lunch↘ cookie, enriched

We hint here at the power of posets, and the amount of precision and detail that is available to
describe our preferences.
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We could continue exploring if more forms of preference and decision theory can be represented as
a careset in a satisfying way. This would be interesting and would require more mathematical
analysis, questioning the monotonicity of product caresets, and searching for enrichments that
would not be consideredmonoidal.

For now though, we will carry on.

Looking only at the tools we’ve built in our language so far, it will be useful to see if our language
can support something stronger than preference, andmaybe what we care about most: our ethical
values.
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!.% A FewMore Thoughts

We should address a fewmore thoughts before we go on to expand our language further.

!.%.$ Why not interval orders?

Interval orders treat all elements as acting like an interval on a number line.

Interval Order

AsetP equippedwith abinary relation→ that canbe representedbyassigning to each elementx ↑ P a real interval
Ix = [ax, bx] such that:

• x → y if and only if bx ↓ ay

That is, the interval of x lies entirely to the left of the interval of y.

It might be attractive to describe our preference for a possible world as existing within a range of
preference, and then our relations as whether these ranges of preference overlap. This might allow
for us to embedmore uncertainty into howwe view possible worlds.

But this also comes at a cognitive cost for minimal semantic gain. Posets already allow us to use
incomparability as a way of describing uncertainty or "overlapping ranges". What would it mean to
require that every possible world lives within a range of care?

Because interval orders require that elements live in intervals on some one dimensional line, they
do not allow the 2 + 2 formulation that posets do.

a

b

c

d

Figure !.$(: The 2 + 2 Poset

It seems reasonable to want to be able to say that we prefer b to a, and we prefer d to c, but keep the
two pairs incomparable.
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poverty relief

homelessness support

environmental protection

carbon capture research

Figure !.&": A 2 + 2 charity donation careset

Imagine we can only donate to one of the four types of charities described in the careset above.

If this caresetwere an interval order, then we would have to resolve our preferences to a single
dimension by drawing an arrow between the two related pairs.

poverty relief

homelessness support

environmental protection

carbon capture research

Figure !.&#: An interval order charity donation careset (new relation in blue)

This requirement that interval orders live in one dimension risks being too restrictive. Wemay not
know how to think about our preferences between poverty-related charities and
environment-related charities, and this fuzziness feels like an intuitive and natural way wemight
think about preference and care. We keep posets as the foundation for our caresets in order to
natively support this kind of multidimensional care within a single careset and have our language of
care support as many conceptions of care we can imagine.

There may be a case to bemade that every individual careset should live in one dimension of care
and the restriction provided by interval orders is useful. But we will leave that for a future
exploration and take it as an excessive restriction for our current goals.

!.%.! Why ordered sets at all?

Onemight also wonder why we should use ordered sets at all. We could consider graphs or other
mathematical structures when considering building amathematical language of care.

Ordered sets allows us to create structures that utilize transitivity, a fundamental concept in how
we care. As we’ve already described, better and worse imply a transitive, relational idea of howwe
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think of possible worlds. Graphs miss this crucial axiom, and when wemake our directed acyclic
graphs require transitivity, our graphs begin to look a lot like posets.

That being said, it would be an interesting exercise to examine what it wouldmean to describe care
in the form of a graph rather than as a poset. But for our purposes, we will keep transitivity as a
requirement and stick with orders.

This does not mean that all forms of care need to be relational or transitive, and posets allow us to
say whenwe do not believe our care is transitive (see the 2 + 2 example above). Ordered sets allows
us to be expressive of these transitive relationships of preference alongside more complex ideas of
care and preference, all while adding as little additional cognitive weight to our language as
possible.

Using ordered sets, especially a structure like a poset, allows us to add significant mathematical
expressiveness all on a very basic foundation. Wewill see later howwe can take the product of two
caresets because they are posets, and we can enrich them as well.

We have alreadymentioned that posets are also categories, and we will be able to open up our
language of caresets to potential theorems from category theory. This has the potential to add even
more expressiveness and discovery potential to our language that we will not be able to uncover
today.

Posets strike a good balance between simplicity and expressiveness, and wewill take them as the
basic structures to describe our care. Let’s see what we can do with our caresets.

!.%." On Social Choice and Decision Theory

Caresetswill feel familiar to structures in social choice and decision theory, but we intentionally
avoid committing to any specific relationships with those theories today.

We use posets and category-theoretic concepts like enrichment from the outset, and using our own
terms gives us the freedom to build a language exactly for the goals we have in mind. This helps us
maintain clarity and generality without having to specify how exactly to change existing social
choice structures to work with the concepts we will build in.

That being said, our caresets are similar to preference orderings over alternatives andmany concepts
offered by Sen, Arrow, Fishburn, and Chang (Sen, #(*"; Arrow, #()$; Fishburn, #(*"; Chang, !""!).
Likely, many of the concepts in our language will map neatly, maybe even isomorphically, to
structures from social choice and decision theory.

But for now, we will avoid specifying how exactly our language would translate to these other
theories, and leave that for future theorists.
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Chapter "

Ethics

".$ Achieving

".$.$ Actions

What we have not expressed yet in our language of caresets is the concept of an action. We have
described changing between possible worlds, but this is not the same as an action. The possible
worlds in our caresets are mutually exclusive and jointly exhaustive because they are meant to
represent a set of options for how the world can be at a givenmoment. But when we take an action,
we are not moving within a single careset. Instead, we are picking an element in the careset that
represents the possible world that could result from our action.

An action can be thought of as a function from the "now" careset to the destination careset. The
"now" careset is a caresetwewill use to represent the state of the world at the moment of the action.
This will be a caresetwith only one element, since we only have one possible world that represents
any givenmoment (as far as this language is concerned).

The action function then can be described as an arrow from the only element in the now careset to
an element in the destination careset.

For lunch, we have three action functions available to us that we can visualize as three arrows.
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now

salad

sandwichsoup

pick salad

pick sandwich

pick soup

Figure $.#: A lunch action

We can represent all possible functions from one careset to another using a different arrow.

now

salad

sandwichsoup

Figure $.!: All possible lunch actions

We can also model the set of all actions that start from caresets other than the now careset.

salad

sandwichsoup

eat a slice of pizza

eat a cookie

eat nothing

eat a poisonous snake

Figure $.$: All possible lunch to dinner actions

Because our actions are functions, an actionmust have a destination for every possible world in the
origin careset. When it’s the now careset, this is simple because there is only one element. But when
wemodel actions from caresets other than now, we are modeling an action taken for every given
world wemight be in in the origin careset.
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".$.! Actions as Caresets

Representing actions as functions feels intuitive. We take an action in a given possible world and
end in a possible world. But possible worlds are made up of everything in the world, including
actions.

So what if we represented actions as a careset?

pick salad pick sandwich pick soup

Figure $.&: Lunch actions careset

Because we are holding these actions independent from the worlds they realize, we will not make
any preference judgments between them.

In fact, we can describe our lunch actions and our lunch together in a single careset.

action #
salad

action !
sandwich

action $
soup

Figure $.%: Lunch with lunch actions careset

Note that this is not the same as a product careset. Not all actions can be paired with all lunches,
because an action picks a single lunch. This is simply a careset that represents the lunch action and
the lunch together.

What this allows us to do is to ignore the now careset and look only at a single destination careset to
decide which action is most preferred. Every careset that represents possible worlds also represents
a set of equivalently preferred actions from the now careset to each possible world.

There may bemultiple ways to get to a possible world, and theymight not all be equivalent. In that
scenario, we will need to examine the actions caresetmore closely.

Alternatively, certain possible worlds may be infeasible— there may be no actions that can get us
to the possible world. Wewill consider this more in Chapter &: Design.
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For now, unless we specify otherwise, we will consider any careset to also represent its
corresponding action careset. Namely, the careset that represents a mutually exclusive and jointly
exhaustive set of equally preferable actions that realize each possible world in the careset.

So our lunch careset both represents the possible worlds that can be realized for lunch, and the
actions we can take to realize those possible worlds.

salad

sandwichsoup

Figure $.): Lunch careset

".$." Category of Caresets and Actions

Let’s take a brief moment to propose a category CARE.

CARE

The category Care is defined as follows:

• Objects: Caresets (C,↔)whereC is a finite set of possible worlds and↔ is a partial order onC .

• Morphisms: Order-preserving functions f : C ⇒ D between caresets, called actions.

• Composition: Standard function composition (g ⇑ f)(x) = g(f(x)).

• Identity: The identity action (do nothing) idC(x) = x for each caresetC .

In Care, the mutually exclusive and jointly exhaustive qualities of our caresets become important.
By composing functions, we can, in theory, represent all possible chains of actions through a set of
caresets.

There are many other aspects of this mathematical formulation of actions that could be explored in
the future. Howmight probabilistic outcomes of actions be represented in Care? Actions have only
one possible world as outcomes, but actions are not taken with certainty about the outcomes. To
reflect this, actions might map to probability distributions over possible worlds rather than single
destinations. Could you enrich morphisms in Carewith probabilities? Is Care a !-category?

There may be theorems from category theory that can be applied to Care to see what they
represent. Wewill not explore the ramifications of this category here, but we can share in the
excitement nonetheless.
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".! A Language of Ethics

".!.$ Ethics as Better

It is very natural to use our ethical values to decide what possible worlds are better than others. We
used better as the relationship in our caresets to prepare for exactly this kind of flexibility.

We now can think of two different kinds of caresets, ones that describe our preferences and ones
that describe our ethical values. Much like two people can have different caresetswith the same
possible worlds, a preference careset and a value caresetmay also create different structures with the
same set of possible worlds.

ask for free lunch

pay for lunch

steal lunch

A possible preference careset

ask for free lunch pay for lunch

steal lunch

A possible value careset

Figure $.*: Two caresets for acquiring lunch

Alternatively, we could enrich our preference caresetswith the ought. This could be a way to let our
preferences and our values live side-by-side in the same caresets, allowing our language tomake
both is statements and should statements (Hume, #*$().

ask for free lunch

pay for lunch

steal lunch

indifferent

ought

Figure $.’: A preference careset enriched with ought
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But our values are not always so obvious.

".!.! Trolley Problem

Let’s consider this classical philosophical dilemma in the language of caresets.

The Trolley Problem

A runaway trolley is headingdowna track towardsfivepeoplewhoare tiedupandunable tomove. Youare standing
next to a lever that candivert the trolley onto another track,where there is oneperson tiedup. Youhave twooptions:

#. Do nothing, in which case the trolley will continue on its current path and kill the five people.

!. Pull the lever, diverting the trolley onto the other track, where it will kill one person.

A careset of the possible outcomes would be quite simple.

# death

% deaths

Figure $.(: Trolley problem outcome careset

But the trolley problem gets at a deeper question. Possible worlds don’t need to only be outcomes.
We can represent the possible actions as possible worlds, and the actions we take to achieve these
twoworlds may not bemorally equivalent.

Take no action that causes death

Take action that causes death

Figure $.#": Trolley problem action careset

We can look at the wider space that is created by taking the product of these two caresets.
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# death
Take no action that causes death

# death
Take action that causes death

% deaths
Take no action that causes death

% deaths
Take action that causes death

Figure $.##: Trolley problem careset as product of two caresets

The best possible world is not feasible according to the formulation of the Trolley Problem, and
herein lies our dilemma: our best options are in an antichain. Whenwe put together the values as
described in our caresets above, they do not provide a single best possible world for us to choose.

It is worth amoment to ask ourselves if we have successfully summarized the core Trolley Problem
with two caresets and their product. That would be an interesting feat. We can at least say that we
have produced a strong representation of why the problem creates a classical dilemma. But it is
exactly the fact that there is disagreement about the structure of our values that the Trolley
Problem houses a rich philosophical debate.

Maybe we do not believe the action careset accurately represents the situation. take no action that
causes death is a controversial wording, are we really taking no action that causes death if we don’t
turn the lever? What is it to cause death? Possible worlds must be precise, because only through
their precision can we draw better relations.

The pure act-consequentialist would throw out any concern for actions.
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# death
Take no action that causes death

# death
Take action that causes death

% deaths
Take no action that causes death

% deaths
Take action that causes death

Figure $.#!: Pure consequentialist trolley problem careset (new relation in blue)

The consequentialist may generally value taking no action that causes death over taking action that
causes death. But, given certainty of the outcomes, they will always prioritize the consequences
over how those consequences were achieved (Smart andWilliams, #(*$).

A utilitarian would take the consequentialist careset and enrich it with some form of utility, say
expected Quality-Adjusted Life Years (eQALYs) (Weinstein and Stason, #(**).

# death
Take no action that causes death

# death
Take action that causes death

% deaths
Take no action that causes death

% deaths
Take action that causes death

#!" eQALYs#!" eQALYs
#!" eQALYs#!" eQALYs

Figure $.#$: Utilitarian trolley problem careset
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Meanwhile, a strict Kantianmight restructure the whole careset according to the categorical
imperative (Kant, #*’%) and ignore the outcomes altogether.

# death
Take no action that causes death

% deaths
Take no action that causes death

# death
Take action that causes death

% deaths
Take action that causes death

Figure $.#&: Categorical imperative trolley problem careset (new relation in blue)

A strict Kantianmight in fact declare normativity – all actions are either good or bad.

".!." Normativity

Not all ethics necessarily require a normative evaluation. Not all ethics declare a given action or a
given possible world to either be good or bad. But we can very well represent those ethics that do.

The Kantianmight declare that all actions either abide by the categorical imperative or they do not.
And that alonemakes them either permissible or not, either good or bad. Wewill not differentiate
between ethically good and ethically permissible today.

In order to represent this binary of good and bad in a careset, we can imagine a function that maps
all possible worlds in a careset to an old friend, the good-bad careset.
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# death
No deadly action

% deaths
No deadly action

# death
Take deadly action

% deaths
Take deadly action

good

bad

Figure $.#%: Categorical imperative normativity function on the trolley problem careset

Here we see that the two antichains of the Kantian trolley problem careset eachmap to a normative
value. This is a quality of a careset fully defined by a strict, binary normative ethics – caresets created
by that ethics will only ever have two antichains since there is no granularity other than good or
bad.

Normative mappings do not need to only map to the good-bad careset. Any destination careset of a
normative mapping can define a version of normativity. We can even support conceptions of
normativity that are not total orders.

wrong

right

unjust

just well-ordered chaotic

tragic

Figure $.#): Candidate normative caresets

Normativity takes us back to the cliff of objectivity, and allows us to peer over the edge. Our caresets
have so far seemed relational and subjective. But nowwe can create statements thatmake objective
claims. Caresets do not prove objective facts, but they let you speak them.

With this flexibility, caresets seem capable of representingmany kinds of ethical structure.

".!.% Ethics of Actions

We see in the Kantian careset that actions canmatter significantly, and possible worlds that
describe our actions can, at times, matter more than the possible worlds that describe outcomes.
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Care ethics seems an appropriate example to consider. Care can be thought of as something that is
enacted or realized, not only something that motivates or assesses our actions (Noddings, #(’&).

If care is realized, then it should also be possible to describe with a careset. And if ethical actions are
ones that bring about more care, then we should be able to point to the possible worlds with more
or less care, and condone those actions that do better.

Care itself may be a form of normativity (Held, !"")).

Caresets give us a unifying structure to point to in discussions of ethics. There seems to be some
hope that many ethics, value systems, and deontological theories can be represented as some
structure or enrichment of possible worlds and actions. If this is so, then caresetsmay be a step
towards a mathematical language of ethics.
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Chapter %

Design

%.$ What is design?

%.$.$ Design in Caresets

A design process takes into account multiple qualities, as many qualities as it can that are relevant
for the system that is being designed. These qualities are the qualities that the designer cares
about. Designing a buildingmay include cares for function, form, cost, materials, and resilience.
Designing ameeting agendamay include cares for length, engagement, productivity, and comfort.

Whether you are designing a building or designing ameeting, a non-trivial design considers
multiple qualities of the system that is being designed.

If each quality of a design can be described as a care with a corresponding careset, then we can
describe the possible outcomes of our design as a product careset of all those qualities.

Event Space

Digital Media

Books

Figure&.#: Function careset for a library (assumeeachhigherelement containsall lower functionality)
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Iconic

Modern

Utilitarian

Figure &.!: Form careset for a library

Cheap

Reasonable

Expensive

Figure &.$: Cost careset for a library

Whenwe put it all together, we can see the Library design space as a product careset.

Event Space
Iconic
Cheap

Digital Media
Iconic
Cheap

Event Space
Modern
Cheap

Event Space
Iconic

Reasonable

Digital Media
Modern
Cheap

Digital Media
Iconic

Reasonable

Event Space
Modern

Reasonable

Event Space
Iconic

Expensive

. . .

Figure &.&: Top of the product careset for a library
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This idea of design is a more general one than the term usually connotes in traditional design
disciplines such as architecture, industrial design, and product design. Our idea of design does
contain themore traditional concept of design – architecture is very much about negotiating
betweenmultiple qualities like those described in the careset above. But our more general
conceptionmisses the specific focus on aesthetics, style, psychology, innovation, and philosophy
that more traditional design fields tend to carry with them. We respect the different uses of the
term design and acknowledge our participation in the usurpation of the term from these traditional
design fields. Let this be our semantic land acknowledgment.

For our purposes today, we will define design as devising "courses of action aimed at changing
existing situations into preferred ones" (Simon, #(’’). In our language, this translates to moving
up antichains in caresets.

%.$.! Moving Up Antichains

The purpose of design is to find the best antichain we can achieve in our caresets. As we know, we
may not have a clear preference between someworlds, and that means those worlds will live in an
antichain together. Design is the work of finding ways to achieve better worlds, and thus it is the
work of discovering higher antichains that are feasible.

This conception of design fits very naturally with the idea that design is about negotiating different
qualities. If a trivial design is only concerned about one quality, then wewill not have a trade-off
and our antichains will have only one possible world. Wewill only care about making one quality
the best it can possibly be.

"min

!min

’min

#%min

Figure &.%: Transit frequency caresetwith infeasible possible worlds grayed out

A possible worldmay be infeasible either because it is impossible to achieve, or we do not know any
way to achieve it. Zero-minute frequency is not possible thanks to a cantankerous spacetime.
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If we have successfully included all the relevant cares of our system in our careset, and our careset is a
total order, then all that is left to do is to go as high in our careset as we can. Every possible world is a
one-element antichain, so we have no uncertainty about which worlds we prefer.

But this is a trivial version of a design space. A very coarse but more realistic version of this careset
would look something like this.

"min
$

"min
$$

!min
$

"min
$$$

!min
$$

’min
$

!min
$$$

’min
$$

#%min
$

’min
$$$

#%min
$$

#%min
$$$

Figure &.): Transit frequency↘ cost design space careset

Real problems have wicked trade-offs (Rittel andWebber, #(*$), so we know that there will be
multiple qualities that we care about and it will be practically impossible to achieve everything we
want from all of them. This is why we have any hope that posets can represent the things we care
about, and why the antichains in the products of these posets are the goals of our design process.
Design is discovering greater feasible antichains within a careset.

We can see this when we look at two antichains from our Library design space.
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Event Space
Iconic
Cheap

Digital Media
Iconic
Cheap

Event Space
Modern
Cheap

Event Space
Iconic

Reasonable

Digital Media
Modern
Cheap

Digital Media
Iconic

Reasonable

Event Space
Modern

Reasonable

Event Space
Iconic

Expensive

. . .

design

Figure &.*: Library design space caresetwith two antichains highlighted

These are not the only two antichains that involve these elements, but you can see where design
wants to go.
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%.! Designingwith Caresets

%.!.$ Narrowing Caresets

Designmight also want to make our caresetsmore narrow. It is usually not the case that everything
we care about should be weighed equally. This means that a careset that is created by combining
many different cares will be a wide caresetwith long antichains. A good design process should help
us make decisions about what qualities matter more.

A good design process may choose to present an opinion or an ethic that dictates someworlds to be
better than others.

If we knowwe care more about our library having an event space than we do about it being cheap
or iconic, part of design’s role is to reveal these preferences. When revealed, we can add new arrows
that narrow our careset.
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Event Space
Iconic
Cheap

Event Space
Iconic

Reasonable

Event Space
Iconic

Expensive

Event Space
Modern
Cheap

Event Space
Modern

Reasonable

Digital Media
Iconic
Cheap

Digital Media
Modern
Cheap

Digital Media
Iconic

Reasonable

. . .

Figure &.’: Top of library design careset (new preferences in blue)

Reflecting this revealed preference in our careset has significantly narrowed the top of the careset.
The antichains have become shorter, meaning the designer has discerned which trade-offs are
worthmaking.
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%.!.! Feasibility

As we hinted at above in our transit caresets, all design work is done with a respect for feasibility.
Before, we have considered caresets in the abstract, imagining all the possible worlds to be worlds
that are possible. With the goal of realizing these worlds, designmust now consider feasibility
within caresets.

If a global maximum possible world is feasible, then the careset contains no real trade-off – all
preferences can be satisfied and the designer’s goal should be to achieve that global maximum.

More likely, the tops of our caresetswill not be feasible, and the tops of our caresetswill be out of
reach. This is the very nature of caresets that represent real trade-offs.

%.!." Imagining BetterWorlds

But I hope you are not happy that we chopped off the tops of our caresets. We claim to care but we
did quickly amputate our best possible worlds.

Caresetsmake explicit how high we believe we can go, and theymake us acknowledge how far we
are fromwhere we wish we could be.

It is not particularly novel to ask a design process to admit that it cannot achieve a perfect solution,
or to acknowledge that trade-offs need to bemade. But when we are imagining all possible worlds
as a careset, we are made to visualize the entire design space holistically and consider
improvements wemay not have considered.

Unless you are at a local maximum, a caresetwill always show you better possible worlds. Because
the careset is all possible worlds involving the cares in our scope, any justified solutionmust show
why it cannot be moved to realize the nearest best possible world. Tell me why I can’t keep taking
arrows upward.

If caresets can be an intuitive mechanism for communicating about nearest possible better worlds,
they may also be a tool for inspiration and imagination.

There is always a risk that a design process will becomemired or lose sight of the bigger picture.
Very often a design process will start from an engineering solution andmove to determine what
possible worlds this solution can help realize. Starting from the careset, and using it as a north star
that guides any design process, may lead to more creative and value-driven design.

The scope of a caresetmay be large, spanning what would normally be covered bymany different
disciplines and types of expertise. Decomposing caresets can be valuable, but wide-scoped caresets
provide a value of their own. A designer may seek ways to improve a given sub-scope of a careset,
and that scopemay contain the standard trade-offs of the solutions the designer is considering. But
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when the designer is exposed to a larger scope, new possibilities for movements towards better
worlds may be revealed.

The hope is that caresets can inspire us to imagine upwardmovements that wemight not have
considered before leading us to better worlds than we had originally thought feasible.
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today

Part Two

The Experimental Public
Co-Design of Tomorrow
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Chapter &

From Language to Framework

We now have some reason to believe that preference, ethics, and design can be formalized through
partially ordered sets. This mathematical language of care gives us hope that monotone co-design
can represent problems of care as well as it does engineering design problems.

Can we use our formalism of care to help makemonotone co-designmore expressive of community
cares? Can wemakemonotone co-design participatory?

We present the Experimental Public Co-Design of Tomorrow (EPCODOT) as an attempt to create a
collaborative interface that leverages the compositional and computational capabilities of
monotone co-design.

The EPCODOT framework has a companion software prototype, available at epcodot.com. But the
diagrams used to describe the user interactions are not necessarily exact representations of how
epcodot.com, or any other implementation of this framework, must choose to build out these
interactions. Here we attempt to provide a canonical description of the framework that is agnostic
to any specific software implementation.

We build up this new framework over the coming chapters, showing howwe can adapt monotone
co-design and how our framework lets users compose, compute, and collaborate. Wewill conclude
with two case studies that show how EPCODOT can be used to model trade-offs in urban contexts
and be a tool for participatory planning.
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Chapter #

Co-Design and Care

#.$ Monotone Co-Design

Monotone co-design is a framework for engineering design that breaks down systems into
co-design problems that each represent a monotonic relationship between a poset of resources and
a poset of functionalities, and composes those co-design problems to represent more complex
systems (Censi, !"#%; Zardini et al., !"!$).

Co-design problems are represented as a box with one or more resource wires and one or more
functionality wires.

Co-Design Problemfunctionality resource

Figure ).#: The basic elements of a co-design problem

Whenwe provide co-design problems with implementations and compose them together, they
represent complex systems. These systems have complex interactions, like feedback loops, making
it difficult to determine which implementations maximize functionality andminimize resources.
Themonotone co-design problem (mcdp) solver uses these implementations to compute
Pareto-optimal solutions for these complex, composed systems.

#.$.$ Implementing Co-Design Problems

Any system that uses a resource to provide a functionality monotonically can be represented as a
co-design problem. Any implementation for that co-design problemmust describe a functionality
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provided for a resource required. This can be done either with a formula or with a set of
implementations that connect a specific element in the resources poset to a specific element in the
functionality poset.

Consider a co-design problem that represents the process of purchasingmaterials to build a
warehouse.

PurchaseMaterials
steel (tons)

concrete (tons)
cost ($)

Figure ).!: Purchase materials co-design problem

We could implement the purchase materials co-design problemwith a simple formula that includes
the cost of the materials.

(steel↘ $800/ton) + (concrete↘ $150/ton) ⇓ cost

Or, consider a related co-design problem that uses those materials to build a warehouse.

BuildWarehouse
steel (tons)

concrete (tons)

floor area (ft2)

height (ft)

Figure ).$: Warehouse co-design problem

Then imagine we have four warehouse designs that can be used as implementations for the build
warehouse co-design problem.

Name Floor area (ft2) Height (ft) Steel (tons) Concrete (tons)

Compact StorageWarehouse %,""" #% !" $"

Standard DistributionWarehouse #%,""" !% &% ’"

Wide-SpanWarehouse !",""" !" &" #""

High-Capacity Logistics Center &",""" &" (% !""

Table ).#: Warehouse designs

These are feasible implementations for the co-design problem. Given a certain amount of steel and
concrete provided to our build warehouse co-design problem, we can use these designs to determine
what floor area and height are feasible. In monotone co-design, the relationship between the
resources and the functionalities must be monotonic.
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Monotonic means that if an implementation uses a certain amount of resources to provide a certain
amount of functionality, then it can always use more resources to provide the same functionality or
provide less functionality using the same resources.

Take theWide-SpanWarehouse implementation. To be feasible, it needs at least &" tons of steel
and #"" tons of concrete, and in turn it provides !",""" ft2 of floor area and !" ft of height. If we
provide more steel, say %" tons, we can still build theWide-SpanWarehouse and this co-design
problem can still provide !",""" ft2 of floor area and !" ft of height. If we need less floor area, say
#’,""" ft2, we can still build theWide-SpanWarehouse to provide that, and this co-design
problem can still require &" tons of steel and #"" tons of concrete.

This monotonicity is how functionalities and resources are defined in co-design. A functionality is
something where requiring less never reduces the feasible implementations, and a resource is
something where providingmore never reduces the feasible implementations.

#.$.! Composing Co-Design Problems

When co-design problems are composed, and resources and functionalities are wired together, we
can begin to model complex systems.

Build
Warehouse

Purchase
Materials

floor area (ft2)

height (ft)

→
steel (tons)

→
concrete (tons) cost ($)

Figure ).&: Composing the warehouse co-design problem

Every co-design problem can only use resources that are⇓ to the functionality provided by a
connected co-design problem.

As you connect co-design problems, you create new, composed co-design problems that describe a
higher level of abstraction.

Warehouse
Project

floor area (ft2)

height (ft)
cost ($)

Figure ).%: Warehouse co-design problem

The composable nature of co-design lets you navigate up and down layers of abstraction within the
same framework, with each co-design problem solving a discretely scoped relationship of
functionalities and resources. We can compose up to represent larger andmore complex systems or
decompose down to solve smaller andmore detailed problems.
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#.$." Posets

Posets are the primitives used inmonotone co-design – they describe what a system provides and
what it requires. We can think of a functionality like speed, where the poset would be real numbers
⇔ 0 representing kilometers traveled per hour, or a resource like fuel where the poset would be real
numbers⇔ 0 representing liters.

But we’ve seen that posets can represent more than just numerical values, consumable resources,
and quantifiable functionalities. The caresetswe described in Chapter #: Care can express our
preferences, our values, and our design goals.

Does monotone co-design work with caresets? Is there a difference between the posets in monotone
co-design and caresets?

If we can use monotone co-design to build systems with caresets, can we use it to represent and run
computations over more than just engineering systems? Couldmonotone co-design be used to
represent and compute the impact of systems on the public good?
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#.! Co-Design Problems Live in Caresets

We can now examine howwell the poset structures in monotone co-design align with the poset
structures in our caresets from Part One: AMathematical Language of Care.

Let’s take another look at our warehouse from before.

Warehouse
floor area (ft2)

height (ft)
cost ($)

Figure ).): Warehouse co-design problem

Floor area, height, and total cost are the relevant posets for this co-design problem. But do they
have anything to do with care? Do we care about them?

At first, it might be difficult to say if care is the right word to use here. If I am the business owner, I
might not care about these values in particular. Maybe I care more about what a warehouse like
this unlocks for our business, and what the opportunity cost and feasibility are for building this
warehouse.

WarehouseUtility
orders fulfilled / day

future flexibility

→

floor area (ft2)

→
height (ft)

Budget
opportunity cost

feasibility
→

cost ($)

Figure ).*: Connecting the warehouse co-design problem to business priorities

Nowwe can wrap this in a new co-design problem.

Business Opportunity
orders fulfilled per day

future flexibility

opportunity cost

feasibility

Figure ).’: Co-design problem for overall warehouse business opportunity

Maybe these posets are closer to things the business owner cares about. We can imagine continuing
this composition up. Orders fulfilled per day only matters in somuch as it helps please customers,
bring in revenue, satisfy shareholders, grow the business, make the business owner proud, etc.

If we cannot get to something we care about by composing our co-design problems up layers of
abstraction, then wemust say that we do not care about the co-design problem. If we are able to
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get to something we care about by composing our co-design problem, wemust say that, at least in
some instrumental way, we do care about the co-design problem.

If we care about a co-design problem, that means we believe certain states of functionalities and
resources are better than others. Can the elements of functionalities and resources be represented
as mutually exclusive and jointly exhaustive sets of possible worlds?

If we look at the above examples of functionalities and resources, nomatter the level of abstraction
we can always understand each functionality and resource in terms of possible worlds. The !","""
ft2 element in the floor area poset represents a possible world where the warehouse has a floor
area of !",""" ft2. The %,""" element in the orders fulfilled per day poset represents a possible
world where the business opportunity provides capacity to fulfill %,""" orders per day.

We can imagine elements for non-numeric functionalities and resources: a possible world where
the business has great future flexibility, or where the opportunity cost is reducedmarketing spend.
We can then require that every functionality or resource include all mutually exclusive and jointly
exhaustive possible worlds relevant to the scope of the functionality or resource.

Mutual exclusivity comes naturally for functionalities and resources – the provided functionality or
utilized resource must be a discrete value from the respective poset.

For joint exhaustiveness, we have to make sure the functionality or resource covers all possible
scenarios. For example, if we are describing the opportunity cost, wemust have elements that cover
all possible opportunity costs that are within the scope of the business opportunity. At worst, we
have to add a catch-all fallback element to cover joint exhaustiveness.

We have used our own term possible world to give ourselves the freedom to describe states of the
world as generally as possible. Any functionality or resource can be described as possible worlds,
and they are already structured like posets. Now once we require mutual exclusivity and joint
exhaustiveness, every functionality and resource poset becomes equivalent to a careset.

The posets that connect co-design problems are caresets. When you take the product of all the
functionality and resource caresets, you get the careset that represents the overall co-design problem.

We can see a snippet of the careset that makes up the warehouse co-design problem.
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. . .

Floor Area: #!,""" ft2

Height: !" ft
Build Cost: $#!","""

Floor Area: ##,""" ft2

Height: !" ft
Build Cost: $#!","""

Floor Area: #!,""" ft2

Height: !" ft
Build Cost: $#$","""

Floor Area: #",""" ft2

Height: !" ft
Build Cost: $#!","""

Floor Area: ##,""" ft2

Height: !" ft
Build Cost: $#$","""

Floor Area: #",""" ft2

Height: !" ft
Build Cost: $#$","""

. . .

Figure ).(: Warehouse careset showing Floor Area↘Height↘ Total Cost
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#." Co-DesignMoves Up Antichains

We can think of functionalities as caresetswewant to maximize in the context of the co-design
problem, and resources as caresetswewant to minimize in the context of the co-design problem. In
the context of the co-design problem, the best possible worlds are the ones with the most
functionality and the least resources.

This is not to say that we care about maximizing every functionality andminimizing every resource
intrinsically. In fact, the functionality of one co-design problem often becomes the resource of
another, and the care we wanted tomaximize as a functionality in one context becomes the care we
want to minimize in another context. This makes sense as long as those cares are instrumental to
other cares that we actually value intrinsically. The highest level co-design problemwe draw
essentially determines the intrinsic cares we want to maximize or minimize globally.

We can see this in the case of the business owner. They do not inherently prefer having #"" tons of
steel to having %" tons of steel in and of itself. But in the scope of the build warehouse co-design
problem, havingmore steel can only increase the options for what you can build. So for that scope,
more steel is better because it might help achieve a better warehouse, whichmay in turn help
achieve a better world for the customers, the business, the owner, or whatever is intrinsic to the
scope.

But we usually will not be able to achieve the worlds where wemaximize functionalities and
minimize resources – the implementations of the co-design problems will determine which
possible worlds are actually feasible.

Whenwe discussed design in Chapter &: Design, we saw that designmoves up antichains in
caresets. This concept translates directly to monotone co-design. If a co-design problem lives in a
careset, then the mcdp solver is working to find the highest antichain in the representative careset.

Let’s reconvene at the library.
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Figure ).#": Top of the product careset for a library

We can nowmap this to a co-design problem. Wewant function and form to bemaximized so we
make them functionalities, and we know that more cost can get us more of both functionalities, so
wemake it a resource.

Library
function

form
cost

Figure ).##: Library co-design problem

Let’s say we’ve had a number of proposals submitted that all seem equally feasible. When those
proposals are placed in the co-design problem as implementations, we can see our careset updated
for which possible worlds are actually feasible from the given proposals.
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Figure ).#!: Library caresetwith feasibility

Themcdp solver would then be asked to find the best antichain in this careset that is still feasible.
We fix the cost to reasonable (or less) and aim tomaximize functionality. There may bemore, but
we know there are at least two outcomes that are feasible and belong in the best feasible antichain.

**



Event Space
Iconic
Cheap

Digital Media
Iconic
Cheap

Event Space
Modern
Cheap

Event Space
Iconic

Reasonable

Digital Media
Modern
Cheap

Digital Media
Iconic

Reasonable

Event Space
Modern

Reasonable

Event Space
Iconic

Expensive

. . .

Figure ).#$: Library caresetwith feasibility and portion of best antichain

The Pareto frontier that the mcdp solver produces is a two-dimensional reduction of the antichain
in the careset for the co-design problem. This projection visualizes two dimensions of the
multi-dimensional trade-offs.

By using posets to describe our preferred worlds and by using implementations that restrict
feasibility, monotone co-design allows us to use a computational solver that helps us move up
these antichains within caresets and reveal the trade-offs between our best options.
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Chapter (

Compose

(.$ Caresets

In EPCODOT, users can create spaces to build out their urban systems. Within these EPCODOT
spaces, users are able to create caresets freely. Every caresetwill be created with a set of elements
(possible worlds) that are named by the user.

On creating the careset, there is an opportunity to provide a canonical ordering for the created
careset. Most user-created caresetswill likely be simple total orders to represent a specific quality,
like safety, sidewalk width, environmental impact etc. The complexities, and corresponding antichains,
comewhen these caresets are combined together through compositions.

An EPCODOT space can have as many caresets as desired, and those caresets can in turn be
connected to co-design problems.
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(.! Co-Design Problems

Users will be able to create standardmonotone co-design problems and an associated set of
functionality caresets and resource caresets. We have seen that co-design problems live in the
product caresets that contain the functionalities and resources, and users will be able to create these
co-design problems and also view the corresponding product caresets.

In EPCODOT, co-design problems can be implemented in twoways: with standard
implementations like is standard inmonotone co-design andmanually by users creating specific
connections between resource and functionality elements. In manual implementations, each
connection acts as an implementation for the co-design problem and represents a monotonic
relationship. Like with standard implementations, connections determine feasible possible worlds
when it comes time to compute best possible worlds in an EPCODOT space.

As more co-design problems are created they can be composed together and caresets can be used as
wires betweenmultiple co-design problems, or as intrinsic functionalities or resources within the
overall EPCODOT space.

Because EPCODOT adopts the compositional capabilities of monotone co-design problems, it is
possible to represent very complex systems at various levels of abstraction.

These co-design problems will be represented still by the standard co-design problem diagrams we
have grown to know and love.

Co-Design Problemfunctionality resource

Figure *.#: A co-design problem
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(." Carespaces

In Chapter !: Co-Design and Care, wemade a connection betweenmonotone co-design theory and
the idea of caresetswe’ve described in Part One: AMathematical Language of Care. It turns out this
connection is very natural, but so far it’s beenmostly a symbolic connection. How can we take
advantage of this connection in EPCODOT tomake it a better tool for participatory planning?

In order to take advantage of this generalization of co-design problems, we allow users to create
carespaces. These are spaces that are composable just like co-design problems, and can be
associated with caresets just like co-design problems.

There are twomain reasons to use a carespace instead of a co-design problem: flexibility and
accountability.

(.".$ Flexibility

Co-design problems require defining every poset as either a functionality or resource. This works
well for engineering contexts, or contexts where there are obvious, quantifiable relationships
between different qualities. But sometimes the things we care about may not be easily mapped to
functionalities and resources, or that mappingmay not be immediately intuitive.

This is especially clear whenmoving up layers of abstraction. It is easy to understand what is a
functionality and what is a resource for an engine that clearly "uses" fuel (a resource) to "generate"
power (a functionality). But when we think of a higher level system, while we know there are
trade-offs between the things we care about, wemight not know how to structure them into a
co-design problemwith functionalities and resources.

A transit system always has a trade-off between frequency and coverage. Let’s see howwemight
model that in co-design.

Bus System
frequency

coverage

Figure *.!: Bus system co-design problem

When a co-design problem has no explicit resource or functionality, monotone co-design instead
uses a default, one-element poset. The single element is always feasible, and the co-design
problem then represents feasibility relationships between the remaining posets.
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Above, we’ve made a valid co-design problem that has no resource and only represents the
feasibility trade-off between frequency and coverage. But there is no one canonical way to
represent a real-world problem as a co-design problem, and wemight not have captured all the
relevant factors. Maybe cost, fleet size, or the number of available bus drivers are the resources
limiting our bus system.

Bus System
frequency

coverage
?

Figure *.$: Bus system co-design problem. What’s the resource?

Maybe we don’t knowwhich of these factors is actually limiting our system, so we aren’t sure yet
what to identify as a resource.

Functionalities and resources can be swapped by switching the order of the poset. This can be seen
most easily with a resource like cost. We can invert any cost resource poset bymultiplying all the
values by↖1, call it a savings poset, and use it as a functionality. Nothing would have to change
about our implementations, and our co-design problemwill have swapped a resource for a
functionality.

Given this, we can try flipping our frequency from a functionality to a resource.

Bus Systemcoverage infrequency

Figure *.&: Bus system co-design problemwith infrequency as a resource

We have another valid co-design problem that is a reasonable candidate for how to represent this
real-world trade-off. In a sense, constrained bus systems do need to "use" more infrequency to
"provide" more coverage.

But this may not align with howwe naturally think about this trade-off. Functionalities can be
inverted and called resources, but we care about the things we care about whether you show them
right side up or upside down.

Carespaces allow us to represent our co-design problems without having to decide yet what is a
resource and what is a functionality.
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Bus System

frequency coverage

Figure *.%: Bus System carespace

We can connect and decompose carespaces just like co-design problems. Whenwewant to regain
the computational capabilities of monotone co-design, we can assign the caresets of our carespaces
to co-design problems. There are several more candidates for how to interpret our Bus System
carespace as a specific co-design problem.

Transit Logistics
frequency

coverage

bus drivers
number of buses
network

Transit Costs
frequency

coverage
budget

Transit Politics
frequency

coverage

political will
ridership
comfort
number of bus lanes
network

Figure *.): Candidate co-design problems in the Bus System carespace

Does higher ridership spur political will? Or will ridership only come once frequency and coverage
are improved? These feedback loops are allowed in co-design problems, but by using carespaces we
can defer the decision of whether a care is a functionality or a resource. We can use carespaces to
put down the things we care about before deciding how to translate them into a workable
co-design problem.

Carespaces will be represented by blue boxes, and caresets by blue wires. All co-design problems
(gray boxes) are carespaces, and all functionalities (green wires) and resources (red wires) are
caresets. But we will use the blue boxes and wires when dealing with carespaces outside of the
context of a specific co-design problem.
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(.".! Accountability

Carespaces also provide a tool for accountability outside of co-design problems.

Wewant to be able to model and design whole systems. To do that well it’s useful to start from the
goals of the system. The goals of the system should be the qualities that we care about intrinsically
at the scope of the EPCODOT space.

In engineering contexts, it can be common to solve a problem because we canwithout
understanding what greater improvement we are achieving through that solution. This
accountability requires that we reckon with the goals of the system and justify our engineering
solutions.

When users create carespaces, the terminology alone asks the question: what is it we really care
about here? We can compose co-design problems together, but whenwe do so we risk just chaining
together solutions without understanding what the problemwe actually care about is. Carespaces
allow us to design from the problem first before considering any solutions.
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(.% Composing Spaces and Problems

EPCODOT is as composable as monotone co-design. This means that carespaces can contain other
carespaces and carespaces can be connected together, just like co-design problems. Carespaces and
co-design problems can even be connected and nested interchangeably. Caresets are always the
wires in an EPCODOT space, and the rule for these compositions along caresets is relatively simple.

Every child carespace must have every one of its caresets either

• connect to a careset in the parent space
• connect to a careset in a sibling space

This flexibility allows EPCODOT spaces to represent diverse types of composable and complex
systems. Wewill see two examples of such systems in the upcoming case studies.

These composition rules ensure that all caresets are connected and accounted for and that there are
no dangling wires. When an EPCODOT space is correctly connected, it becomes possible to use the
mcdp solver to compute Pareto frontiers of possible worlds.
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Chapter )

Compute

).$ Solver

In monotone co-design, we can use the mcdp solver to find what functionality we can achieve or
what resources we need, and we can do so at any level. We can choose to use the mcdp solver on a
small subsystem, or run the solver for the whole composed system. As long as all the wires are
connected, the mcdp solver can work to find feasible solutions for any composition of co-design
problems.

Recall the warehouse project composed co-design problem.

Build
Warehouse

Purchase
Materials

floor area (ft2)

height (ft)

→
steel (tons)

→
concrete (tons) cost ($)

Figure ’.#: Inside the warehouse co-design problem

All the wires are connected, and if we have implementation options for every co-design problem,
we can use themcdp solver to see the tradespace for the composed warehouse project we described
above.
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Figure ’.!: Warehouse project cost vs. floor area tradespace

When there are multiple combinations of implementations available for a composed co-design
problem, the solver uses the monotonic connections between the co-design problems to filter
feasible options and compute the non-dominated combinations for the selected functionalities and
resources.

The Pareto frontier for this tradespace is given in blue. This Pareto frontier represents the
functionality and resource values the solver returns for the warehouse project co-design problem if
we want to maximize floor area andminimize cost. The upper left of this tradespace represents the
best possible world we can achieve –maximum floor area andminimum cost. We can see that
when we compare cost against floor area, the Standard DistributionWarehouse is dominated by
other implementations.

This warehouse project is a simple example, but we can use it to see howmonotone co-design uses
posets andmonotonic maps between those posets to represent increasingly complex systems and
compute the trade-offs between different functionalities and resources.
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).! Selecting Cares

EPCODOT takes full advantage of themcdp solver. We know that themcdp solver seeks the highest
antichains in the product caresets for composed co-design problems. EPCODOT does not add any
unique computational power to co-design, but it creates an interface to access these antichains and
view them as tradespaces.

Because caresets are the primitives of EPCODOT, users are able to choose the caresets that they want
to see projected onto a two-dimensional tradespace. If an EPCODOT project is fully composed,
there is at least one co-design problem, and all the co-design problems have at least one
implementation, then the user can select a care and run the solver. If the user selects two cares,
they can see the tradespace of possible outcomes just like they can withmonotone co-design.

Because the mcdp solver has certain computational limitations, workarounds are used to keep the
solver interaction simple for users. It is important that EPCODOT be easily usable across all levels
of expertise, so running the solver needs to be as simple as selecting which caresets you want to see
charted, and running the solver.
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)." Viewing Caresets and Antichains

A unique interface idiom that may be worth pursuing for EPCODOT is to allow users to view Pareto
frontiers as antichains in caresets. The caresets that represent co-design problems explode in
complexity as there are more caresets being combined together. But it would be novel to provide a
user interface that allows users to browse and see inside the careset that represents all the possible
worlds in the co-design problem or in the whole EPCODOT project.

Because the non-dominated Pareto elements that the solver discovers are necessarily part of an
antichain, it would be possible to highlight the antichain within the entire careset. This unique
presentation would reveal some topological qualities about the entire tradespace that are not
possible to see when the query results are viewed as points on a two dimensional grid.
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Chapter ’

Collaborate

’.$ Proposal Space

In standard co-design problems, implementations are provided as a way to describe feasible
combinations of resources and functionalities. In order to make EPCODOT collaborative, the
proposal space makes it possible to have the creation of those implementations be a participatory
process.

A proposal space is very simple. It is a carespace that contains one discrete careset of proposals with
no relations. The proposals are an open caresetwhere users can submit their own proposals and add
them to the careset directly.

The proposals careset can then be connected to a co-design problem to be used as the set of
implementations.

Co-design Problem

Proposals

some resourceproposal

Figure (.#: Proposal space connected to a co-design problem

The associated co-design problem can have other functionalities or resources as well, and of course
the proposal careset can then be connected to other co-design problems or carespaces just like any
other careset.
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Whenwe add a new proposal to the proposals careset, this triggers a recalculation of all connected
co-design problems. Every proposal needs to be evaluated independently, and the associated
functionalities and resources need to be calculated and trickled down to all the connected
co-design problems.

In practice, professional help will likely be useful for vetting and aiding the submission of feasible
proposals. But in order to be an honest participatory planning framework the proposals space
needs to be fundamentally open to submissions from the public.
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’.! Consensus Space

Consensus spaces are a unique construction provided by EPCODOT tomake the process of finding
the best possible outcomes in an EPCODOT project collaborative. The consensus space is a
carespace that lets users add new relations to reduce the size of the Pareto antichains for the
representative careset of the carespace.

We draw a consensus space using dotted wires to represent the caresets that come to the top of the
carespace.

Consensus

transit frequency

cost

Figure (.!: Consensus space

’.!.$ Casting Votes

The consensus space allows users to be shown pairs of possible worlds in the representative careset
that are within antichains. When shown these possible worlds, the user is asked to decide which of
the two elements they would prefer were realized.

FeasibleWorld $

Transit Frequency: #%min

Cost: $

Neither

FeasibleWorld !

Transit Frequency: ’min

Cost: $$

Select which world you prefer.

Figure (.$: Possible comparison for Transit Frequency↘ Cost consensus

Every user will have their own copy of the original careset they are voting on, and every time a user
makes a decision on a preferred world within an antichain, that preference relation will be added to
their copy of the careset. The user may also choose to say that they have no preference between two
worlds, and they will remain in an antichain together in the user’s preference careset.
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When asking the user to state their preference, EPCODOTwill always show the user elements that
are within an existing antichain. Relations that exist in the original careset are not presented to the
user. When the user makes a preference, it’s possible that there will be many other transitive
relationships that are implied by that preference. This makes for a process that asks as few
questions as possible from a user while getting as much resolution as possible regarding their
preferences.

Let’s look at the transit frequency↘ cost careset from Chapter !: Preference, but this time focus on
only the feasible possibilities.

!min
$$$

’min
$$

#%min
$

’min
$$$

#%min
$$

#%min
$$$

Figure (.&: Transit Frequency↘ Cost design space feasible careset

It’s important to remember that not all votable elements will be feasible. A consensus space filtered
to only ask users to make preference decisions between feasible elements of the careset can
significantly reduce the number of voting rounds required.

Still, a consensus space on this caresetmight have to show up to % comparisons to surface all the
incomparable elements to each other for the user. But, the consensus space could show the
following as its first comparison.

FeasibleWorld $

Transit Frequency: #%min

Cost: $$

Neither

FeasibleWorld !

Transit Frequency: !min

Cost: $$$

Select which world you prefer.

Figure (.%: Possible comparison for Transit Frequency↘ Cost consensus
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If the user happens to chooseWorld # overWorld !, the width of the careset gets significantly
reduced with this one new relation.

!min
$$$

’min
$$

#%min
$

’min
$$$

#%min
$$

#%min
$$$

Figure (.): Transit Frequency↘ Cost careset after vote (new relation in blue)

And we’re left with only one comparison left to show the user, removing the need to ask three
questions because of the transitive repercussions of the user’s first preference.

If the user choseWorld ! or Neither, we would still have up to four remaining comparisons we
would have to ask the user.

’.!.! Votingwith Caresets

EPCODOT allows users to be shown three (or more) possible worlds at a time from a given
antichain, and asked to create a small careset from the presented elements. This leverages the
familiarity of the systemwith caresets to reduce the number of actions required for a user to fully
determine their personal preference structure in the careset. The cost to this more complex voting
type is the added cognitive load required to complete a careset from the provided elements.
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!min
$$$

’min
$$

#%min
$

Draw arrows to indicate where you prefer one world to another.

Figure (.*: Careset antichain triplet before user input

The user can choose to draw up to two arrows, and the consensus space will consider any worlds
left unrelated to be equally preferable according to the user.

’min
$$

#%min
$

!min
$$$

Draw arrows to indicate where you prefer one world to another.

Figure (.’: Possible voted careset triplet

’.!." Deriving Consensus

EPCODOT compiles all the caresets provided by users who have given their preferences, and uses a
threshold to decide the amount of consensus required for a preference relation that does not exist
in the original careset to be carried forward to the final consensus careset.

The threshold will be used to determine what margin is required for a preference relation tomake it
into the consensus careset.

A threshold of %"%will require that the only preference relations that exist in the consensus careset
are the relations that were preferred by at least a %"%margin of the preference caresets. A threshold
of "%will make it so any preference relation canmake it into the consensus careset even if its
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winningmargin is by a single vote. A threshold of #""%will make it so only unanimously agreed
upon preference relations are carried forward into the consensus careset.

If there are five participants, that means that a %"% threshold will take any relations where four or
more voters agreed on the preference relation – four votes for vs one vote against is an acceptable
margin for a %"% threshold (4→1

5 > 50%).

For a "% threshold, a preference relation needs $ votes. For a #""% threshold, it needs all % votes.

The complication in a poset is the requirement that there be no cycles. It is possible that different
participants will think differently regarding the antichains of the original careset.

If, after the threshold filtering, the careset contains a cycle, then the lowest consensus preference
relations will be dropped one at a time until the cycle is removed.

Each relation in the consensus careset is enriched with a fraction that represents the number of
preference caresets that agreed with the existence of that relation. Naturally, the lowest fraction
should be above %"%, as no relation that has more votes against it than for it will ever make it into a
consensus careset.

The EPCODOT consensus space provides two interesting capabilities:

Votes can be provided as partial orders. This allows users to express their preference without
needlessly forcing a total order of rankings.

Revealing consensus through vote-enriched partial orders. A threshold slider can visualize the
distribution of consensus and help show participants where in the careset there is more
agreement and where there is less.

Put together, these two capabilities provide a uniquemethod and interface for surfacing shared
values and accepting community input to transparently derive consensus.

’.!.% A Note on Arrow

We are able to leverage the poset structure of our caresets to avoid Arrow’s Impossibility Theorem.
We know that by supporting poset structures of consensus we can escape Arrow’s impossibility
and actually produce structures that accurately reflect consensus (Arrow, #()$; Sen, #(*").

In exchange we live with antichains where disagreements are merged together as incomparable
options. We can then use the consensus threshold to show how the consensus compares to
individual preferences.
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There are likely other interesting ways to use the poset structure to communicate and visualize
consensus differently. There is also significant existing research on how to best use posets for
voting and aggregation (Fishburn, #(’%).

There is definitely room to leverage posets more whenmanaging consensus in EPCODOT.
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Chapter $*

Case $: Trade-Offs in UrbanWell-Being

$*.$ Data Slots

In order to illustrate the basics of EPCODOT, we use theMIT Senseable City Lab’s Data Slots
research project. Data Slots was originally developed as a card-gamemethod to assess trade-offs
between data-driven innovation and privacy, and has been played both online and in-person.
Participants trade data cards, propose a solution for one of three scenarios (home, workplace, or
public space), players rate each proposal on perceived benefit and privacy invasiveness, and then
"invest" in the ideas they favor (Mazzarello et al., !"!%).

Data Slots has been playedmore than two thousand times across *( countries, andmany cities
have used the in-person version of the game as a participatory design activity linking researchers,
officials, and residents. For our purposes, we focus on the in-personworkshop format with tables of
four, mirroring this participatory design activity. Wemodel the ideation, benefit/invasiveness
scoring, and investment phases to show how EPCODOT composes these interactions and how the
EPCODOT framework can be used for this fundamental controlled version of participatory design.
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$*.! Table

In the context of Data Slots, one can think of the table of four people playing the game as a single
EPCODOT space. The overall game space will be decomposed to subspaces that will cover different
aspects of playing the game, but all the game actions will at the end result in a space like the
following.

Data Slots Table
solution
benefit

invasiveness

data card #

data card !

data card $

scenario card

Figure #".#: Data Slots table as a co-design problem

We have gone ahead and identifiedwhich caresets belong as a functionality andwhich as a resource.
This will allow us to create a proper co-design problem that we will begin to decompose as we
follow the structure of the game.
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$*." Proposals to ImproveWell-Being

In the game of Data Slots, players are first given a scenario card to describe one of three scenarios
that the rest of the gamewill be played in. We can consider this to be one of the first cares of our
resource carespace. No preference relation exists here.

home work public space

Figure #".!: Data Slots scenarios careset, no relations

Players are then given cards that represent different types of data with which to construct a product
or solution that could be used to provide a benefit in the chosen scenario. These data types include
examples like health data, mobility data, animal mobility data, andmany others. The players play a
few rounds of holding and discarding cards between each other to finalize the data cards they hold
in their hand until they end up with three data cards. Given three types of data, the players are then
asked to think of a product or solution that they could build using this data that would provide
some benefit to urban well-being.

Greenery Animal Mobility Infrastructure Environmental

HumanMobility Utility Vehicle Mobility Health

Personal Profile Dietary Habits Social Networks Electronic Transactions

Figure #".$: Data Slots data cards careset, no relations

The actions players take to keep or discard data cards provides data on what types of data may be
consideredmore valuable by players hoping to create a beneficial solution. This dynamic is not
modeled in EPCODOT, but we can successfully model the simpler output: each player proposes a
single implementation that uses three types of data.
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Name Solution Data card # Data card ! Data card $ Scenario

Idea #&

Comprehensive

workplace solution

with personal and

health data

Personal

Profile
Health

Human

Mobility
Work

Idea #’
Workplace wellness

using health and

dietary monitoring

Health
Dietary

Habits

Human

Mobility
Work

Idea ##"
Workplace

infrastructure and

mobility optimization

Health
Animal

Mobility

Vehicle

Mobility
Work

Idea ###
Work-transport

integration with social

and transaction data

Personal

Profile

Electronic

Transactions

Social

Networks
Work

Table #".#: Data Slots proposals from Table B in Paris, France

We can draw the proposal stage of the Data Slots game using the proposal space and an associated
co-design problem.

Data Usagesolution

data card #

data card !

data card $

scenario card

Proposals

Figure #".&: Data Slots solution proposal stage

We can see the careset of solutions proposed by the players at the table.

Comprehensive workplace
solution with personal

and health data

Workplace wellness
using health and
dietary monitoring

Workplace infrastructure
andmobility
optimization

Work-transport integration
with social and
transaction data

Figure #".%: Data Slots solution proposals careset for Table B in Paris, France
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$*.% Consensus Through Investment

In Data Slots, users are given a set number of investment tokens to distribute between the ideas
theymost prefer among those generated by the others at their table. Each player implicitly
considers many factors whenmaking preferences between the ideas at the table, including the
invasiveness of the data being used, the benefit provided by the proposed solution, and also the
feasibility of the idea itself.

We can consider this to be a consensus space that takes on all the cares that come out of the
proposal space. Then users "vote" with their investment tokens, where the differences in the
amount of investment tokens given to each idea indicates the user’s preferences. If for any two
ideas the user decides to invest the same amount, this will be considered no preference. This is an
example of why it is useful to have caresets be posets.

For our purposes, we canmodel the Data Slots investment round as standard, non-enriched voting
round. From this, each table refines the careset that came out of the proposal space.

Consensus

solution benefit invasiveness data card # data card ! data card $

Figure #".): Data Slots table consensus space

The consensus space uses caresetwires because it only manipulates the structure of the caresets.
Because it does not modify any feasibility relationships, or create any new caresets, it does not need
to connect any caresets specifically as functionalities or resources. We also show this difference by
having the wires connect to the top of the consensus space.

And each vote in EPCODOT for a proposal look something like this.
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FeasibleWorld $

Solution: Comprehensive
workplace solution with personal
and health data

Data Card $: Personal Profile
Data Card !: Health
Data Card ": HumanMobility
Scenario: Work

Neither

FeasibleWorld !

Solution: Workplace wellness
using health and dietary
monitoring

Data Card $: Health
Data Card !: Dietary Habits
Data Card ": HumanMobility
Scenario: Work

Select which world you prefer.

Figure #".*: Example of a pairwise comparison in a consensus space

The consensus space adds order. Without a consensus space wemight have a careset for the whole
space that looks like this.

Solution:
Comprehensive
workplace solution
with personal and
health data

Benefit:
&."/%
Invasiveness:
$.!%/%

Data Card $:
Personal Profile
Data Card !:
Health
Data Card ":
HumanMobility
Scenario:
Work

Solution:
Workplace wellness
using health and
dietary monitoring

Benefit:
&.!%/%
Invasiveness:
&."/%

Data Card $:
Health
Data Card !:
Dietary Habits
Data Card ":
HumanMobility
Scenario:
Work

Solution:
Workplace
infrastructure and
mobility
optimization

Benefit:
$.%/%
Invasiveness:
!.*%/%

Data Card $:
Health
Data Card !:
Animal Mobility
Data Card ":
Vehicle Mobility
Scenario:
Work

Solution:
Work-transport
integration with
social and
transaction data

Benefit:
&.!%/%
Invasiveness:
!.*%/%

Data Card $:
Personal Profile
Data Card !:
Electronic
Transactions
Data Card ":
Social Networks
Scenario:
Work

Figure #".’: Discrete careset of & feasible possible worlds without consensus

Whenwe let players state their preferences, we can add resolution.
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Solution:
Workplace wellness
using health and
dietary monitoring

Benefit:
&.!%/%
Invasiveness:
&."/%

Data Card $:
Health
Data Card !:
Dietary Habits
Data Card ":
HumanMobility
Scenario:
Work

Solution:
Comprehensive
workplace solution
with personal and
health data

Benefit:
&."/%
Invasiveness:
$.!%/%

Data Card $:
Personal Profile
Data Card !:
Health
Data Card ":
HumanMobility
Scenario:
Work

Solution:
Work-transport
integration with
social and
transaction data

Benefit:
&.!%/%
Invasiveness:
!.*%/%

Data Card $:
Personal Profile
Data Card !:
Electronic
Transactions
Data Card ":
Social Networks
Scenario:
Work

Solution:
Workplace
infrastructure and
mobility
optimization

Benefit:
$.%/%
Invasiveness:
!.*%/%

Data Card $:
Health
Data Card !:
Animal Mobility
Data Card ":
Vehicle Mobility
Scenario:
Work

Figure #".(: Possible careset of feasible solutions with consensus

Of course, the consensus threshold used will impact the number of preference relations that can be
added to the final careset. If all players believe their solution is best and all other solutions are
equally bad, then the resulting consensus will be unchanged from the original careset – no
preference relations will be added by the consensus process.

The difference between EPCODOT andData Slots here is that votes are enrichedwith an investment
amount. Players not only state that they prefer one idea over another, they can state howmuch
more they prefer the idea. This enriched voting is also very much possible for EPCODOT to support,
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but would require amodified consensus algorithm. Likely the consensus threshold would become a
tuple that contains both the percentage margin required for a preference relation to exist, and a
minimummagnitude required for a preference relation to make it into the consensus threshold.

Until we add the enriched voting flow to this framework, we will live with more ties. Having the
votes enriched with a value (like an investment amount) helps to provide more resolution and
provide more opportunities to tie-break and reduce the size of the antichains. This has its benefits
because it allows for more clear winners in a voting process. But it does risk that the added
precision will not be as honestly representative of reality.

#"%



$*.& Scoringwith Co-Design Problems

The Data Slots game asks its players to rate each idea at their table on two dimensions: benefit and
invasiveness. We canmodel this using co-design problems in EPCODOT.

Scoring
benefit

invasiveness

solution

data card #

data card !

data card $

Figure #".#": Data Slots table scoring co-design problem

Each player rates the benefit and invasiveness on a scale of 1–5, and the average is used to
determine the score for the solution.

We canmodel this in EPCODOT using another co-design problem that takes all the individual
scores and combines them.

Average Scoreaggregated benefit score

solution

player # benefit score

player ! benefit score

player $ benefit score

player & benefit score

Figure #".##: Data Slots table scoring co-design problem

For the sake of simplicity, we can assume that the score co-design problem contains within it one
co-design problem for each player then uses a co-design problem like the one above to combine the
average the individual scores score.
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$*.# Composing the Pieces Together

In Data Slots, you can see the structure that forms when we put together all the spaces we used
above.

Data Usage

Score

Consensus

benefit

invasiveness

solution scenario card
data card #
data card !
data card $

Proposals

Figure #".#!: Data Slots table EPCODOT space

In co-design, when we split wires we have to do so carefully. It must be clear how the wire splitting
works with regard to feasibility. We cannot use a resource or functionality twice in two different
places. The wire splits here are allowed because we are not consuming the resources – scoring the
invasiveness of a certain type of data doesn’t disallow that data from being used by a solution. In
general, functionality and resource wires have to be split carefully and often a co-design problem is
needed to encode the splitting logic.

Blue wires represent when caresets are being used in ways that do not impact feasibility. Proposal
and consensus spaces do not restrict feasibility, which is why they connect using blue wires.

We can then step up a layer of detail and summarize a Data Slots table like we did before.

Data Slots Table
solution
benefit

invasiveness

scenario card

data card #

data card !

data card $

Figure #".#$: Data Slots table as a co-design problem
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We can then see what it would be like to put all these Data Slots tables side by side.

Table A
Cali, Colombia

solution
benefit

invasiveness

scenario card

data card #

data card !

data card $

Table B
Paris, France

solution
benefit

invasiveness

scenario card

data card #

data card !

data card $

Table C
Stockholm, Sweden

solution
benefit

invasiveness

scenario card

data card #

data card !

data card $

Figure #".#&: Data Slots tables as co-design problems

What if we combined all data from all the tables together?

Combine
Solutions

all solutions

Cali solutions

Paris solutions

Stockholm solutions

Figure #".#%: Combining solutions as a co-design problem

Then we can zoom out onemore time to see all the co-design problem that represents all the
in-person Data Slots games played around the world.
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All Data Slots Tables
all solutions

benefit
invasiveness

scenario card

data card #

data card !

data card $

Figure #".#): All Data Slots games as a co-design problem

We can combine the solutions produced by tables across the world, use the consensus space to
have the public express their opinion on which trade-offs of data usage and solutions for urban
well-being they prefer. We can then use the mcdp solver to determine to surface a Pareto frontier of
best possible worlds in this EPCODOT space.
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Chapter $$

Case !: Participatory Planning in Durham

$$.$ In the Public Sphere

In order to see if EPCODOT could be used as a tool for collaborative decision-making in the public
sphere, let’s see what it would look like to model a real urban project.

In late !"!$, residents, advocates and officials in Durham, North Carolina, were in discussions for a
possible improvement to the North Roxboro Street corridor (Roxboro). As I was on the Bicycle and
Pedestrian Advisory Commission at the time, I participated in and observed these discussions. The
case of North Roxboro Street contains all the complexities we have come to expect from issues that
have to do with our local built environment: many stakeholders with different jurisdictions and
incentives. This case will be a useful one to help see if EPCODOT has potential as a framework that
can handle these real-world complexities.

Here we will walk through the steps for how the EPCODOT framework could be used to help realize
a project on Roxboro, guided by the real interactions that were had with advocacy organizations,
public institutions, and communities in !"!$ (Durham Bicycle and Pedestrian Advisory
Commission, !"!&).
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$$.! Initial Engagement

Whether spurred by an advocacy organization or by local residents, a sound first step for any public
project is to try to learnmore from those whowould be impacted themost. What are top concerns
local residents have? What are the problems they experience day to day? What do they really care
about?

Community engagement processes vary greatly, but EPCODOT requires one specific output from
any engagement process: a set of caresets. We use these caresets to ensure that as project design and
planning continue, wemeasure the impacts on these caresets.

Reflecting the engagement process with the local Bragtown community, the following engagement
carespace was created.

Engagement

ped safety

ped comfort

ped accessibility

sidewalk shade

parking

build time

Figure ##.#: Engagement co-design problemwith caresets for pedestrian safety, comfort, accessibility,
shade, parking, and build time

We can see that many locals emphasized their concern for the pedestrian experience. Local
businesses weighed in too – they care about the amount of parking available for their customers.
And given concerns with how slowly public projects have moved in the past, there was also a
question of what the build time would be for any improvements to Roxboro.

The engagement space does not require residents to rank which caresets they value most. It simply
serves as an opportunity to document the things they want to see. When we create an engagement
carespace, the dangling caresets are wires that must be connected at some point in the greater space.
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The caresets described also do not have to have their elements specified from the outset. We can let
the co-design process lead us to define these caresetsmore precisely, but for nowwe knowwewant
caresets that match these descriptions surfaced at some point in our co-design process.
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$$." Initial Proposals

Given this initial engagement space, we can create a proposal space to begin taking in initial ideas.

Proposals

proposal

Figure ##.!: Proposals careset output

Likely a couple ideas came up from the engagement process or were suggested by an advocacy
organization. These ideas might be ambitious, and theymay not take into account all
considerations. That’s ok. The proposal space can be used as an entry point for any ideas thatmight
realize a better possible world with the caresets in the engagement carespace.

Through the initial engagement two proposals were submitted: a proposal that converts Roxboro
from $ car lanes to ! providing space for bike and increased sidewalk (a significant change), and a
proposal that leaves the car lanes untouched but replaces on street parking with widened sidewalk
and street trees (a smaller change).
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$$.% Collaborative Co-design

$$.%.$ BikeWalk Advocates

The local bicycle and pedestrian advocacy organizationmay be eager to show how changes to
Roxboro could improve the experience for local residents. They take on a chance to build the
following co-design problems tomake their case.

Driveability

Bikeability

Walkability
ped safety

ped accessibility
ped comfort

shade

bike safety

bike comfort

average car speed

car capacity
proposal

BikeWalk Advocates

Figure ##.$: BikeWalk Advocates co-design problems

The advocates can break down the variables they thinkmatter for making a better cyclist and
pedestrian experience. They connect the car speed and car capacity to the bikeability and
walkability co-design problems because they know that these three co-design problems are not
independent, and through these connections they encode a trade-off. As we increase average car
speed and car capacity we will likely reduce pedestrian and cyclist safety and comfort.

Inside the co-design problems there could bemore detail than is shown here. The proposal could
be fed into a nested co-design problem that produces a sidewalk width, number of bike lanes, bike
lane protection, curb cuts, street crossing time, etc. Then these physical components could be used
to evaluate the safety, comfort, and accessibility qualities desired at the parent co-design problem.
This composition allows for as much detail as is needed, while also being able to show the work for
how to get from a proposal to the caresetswe are focused on.

You can see that the advocates createdmore functionalities from their co-design problems than are
asked for by the engagement space. The engagement space provides theminimum caresetswe need,
but in a collaborative process other stakeholders can surface other caresets they believe are
important.
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For each of the two proposals, the bike walk advocacy organization works with city employees,
in-house volunteers, and local residents to determine the functionalities provided for these
co-design problems.

$$.%.! North Carolina Department of Transportation

The North Roxboro Street right-of-way is one of many streets in Durhammaintained by the North
Carolina Department of Transportation (NCDOT). This makes the stakeholder interactions more
complicated than they would be otherwise, but we can always bring in more stakeholders with
EPCODOT.

The City engages NCDOT to assess the existing proposals. To do this, NCDOT creates the following
co-design problems.

BuildDriveability

Car
Level of
Service

car level of service

average car speed

car capacity
→
proposal build time

build cost
maintenance cost

NCDOT

Figure ##.&: NCDOT co-design problems

Because NCDOT is the maintainer of the corridor, they provide their first estimates for what an
implementation of these two proposals might look like. This co-design problem could havemore
detail within it. The proposal that only involves removing parking spaces and adding trees might
be shared with the City. The details of what entity pays for what components can be broken down
here. There could even be proposalswith in this build co-design problem: what if the city purchased
the right-of-way fromNCDOT? These complexities can all be expressed through composition.

NCDOT also reused the Driveability co-design problem created earlier. This shows one of the
values of EPCODOT and co-design in general. When reusing wires, it surfaces places for
disagreement and requires that they be consolidated. Do NCDOT and the BikeWalk advocates
agree on how the average car speeds and capacities would be impacted by the two proposals? If
not, they will have to create two separate co-design problems that reflect their differing
hypotheses. This still works fine in the EPCODOT structure.
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NCDOT surfaces an important care that has not been brought up yet: level of service (LoS) for
single-occupancy vehicles. The LoS is calculated using the existing average annual daily traffic
numbers and projections for population growth. Depending on the capacity today, a right-of-way is
graded on howwell it can support future growth. This is one of the key performance indicators for
NCDOT, and for all streets they require they have to ensure that the LoSmeets required standards.

If the NCDOT requires a certain LoS to approve the project, they can reflect this by creating a
feedback loop. They can connect the car LoS functionality as a resource required by the Build
co-design problem. If a poor LoS grade can block a project, it’s important to have co-design
problems that communicate these dependencies so all stakeholders can see them, especially when
they involve a less well-understood and often controversial metric like LoS.

$$.%." Expanding Collaboration

We can keep integrating stakeholders. GoDurham is the organization that runs the bus system in
Durham, and theymight be brought in to assess each proposal for any potential impacts to the
service quality of the bus route that runs on Roxboro. There might be spot co-design problems built
to match specific concerns of certain stakeholders, like a co-design problem to surface the amount
of customer parking that will be provided for businesses along Roxboro. One can imagine other
stakeholders and even other engagements, checking with the local schools, and bringing in the fire
department.

For now, we can include two co-design problems for the bus system and for parking.

Bus
Level of Servicebus level of service

proposal

car level of service

GoDurham

Figure ##.%: Bus Level of Service co-design problem

Parkingparking proposal

Figure ##.): Parking co-design problem
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$$.& Proposals Phase

After seeing details about how all the stakeholders view the different impacts of a given proposal
and seeing what is required to get approval from the NCDOT, the project can be opened up tomore
proposals.

This provides an opportunity to leverage the community’s own creativity and interest. We can
imagine proposals coming in that range from large in ambition (make Roxboro car free) to those
that are meant to provide a small but quick win (red light cameras).

As new proposals come in, any co-design problems that are downstream from the proposals will be
triggered to be updated by the stakeholders that are responsible for the co-design problems. This
continues until all the related conversion spaces are updated.

Some co-design problems will not need to be updated, because they are already implemented by
formulas and not manual conversion spaces. The Car Level of Service co-design problem is an
example of this, as it is implemented by a traffic engineering formula that depends on current
average annual daily traffic, projections, and the car speed and capacity of the proposal determined
by the Driving co-design problem.

By allowing all the new proposals to come in during a proposal submission phase, these updates
can be deferred until after the new proposals are submitted and the submissions are closed. This
allows all the manual co-design problems to be updated at one time.

During this phase or any phase, new co-design problems and carespaces can be added too. This
process for any public project is dynamic, and EPCODOT supports this flexibility. For any new
carespace or new co-design problem, all that is required is that the wires are connected in order for
the space to be complete.

Once this period is over, we will have a whole new set of proposals to choose from that still fit the
original caresets all our stakeholders had surfaced before.
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$$.# Consensus and Governance

Once we have a full set of proposals, and all our co-design problems are updated for the new
proposals, we can look at what options we have. Some options will be dominated by certain other
options, but because we are not necessarily weighing any careset over another, many proposals will
be on an antichain together. So we bring the space back to Bragtown residents to hear their
thoughts about what possible worlds they prefer.

We create a consensus space that integrates all the caresets that have been provided by the
engagement process, the co-design problems, and the proposals.

Consensus

ped safety

ped comfort

ped access.

shade

parking

bike safety

bike comfort

car speed

car capacity

car LoS

bus LoS

proposal

build time

build cost

maintenance cost

Figure ##.*: Consensus space

This consensus space will let Bragtown residents state their opinion on all the caresets that have
been surfaced by comparing feasible proposals head to head.
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As they provide a consensus, we will be able to see the careset of all options ordered according to
their values. From there, we can surface the best possible antichain of options.

This consensus space creates a #%-dimensional tradespace of proposals, something that cannot be
visualized easily, but with our careset structure we can browse the antichain of options. Then if
users want to see a tradespace of the best options available to them, they can select two cares to use
as a projection for a two-dimensional tradespace.

Residents, the City, and all other stakeholders can look at this Pareto Frontier of options that have
been chosen and see the trace back to every careset and co-design problem. This traceability makes
the participatory process trustworthy and transparent.

Likely, a few options will trickle to the top antichain, and the consensus threshold could be reduced
to includemore options in the top antichain. Elected officials will likely be the best fit to decide the
threshold to produce a final Pareto Frontier of options.

It is from these options that elected officials can select a proposal to implement for the North
Roxboro Street corridor.
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$$.( Roxboro Project Carespace

We can put all the pieces together to see the full carespacewe’ve created for the Roxboro project.

BuildDrive.

Car
LoS

Bus
LoS

Bike.

Walk.

Parking

Proposals

Consensus

Engagement

ped safety
ped accessibility

ped comfort
shade

bike safety

bike comfort

parking

car LoS

bus LoS

build time

build cost

maintenance
cost

average car speed

car capacity
→

proposal

Figure ##.’: Roxboro EPCODOT space
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$$.) A Few Things to Consider

$$.).$ More Composition

We could still addmanymore caresets and decompositions to provide more detail about the
ramifications of each proposal and the potential benefits. Time to cross Roxboro depends both on
crossing distance and on average distance between crosswalks. Those using wheelchairs and
mobility devices may have particular priorities that they should be allowed to surface. Manymore
caresets could be added.

This Roxboro space could be expanded and connected to other spaces that stretch beyond the scope
of this project.

Roxboro Project

parking
bus LoS
car LoS

average car speed
car capacity
bike safety

bike comfort
ped safety

ped accessibility
ped comfort

shade

build time

build cost

maintenance cost

Figure ##.(: Roxboro Project carespace

We can imagine taking this project carespace and embedding it in a larger EPCODOT space of all the
transportation related projects across Durham, composing the Roxboro space alongside other
projects. The Roxboro project does not live in a vacuum.

$$.).! Equity

How canwemake EPCODOT equitable? This is where the use of consensus spaces and caresetsmust
bemanaged well. By default, consensus spaces treat every individual with equal weight. Maybe
local residents’ opinions should be weighedmore heavily than those of residents in nearby
neighborhoods. Maybe residents who are disenfranchised or low-income should have their
priorities emphasized.

It would be possible to create multiple consensus spaces for different populations andmerge those
consensus caresetswith unequal weights that reflect equitable priorities. This would be one
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potential quantitative attempt to approach a complex problem, but there could be other ways as
well.

The flexibility of EPCODOT gives it expressive power. But for projects that affect the public good, it
is important that public institutions ensure that the distribution of power within EPCODOT
reflects the right priorities.

$$.)." Direct Democracy

It is fair to question how right it is to involve residents so deeply in a public project. Residents are
not experts andmay not have the time or expertise to understand the nuances of complex projects.
This is a reasonable critique of direct democracy, and one of the reasons we elect representatives to
make decisions on our behalf.

But the purpose of EPCODOT andmonotone co-design is precisely to solve for this weakness of
direct democracy. When different stakeholders have different levels of understanding and
expertise, we should be able to compose and decompose spaces to provide each stakeholder exactly
the interface that is most legible and understandable to them and speaks most directly to their
cares.

Bragtown residents should not have to knowwhat the Average Annual Daily Traffic is on Roxboro
to be allowed to have an opinion on whether Roxboro should have a bike lane. Residents should be
allowed to propose adding a bike lane, or widening a sidewalk, or adding a traffic light. And in turn,
residents should see what the practical trade-offs are that relate to their proposals.

Domain experts should be able to translate the trade-offs into terms (i.e. cares) that residents
understand and relate to, either through their existingmodels and systems or through their claims
and research. Maybe a new bike lane will increase congestion, maybe there will be fewer parking
spaces, or maybe research shows it might increase foot traffic for local businesses. It should be
possible to express those hypotheses as co-design problems that residents understand.

Residents should also be able to dig deeper. If a proposal is not implemented, it should be clear
where it failed to meet feasibility, or what the trade-offs were that put another proposal over it.

$$.).% Design Better Together

From the Roxboro example, we can begin to imagine how community-led collaborative design
might look in EPCODOT.

Tactical urbanism is a method used by communities to improve their neighborhoods and public
spaces to be safer andmore accessible, often withminimal and unsanctioned interventions (Lydon
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and Garcia, !"#%). EPCODOT could formalize the tactical urbanism process for neighborhoods and
provide a dynamic andmulti-layered service for neighborhoods to experiment with low-budget,
high-impact changes.

While we have not tested it here, EPCODOT can likely be used to model more general collaborative
design projects. David Spivak’s concept of Plausible Fictions describes a framework for
collaboratively building futures that reflect our values (Spivak, !"!&). EPCODOTmay provide a
path to implementing this framework.

The fundamental capabilities of EPCODOT (composition, computation, collaboration) together
provide a unique take on how communities might be able to take on grassroots efforts to build
better futures.
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Conclusion

What happened?

We have seen that our mathematical language uses partially ordered sets to represent what it
means to care. We have seen that our language offers a formal and visual expression of concepts
like preference, ethics, and design.

We have seen that the Experimental Public Co-Design of Tomorrow can use our language of care to
adapt monotone co-design to express not just what we can design, but what we should design. We
have seen that EPCODOT can leverage the compositional and computational capabilities of
monotone co-design, extending it with collaborative interfaces that accept proposals and integrate
preferences.
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Who cares?

Ourmathematical language of care offers an a priori attempt to unify preference, ethics, and design
under the umbrella of care. The language relates to existing theories in social choice theory,
decision theory, and design theory but attempts to make explicit the connections between them
while starting from a foundation of ordered sets. The language also attempts to provide novel
unifying visual intuitions for concepts across the three forms of care discussed.

We hope that our language of care offers interesting ideas to the fields of applied category theory,
decision theory, and ethical philosophy.

Through our cases, we have shown that EPCODOT has the fundamentals of a usable software for
participatory planning. If put into practice, residents will be able to submit proposals, prioritize
their cares, and directly impact project outcomes. EPCODOT takes a small step towards realizing
the promise of participatory planning.

We hope that EPCODOT offers an interesting groundwork for urban planners, local officials,
community organizations, advocacy organizations, researchers, and entrepreneurs looking for
ways to improve the way local governments make decisions and engage communities.
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For Tomorrow

Our work today has many limitations. Some discussed throughout, others not yet explored. These
limitations also represent opportunities for future research.

Here are a few of the more important and interesting shortcomings of our work today, and what
might be worth pursuing tomorrow.

AMathematical Language of Care Tomorrow

Care: The Category of Caresets and Actions We defined this category in Chapter $: Ethics. This
category may be a version of Pos, the category of partially ordered sets andmonotonemaps,
but there may also be differences. Exploring the ramifications of Carewould be
mathematically and philosophically interesting. Questions for future research include:

• What forms of preference are not represented in Care?
• How do individual and communal preferences coexist in Care?
• Can ethics be described as the !-category form of Care, where the !-morphisms are
evaluations of actions?

• What is the difference between Care and a category of PossibleWorlds and Actions?
• Do these concepts really compose, or does category theory require toomuch restriction
to comprehensively represent these forms of care?

• What category-theoretic structures and theorems can be translated to Care, and what
real-world phenomena do they describe?

Formalize connection to social choice and decision theory We nodded to social choice and
decision theory, acknowledging that many concepts in caresets are equivalent to concepts in
those theories. But, for the most part, we kept our own terms and built up our own ideas
from scratch so we could avoid the work of having to do gymnastics tomake existing theories
fit the diverse fields we discussed (preference, ethics, design). But this leaves a number of
questions that could be answered by future research:

• Are there actually important differences between the language of partially ordered sets
we’ve built and the structures of preference relations over alternatives that are used in
decision theory?

• Does the concept of a PossibleWorld actually offer anything useful compared to
standard descriptions of states and alternatives?

• Will Amartya Sen be upset with us?

The Experimental Public Co-Design of Tomorrow Tomorrow

Empirical validationwith active projects and communities This work does not test
EPCODOT’s effectiveness for improving outcomes compared to traditional participatory
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planningmethods. We have only shownwhat EPCODOT looks like in theoretical usage,
albeit on a real problem. The natural next step is to take this software prototype and deploy it
in a real test scenario, learning from the deployment challenges of other digital urban
planning tools (Omrany et al., !"!%). Questions for real-world testing include:

• Is the learning curve for composition of design problems and carespaces too high to be
clear to residents?

• Can residents trace how their preferences impact final decision outcomes?
• Is the burden of building up a representative model of complex urban systems too high?
• Does partial order votingmake it easier to vote for different types of projects or
proposals?

• Does EPCODOTmake it easier for residents to submit proposals that are taken
seriously?

• Does using EPCODOT lead to better outcomes compared to traditional methods of
community engagement and participatory planning?

• How should equity and inclusivity be managed in a practical deployment of EPCODOT?

Improve computational capabilities The current EPCODOT prototype offers a layer above
monotone co-design and themcdp solver, but it does not make any improvements or
optimizations for EPCODOT’s unique use case. Questions that can be pursued include:

• Is there a way to adapt the mcdp solver to workmore efficiently with consensus and
proposal spaces?

• If complex, composed systems are represented in EPCODOT, can the solver be run at
multiple levels of abstraction concurrently to save time on subsequent runs?

• Can the visual primitives of caresets and corresponding tradespaces be better integrated
with the solver’s output to give users a clearer understanding of what the
Pareto-optimal solutions are?

• Are there better preference aggregation algorithms we should use for deriving
consensus?
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Coda

How can cities make better decisions?

Today, we have only taken our cities one small step towards better decisions. But next time we
arrive where the sidewalk ends, wemight give a thought to our caresets and the Experimental Public
Co-Design of Tomorrow.
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preference

ethics

design

care decision

formalize

formalize

formalize

compute

compose

collaborate

AMathematical
Language of Care

The Experimental Public
Co-Design of Tomorrow

The Plan
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—

"Does anything matter?"

As the weather improved, our sunset walks got longer. She took that as an invitation
to point at life’s big questions. Yesterday, it was whether birds could laugh. But she
couldn’t prove it either way.

"Dad, does anything matter?"

"I guess it’s very hard not to care."

We wondered together if that was true.

—
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