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ABSTRACT
Sustainable polyculture gardens thrive more effectively when they
are designed with an awareness of other gardens in the community,
as opposed to as individual gardens. However, the complex charac-
teristics of plants, and their relations to other plant species in terms
of needs and capacities, require a complex knowledge base not eas-
ily acquired by novice gardeners. We contribute a demonstration of
our project, called the Software for Agricultural Ecosystems (SAGE)
Community Coordinator, that helps manage the complexities of
plant relationships and provides planting suggestions based on ex-
isting plants in adjacent garden sites. The research team collected
the requirements and developed a preliminary demonstration of
this system. This demonstration shows the feasibility of the idea
and lays the foundation for a more comprehensive implementa-
tion of the SAGE Community Coordinator. By doing so, this paper
explores the use of technology to foster the establishment of com-
plex plant assemblages in urban and suburban areas to address the
current and future limits of material resources derived from plants.
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1 INTRODUCTION
For 2.5 million years, Homo physiological and sociocultural charac-
teristics evolved for survival on Earth when their population and
impact were relatively small [8]. However, “small” no longer charac-
terizes the only remaining hominid species, Homo sapiens, in terms
of either its population or its impact. Homo sapiens have induced
significant changes to Earth’s biogeochemistry by way of agricul-
ture systems, and more recently, by way of our large consumption
of fossil fuels and other natural resources [30, 50, 51].

Modern industrial agriculture has had alarming effects on ecosys-
tem health and diversity [3, 4, 10, 25, 26, 28, 48, 49], as well as on
climate change [7, 59], which in turn has impacted present and
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future productivity of the global food and agricultural system [8].
Applied pesticides and fertilizers contaminate the water, soil, and
air, poisoning humans, animals, and microorganisms that agricul-
tural production relies on [28]. Excess nitrogen in soil reduces
plant diversity and reproductive success [28, 60]. Particular pesti-
cides have been linked to a long term decline in bird and beneficial
insect populations [48], including honey bees [26]. Agricultural
run-off contaminates large bodies of fresh water used for irrigation,
among other purposes, with toxins and blue-green algae blooms
that wreak havoc on irrigation infrastructure [35] like the 2018
Lake Okeechobee algae bloom [22].

Modern industrial agriculture also exhausts the natural resources
it needs to function. It depletes accessible groundwater resources,
which take thousands of year to recharge, for irrigation [20] and
degrades soil, which is also a precious and difficult to rebuild re-
source, through poor farming practices such as seasonal tillage [33].
These global changes strain the efficacy of all forms of food and
agricultural systems, from small farm families to large industrial
farming organizations. The agriculture industry suffers from on-
going significant declines in crop and livestock production from
climate change induced stresses. Societies are struggling with avail-
ability of food and water during intensifying droughts and humans
are facing food-, water-, and vector-borne disease [57].

These issues have propelled a decades-long effort by researchers,
activists, institutions, and governments towards a more sustainable
agriculture. However, creating and engaging in sustainable agricul-
ture is challenging because it necessarily grapples with complexity
from the natural ecosystems it must function within as well as the
social ecologies that govern the morals, standards, and markets that
shape the agrifood system. The most notable effort towards sus-
tainable agriculture among institutions, researchers, and activists
is to reframe agriculture as an agroecosystem [2, 18, 19, 21, 37, 40].

An agroecosystem, sometimes called an agricultural ecosystem,
is defined as a site or integrated region of agriculture production
understood as an ecosystem [21] and is characterized as “a hier-
archy ascending from the level of the individual plant or animal
all the way to national systems linked by international trade” [9].
Sustainable polycultures are the foundational elements of agroe-
cosystem designs by many grassroots sustainable agriculturalists,
particularly those who practice permaculture [41]. Sustainable poly-
cultures are assemblages of complementary and mutually beneficial
plant species, typically composed primarily of perennials, and are
one kind of food- and other provision-producing construct in an
agroecosystem. In terms of ecosystem organization, a sustainable
polyculture is equivalent to a community of living organisms within
an agroecosystem, meaning an assemblage of various species liv-
ing together in a particular place and interacting with each other.
Sustainable polycultures have species in many vertical layers, opti-
mizing the uses of space and services from other plants like shade
or soil stabilization. Depending on the species they are comprised
of, sustainable polycultures come into maximum effect decades
after they are planted, making them ideal for people attempting to
address plant-based resource issues both in the present and in the
long-term.

Sustainable polyculture design, and agroecosystem design more
broadly, are complex processes entailing the organization of spatial,
trophic, pathological, and facilitation relationships among plants

and between plants and other ecosystem factors in the context of
human sociotechnical infrastructures. In other words, a sustainable
polyculture should foster the positive interactions among plants
and address the interference plants may have on each other.

While some sustainable grassroots agriculture efforts are prac-
ticed in farm and large personal or public property settings, many
such efforts are limited in space and resources — occurring in ur-
ban backyards, apartment and business patios, rooftops, and the
margins between side walks and roads, and cared for by people
who are not food-growers by profession, with moderate or little
financial budget and time. When people are attempting to engage
in grassroots sustainable agriculture in effort to produce their own
food and other plant-based material goods in such small spaces,
they cannot design a sustainable polyculture that provides them
a breadth of goods nor robustly support the species within the
small space available to them. A sustainable polyculture system
may require a community effort across individual gardens, thus
requiring collaboration among many gardeners to collectively co-
ordinate their efforts. This project works towards addressing issues
of cross-polyculture coordination by demonstrating how an infor-
mation system could support the collaboration and management of
complex, multi-site sustainable polycultures.

This project builds upon the concept of the Software for Agricul-
tural Ecosystems (SAGE) Sustainable Polyculture Composer [42, 43]
to coordinate the design of sustainable polycultures in green spaces
that are split up by physical and/or social barriers such as fences
delineating different ownership. In this paper, we introduce the
SAGE Community Coordinator (SAGE-CC) as a demonstration for
facilitating the present-day collaborative creation and utilization
of sustainable polycultures, and agroecosystems broadly, by neigh-
boring property owners who have limited space and resources to
create a robust and thriving system. We use the term demonstration
because this implementation is a rudimentary example of what the
SAGE-CC could achieve. The demonstration is rudimentary in its
limited implementation of features and use of fictitious plants due
to the time and resource constraints of the educational context it
was developed within.

Envisioned as a tool to map and plan community polyculture,
SAGE-CC could help address the informational barriers and com-
plexities of producing a polyculture systems, as documented in
the first author’s PhD Thesis [41], through community-wide col-
laboration. In turn, increasing the implementation of sustainable
polyculture systems could offset the agrifood sector’s dependency
on large-scale agricultural systems and increase plant species di-
versity in urban and suburban ecosystems. Using Google Earth
and ArcGIS, agroecologists Taylor and Lovell [54] estimate that
the production area of home gardens in the Chicago metro area is
three times larger than community gardens. They suggest that this
means there are opportunities for scaling up existing production
networks to include home food gardens. A fully developed informa-
tion system such as the SAGE-CC has the potential to increase food
and other plant-based material productivity in urban and suburban
residential green spaces over a long time horizon.

The goal of the research presented in this paper was to specify the
requirements and develop a first demonstration for the SAGE-CC.
The concept and the requirements for the SAGE-CC emerged from
exploratory action research the first author conducted with two
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grassroots sustainable agriculture communities [41]. The outcomes
of this research include defined requirements, a design, and an
initial demo of our project.

The following sections introduce related work, provide the re-
search design for the demo, report on the process and results, detail
a discussion of the implementation, explain limitations to the re-
search, and point out future work and conclusions.

2 RELATEDWORK
2.1 LIMITS
The central topic of the LIMITS workshop and the research com-
munity around ‘Computing within Limits’ [39] is an uncertain
future with limitations of material goods. Before the workshop was
founded, Pargman and Raghavan [47] leveraged prominent eco-
logical thinking from outside of computer science to inform what
sustainability means in the context of computing. Pargman and
Raghavan concluded that it means adapting to a reality of limits, of
trade-offs, and of hard choices. Even earlier, Tomlinson et al. [56]
and Tomlinson et al. [55] raised the importance of considering the
material limits of a future defined by socioeconomic collapse and
climate change. As Dillahunt [11] described, “HCI researchers and
technologists [not only] have the ability to shine a light on society’s
problems, [but also to] provide platforms that enable individuals
and groups to act on today’s problems.”

Communities similar or related to permaculture first received
attention at LIMITS in the work of Gui and Nardi [24] in which they
describe knowledge, psychological, and social limits that hinder
people from participating in sustainability and how these commu-
nities succeeded or failed in countering those limits. More recently,
Liu et al. [34] introduced permaculture as a way of emphasizing the
limitations of and an alternative to the control model (i.e., one that
maximizes labor and efficiency) employed in much HCI research.

A different aspect of food-related research was explored by Mu-
ralikumar et al. [38] where they proposed a framework describing
how food tracking systems can be designed to promote sustain-
ability. They presented case studies of two platforms that support
transparent tracking of products along the supply chain. From a
provider perspective, Zheleva et al. [62] investigated and charac-
terized the information and communication technology demand of
smallholder agriculture based on traffic analysis of farm Internet
use. Finally, relating to the SAGE-CC project’s secondary aim to
coordinate the utilization of products from collaborative sustainable
polycultures, Pargman et al. [46] analyzed the practice of sharing
and concluded that it needs to be approached with a dual focus on
both sharing and limits.

2.2 Resource Distribution Systems
SAGE-CC aims to facilitate the distribution of ecosystem services
and material goods, especially food, derived from collaborative sus-
tainable polycultures. On a conceptual level, Ostrom et al. [44, 45]
examined the domain of common-pool resources and offered ap-
proaches for managing such shared resources. In the agriculture
domain specifically, the CGIAR Commission on Sustainable Agri-
culture and Climate Change argued that “major interventions, at
local to global scales, to transform current patterns of food produc-
tion, distribution and consumption” are necessary to achieve food

security ([5], p. 4). They suggested a number of proposed actions,
including creating “comprehensive, shared, integrated information
systems that encompass human and ecological dimensions” (pp.
9-12). The USDA has offered that “[m]uch of America’s existing
food infrastructure doesn’t work for local and regional producers”
([58], p. 20).

HCI and ICT research have broadly explored resource distri-
bution systems. In the context of sustainability and food systems,
Seyfang [53] investigated local organic food networks to apply theo-
ries of both sustainable consumption and ecological citizenship, and
discusses the implications on policy and research. Dombrowski et
al. [13] prototyped a location-based information system that helps
in matching non-profit workers to individuals seeking support and
in the distribution of food resources. They conclude that “designers
should explore the wide variety of spatial patterns that must align
and overlap such that ecologies of nonprofit organizations might
synergistically work together to address pressing social needs.” [13]
A number of other projects at the juncture of food distribution and
technology have also been undertaken, including using simulation
to optimize operations in food-distribution warehouses [23] and re-
gional food hubs [36], and tracking disease outbreaks by modeling
food supply chains [12].

3 RESEARCH DESIGN
3.1 Software for Agricultural Ecosystems
SAGE is the collection of software applications conceptualized and
developed by the first author and her associates, including the
other authors on this paper, to support the permaculture-practicing
public’s pursuit of sustainable agriculture byway of addressing their
information challenges. The concepts for the SAGE applications, of
which the SAGE-CC is one, emerged from five years of fieldwork
with two permaculture communities in the United States. The SAGE
Composer, formerly called the Plant Guild Composer [42, 43], was
the first in the suite to be conceptualized and prototyped. Through
this initial design and development process, the complexities of
modeling plant characteristics and relationships, and obtaining
that data in the first place, became the cornerstone challenges of
SAGE. The first author lead a team of researchers in the design
and development of the SAGE Plant Database, which supports
sustainable polyculture design as practiced by the participating
permaculture communities [41]. Best practices for acquiring and
creating data for the SAGE Plant Database are currently under
investigation. While these applications have been conceptualized or
design designed specifically for the participating communities, we
expect that other permaculture or similarly minded and practicing
communities can benefit from the these applications or variances
on them.

3.2 SAGE-CC Concept
The SAGE-CC coordinates the design of sustainable polycultures
and other infrastructures within neighborhoods to form agroecosys-
tems. It facilitates users’ coordination in space, in time, and of many
specific processes such as pollination. Some plants need nearby
plants of the same species for wind pollination (i.e., anemophily) or
animal pollination (i.e., zoophily). It also helps communities form
strategies that rely on and encourage local food system production
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capacity, resilience, and satisfaction of food needs and preferences.
With the SAGE-CC, users can make their outputs available for trade,
purchase, or other transactional means.

Human values are paramount in this research. When faced with
the suggestion that farms of the future should blend with human
values, Wendell Berry [6, p. 79] responded:

"To propose to blend such a farm with human values
is simply to acknowledge that it has no human values,
that human values have been removed from it... If
human values are removed from [farm] production,
how can they be preserved in consumption?"

In designing the SAGE-CC, we aim to support the values of grass-
roots sustainable agriculture communities, which is are rooted in
environmental sustainability and sociocultural equality [41].

Ekbia and Nardi [14] explore financial and information resource
distribution from the point of view of social inequality. In their
paper they introduce the concept of heteromation, which is the pro-
cess of accruing profit by way of aggregating value from free labor.
The SAGE-CC aims to foremost support the people participating in
the collaborative agroecosystem, and aims to avoid fostering oppor-
tunity for heteromation that could perpetuate food and resource
inequality.

Free and Open Source Software (FOSS) is developed under li-
censes that provide users with the right to run, modify, and distrib-
ute source code of the software. Popular examples of Open Source
Software are Firefox, Android, Apache, PostgreSQL and Eclipse.
The SAGE-CC is conceptualized as FOSS so that it provides equal
opportunity for all people to access the coordination services and
underlying plant data it provides, in addition to enabling other
communities to copy the platform and transform it into something
more suitable for their needs.

3.3 ExploreCSR
The Google ExploreCSR (short for: Explore Computer Science Re-
search) workshop at CSULB themed “Computing for changing the
world for the better” was a 3-day event held in February 2019, de-
signed to introduce undergraduate students to research. The 90
participants came from six universities across Southern California.
The program was composed of a number of keynotes, panels on
the journey of a PhD student and graduate school, and a series of
working project sessions where students worked closely with a
faculty member and graduate students on a selected topic. The nine
teams were each composed of 5-7 undergraduate students, 1-3 PhD
or Master’s students, and a professor.

There is an extensive list of benefits to student participation
in Humanitarian (H)FOSS [16]: technical skills, professional skills
(communication norms, critical thinking, team building), learning
within a professional community, distributed development, project
complexity, an agile development process, social awareness, resume
building, and motivation. The humanitarian purpose of HFOSS
projects are particularly effective at attracting women and other
under-represented groups to computing majors [15, 27].

In addition, FOSS culture has several characteristics that make
it suitable for student participation [16]: communal development,
openness, transparency, open licensing, distributed global environ-
ment, and a meritocratic process. Ellis et al. [16, 17] conducted a

family of studies on how integrating HFOSS impacts undergradu-
ate students’ self-perception of motivation, software engineering
learning, and career aspirations. The project at hand was used to
introduce students to developing FOSS in research.

3.4 SAGE-CC Team
The first three authors designed and conducted an undergraduate
research education workshop at ExploreCSR. The initial concept
emerged from the first author’s doctoral research [41], of which the
tenth author was the advisor. The team of undergraduate students,
the fourth through ninth authors, chose to work on the SAGE-
CC project at ExploreCSR. The team of undergraduate students
was composed of students across all stages of their curriculum,
from first to fourth year, and included various backgrounds across
STEAM1, for example computer science and biochemistry. Their
programming and design experience varied widely, from novice to
experienced.

4 DESIGN, IMPLEMENTATION, AND RESULTS
Over the course of the three-day workshop, we elicited and speci-
fied requirements, designed the user interaction and data model,
implemented a demo, and presented the results to ExploreCSR
participants.

4.1 Requirements Elicitation
In the first working session, we established the central require-
ments and constraints for the system. The initial user interface
idea stems from the vision of a canvas that represents the garden
territory. Existing plants would be drawn onto the canvas in one
color, and then the system would make suggestions based on the
characteristics and needs of the individual plants according to their
layout.

Given the strict time limitations for the development of the
demonstration, the team decided to limit the plant database to ten
fictitious plants with a concise set of characteristics. The definition
of real plant characteristics and the specification of plant relation-
ships is a complex and disputed topic of study in agriculture and
other plant sciences that we are addressing in the further-developed
components of SAGE [41], however addressing those contexts and
challenges was beyond the scope of what we could achieve in a
3-day workshop. The fictitious plants represented approximations
of real plants with intrinsic characteristics, needs and tolerances
(inputs), and products and services (outputs). To facilitate creativity
in our definition of fictitious plants and relationships, we chose
a blended theme of fantasy and programming. A “Troll Tree” is
an example of a plant on the fantasy end of the spectrum, while
the “C++ Coconut” is an example on the programming end of the
spectrum. The full set of fictitious plants is described in Table 1.

The fictitious plants exemplify the dependencies and constraints
that a natural plant environment would exhibit, just simulating
such a network of relationships on a much smaller scale. For exam-
ple, the Dragon Root, which is fictitiously cultivated for medicinal
use, needs fire germination, and therefore other plants that are
highly flammable, like the Unicorn Wheat, might need a barrier

1Science, Technology, Engineering, Arts and Mathematics
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Name Layer Needs/Susceptibility Human Uses Ecosystem functions
Lazy Lichen ground cover needs tree acoustic (it snores) provides bark protection
Unicorn Wheat tall grass susceptible to fire medical deters glimmer snails
Troll Tree tree needs troll buddy, needs bark

protection, needs troll food
guardian deters humans from planting

incompatible plants
Moon Flower ground cover needs nitrogen aesthetic provides moon-water
Dragon Root root needs fire for germination medicinal provides soil stabilization
Sparkle Berry bush susceptible to glimmer snail,

susceptible to tangy fumes
edible attracts butterflies

Code Corn tall grass needs tangy fumes laptop fuel provides climbing structure
C++ Coconut tree needs nitrogen, needs pollina-

tion from butterflies, suscepti-
ble to tangy fumes

laptop fuel, edible provides troll-tree food

Buzzing Beans vine needs climbing structure edible, fireworks attracts bees, provides nitro-
gen

Tutti Fruit tree needs pollination from bees edible provides tangy fumes
Boba Bush bush needs moon-water medicinal, edible deters fire

Table 1: The ten fictitious plants of the SAGE Community Coordinator demo.

Figure 1: Whiteboard sketch of the adjacent garden patches.

of protection if planted in close vicinity. A row of Boba Bush can
create such a barrier, as a particularly wet, fire-retardant plant.

4.2 User Interaction and Design
The vision for the user interaction is to have a map view of the
gardens where a user can drag and drop plants. Figure 1 depicts the
adjacent gardens of the two fictional users Alex and Blake. Alex
has planted Unicorn Wheat and a Troll Tree, and Blake has planted
Dragon Root and a Tutti Fruit. However, for the first demo, we
decided due to time constraints to simplify the visualization and
display the plants in a list that included the corresponding plant
images.

Subsequently, we identified the analysis steps that had to be
resolved by the SAGE-CC algorithm. They were documented in
simplified pseudo-code walking through an example usage scenario.

(1) Make list of both the user’s plants and their neighbor’s plants
already existing in context, including their needs, vulnera-
bilities, and ecosystem functions.

(2) For each plant in your neighbor’s yard, evaluate its needs in
context:

(a) Go through the needs of your neighbor’s plants and check
if satisfied by ecosystem functions currently provided by
the user’s plants in context.

(b) If not satisfied, look up companion plant(s) in the exist-
ing plant database that would satisfy the need of your
neighbor’s plant. Add that plant plus rationale (“Plant X
helps Plant Y with Z.”) to list of suggestions for the user’s
garden.

(3) Display a list of plant suggestions to user for their yard that
would benefit the plants in their neighbor’s yard.

Then we developed the data model (see Fig. 2) to hold all required
information in the database in seven tables for the plant and ecosys-
tem data. Plants in the database are in reference to a type or species,
not a specific manifestation of a plant. Each plant had a unique
name and layer (e.g., ground cover, tree). Plants could have multiple
human uses, and were therefore stored in a PlantHumanUse table
with references to the Plant and HumanUseProp ids. A plant could
also have multiple ecosystem relationships in the PlantEcoRela-
tions table, each consisting of an ecosystem relationship property
(EcoRelProp) and value (EcoRelValue). The ecosystem relationship
properties and values were defined as follows:

• Ecosystem Relationship Property: Bark Protection, Glimmer
Snail, Fire, Nitrogen, Tangy Fumes, Moon-Water, Bees, and
Butterflies

• Ecosystem Relationship Value: deterrent, susceptible, needs,
attracts/produces

The PlantEcosystemRelationships table allowed for logical pairings
such as "Code Corn needs tangy fumes and Tutti Fruit provides
tangy fumes."

Furthermore, we needed a table to model the user properties and
another for the yard. The user and yard tables represent an instance
of a plant model. In other words, they allow for the representation
that plant species or types could be in multiple yards, and yards
could have multiple kinds of plant. The User table specified the
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Yards

yard_id int

plant_id int

user_id int

User

user_id int

name varchar

neighborhood_id int

Neighborhood

neighborhood_id int

name varchar

EcoRelValue

ecoRelValue_id int

value varchar

PlantEcoRelations

plantEcoRelations_id int

ecoRelValue_id int

plant_id int

ecoRelProp_id int

Layer

layer_id int

value varchar

Plant

plant_id int

name char

layer_id int

PlantHumanUse

plantHumanUse_id int

humanUseProp_id int

plant_id int
HumanUseProp

humanUseProp_id int

property varchar

EcoRelProp

ecoRelProp_id int

property varchar

Figure 2: Data model of the SAGE-CC.

user’s name and neighborhood, while the Yards table records each
instance of a plant in a yard with references to a Plant id and User
id.

Finally, the Neighborhood table allows the algorithm to deter-
mine the user’s neighbors and therefore search their yards for
potentially beneficial and detrimental relationships with plants in
their yard. In summary, these nine tables provide a concise repre-
sentation of information from which to infer suggestions for which
plants the user should add to their yard.

4.3 Implementation of the Demo
The framework we used included a technology stack of Django, a
Python 3 and HTML web framework, with a PostgreSQL database.
We created a data model in Python that was then translated into
database tables for the SQL server, according to Fig. 2. The Python
server script would load the existing gardens into the starting page,
and the page would display a button “Show suggestions” that al-
lowed the user to request suggestions to complement the existing
plants in both gardens. The response would re-list the existing
plants and make additional suggestions for what else to plant. The
screen shot of the demo in Fig. 3 shows a suggestion to plant a
Boba Bush (to protect the Unicorn Wheat from the fire the Dragon
Root needs to germinate).2 In a future iteration, the results would
include a map view of where to best place the additional plant, and
a rationale of why this plant is suggested.

Several undergraduate students (who are authors on this paper)
worked in pair programming teams, committed their code to the
joint Github repository3 and presented the demo as well as their
insights and lessons learned at the final day of the workshop.

2Demo uses images under the fair use terms for education and research.
Dragon root: https://unsplash.com/photos/NNC8Y1H223k Tutti fruit: https://www.
pinterest.com/pin/598134394234034806 Unicorn wheat: https://wallpaperstock.net/
rainbow-wheat-wallpapers_w52863.html Troll tree: https://www.facebook.com/
trollbeadswestfarms/photos/troll-tree/1233230756719296/ Boba bush: https://pxhere.
com/en/photo/548981
3https://github.com/julietnpn/sage_cc

Figure 3: Screen shot of the demo.

https://unsplash.com/photos/NNC8Y1H223k
https://www.pinterest.com/pin/598134394234034806
https://www.pinterest.com/pin/598134394234034806
https://wallpaperstock.net/rainbow-wheat-wallpapers_w52863.html
https://wallpaperstock.net/rainbow-wheat-wallpapers_w52863.html
https://www.facebook.com/trollbeadswestfarms/photos/troll-tree/1233230756719296/
https://www.facebook.com/trollbeadswestfarms/photos/troll-tree/1233230756719296/
https://pxhere.com/en/photo/548981
https://pxhere.com/en/photo/548981
https://github.com/julietnpn/sage_cc
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5 DISCUSSION OF INSIGHTS
Through the development of the SAGE-CC, our team identified a
series of insights and actionable strategies that lay the foundation
for our future implementation to improve the likelihood of success
for the system.

5.1 Tackling Information Complexities
During our initial conceptualization of the data models, the under-
graduate student authors, who were newcomers to this domain,
were surprised by the level of complexity required to capture and
maintain plant information. The students recognized that potential
users of the SAGE-CC could be overwhelmed by plant information.
Details such as the arc of the sun, the exact placement of plants
relative to their ecological relations to other plants, the introduction
of animal or fungi species, and plant arrangement across gardens
are important but onerous details to capture and define. Once plant
information is in the SAGE-CC, it is an equally complex task to
choose what plant information and suggestions are most appropri-
ate for the community and their immediate needs. If we want a high
level of use of Sage-CC, it must maintain information resourceful-
ness without overloading users with excessive plant information.
Although the undergraduate student authors recognized complex-
ity challenges in the context of the SAGE-CC development, they
are are challenges adopted from the SAGE-Composer, which the
SAGE-CC extends, and are flagged issues for future work.

5.2 Encouraging Community Collaboration
Motivating collective action amongst neighborhood communities
can be difficult to accomplish, and the SAGE-CC needs participation
from multiple neighbors to function. Some community members
may not wish to participate. Other members may restrict their
participation to minimal or selective levels of involvement to sup-
port neighboring gardens. Community members may also wish
to keep their land information private, unwilling to provide data
about their plants that could be critical to the support of species
in neighboring gardens. The SAGE-CC should provide opportuni-
ties for various arrangements of garden information according to
data privacy and sharing expectations across different communities.
Thus, the SAGE-CC must be able to account for diverse needs in
the community.

Furthermore, we suggest that the SAGE-CC should not only coor-
dinate pre-existing neighboring relationships, but also connect new
relations among neighbors and provide a space for involvement
and education across the community. For example, an iteration on
SAGE-CC would also coordinate the exchange of surplus goods
from the sustainable polycultures. Neighbors can form new rela-
tionships in the trade of their products and possibly encourage
the future coordination of their yards. Our system also encourages
community collaboration and education by allowing neighbors
and communities to help each other’s gardens. SAGE-CC encour-
ages neighbors to help each other, which will aid in fostering and
reinforcing a sense of community. The SAGE-CC also creates a
transparency of the participating communities’ gardens allowing
neighbors to learn from each other and exposes its users to different
types of plants and horticultural techniques. Potentially, our system

could evolve to include a social platform to further facilitate the
exchange of ideas and goods.

5.3 Providing A User-Friendly Collaborative
Experience

The need for a user friendly system that tackles the challenges
of working with complex plant data was frequently discussed by
our team. Future iterations of this system should be designed in
a way that provides an appropriate level of information for each
participating community. The Sage-CC should offer an experience
that is inviting for all community members to partake — it must
balance complex agroecosystem information and users’ limited
understanding of gardening, with an easy-to-use design.

Our first iteration of the demonstration provided a low-level con-
ceptualization of neighboring gardens to show how one suggested
plant may improve the collective success of two gardens. In the
future, the system needs to account for a much larger set of plants
and suggestions for neighbouring gardens. We plan to return to
our initial interface design of a canvas map view of the gardens in
order to display a larger set of plant information. A challenge to this
design is ensuring that all plants and plant suggestions in a multi-
layer ecosystem are provided via legible digital representations.
These representations will guide user actions in their gardening
design and techniques.

6 LIMITATIONS
This project had limitations in time, complexity, and scalability. In
this section we elaborate on those limitations and how we foresee
them being addressed. The project is not fully developed, however,
this initial demo of the system successfully shows that it is pos-
sible to build a system that can help communities and neighbors
coordinate their plants if real plant data were available.

6.1 Time
First, the SAGE-CC was designed and developed during a three day
workshop, limiting our time to develop and test full components
of the system. The system has not been tested by potential users
because it is still in its working stages, and will require further
development for testing and implementation. In a less restricted
window of time, we would have proceeded to integrate the func-
tionality with the existing SAGE Sustainable Polyculture Composer
user interface and connect it to the garden map canvas, so users can
drag and drop plants and suggestions would pop up as envisioned
in Fig. 1. When this functionality is added onto to our initial demo,
we can then have users test SAGE-CC as our first prototype. If
our team finds that the users’ benefit from SAGE-CC, we can then
continue to work on the steps outlined in section 7 (Future Work).

6.2 Complexity
Second, the SAGE-CC only works with fictitious plant information
that we used to provide a low barrier to design and development
for the team. It does not use real life plants that have more complex
needs and relationships within an ecosystem. For expanding the
SAGE-CC to the complexity of a real plant database, a more com-
plex data model would be required to depict these more intricate
relationships and multiple constraints. The evaluation of a given
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context would also require multiple objective optimization [29, 61].
An additional factor for complexity is the high number of variables
in a natural ecosystem, from weather patterns to soil composition
to wind, rain and sun exposure.

6.3 Scalability
Third, as a consequence of the increased complexity when using
real data, there would be high requirements for scalability, as the
evaluation of database requests would entail the need for efficient
algorithms. Related work that to be considered for this are evolu-
tionary and genetic algorithms [1, 31, 52]. The current algorithm is
not designed for high efficiency, so for scalability, the matchmaking
of the algorithm could be improved as well as the database design,
but the idea behind the current implementation scales.

6.4 Imaginary plants
The fictitious plants, their characteristics, and the relationships
among plants are rudimentary representations of real plant char-
acteristics and relationships. While the inter-plant relationships
of the ficitious plants are simplified in comparison to naturally oc-
curring plant relationships, the approach scales for more complex
plant networks with a higher number of relationships as formed
by permaculture practitioners that participated in the formative
research for the broader SAGE suite [41]. Members of these com-
munities did not typically collect plant and context data required
to form more complex relationships, instead they grappled with
these relationships in their designs and practice at a conceptual
level. However, most inter-plant relationships are to some degree
fuzzy and thus are not responsive to a straightforward analysis as
most commonly practiced by the target users and represented in
this demonstration. The question of whether it is possible to map
out all plant characteristics and potentially arising relationships
onto one conceptual model and in such a way that can support the
work of the participating communities has been treated extensively
in the first authors PhD thesis [41], but remains open.

7 FUTUREWORK
In a short time period, we were able to quickly develop a proto-
typical system. We generated our design requirements, provided
exemplar plant data, developed a simple interface, and demon-
strated our working project to a workshop. Full implementation
is feasible, and we laid the groundwork for future development.
The SAGE-CC has the potential to encourage collaboration and
collective sustainable polyculture gardening amongst neighbors
in a community. The first step of our future work is to develop
this system for a working database of real plants. For example, the
SAGE Plant Database can provide the SAGE-CC with a robust set
of plant information specifically for sustainable polyculture design
[41]. The plant data in the SAGE Plant Database will facilitate the
collaborative sustainable polyculture design interactions among ac-
tual people and their neighbors to test the usefulness of the system
in practice.

Furthermore, the software could introduce additional features
such as automation of themapping of existing food gardens through
previously collected data and land imaging. Depending on how
much image recognition could be refined (see related work on

Leafsnap by [32]), this might significantly decrease the initial effort
of users to have their garden in the system. Such automation can
be utilized to establish existing knowledge of land use around a
communication before introducing additional plants to the systems.

8 CONCLUSION
Modern agriculture has alarming affects on ecosystem health and
diversity, which in turn negatively impact the productivity of agri-
culture, among other systems. By supporting local agroecosystems
through the development of our information system, we bring
gardeners and local communities closer to sustainable forms of
food and material production, moving away from production meth-
ods that harm the surrounding ecosystems. Our development of
the SAGE-CC demonstration offers a stepping stone towards sup-
porting these changes to production. This system will allow less
experienced gardeners to work together to integrate sustainable
polycultures into their local communities, bringing them closer to
sustainable methods of production through the sharing and dis-
tribution of local resources. By doing so, it will hopefully allow
communities that use it to become more resilient to the disruptions
that a future of limits is likely to bring.

9 ACKNOWLEDGMENTS
This material is based upon work supported in part by the National
Science Foundation under Grant No. CCF-1442749 and Grant No.
DGE-1839285. This work is in part supported by Google under their
exploreCSR grant 2018/20194.

REFERENCES
[1] Mohammed A Abido. Environmental/economic power dispatch using multiob-

jective evolutionary algorithms. In 2003 IEEE Power Engineering Society General
Meeting (IEEE Cat. No. 03CH37491), volume 2, pages 920–925. IEEE, 2003.

[2] Miguel A. Altieri. Agroecology, Small Farms, and Food Sovereignty. Monthly
Review; New York, 61(3):102–113, August 2009.

[3] Peter J. Barile. Evidence of Anthropogenic Nitrogen Enrichment of the Littoral
Waters of East Central Florida. Journal of Coastal Research, pages 1237–1245,
September 2004.

[4] K. L. Bassil, C. Vakil, M. Sanborn, D. C. Cole, J. S. Kaur, and K. J. Kerr. Cancer health
effects of pesticides Systematic review. Canadian Family Physician, 53(10):1704–
1711, October 2007.

[5] J Beddington, M. Asaduzzaman, A. Fernandez, M. Clark, M. Guillou, L. Jahn,
M.vand Erda, T. Mamo, N Van Bo, C.A. Nobre, R. Scholes, R. Sharma, and
J. Wakhungu. Achieving Food Security in the Face of Climate Change: Sum-
mary for Policy Makers. Commission on Sustainable Agriculture and Climate
Change. Copenhagen, Denmark: CGIAR Research Program on Climate Change,
Agriculture and Food Security (CCAFS), 2011.

[6] Wendell Berry. The Unsettling of America: Culture & Agriculture. Sierra Club
Books, 1996. Google-Books-ID: uSk9gAktmpQC.

[7] Gordon B. Bonan. Forests and Climate Change: Forcings, Feedbacks, and the
Climate Benefits of Forests. Science, 320(5882):1444–1449, June 2008.

[8] David Arthur Cleveland. Balancing on a planet: the future of food and agriculture.
Number 46 in California studies in food and culture. University of California
Press, Berkeley and Los Angeles, California, 2014.

[9] Gordon R. Conway and Edward B. Barbier. After the Green Revolution: Sustain-
able and equitable agricultural development. Futures, 20(6):651–670, December
1988.

[10] Jan Dich, Shelia Hoar Zahm, Annika Hanberg, and Hans-Olov Adami. Pesticides
and cancer. Cancer Causes & Control, 8(3):420–443, May 1997.

[11] Tawanna R. Dillahunt and Jennifer Mankoff. Understanding factors of successful
engagement around energy consumption between and among households. pages
1246–1257. ACM Press, 2014.

[12] Daniel Doerr, Kun Hu, Sondra Renly, Stefan Edlund, Matthew Davis, James H.
Kaufman, Justin Lessler, Matthias Filter, Annemarie KÃďsbohrer, and Bernd

4https://sites.google.com/google.com/explorecsr-external/home

https://sites.google.com/google.com/explorecsr-external/home


The SAGE Community Coordinator: A Demonstration LIMITS’19, June 2019, Lappeenranta, Finland

Appel. Accelerating Investigation of Food-borne Disease Outbreaks Using Pro-
active Geospatial Modeling of Food Supply Chains. In Proceedings of the First ACM
SIGSPATIAL International Workshop on Use of GIS in Public Health, HealthGIS ’12,
pages 44–47, New York, NY, USA, 2012. ACM.

[13] Lynn Dombrowski, Jed R Brubaker, Sen H Hirano, Melissa Mazmanian, and
Gillian R Hayes. It takes a network to get dinner: designing location-based
systems to address local food needs. In Proceedings of the 2013 ACM international
joint conference on Pervasive and ubiquitous computing, pages 519–528. ACM,
2013.

[14] Hamid Ekbia and Bonnie Nardi. Social inequality and hci: The view from po-
litical economy. In Proceedings of the 2016 CHI Conference on Human Factors in
Computing Systems, pages 4997–5002. ACM, 2016.

[15] Heidi J. C. Ellis, Gregory W. Hislop, Josephine Rodriguez, and Ralph A. Morelli.
Student software engineering learning via participation in humanitarian foss
projects. In Proceedings of the 119th Annual ASEE Conference and Exhibition, San
Antonio, TX., 2012.

[16] Heidi JC Ellis, Gregory W Hislop, Stoney Jackson, and Lori Postner. Team Project
Experiences in Humanitarian Free and Open Source Software (HFOSS). ACM
Transactions on Computing Education (TOCE), 15(4):18, 2015.

[17] Heidi JC Ellis, GW Hislop, SM Pulimood, B Morgan, and B Coleman. Software
engineering learning in hfoss: A multi-institutional study. In ASEE Conf, 2015.

[18] FAO. Building a common vision for sustainable food and agriculture: Principles
and Approaches. Technical report, Food and Agriculture Organization of the
United Nations, Rome, 2014.

[19] FAO. Agroecology can help change the worldâĂŹs food production for the better,
2018.

[20] Peter H. Gleick and Meena Palaniappan. Peak water limits to freshwater with-
drawal and use. Proceedings of the National Academy of Sciences, 107(25):11155–
11162, June 2010.

[21] Stephen R. Gliessman. Agroecology: the ecology of sustainable food systems. CRC
Press/Taylor & Francis Group, Boca Raton, FL, third edition edition, 2015.

[22] Melissa Gomez. Algae Bloom in Florida Prompts Fears About Harm to Health
and Economy. The New York Times, July 2018.

[23] Balagopal Gopakumar, Suvarna Sundaram, Shengyong Wang, Sumit Koli, and
Krishnaswami Srihari. A Simulation Based Approach for Dock Allocation in
a Food Distribution Center. In Proceedings of the 40th Conference on Winter
Simulation, WSC ’08, pages 2750–2755, Miami, Florida, 2008. Winter Simulation
Conference.

[24] Xinning Gui and Bonnie A. Nardi. Foster the "mores", counter the "limits". First
Monday, 20(8), July 2015.

[25] G. M. Hallegraeff. Harmful algal blooms: a global overview. Manual on harmful
marine microalgae, 33:1–22, 2003.

[26] M. Henry, M. Beguin, F. Requier, O. Rollin, J.-F. Odoux, P. Aupinel, J. Aptel,
S. Tchamitchian, and A. Decourtye. A Common Pesticide Decreases Foraging
Success and Survival in Honey Bees. Science, 336(6079):348–350, April 2012.

[27] Gregory W. Hislop, Heidi J. C. Ellis, and Ralph A. Morelli. Evaluating student
experiences in developing software for humanity. In Proceedings of the 14th
annual ACM SIGCSE conference on Innovation and technology in computer science
education, 2009.

[28] Leo Horrigan, Robert S Lawrence, and Polly Walker. How sustainable agriculture
can address the environmental and human health harms of industrial agriculture.
Environmental Health Perspectives, 110(5):445–456, May 2002.

[29] C-L Hwang and Abu Syed MdMasud. Multiple objective decision makingâĂŤmeth-
ods and applications: a state-of-the-art survey, volume 164. Springer Science &
Business Media, 2012.

[30] Montine Jordan, William B. Meyer, Robert W. Kates, William C. Clark, John F.
Richards, Billie Lee Turner, and Jessica T. Mathews. The earth as transformed by
human action: global and regional changes in the biosphere over the past 300 years.
CUP Archive, 1990.

[31] Abdullah Konak, David W Coit, and Alice E Smith. Multi-objective optimization
using genetic algorithms: A tutorial. Reliability Engineering & System Safety,
91(9):992–1007, 2006.

[32] Neeraj Kumar, Peter N Belhumeur, Arijit Biswas, David W Jacobs, W John Kress,
Ida C Lopez, and João VB Soares. Leafsnap: A computer vision system for
automatic plant species identification. In European Conference on Computer
Vision, pages 502–516. Springer, 2012.

[33] R. Lal. Soil Carbon Sequestration Impacts on Global Climate Change and Food
Security. Science, 304(5677):1623–1627, June 2004.

[34] Szu-Yu (Cyn) Liu, Shaowen Bardzell, and Jeffrey Bardzell. Out of Control: Refram-
ing Sustainable HCI Using Permaculture. In Proceedings of the 2018 Workshop on
Computing Within Limits, LIMITS ’18, pages 2:1–2:8, New York, NY, USA, 2018.
ACM. event-place: Toronto, Ontario, Canada.

[35] Annette McCaffery. Irrigating with blue-green algae affected water. Technical
Report 1280, New South Wales Department of Primary Industries, New South
Wales, January 2013.

[36] Anuj Mittal and Caroline C. Krejci. A Hybrid Simulation Model of Inbound
Logistics Operations in Regional Food Supply Systems. In Proceedings of the 2015

Winter Simulation Conference, WSC ’15, pages 1549–1560, Piscataway, NJ, USA,
2015. IEEE Press.

[37] Bill Mollison. Permaculture: a designers’ manual. Tagari Publ, Tyalgum, repr
edition, 1988.

[38] Meena Devii Muralikumar and Bonnie Nardi. Addressing limits through tracking
food. In Proceedings of the 2018 Workshop on Computing Within Limits, LIMITS
’18, pages 3:1–3:9, New York, NY, USA, 2018. ACM.

[39] Bonnie A. Nardi, Bill Tomlinson, Donald J. Patterson, Jay Chen, Daniel Pargman,
Barath Raghavan, and Birgit Penzenstadler. Computing within limits. Communi-
cations of the ACM, 61(10):86–93, September 2018.

[40] Malden C. Nesheim, Maria Oria, and Peggy Tsai Yih, editors. A Framework for
Assessing Effects of the Food System. National Academies Press, Washington, D.C.,
June 2015.

[41] Juliet Norton. Information Systems for Grassroots Sustainable Agriculture. PhD
thesis, UC Irvine, 2019.

[42] Juliet Norton, Sahand Nayebaziz, Sean Burke, B. Jack Pan, and Bill Tomlinson.
Plant Guild Composer: An Interactive Online System to Support Back Yard Food
Production. InCHI ’14 Extended Abstracts on Human Factors in Computing Systems,
CHI EA ’14, pages 523–526, New York, NY, USA, 2014. ACM.

[43] Juliet Norton, Alex J. Stringfellow, Joseph J. LaViola Jr, Birgit Penzenstadler, and
Bill Tomlinson. Plant Guild Composer: A Software System for Sustainability. In
RE4SuSy@ RE, 2013.

[44] Elinor Ostrom. Governing the Commons: The Evolution of Institutions for Collective
Action. Cambridge University Press, Cambridge ; New York, November 1990.

[45] Elinor Ostrom. A General Framework for Analyzing Sustainability of Social-
Ecological Systems. Science, 325(5939):419–422, July 2009.

[46] Daniel Pargman, Elina Eriksson, and Adrian Friday. Limits to the sharing econ-
omy. In Proceedings of the Second Workshop on Computing Within Limits, LIMITS
’16, pages 12:1–12:7, New York, NY, USA, 2016. ACM.

[47] Daniel Pargman and Barath Raghavan. Rethinking sustainability in computing:
From buzzword to non-negotiable limits. In Proceedings of the 8th Nordic Con-
ference on Human-Computer Interaction: Fun, Fast, Foundational, pages 638–647.
ACM, 2014.

[48] David Pimentel, Anthony Greiner, and Tad Bashore. Economic and Environmen-
tal Costs of Pesticide Use. In Environmental toxicology : current developments,
volume 7 of Environmental topics. Gordon and Breach Science Publishers, Inc.,
Amsterdam, Netherlands, 1998.

[49] Nancy N. Rabalais, R. Eugene Turner, Dubravko JustiÄĘ, Quay Dortch, William J.
Wiseman, and Barun K. Sen Gupta. Nutrient changes in the Mississippi River
and system responses on the adjacent continental shelf. Estuaries, 19(2):386–407,
June 1996.

[50] John A. Raven, M Andrews, and A Quigg. The evolution of oligotrophy: implica-
tions for the breeding of crop plants for low input agricultural systems. Annals
of Applied Biology, 146(3):261–280, April 2005.

[51] John A. Raven, Linda L. Handley, and Mitchell Andrews. Global aspects of
C/N interactions determining plantâĂŞenvironment interactions. Journal of
Experimental Botany, 55(394):11–25, 2004.

[52] Tapabrata Ray, Kang Tai, and Kin Chye Seow. Multiobjective design optimization
by an evolutionary algorithm. Engineering Optimization, 33(4):399–424, 2001.

[53] Gill Seyfang. Ecological citizenship and sustainable consumption: Examining
local organic food networks. Journal of rural studies, 22(4):383–395, 2006.

[54] John R. Taylor and Sarah Taylor Lovell. Mapping public and private spaces
of urban agriculture in Chicago through the analysis of high-resolution aerial
images in Google Earth. Landscape and Urban Planning, 108(1):57–70, October
2012.

[55] Bill Tomlinson, Eli Blevis, Bonnie Nardi, Donald J. Patterson, M. SIX Silberman,
and Yue Pan. Collapse Informatics and Practice: Theory, Method, and Design.
ACM Trans. Comput.-Hum. Interact., 20(4):24:1–24:26, September 2013.

[56] Bill Tomlinson, Donald J. Patterson, Yue Pan, Eli Blevis, Bonnie A. Nardi, Six
Silberman, Juliet Norton, and Joseph J. LaViola. What if sustainability doesn’t
work out? interactions, 19(6):50, November 2012.

[57] U.S. Global Change Research Program. Climate change impacts in the United
States: U.S. national climate assessment. 2014. OCLC: 879334211.

[58] USDA. Local food infrastructure, 2019.
[59] Sonja J. Vermeulen, Bruce M. Campbell, and John S. I. Ingram. Climate Change

and Food Systems. Annual Review of Environment and Resources, 37(1):195–222,
2012.

[60] Peter M. Vitousek, John D. Aber, Robert W. Howarth, Gene E. Likens, Pamela A.
Matson, DavidW. Schindler,WilliamH. Schlesinger, and David G. Tilman. Human
Alteration of the Global Nitrogen Cycle: Sources and Consequences. Ecological
Applications, 7(3):737–750, August 1997.

[61] Milan Zeleny. Multiple criteria decision making Kyoto 1975, volume 123. Springer
Science & Business Media, 2012.

[62] Mariya Zheleva, Petko Bogdanov, Daphney-Stravoula Zois, Wei Xiong, Ranveer
Chandra, and Mark Kimball. Smallholder agriculture in the information age:
Limits and opportunities. In Proceedings of the 2017 Workshop on Computing
Within Limits, LIMITS ’17, pages 59–70, New York, NY, USA, 2017. ACM.


	Abstract
	1 Introduction
	2 Related Work
	2.1 LIMITS
	2.2 Resource Distribution Systems

	3 Research Design
	3.1 Software for Agricultural Ecosystems
	3.2 SAGE-CC Concept
	3.3 ExploreCSR
	3.4 SAGE-CC Team

	4 Design, Implementation, and Results
	4.1 Requirements Elicitation
	4.2 User Interaction and Design
	4.3 Implementation of the Demo

	5 Discussion of Insights
	5.1 Tackling Information Complexities
	5.2 Encouraging Community Collaboration
	5.3 Providing A User-Friendly Collaborative Experience

	6 Limitations
	6.1 Time
	6.2 Complexity
	6.3 Scalability
	6.4 Imaginary plants

	7 Future Work
	8 Conclusion
	9 Acknowledgments
	References

