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ABSTRACT

This thesis proposes a novel visualization system for communicating the timing of field
operations, for example planting cover crops and strip tillage, as might be required to adopt more
sustainable farming practice. Grounded in the context of increasing environmental challenges
and the pressing need for conservation agriculture, this work explores the historical evolution of
visualization formats and techniques, underscoring their significance and benefits across various
domains, before focusing on field operations of cropping systems.

Highlighting the complexities involved in conventional and conservation agricultural
practices, the study identifies significant barriers to adopting sustainable methods, including
economic, operational, and informational hurdles. Attempts to identify solutions to these barriers,
such as tools that can accurately depict the timing and operational requirements of agricultural
field operations, revealed a gap that requires attention.

To address this gap, a Field Operations Visualizer (FOV) is proposed. This FOV is a
visualization format conceptualized to address the gap in effective communication and planning
of agricultural field operations, especially timing requirements. Through a design process that
integrates a review of literature, stakeholder engagement, and a user-centered design approach,
the thesis documents the iterative creation of the FOV. It demonstrates how this visualization can
facilitate a clearer understanding of the complexities of field operations by providing additional
insights compared to traditional methods.

The findings from the study reveal the FOV’s capacity to go beyond traditional
communication methods, commended for its clarity in representing cropping systems,
communicating time-sensitivity, conveying leeway, and identifying potential conflicts with

operations. The thesis ends with a discussion on assessing the FOV and the probable broader



implications of employing visualization tools in agriculture, advocating for a shift towards more
informed and sustainable farming methodologies.

Conclusions and recommendations for future work suggest developing a web application
based on the FOV design, making it a tool accessible to farmers and other stakeholders, and

exploring the integration of the FOV with existing agricultural decision support systems.



CHAPTER 1. GENERAL INTRODUCTION

Conventional row-crop farming practices have led to significant environmental
challenges, including degradation of soil and water quality (Clark & Tilman, 2017). Given the
pressing challenges posed by climate change and the expanding global population, an increasing
number of researchers agree that conservation agriculture, characterized by crop rotation,
minimal or no tillage, and the utilization of cover crops, presents a viable avenue for achieving
sustainable agricultural production that is both intensified and environmentally friendly (Aune,
2012; Byrne et al., 2022; Cleland, 2013). Various conservation agricultural cropping systems
have been introduced, offering a sustainable pathway for intensive farming across diverse
climates (Colnenne-David & Doré, 2015; Moore et al., 2019). Some of these practices have
proven to significantly lower soil erosion by 77% and reduce runoff by 50% in corn silage
systems, while also cutting down nitrate leaching by 69% compared to fallow fields, according to
a global meta-analysis (Nouri et al., 2022; Siller et al., 2016).

Despite the clear benefits, the wider adoption of these sustainable farming methods faces
hurdles, not from farmer resistance (Coulibaly et al., 2021; Prokopy et al., 2019; Scopel et al.,
2013), but due to obstacles like economic constraints, land ownership issues, lack of training,
and scheduling conflicts (Myers & Wilson, 2023; Rodriguez et al., 2009).

Additionally, transitioning to these novel farming practices and systems can be
particularly challenging for farmers, who often struggle with the additional time and resource
demands these methods entail (Arbuckle & Roesch-McNally, 2015; Roesch-McNally et al.,
2018). Despite these challenges, research by Myers & Wilson (2023) indicated a willingness
among 80% of farmers who haven’t yet adopted cover cropping to consider such practices,

especially if adequate technical support is available. Fortunately, challenges including a lack of



technical guidance and the timing of operations are areas where agricultural research institutions
and universities could provide crucial support (Sampat, 2020).

A promising strategy to overcome these obstacles involves creating a decision support
system, as proposed by Dicks et al., (2014), which would provide farmers with clear and
manageable insights into the scheduling and resource allocation for their agricultural tasks. Such
tools, particularly those employing visualization techniques, can significantly aid in decision-
making by presenting complex information in an accessible manner (Gutiérrez et al., 2019;
Segelstrom, 2009).

Reflecting on visualization’s proven impact across various fields, such as in medical
training where it significantly improved learning outcomes (Bandi et al., 2020), and in
engineering design, where it aided in navigating uncertainties (Dong & Hayes, 2012), this
research introduces the Field Operations Visualizer (FOV), a visual format or design to aid in
planning and executing field operations, both traditional and novel, by simplifying the
understanding of timing and resource requirements. The FOV, like other decision-making tools,
seeks to offer aid that not only enhances farm productivity but also promotes environmental
benefits (Rose et al., 2016). This thesis focuses on providing an overview of visualization —
history, format, tools, and techniques, reviewing existing tools used in the communication of
field operations, and developing and assessing the effectiveness of the FOV, with the ultimate
goal of supporting the widespread use of sustainable agricultural practices through better
communication and technical support.

Objectives

The objectives of this study are as follows:
1. To conduct a review of the literature on existing tools employed in communicating field

operations of cropping systems.



2. To develop a comprehensive suite of approaches for visualizing farming operations, referred
to as Farm Operations Visualizers (FOVs).

3. To evaluate the effectiveness of the proposed FOV's with multiple constituencies, each time
gathering data to continually enhance their effectiveness.

4. To identify the most efficient and impactful FOV, employ it to convey the time demands of
existing cropping systems, and for future integration into an open-source framework, making

it accessible for others to utilize and further enhance.

Literature Review
Introduction

Visualization, as a means of communication and interpretation of data, traces its roots
back to primitive times when early humans etched their narratives onto cave walls. They mark
the dawn of human engagement with graphical representation. These illustrations were not
merely artistic expressions but served as a fundamental medium for sharing knowledge and
experiences (d’Errico et al., 2016).

As civilization advanced, so did the methods and purposes of visualization. The invention
of the line graph by Michael Florent Van Langren in 1644 represents a critical juncture in the
history of data visualization. Not only was this the oldest line graph ever recorded to show the
longitudinal disparities between Toledo and Rome, but it also represented a conceptual advance
in the visual presentation of quantitative data (Friendly et al., 2010). This innovation laid the
groundwork for future advancements in the field. In the centuries that followed, figures such as
William Playfair emerged, who is credited with creating of the bar chart and pie chart in the late

18th century (Kruja et al., 2002; Spence, 2005).



The 19th century witnessed a pioneering application of visualization in public health by
Florence Nightingale. Leveraging what would later be known as the Coxcomb chart, Nightingale
effectively communicated the impact of sanitation conditions on hospital mortality rates
(Brasseur, 2005; McDonald, 2001). Her work exemplifies how visualization can transcend its
role as a mere data representation tool to become an agent of social change (Keith, 1988;
Magnello, 2012). These graphical representations catalyzed improvements in hospital hygiene,
undeniably contributing to life-saving transformations (Magnello, 2012; McDonald, 2001).

In contemporary times, the significance of visualization extends across numerous fields,
including statistics, the humanities, computer science, and medicine, underscoring its versatility
and indispensability (Telea, 2011). The evolution from simple cave paintings to sophisticated
digital graphs underscores a continuous quest to find more effective ways to convey information.
Today, fueled by rapid technological advancements, visualization techniques have expanded in
scope and complexity (van Biljon & Osei-Bryson, 2020). These methods serve as critical data
representation tools and essential instruments for problem-solving and decision-making across
various domains (Brath et al., 2005; Walny et al., 2011; Wehrend & Lewis, 1990).

The review examines some historical developments and the significance of visualization
formats and techniques, their wide-ranging applications, their usage, and effectiveness of various
visualization tools. We also examine a visualization tool for cover crop selection, some
challenges, and opportunities in integrating visualization tools into agricultural field operations,
underscoring the potential benefits of these technologies in promoting efficiency and

sustainability in farming practices.



Examples of visualization contributing to domain-specific problems

Medical training and healthcare information

The healthcare sector has significantly benefited from advancements in visualization
technologies, ranging from clinical service provision to the production of medical devices.
Considering health-related issues constituted nine of the ten leading causes of mortality in 2020
and 2021 (Xu et al., 2022), the deployment of visualization tools in the management, treatment,
and prevention of diseases holds critical value.

Research by Silén et al. (2008) underscores the pivotal role of visualization in medical
education, particularly in enhancing the comprehension of complex anatomical configurations
and physiological mechanisms. The adoption of superior 3D visualizations constructed from
high-definition CT and MR imagery from clinical investigations has significantly enhanced the
comprehension of complex anatomical structures among students. Moreover, the incorporation
of these visualizations into problem-based learning frameworks was demonstrated to ignite
student curiosity and bolster their analytical capabilities. Physicians educated with 3D
visualization technologies attained an enriched understanding, facilitating more precise
interpretations of medical imagery and patient data, which, in turn, improves the accuracy of
diagnoses and the formulation of treatment strategies.

Fault detection in chemical processes

The chemical industry is characterized by processes that inherently pose risks, making
continuous monitoring and fault detection critical to maintaining operational safety and integrity
(Rusinov et al., 2013). These monitoring systems are vital not only for protecting human lives
but also for achieving significant cost reductions by promptly identifying process anomalies

(Damm, 2007; Garcia-Calva et al., 2022). Wang et al. (2017) explored a novel visualization-



based fault detection technique, comparing its effectiveness against traditional methods across
various process types, thereby providing insights into their performance metrics.

According to Wang et al. (2017), conventional fault identification techniques, for instance
the Principal Component Analysis (PCA), often fall short due to their inability to capture time-
series data nuances and accurately establish confidence intervals. To address these limitations,
the authors proposed a novel method leveraging time-explicit Kiviat diagrams. This approach not
only matched traditional methods in terms of detection latency and missed detections in
continuous processes but also surpassed them by reducing detection delays and minimizing false
positives. Specifically, for batch processes, it enhanced fault detection speed and reduced false
alarms, offering an intuitive visualization of batch data for real-time monitoring and analysis. In
periodic process evaluations, this method proved to be superior, highlighting the significant
advantages of visualization in process analysis and fault detection.

The utilization of visualization techniques in fault detection transcends the chemical
industry, offering benefits in enhancing understanding and facilitating decision-making,
especially for those with limited expertise in the area. Additionally, it contributes to the overall
efficiency of managing complex and dynamic systems across various sectors (Eppler & Platts,

2009; Lurie & Mason, 2007; Zhu & Chen, 2008).

Visualization tools and formats

Tools

Visualization tools are instruments, software applications, or platforms designed to help
users create graphical representations of data (Bikakis, 2020). They can be as basic as a pencil,
graph sheet, ruler, or as sophisticated as web-based platforms like Tableau. These tools transform

data sets into visual formats such as charts, graphs, maps, and infographics, making it easier to



understand, interpret, and communicate information (Bikakis, 2020; Gupta, 2019; Wills, 2012).
Visualization tools are used across various fields, including research, business, education, and
data science, to aid in data analysis, decision-making processes, and presentation of insights.
These tools can be part of a more extensive toolkit, used for simulation, rendering, or modeling
to construct appropriate visualizations for insights, testing, and decision-making (Schroeder &
Martin, 2005; Stukowski, 2009). Advancements in the field of computer graphics have led to
improved tools for various domains. They have varying complexity with some designed for
general visualization and others specialized.

General visualization tools

General visualization tools can be defined as software or web applications that allow
users to create various visual representations of data, even without being specific to a particular
domain. While general visualization tools are versatile, they may not have the same level of
depth and specific functionalities as specialized tools tailored to particular domains like finance
or healthcare.

e Microsoft Excel: While primarily a spreadsheet program, Excel offers built-in charting
functionalities for multiple formats.

e Google Sheets: Like Microsoft Excel, Google Sheets provides multiple charting options
within its spreadsheet environment.

e Tableau: Tableau is a data visualization application that lets users combine data from many
sources to generate interactive reports, dashboards, and infographics. In addition to
supporting many different chart kinds and complex analytics tools, it has a drag-and-drop

interface. This tool offers both specialized and broad visualizations.



Specialized visualization tools

There are several domains with specialized tools for visualization which are pivotal in
enhancing understanding, communication, and decision-making, including:

e Business and finance — Tableau, Power BI, and Domo are some of the most essential tools
in this field since they offer real-time analytics, dynamic dashboards, and financial forecasts.
They facilitate stakeholders’ identification of growth and efficiency improvement
opportunities by allowing users to visualize financial data, trends, and performance measures.
Deep dives into financial data are possible thanks to its interactivity and usability, all without
requiring technical expertise.

e Research and education — For scientific data exploration, interactive visualizations for
presentations and publications tools like SAS, Bio Render, MATLAB, and R (with the
geplot2 package), are essential for visualizing complex datasets, statistical results, and
scientific phenomena. Other programming libraries like matplotlib, seaborn, and plotly for
Python also support a wide array of charts and graphs, suitable for academic publications,
interactive educational content, and detailed data examination, thereby enhancing
understanding among students and researchers.

e Healthcare — In healthcare, tools like AMIRA and OsiriX for 3D medical visualization,
along with interactive dashboards from MEDITECH and Epic Systems for patient
monitoring, play a pivotal role. These specialized visualization tools are essential for
interpreting medical imaging data, patient records, and clinical information.

e Software development — This domain benefits from visualization tools both for the
development process and for incorporating visualization functionalities within applications.

Examples include D3.js, a JavaScript library for generating dynamic, interactive data



visualizations in web browsers, and Jira, an agile project management platform that allows
software teams to effectively plan, track, and manage projects and workflows.
Communicating time

Line charts

One of the most basic chart types used in data visualization is the line chart. They are
made to present data as a collection of data points, or “markers,” joined by segments of straight
lines. Although some associate the history of line charts back to the 18th century, crediting
Scottish engineer and economist William Playfair (Javed et al., 2010), Friendly (2008) illustrates
they were invented earlier. Typically, the horizontal (x) axis represents time intervals, making it
easy to track changes over periods. To show patterns and changes in the data, the data points are
displayed on the chart and joined by lines.

Line charts are handy for showing trends over time among various data points and are
extensively used in the stock market to track the price movements of securities over time.
Researchers use line charts to display changes in environmental data, such as temperature
variations, precipitation trends, and pollution levels over time.

According to Friendly et al., (2010), line charts were originally created by hand on paper
using manually plotted data points joined by lines. Line charts can now be made with a multitude
of software and technological tools, such as statistical software like R and Python’s matplotlib
module, spreadsheet applications like Microsoft Excel, and specialized data visualization tools
like Tableau and Power BI. Large datasets can be managed, and real-time insights can be
obtained with these tools’ sophisticated functionality for making dynamic and interactive line

charts.
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Strengths of line charts

Trend analysis: Line charts excel at showing how data values change over time, making it
easy to identify trends, patterns, and fluctuations.

Comparisons: They allow for the comparison of different datasets over the same period,
enabling analysts to draw comparisons and contrasts between them.

Clarity: The simplicity of line charts makes them one of the most accessible and

straightforward ways to visualize data trends.

Weaknesses of line charts

Over-simplification: In their simplicity, line charts might oversimplify complex data sets,
potentially obscuring essential details, or nuances.
Not Suitable for all data types: Line charts are less effective for visualizing non-continuous
data, categorical data, or datasets where the relationship between variables is not linear or
time-based.
Clutter with multiple data sets: When too many data series are included, line charts can
become cluttered and difficult to interpret.

Gantt charts

Invented by Henry Laurence Gantt in the 1910s, an engineer, Gantt charts was a

technique employed to show scheduled and actual progress of projects to using horizontal lines

or bars, making it easier to understand start and end dates, the duration of tasks, and how tasks

are interrelated (Wilson, 2003). This makes them one of the earliest tools for project

management. Key elements of this visual format are task bar- each task in the project is

represented by a horizontal bar; the position and length of the bar reflect the task’s start date,

duration, and end date. Arrows or lines between tasks indicate dependencies, showing how tasks
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are linked and the sequence of activities and important dates or project goals are often marked as
milestones using distinct symbols.

Gantt charts are a cornerstone of project management methodologies, offering a
structured visualization of project timelines and facilitating efficient project execution across
various industries (White & Fortune, 2002). They were manually drawn on paper or boards,
requiring frequent updates as project plans changed. With modern technology, Gantt charts are
now created using project management software like Microsoft Project, Asana, Monday and
Smartsheet. These digital tools offer dynamic updates, drag-and-drop adjustments, and
integration with other project management tools.

Strengths of the Gantt chart format

e Visual timeline: Gantt charts provide a clear visual timeline of a project, making it easier to
see deadlines, how tasks overlap, and the duration of the project.

e Resource management: They allow project managers to allocate resources efficiently,
identifying potential bottlenecks and balancing workloads.

e Improved communication: Gantt charts serve as a communication tool that helps keep
stakeholders informed about project progress and expectations.

Weaknesses of the Gantt chart format

e Complexity in large projects: For huge projects with hundreds of tasks, Gantt charts can
become overly complex and challenging to interpret.
e Inflexibility: Once a Gantt chart is set up, making changes to task durations or dependencies
can be cumbersome, especially with traditional, non-digital charts.
Timelines
Timeline charts are visual representations that display a sequence of events or milestones

along a linear time scale (Karam, 1994). They are instrumental in illustrating historical events,
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project milestones, or the development process of a product or idea over time (Duhl, 1981; Luz
& Masoodian, 2011). The concept of timelines has been around for centuries, but their use as a
structured tool for visualization became more prominent with the advent of project management
and historical documentation techniques. They prominently feature dates and significant
milestones, providing a clear view of when events happened or are expected to happen.

Timeline charts are used extensively in education and research to represent historical
events, helping students and researchers visualize the temporal relationship between different
events. In construction industries, timeline charts are vital for outlining the phases of
construction projects or product development, ensuring that milestones are met on schedule.

Historically, timelines were created manually using paper and drawing tools or with the
aid of typewriters and basic print layouts. A variety of software tools and technologies are now
available for creating dynamic and interactive timeline charts. Microsoft Project, Tiki-Toki,
Preceden, and the timeline feature in PowerPoint or Google Slides are digital tools that enable
users to produce intricate and visually captivating timelines. Web-based technologies and
libraries such as JavaScript’s D3.js and Vis.js provide frameworks for developing custom
interactive timelines for websites and applications.

Strengths of the timeline format

e (Clarity in sequencing: Timelines offer a clear and straightforward method for representing
sequences of events, making it easier to understand the order and duration of different
activities.

e Facilitates understanding of historical context: They are particularly effective in providing
context, helping to situate events within a broader historical or project-specific timeline.

e Effective communication tool for milestones: Timelines are valuable for communicating the

planned progression of projects or events to team members, stakeholders, and the public.
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Weaknesses of the timeline format

e Limited detail: While timelines are excellent for overviewing sequences, they may not
provide enough detail about each event or milestone.

e Complexity with many events: When many events are included, timelines can become
cluttered and challenging to read, especially if the events are closely spaced in time.

e Linear perspective: Timelines typically represent time linearly, which might not always
capture the complexity of certain events or projects that have multiple overlapping or parallel

Processes.

Other visualization formats

Beyond the visualization formats previously discussed, additional formats can be
categorized based on their functional purposes, such as showing relationships or facilitating
comparisons between categories For depicting relationships, scatter plots are a viable option,
representing values for two distinct variables as a set of points (Doherty & Anderson, 2009;
Raidou et al., 2019). The primary advantages of scatter plots lie in their simplicity, clarity, and
versatility, making them excellent for identifying trends, correlations, and outliers (D. A. Keim et
al., 2010). However, they are limited to two variables and can suffer from overplotting or
overlaps in large datasets (Cleveland & McGill, 1984). Bar charts serve as an effective medium
for comparing quantities across different categories, noted for their simplicity and efficiency in
facilitating comparisons (Kasmana & Adipraja, 2019). However, they can become crowded with
too many categories and may mislead if scales are not consistently applied (Wijnker et al., 2022;
Zacks et al., 1998).

While not graphical in nature, tables are a fundamental and essential format for

organizing and presenting data (Hurst, 2006). A structured arrangement of rows and columns,
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whose points of intersection are called cells, holds individual data points (Koschat, 2005). Tables
are extensively utilized in academic papers and research reports to display experimental data,
statistical findings, and comparisons (Milosevic et al., 2016). They are ubiquitous and may be
found in various settings, ranging from classrooms to financial reports (A. M. Riggsby, 2019).
Despite their flexibility and comprehensibility, tables may lack visual appeal and can become
overwhelming when presenting large data volumes.

Visualization of operational and timing requirements of agricultural field operations

Efforts were undertaken to identify tools capable of illustrating the timing and operational
demands of agricultural field operations across two scholarly databases. The search encompassed
titles, abstracts, and keywords within the Scopus database, and all available fields within the Web
of Science database, spanning from their inception until December 31st, 2022. The following
search queries were used: “ field AND operation* AND visualiz* AND (agri*) “ and “agri* AND
(field OR operation*) AND visualiz* AND (planting OR harvesting OR tillage)”. The objective
was to find publications sharing similar research goals.

After merging the search outcomes and filtering out duplicates, the resultant 639 studies
were then evaluated based on their titles and abstracts for relevance to the primary goals of
enhancing the communication of operational sequences, overlaps, durations, and timings in
agricultural practices, along with the integration of visualization technologies in these operations.
Publications differing from the core theme of field operations visualization were excluded and
filtered out using the following keywords — ‘cropping systems’, ‘field operations’, ‘timing
requirements’, ‘sequence of operation’, ‘timing of operations’, and ‘visualizing’.

Identification and screening of the 639 articles resulted in 47 articles that were related to
some keywords of our research aim. To further narrow down to articles that specifically address

the visualization of agricultural field operations with an emphasis on timing, a secondary
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screening was conducted — which was a manual review of each title and abstract, leaving only
the most relevant papers for review. Perhaps unsurprisingly, this yielded just two papers:
“SALATA: A Web Application for Visualizing Sensor Data in Agriculture” by Nao et al. (2020),
which focuses on collecting and sharing detailed sensor data and farming activities from
agricultural fields, and “Augmented Reality for Supervising Multirobot Systems in Precision
Agriculture” (Huuskonen & Oksanen (2019) introduces augmented reality as a novel approach
for farmers to monitor the operation of autonomous machinery, offering a glimpse into cutting-
edge visualization techniques and user interfaces.

Despite these innovative solutions aimed at overcoming challenges in agriculture, there
remains a gap in effectively communicating the timing requirements the different cropping
systems and in scenario planning during the preparatory phase before executing various

operations, such as tillage and planting.
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Figure 1-1 Flow diagram of the search and screening of the studies included in this overview

Visualization of cover crop timing requirements

To promote the incorporation of cover crops into cropping systems and improve
sustainability, the Midwest Cover Crops Council created a free online tool.. This resource, called
the Cover Crop Selector Tool, helps Midwest farmers and agricultural consultants — such as
extension personnel choose cover crops that are most appropriate for their unique environmental
conditions by using data analytics and communicate the output with visual representation
(Midwest Cover Crops Council, n.d.). It is accessible from any internet-enabled computer or

mobile device as a web-based application. Utilizing the tool involves several steps:



17

Accessing the tool — Users can access the tool through two pathways: by visiting the
Midwest Cover Crops Council’s website and navigating to the “Selector Tools™ section, or by
directly visiting the tool’s dedicated website.

Selecting a location — To generate recommendations, users begin by selecting their state from
a dropdown menu, which enables the tool to retrieve pertinent climate data for the area.
While this is the minimum requirement, filling in additional fields refines the
recommendations further, including selecting a county for more precise location data.

Setting goals — Users can identify up to three objectives for their cover crops, such as
nitrogen enhancement, erosion control, or weed management, which the tool takes into
account when making recommendations.

Filling in optional details — For more customized recommendations, users can input
additional details relevant to their farming operations, such as cash crop planting/harvest
dates and soil drainage conditions.

Reviewing results — After inputting their information and pressing the “Find cover crop”
button, the tool presents suitable cover crop species or blends. Users can explore suggested
cover crop options that align with their goals and environmental context, presented alongside
ratings in various categories and visualized through Gantt charts to illustrate optimal planting
windows.

Exploring cover crop details — For further information on a specific cover crop, users can
access detailed data such as seeding rates, termination strategies, and overall performance by

clicking on the cover crop.
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Despite its utility and standing out in the field of operations visualization, the Cover Crop

Selector Tool does have limitations, primarily in its focus on cover cropping without addressing

the broader operational needs of farming. These limitations include:

Narrow scope: The tool’s scope is currently limited to visualizing cover cropping, neglecting
a broader view of all field operations like tillage, fertilizer application, and harvesting. It
concentrates on the timing for planting cover crops without considering other integral,
interconnected farming activities.

Labor considerations omitted: It does not account for the additional labor needed for
planting, managing, and terminating cover crops, nor does it factor days suitable for
fieldwork and its impact, which could be crucial for farms with limited resources.
Unaddressed operational conflict: While workload increases, the tool fails to signal
potential operational conflicts, such as the recommended planting times for cover crops
overlapping with those for primary crops, and its potential implications.

Lack of further customization: Users may find the tool lacking in options for further
customization to optimize recommendations, as it tends to assume ideal conditions and might

not fully acknowledge the complexities of farm management unique to some farmers.
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Critical concerns with visualization tools in crop production

The incorporation and utilization of visual representation tools in field operations show
potential for improving the efficiency of farmers and other individuals involved (Zhai et al.,
2020). However, these benefits are not without their own set of challenges. In developing new
digital tools in the field of crop production, there are some critical concerns that will need to be
addressed to maximize utility and adoption.

Systemic integration and interoperability

Efforts to seamlessly integrate visualization tools within existing agricultural frameworks
face significant hurdles, including technical interoperability, compatibility issues, data
standardization, and workflow adaptation (Antle et al., 2017; Farm Foundation, n.d.; Janssen et
al., 2017). Moreover, some solutions remain proprietary, restricting modifications or use outside
of licensed parameters, potentially leading to the utilization of multiple isolated solutions and
compounding operational costs (Wolfert et al., 2017). Addressing these concerns requires
collaborative efforts among technology developers, companies, business owners, and
policymakers to foster an environment conducive to technology integration (Rotz et al., 2019).

Data governance and ethical use

Concerns surrounding data privacy, security, and ethical use have become increasingly
prevalent in the realm of digital agricultural tools (Hazrati et al., 2022; Kaur et al., 2022). The
collection, storage, and analysis of agricultural data raise significant questions regarding
ownership, consent, and the equitable distribution of benefits derived from data insights
(Jouanjean et al., 2020; Onofrio, 2018; Rotz et al., 2019).

Economic viability and scale of adoption

The economic implications of adopting visualization tools in agriculture extend beyond

the initial acquisition costs of technology to encompass maintenance, training, and infrastructure
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development expenses (Cui & Wang, 2023). Achieving widespread adoption requires solutions
that are not only affordable but also accessible to farmers across various scales of operation.
Exploring potential applications of visualization in agricultural field operations

The potential of visualization techniques in agricultural field operations has been
explored through a range of innovative technologies, including Augmented Reality (AR),
Geographic Information Systems (GIS), wireless sensor networks (WSNs), and computer vision.
For instance, AR has been utilized for fieldwork navigation and data visualization, providing
farmers with real-time visualization of agricultural fieldwork navigation, overlaying visual
information such as field boundaries, and offering detailed sensor data for specific subfields to
enhance arable land use efficiency (Zheng & Campbell, 2019). Similarly, computer vision
applications in agricultural automation, such as harvesting, weeding, disease detection, and
seeding, have been developed to tackle labor-intensive tasks, thereby facilitating better resource
allocation and management (Fountas et al., 2020).

While some proposed solutions may require substantial capital investment and technical
expertise (Balducci et al., 2018; Kubicek et al., 2013; Lowenberg-DeBoer, 2022), there are
opportunities to explore simpler approaches with lower barriers to entry, both technically and
financially. Standardizing the visual representation of field operations using icons or graphs, for
example, could serve as an accessible starting point for widespread acceptance and adoption.
Additionally, while much of the focus in precision agriculture lies in using these tools to
optimize practices, it is crucial to also consider opportunities unique to regenerative agriculture,
such as innovative cover cropping systems, which play a pivotal role in promoting sustainable

farming practices as well (Giller et al., 2021; LaCanne & Lundgren, 2018; Rhodes, 2017).
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Several opportunities exist for leveraging visualization techniques to tackle distinct challenges,
such as:

Addressing context-specific practices: Practices associated with regenerative
agriculture, such as cover cropping, reduced tillage, and diversified crop rotations, are designed
to enhance soil health and biodiversity. However, implementing these practices necessitates
adaptation to the specific conditions of each field, which can vary significantly across different
locations (Giller et al., 2021). Furthermore, the precise timing required for operations like
planting, termination, and harvesting can pose significant challenges (Arbuckle & Roesch-
McNally, 2015; Myers & Wilson, 2023).

Enhancing operational planning and management: Efficient planning and execution
of field operations in regenerative agriculture demand a systems-level approach that
acknowledges the dynamic and interconnected nature of agricultural ecosystems. Challenges
include managing the complexity of crop rotations, integrating livestock, and responding to
environmental variability (Agegnehu & Amede, 2017; Lal, 2020; Lemaire et al., 2014). Using
visual formats to illustrate the “big picture” and interconnections may improve the decision-
making and planning process.

Addressing labor and skill requirements: Many regenerative practices are knowledge-
intensive and may necessitate additional labor or a different set of skills compared to
conventional methods (Gomiero et al., 2011; LaCanne & Lundgren, 2018). Consequently,
training farm workers and determining the duration of labor-intensive operations can present
significant challenges. The design of information using visualization can support knowledge

transfer in teaching and learning (Fadiran et al., 2018).
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Abstract

Communicating the intricate timing demands of modern farming operations, especially in
novel cropping systems, is crucial yet challenging, particularly considering the risk of yield
losses associated with sequencing errors. These cropping systems, however, are integral to
sustainable crop production, emphasizing the need for their wider adoption. Traditional tools are
insufficient for conveying intricate operational sequences and timing, which is critical for
efficient management. This gap prompted our development of an approach to enhance
communication of these operations through visualization, called the Field Operations Visualizer
(FOV). The FOV, developed through a user-centered design process involving extensive
stakeholder feedback, offers a straightforward interface for representing operation sequences,
overlaps, durations, and timings. Our findings indicate the FOV significantly aids users by
providing additional and clearer operational insights, thereby providing insight into the
challenges of novel cropping systems, and guiding efforts to improve them, ultimately helping
increase overall ecosystem services. This solution demonstrates the potential role of visual aids
to better understand and evaluate the field operations required for existing and novel farming

systems.
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Introduction

Recent advancements in crop production, including new, sustainable cropping systems,
have been described by multiple investigators (e.g. Theisen et al., 2017; Yang et al., 2020). While
these adaptive practices, including changes in varieties and adjustments in planting schedules,
can increase yields by an average of 7-15% to mitigate the threat posed by climate change to
food security, they present a significant increase in operational demands for farmers—a challenge
that is notably difficult to communicate (Arbuckle & Roesch-McNally, 2015; Challinor et al.,
2014; Lobell & Field, 2007; Myers & Wilson, 2023). Failure to effectively implement these
systems can lead to substantial yield losses, underscoring the importance of clear communication
(Deines et al., 2023; Van Eerd, 2018). Traditional methods of accessing farming information,
such as leveraging personal experience, peer consultations, and extension services, often fall
short in addressing the specific needs of these novel systems (Ford & Babb, 1989; Myers &
Wilson, 2023).

Although growers are able to find ways - for example through handwritten notes or
diagrams - of representing timing to ensure their plans will work, there is lacking a standardized
way of doing this (Rosa et al., 2021; Silva, 2014; Wells et al., 2016). The potential of visual
methods to instantaneously and intuitively convey information makes them an ideal candidate to
bridge this communication gap (Eppler & Bresciani, 2013). While various decision-making tools
for farm management have emerged (Cambra Baseca et al., 2019; Rupnik et al., 2019; Zhai et al.,
2020), we are unaware of ones that effectively visualize the operational demands and timings of
both novel and conventional cropping systems.

The development of a Field Operations Visualizer (FOV) appears to be reasonable
because of its technical feasibility and because of the success of data visualization across various

domains (D. Keim et al., 2013; Robb, 1999; Stein Dani et al., 2019). The FOV aims to clearly
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communicate the intricate requirements and uncertainties of novel cropping systems, offering
valuable insights into their challenges and guiding improvement efforts. It will support cropping-
system development teams by identifying and addressing potential roadblocks, particularly in
synchronizing operations with weather conditions, thus reducing risks for farmers. Moreover, the
FOV will enable stakeholders to simulate different scenarios, evaluating both current and novel
practices to improve the productivity and environmental sustainability of crop production (Cook,
2006; Rose et al., 2016; Theisen et al., 2017). As such, the FOV could assist in the adoption of
these sustainable practices.

To avoid low adoption of the FOV due to not understanding user needs (e.g.,
Mouratiadou et al., 2023), the FOV will be designed using human-centered design principles—a
methodology that emphasizes understanding and addressing the needs, preferences, and
limitations of end-users, which has been shown to enhance adoption rates, as evidenced in
healthcare (Hass & Edmunds, 2019; Horsky et al., 2012; Poncette et al., 2022). This approach
includes empathizing with users, defining their needs, ideating solutions, prototyping, testing

with users, and using their feedback to improve the product’s usability.

Methods
Overview

To lay the groundwork for our investigation, four essential activities were conducted: (a)
Documenting initial FOV concept and design; (b) Developing a list of criteria and constraints for
the FOV; (c) Identifying key stakeholder groups who could provide meaningful feedback
regarding possible FOVs; and (d) Creating a process flow for the iterative design process. This
approach aligns with successful European product management strategies for new product

development, facilitating early issue identification and resolution (Tzokas et al., 2004).
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Documenting initial FOV concept and design

The FOV’s design began with sketching preliminary layouts to illustrate early concepts.
These sketches were advanced into prototypes (hereinafter referred to as archi-designs) using
Microsoft Excel and Visual Basic for Applications (VBA) for real-time rendering. The process
revealed some features were unachievable with the current tools, necessitating the formulation of
guiding criteria and constraints. This led to the creation of refined digital illustrations in
Microsoft PowerPoint.
Field Operations Visualizer criteria and constraints

Setting criteria and constraints, crucial in the engineering design process, ensures the
final product meets stakeholder expectations within practical limitations (Dym et al., 2005;
Luchs et al., 2015). For the FOV, this process aimed to ensure design feasibility, considering the
available resources, materials, and technology. Criteria and constraints were determined through

brainstorming sessions, drawing on our experience in field operations communication.

Table 2-1 Design criteria for Field Operations Visualizer

Criteria:

Clearly conveys sequencing of operations.

Clearly conveys duration of operations.

Clearly conveys leeway between operations.

Stand-alone (i.e., minimal (or zero) cross-referencing to legends, explanations, etc.)
Easily used in multiple formats (e.g., works as a slide, on paper, on a website, on a poster)

Conveys time-sensitivity.
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Table 2-2 Design constraints for Field Operations Visualizer

Constraints:

Accepts tabular input data with the following four fields: (a) Field operation name; (b)Target
midpoint date of operation (MM/DD/YY); (c) operation window size (days); (d) Operation
category (tillage, planting, chemical application, harvest)

Able to represent up to 40 operations

Represents a duration of 1 crop year (default), with user defined start of year; adjustable up to
4 years.

Creating a process flow for development

As shown in Figure 1, the design process of the FOV incorporated structured feedback at
various stages, segmented into five phases for flexibility and adaptability, following software

development methodologies (Ciric et al., 2018; Venkatesh et al., 2020).
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Identifying key subpopulations

Consistent with Zeh (2015), engaging individuals with significant expertise is vital in the
design thinking process for product development. Therefore, we targeted individuals with robust
backgrounds in agronomic sciences and engineering, especially those with experience in crop
farming within the Corn Belt region of the United States, as ideal participants for providing
insightful feedback.

Participants were not chosen through random sampling. Instead, they were carefully
classified into distinct groups, allowing each group to benefit from the insights gained by its
predecessors. These groups included: (1) graduate students in agronomic and related fields from
Iowa State University (ISU) and other institutions affiliated with the Regenerating America’s
Working Landscapes to Enhance Natural Resources and Public Goods through Perennial
Groundcover (RegenPGC) project; (2) core staff and faculty members of RegenPGC; (3) non-
faculty extension professionals in Iowa and neighboring states; (4) members of the RegenPGC
Stakeholder Advisory Board (SAB) and the Farmer Landowner Advisory Group (FLAG); and (5)
farmers from the Midwest.

The RegenPGC project, aimed at normalizing year-round groundcover in Midwestern
U.S. agriculture, comprises a transdisciplinary team of scientists and engineers. Their expertise
in cropping systems capable of delivering various ecosystem services—such as soil preservation,
reduced nutrient runoff, enhanced carbon sequestration, and effective weed control-made them
ideal candidates to test and provide feedback for our study. Furthermore, the RegenPGC effort
gave impetus to the FOV project, as project leadership (Raman) identified an unmet need to be

able to communicate timing of field operations to various audiences interested in the project.
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FOYV prototype design
In developing the FOV prototype, we expanded on archi-designs, incorporating necessary
modifications. The prototype displays cropping systems based on inputs and various factors,
allowing comparison of different systems. Outputs include graphical representations of cropping
system operations and timings, will be available in formats like images, PDFs, and web pages.
Six interface layouts were created (see Figures 2 — 7), and a structured naming convention,
“Design. Phase. Revision” followed by a shorthand name was introduced for efficient
communication and design tracking, where:
e Design: A numerical identifier for the specific layout.
e Phase: The stage in the development process.
e Revision: An alphabetical identifier for the revision sequence, starting with ‘A’ for the
initial revision.
For example, ‘4.2.B’ Timeline + Gantt indicates the second revision of the fourth
design layout in its second phase, and that it is a combination of a timeline and Gannt chart. The
lowercase “x” is used to indicate the collective phase or a revision in cases where we aim to

concentrate on a distinctive layout design.

Design Overviews

These designs were developed to provide intuitive and accessible visualizations of
agricultural schedules, enabling users to effectively plan and manage cropping system
operations. In the following section, we used a 300-acre corn farm in Iowa to illustrate
communication of operational requirements and schedule, showing the information in a tabular

format first (Table 3) versus the FOVs.
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Table 2-3 Operational schedule and activities for corn cropping system on a 300-acre farm in
Iowa

Crop cycle start period 10/1/2022
Operation Midpoint D from Window  Duration Type
start till ) (d)
next
Manure 1-Nov 24.0 14 4 3
Chisel Plow 15-Nov 38.0 14 4 1
Tandem Disk 15-Mar 158.0 14 2 1
Tank, pump, sprayer 1-Apr 178.5 7 4 3
Planter 15-Apr 189.0 14 1 2
Tank, pump, sprayer 15-May 222 7 4 3
Combine, grain cart 1-Oct 354 21 4 4
Chop/Bale 15-Oct 368 21 3 4
Type Guide
1= Tillage
2 = Planting

3 = Herb./Fung./Insect./Fert.
(incl. land app.)

4 = Harvesting

Design 1 (2D bubble) utilizes a two-dimensional bubble chart, simplifying the y-axis
variations. Each bubble’s size on a linear axis represents the duration of an activity, with the

space between bubbles indicating the available interval between sequential tasks.
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Manure Chisel Plow Tandem  Tank, pump, Planter Tank, pump, Combine, Chop/Bale
Disk sprayer sprayer grain cart
2 days 3 days
4 days
Nov 01 Nov 15 Mar 15 Apr01 Apr 15 May 15 Oct01 Oct 15

@ Tilage  ®Herb./Fung./Insect./Fert. (incl. land app.) @ Harvesting ~ @Planting

Figure 2-2 FOV design 1.1.C (2D bubble)

Design 2 (Gantt) incorporates a conventional Gantt chart for a detailed visualization of
the duration, start and end dates of farming operations, effectively illustrating the relationships

and overlaps between different field operations.

Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct

Manure
Chisel Plow

Tandem Disk

.2 days
Tank, pump, sprayer

Planter .1 CEY
4d
Tank, pump, sprayer

Combine, grain cart
Chop/Bale

@ Tillage ® Herb./Fung./Insect./Fert. (incl. land app.) @ Harvesting @ Planting
Figure 2-3 FOV design 2.1.C (Gantt)
In Design 3 (Timeline), we employ a timeline chart to plot significant dates or events

along a linear timeline, adaptable for horizontal or vertical orientations. This design modifies
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traditional timeline presentations with horizontal bars of varying lengths to denote operation

durations, incorporating opacity variations to highlight overlapping activities.

Planter, 1 day

Manure, Tandem Disk, Tank, pump, Chop/Bale,
4 days 2 days sprayer, 4 days 3 days
I ] i
Chisel Plow, Tank, pump, Combine, grain
4 days sprayer, 4 days cart, 4 days
Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct
@ Tillage ® Herb./Fung./Insect./Fert. (incl. land app.) @ Harvesting @ Planting

Figure 2-4 FOV design 3.1.C (Timeline)

Design 4 (Timeline + modified Gantt) merges timeline and Gantt charts for a

comprehensive depiction of farming operations and related data across multiple dimensions,

enhancing understanding and visualization of overlaps and progress
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Oct 5- Oct 20 (M} Chop/Bale,
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Figure 2-5 FOV design 4.1.C (Timeline + modified Gantt charts)

Design 5 (Modified Bar) adapts bar charts by varying bar widths to represent the duration
of activities, with uniform bar heights and spacing between bars indicating intervals before the

start of subsequent operations.
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Figure 2-6 FOV design 5.1.C (Modified Bar charts)
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In 6 (Circular Timeline) presents a sequence of events or steps in a circular format,
employing horizontal bars modified to fit into the arc, where their lengths correspond to

operation durations and the diameter represents one crop cycle

2022

\Manure
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sprayer Planter sprayer

BTillage  ®Herb./Fung./Insect./Fert. (incl. land app.) @ Harvesting ~ ®Planting

Figure 2-7 FOV design 6.1.C (Circular Timeline)

Study design

Our study adopted a cross-sectional research design to explore stakeholder preferences
for the optimal FOV design (X. Wang & Cheng, 2020). To gather this feedback, we deployed an
online structured questionnaire. A beta testing phase preceded the official launch of the survey,
aimed at evaluating and refining the questionnaire’s format and content to ensure its clarity and
effectiveness.

The collection and subsequent analysis of the survey data were crucial for identifying
significant patterns and trends in stakeholder preferences. Insights gained from each phase of

feedback were instrumental in guiding the iterative enhancements and modifications of the FOV



42

design. This process allowed for a responsive and informed approach to development,
culminating in the creation of the final FOV prototype.

Questionnaire development and data collection

To assess the effectiveness of the FOV design, particularly its capacity to accurately
convey the sequencing, duration, and time sensitivity of field operations, we developed a
comprehensive online questionnaire. This was distributed via the Qualtrics XM platform to the
strategically selected group of participants. The questionnaire was designed to be
multidimensional, incorporating multiple-choice, open-ended, and ranking questions, alongside
two detailed background questions aimed at gathering in-depth qualitative feedback (details
provided in the Appendix).

Ethical considerations in questionnaire development

Ethical integrity was paramount in the development of our questionnaire. We ensured all
participants provided informed consent, had the liberty to withdraw from the study at any time,
and were guaranteed privacy and confidentiality. Despite receiving an exemption from the
Institutional Review Board (IRB), we rigorously adhered to ethical guidelines, affirming our
dedication to participant welfare and data integrity.

Minimizing confirmation bias

A fundamental aspect of our methodology was the focused effort to minimize
confirmation bias—the tendency to prefer information that aligns with one’s existing beliefs
(Nickerson, 1998). We adopted mitigation strategies influenced by best practices in legal
psychology, such as implementing blind procedures—e.g., restricting the information presented in
survey questionnaire and conducting peer reviews of the survey at each stage (Robertson &
Kesselheim, 2016; Vredeveldt et al., 2022). These measures were crucial in shaping our survey

design, specifically in our careful construction of questions to avoid inducing response bias.
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Data Analysis

To discern stakeholder preferences for the FOV designs, our study utilized a combination
of descriptive statistical methods and decision-making techniques to analyze the collected survey
data. We employed various statistical measures, including mean calculation, standard error,
standard deviation, and weighted proportion analysis, to provide a comprehensive overview of
the data. Frequency distribution was also used to understand the spread and prevalence of
responses.

For situations where the data did not indicate a clear preference among the FOV designs,
we used decision-making methodologies such as the Borda count and pairwise comparison
(perhaps add ref for Borda count). These approaches helped us to systematically evaluate
preferences and make informed decisions about the most favored designs. Additionally, to
identify the key quality attributes stakeholders associated with each FOV design, we generated a
text cloud from the qualitative feedback. This visual representation allowed us to quickly
ascertain the most frequently mentioned aspects and concerns.

The analysis was conducted using Jupyter Notebook® 6.4.8 and Microsoft Excel, tools
that facilitated the efficient processing and graphical representation of the data. These programs
enabled us to perform a detailed and nuanced analysis, ensuring that findings were both accurate

and visually accessible.

Results and Discussion
Comparative Analysis of Optimal FOV Concepts

Survey Response and Completion Rate
Our study employed a three-phase survey designed to gather valuable insights from three

distinct groups of stakeholders. Conducted between February and July 2023, the survey utilized
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email distribution to engage 67 individuals. Of these, 36 stakeholders participated, leading to an
overall response rate of 54%. The detailed breakdown of participant engagement is outlined in
Table 4. The survey, containing an average of 14 questions, was designed for efficiency and

clarity, with participants taking an average of 12 minutes to complete it.

Table 2-4 Survey engagement and response rates across three phases

Survey Phase Started and Opened but Not Survey Received  Total (n%)
completed Proceeded but Unopened

Phase 1 7 4 1 12 (58%)

Phase 2 9 - - 19 (47%)

Phase 3 20 4 12 36 (56%)

Assessing preferred FOV designs

Participants rankings of the FOV

Phase 1 Insights: The initial phase revealed a diversity in stakeholder preferences for the
FOV design, with Prototypes 1.1.A (2D bubble), 4.1.A (Timeline + modified Gantt), and 6.1.A
(Circular Timeline) each being favored twice, accounting for 29% each of the total participants
as shown in Figure 8. The circular layout of Prototype 6.1.A was appreciated for its
representation of an annual cycle, while Prototype 4.1.A was praised for its clarity in illustrating
operation progression. Prototype 1.1.A stood out for its intuitive use of circle sizes to reflect time
commitments. Prototype 5.1.A (Modified Bar) followed closely, chosen once, with respondents
citing the bar chart’s universal comprehensibility and the design’s visually striking nature as

positive aspects. Prototype 5.1.A was chosen for its visual appeal and ease of understanding but
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to a lesser extent. However, Prototypes 2.1.A (Gantt) and 3.1.A (Timeline) did not receive top
preference from any of the respondents.

Phase 2 Insights: The second phase indicated a shift in user preferences, with Prototypes
4.2 A and 5.2.A emerging as the most favored, each chosen three times (33% each). This marked
a departure from Phase 1, where Prototype 5.1.A was less preferred. The reasons stated for this
preference included:

e A clearly defined timeline with color-coded bars, facilitating easy understanding of
timing and duration.

e Detailed operation information within each rectangle, reducing the need for additional
references.

o Linear time representation, aligning with a common perception of time and effectively
illustrating overlapping tasks.

Participants also suggested potential improvements, such as increasing font sizes for
better readability and incorporating specific date ranges more legibly.

Phase 3 Preferences: In the final phase, the latest iterations, Prototypes 2.3.A and 3.3.A,
led the preferences with seven selections each. This indicated a further evolution in user
preferences. Key attributes of these designs included:

e A familiar and effective visual style.

o Simple, uncluttered layouts.

e Clear linear time representation and Gantt charts that effectively demonstrate
relationships and time conflicts.

Prototype 4.2.A, the older iteration of 4.3.A and previously the top choice in Phase 2,

received fewer votes in this phase but was still commended for its efficient communication and
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compact design. In contrast, Prototypes 5.3.A and 6.3.A were not predominant choices, possibly

due to their less clear depiction of cropping system requirements to the participants of this phase.

The top FOV choice for each phase
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Figure 2-8 Comparative stakeholder preference distribution for FOV prototype designs across
three phases

Application of Broda Count and Pairwise Comparison to FOV design prototypes

The implementation of Borda Count and pairwise comparison methodologies offered
detailed insights into the evolving stakeholder preferences across survey phases. The Borda
Count method allowed for a detailed aggregation of preferences by assigning point values to the
ranking positions of each design (Black, 1976). The scoring system allocated 3 points for a first
rank, 2 points to the second rank and -3 points for the sixth rank, effectively quantified the

relative appeal of the designs. Pairwise comparison further revealed the relative preference of
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each FOV design by pitting them against each other, thereby identifying the most favored
options (Choo & Wedley, 2004).

In Phase 1, Design 4.1.A stood out as the leading choice, suggesting that its
characteristics resonated with participant preferences during the initial evaluation period. This
early preference could indicate a trend or a set of features that initially captivated the audience’s
interest. However, the dynamics shifted in subsequent phases. Phase 2 saw Design 2.2.A
ascending in preference, a design that only secured a lower ranking in the previous phase. By
Phase 3, Design 3.3.A was similarly positioned in the lower tier during Phase 1, advanced to
become the preferred choice. It steadily moved from the 5th position in Phase 1 to the 3rd in
Phase 2 and finally 1st in Phase 3. This progression underscores a potential shift in participant
valuation of the different groups, possibly influenced by an evaluation of design attributes or a
change in the criteria deemed important by the participants.

This head-to-head evaluation highlighted the preferences of each design in relation to its
competitors, ultimately leading to the identification of Condorcet winners for each phase. These
winners could consistently outperform others in one-on-one comparisons, provide a robust
indication of participant preference and are consistent with existing literature, underscoring the
effectiveness of pairwise comparisons in revealing nuanced preferences (Gehrlein & Valognes,
2001; Tversky, 1969).

The trend seen in Figure 9, wherein designs not initially favored became preferred in later
phases, may suggest a complex interplay of factors influencing participant choices such as
background. It might reflect the varying utility each group of participants find in each of the

different designs. This multi-criteria decision-making technique is widely recognized for its
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effectiveness in fields like psychology and marketing for deciphering preferences (Dortaj et al.,

2020; Loomes, 2010; Yuan et al., 2021).
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Exploring the impact of respondent background on FOV preferences

The third phase of our survey offered a deeper look into how the background of
respondents influenced their preferences for FOV design prototypes. With a significant majority
of participants coming from farming backgrounds (55%), their insights are particularly valuable
in assessing the FOV’s alignment with the practical needs of its primary user base.

Figure 10 illustrates the distribution of preferred FOV design prototypes among
participants with a farming background. Prototypes 2.3.A and 3.3.A emerged as the clear
favorites, each garnering 35% of the preferences from this subgroup. Prototype 4.3.A was next,
with 20% preference, and Prototype 1.3.A was chosen by 10% of these respondents. Notably,
Prototypes 5.3.A and 6.3.A did not receive any first-place ranks, indicating a potential
misalignment with the needs and preferences of this subgroup.

The overall trends reflected in the preferences of respondents with farming experience
reveal a consistent favorability towards Prototypes 2.3.A and 3.3.A, underscoring their
widespread appeal. The higher preference for Prototype 1.3.A over 4.3.A among this group
suggests subtle differences in how farming respondents perceive the utility of different designs.
This divergence provides critical insight into the design elements that resonate most with users

directly engaged in agricultural operations.
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Figure 2-10 Preference distribution of FOV Designs in Phase 3 with focus on the subgroup

Further detailed in Figure 11, Prototype 5.3.A was frequently identified as the least
suitable, particularly in its representation of essential farming operations. Similarly, Prototype
6.3.A was also deemed less suitable. In contrast, Prototype 3.3.A consistently avoided being
ranked as the least favorable, and Prototype 4.3.A, while not often the top choice, maintained a
level of acceptance by never being ranked as the least favorable. This pattern of preferences
highlights the challenges faced by Prototype 5.3.A’s bar chart format in effectively conveying

timelines and tasks, suggesting a need for design adjustments to better meet the informational

needs of farming respondents.
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Evaluating the perceived value of the FOV compared to traditional approaches

To assess the significance of the FOV’s design criteria, as defined in Tables 1, and align
them with user priorities, we sought direct feedback from survey participants. They were asked
to rate the importance of each design criterion — as either low, medium, or high priority —
reflecting their hands-on experience and expectations of the FOV.

Our survey data from all three phases as seen in Figure 12 consistently underscored the
paramount importance of the criterion ‘Clear sequencing of operations’. Notably, over 85% of
participants in Phases 1 and 2, and 70% in Phase 3, identified this as a high priority. This
consensus highlights the essential role that a clear representation of procedural sequences plays
in the utility of FOV designs, particularly for comprehending the sequence of farming operations.

Similarly, the criterion ‘Clear communication of operation durations’ was ranked with high
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importance, reaffirming the criticality of conveying operation lengths explicitly. This is essential
for enabling users to manage their time and plan effectively.

In contrast, the ‘Stand-alone’ feature of the FOV was deemed less critical, with fewer
than 60% of respondents marking it as highly important. This preference indicates a shift towards
valuing precise and accurate depictions of farming operations over the FOV’s ability to be
comprehensively self-explanatory. Additionally, the conveyance of time sensitivity, while still
considered important by 55 - 60% of users, appeared to be of secondary priority compared to the
clarity of sequencing and duration. These insights suggest that while the timing aspect is valued,
it is not as critical as the aforementioned criteria.

The evaluation of user priorities is indispensable for the FOV’s iterative development
process. By continuously aligning the design with user feedback, the FOV can evolve to meet the
changing needs and preferences of its user base more effectively. Implementing these insights
into the FOV’s final design will significantly enhance its practicality and applicability, satisfying

the explicit requirements of its end-users more proficiently.
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Figure 2-12 Bar graph depicting the percentage of participants who rated each FOV Design
criterion as “high importance” across three survey phases

Evaluating the Additional Insights Provided by the FOV

In Phase 3 of our study, we introduced two new questions into our survey to specifically
assess the added value the FOV brings over traditional methods like written descriptions and
tabular presentations. This addition was driven by the critical need to understand the FOV’s
utility from the perspective of respondents with a farming background, who are likely to benefit
most from its application.

As illustrated in Figure 13, participants evaluated the FOV’s capacity to provide
additional insights beyond what is available through tabular data, using a rating scale from 1
(‘none’) to 5 (“a great deal’). Most responses leaned towards the higher end of the scale, with ‘4’

being the most common rating, chosen by 11 participants, indicating a significant enhancement
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in insightfulness. A ‘3’ rating, representing a moderate improvement, was selected by 6
participants. When comparing the FOV to written descriptions, the distribution of ratings further
affirmed the FOV’s superior insightfulness, with most respondents providing ratings of ‘3’, ‘4°,
and ‘5°.

The survey responses suggest a clear consensus among participants regarding the FOV’s
ability to surpass traditional methods in delivering insights. The prevalence of ‘4’ ratings
underscore the FOV’s effectiveness in offering substantial improvements in understanding
farming operations. However, the relatively fewer ‘5’ ratings highlight opportunities for further
enhancing the FOV, suggesting that while it significantly improves upon traditional formats,
there remains potential to elevate its utility to the highest level of insightfulness.

The absence of low ratings (‘1” and ‘2’) is particularly promising, indicating a universal
acknowledgment among participants of the FOV’s added value. This feedback is instrumental in
guiding the next steps in FOV development, pointing towards a focused investigation into
specific features that contribute most significantly to its perceived value. Understanding which
aspects of the FOV are most effective in conveying additional insights can inform targeted
improvements, ensuring the final design maximizes its utility for end-users, particularly those

within the farming community.
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Additional Insights provided by the FOV
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How much additional insight does your top pick visualization provide
(with 1 =none and 5 = a great deal)
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M Tabular Data W Written description

Figure 2-13 Phase 3 participant ratings on the insightfulness of FOV compared to traditional
tabular data and written descriptions

Identifying Key Qualities of Preferred FOV Designs

The analysis of participant feedback, visually synthesized in Figure 14 through a word
cloud, illuminates the core qualities that stakeholders value in their preferred FOV designs.
Prominent among the feedback are terms such as ‘clear’, ‘simple’, ‘readable’, and ‘effectively’,
pinpointing a strong preference for designs that are straightforward and easy to interpret. The
emphasis on ‘operation(s)’ and ‘timeline’ underscores the essential functional requirements of the
FOV, suggesting that users prioritize the ability to easily grasp the sequencing and scheduling of
field operations.

Moreover, the term ‘overlapping’ indicates users’ appreciation for the FOV’s capability to
delineate overlapping operations clearly. References to ‘midpoint’, ‘specific dates’, and
‘duration’ underscore the importance placed on precise timing and scheduling features, which are

critical for efficient field operation management.
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These participants’ feedback provides invaluable guidance for the ongoing refinement of
the FOV. The highlighted attributes—clarity, simplicity, and readability—underscore the necessity
of an intuitive user interface that minimizes cognitive load, an essential feature for tools intended
to support decision-making in fast-paced environments. The focus on efficiently communicating
key operational information, including the visualization of overlapping activities and precise
timing, indicates a clear direction for future design iterations.

These insights on the key qualities of preferred FOV designs emphasize the importance
of developing a tool that is both informative and easy to use. By focusing on clarity, simplicity,
and the effective presentation of complex operational data, the FOV can significantly improve
the management of agricultural operations. These insights not only validate the current design
approach but also highlight areas for enhancement, guiding future development efforts towards
creating a more impactful and user-friendly visualization tool. As we refine the FOV based on
these findings, our aim is to deliver a solution that enables stakeholders with the information they
need to make informed decisions, thereby contributing to more efficient and effective

agricultural management practices.
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Figure 2-14 Word Cloud analysis of stakeholder feedback on preferred FOV design attributes

Conveying time-sensitivity

In the formative stages of our study, we aimed to accurately depict operations with time
sensitivity through the FOV’s design iterations (Revisions 1 to 3) Initially, these attempts
struggled to achieve the desired level of clarity and effectiveness. To evaluate the FOV designs’
ability to convey time-sensitive operations, we implemented a ‘sniff test’ — a quick visual
assessment conducted from a distance of two meters to gauge the recognizability of critical
operations. This approach was pivotal in identifying and guiding necessary design adjustments.
By Revision 5.x, the FOV had evolved to clearly and distinguishably present operations with
strict time constraints, successfully meeting our objective for effectively communicating time

sensitivity.
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Incorporating stakeholder input and recommendations

Throughout the development process, stakeholder feedback has been invaluable in
refining the FOV. Despite generally positive receptions, participants provided constructive
critiques that have been instrumental in guiding further enhancements to the FOV, as detailed in
Figure 15. Recommendations included improving color differentiation for better readability and
inclusivity, especially for color-blind users, and depicting multi-year rotations based on historical
data to add realism. Suggestions also emphasized the need for the FOV to adapt to seasonal
weather changes, acknowledging the dynamic nature of agricultural operations.

Addressing these recommendations is crucial for advancing the FOV’s design, usability,
and inclusivity. By integrating stakeholder suggestions, such as the depiction of multi-year
rotations and seasonal changes, the FOV can more effectively meet the diverse needs and
contexts of its users. These enhancements not only improve the FOV’s functionality but also its

practical application in farm management.

Ensure color differentiation for readability, especially
for individuals with color blindness

Use distinct circle colors to represent changes in
different years

Comments on the ranked FOVs Improve the distinction between presented options

Consider weather adjustments throughout the
season

Demonstrate multi-year rotations based on past
experience

Figure 2-15 Constructive stakeholder feedback for FOV Design improvement
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Refinement and evolution of FOV concepts

Initial FOV Revisions (1.x to 3.x)

The foundational stages of the FOV, covering Revisions 1.x to 3.x, were characterized by
minor adjustments. These early modifications, including increased font size and redesigned
shapes, were directed at enhancing the design’s readability. Such adjustments laid the
groundwork for more substantial evolutions in the design, focusing on improving the clarity and
efficiency of conveying complex agricultural operations.

Development Leap in Revision 4.x

Revision 4.x marked a significant leap in the FOV’s development, integrating feedback
from earlier survey phases and direct field experiences. This phase resulted in Prototype 7.4.D as
seen in Figure 16, which made the most effective elements from the initial six concepts into a
more unified design. Despite aiming to expertly convey time-sensitive operations, feedback from

the ‘sniff test” indicated areas where clarity and effectiveness still needed enhancement.

Conventional corn w/ annual cover crop - Year 2

Potentially conflicting activities impacting farmer’s time

herbicides app.,

Chop/Bale,
el WVeek 1- 3
@Combme, grain cart,
"l Week 1-3

Sep Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov

@ Tillage @ Herb./Fung./Insect./Fert. (incl. land app.) @ Harvesting  @Planting

Figure 2-16 Prototype 7.4.D in Revision 4.x
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Enhancement focus in Revision 5.x

With the transition to Revision 5.x, encapsulated in Prototype 8.4.C as seen in Figure 17,
the FOV saw significant enhancements aimed at deepening user engagement and better aligning
with the evolving needs of the agricultural community. This iteration introduced features such as
the depiction of ideal fieldwork days and anticipated workloads, equipping users with a more
refined understanding of seasonal variations and their impact on farm operations. Days suitable
for fieldwork in Prototype 8.4.C is based on an extension resource which averages the suitable
days from 1964 to 2019 with the central district selected for the illustration (Edwards & Hanna,
2020).

This progression underscores the importance of continuous engagement with the end-
users and the application of both qualitative assessments and user feedback in guiding design
decisions. As the FOV continues to evolve, these principles will remain central to our approach,
ensuring the solution remains responsive to the needs of the agricultural community and

effectively supports their decision-making processes.
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A Potentially conflicting activities impacting farmer's time

Pre-season activties

Nov Dec Feb Apr May

Year 1

Terminate rye

Apr 20

Chemical termination
recommended
2days

Manure application

Plant corn
Oct29 - Now 25
Ao Apr13
2days
No. day/wk
. Suitable days

@ safe zone (req. < 80% of suitable)
" Tight (req. > 80% of suitable)
@ Insufficient (req. > 100% of suitable)

Suitable fieldwork days and capacity
19 days of operations

Year 2

Terminate rye

Mar 31

Apr20
joys.

Chemical termination
recommencied

Manure application
Plant corn
0ct29- Nowzs

4 days o7 - AprT3
2days

Suitable fieldwork days and capacity
19 days of operations

BTillage MHerb./Fung./Insect./Fert. lincl. land app.)

Figure 2-17 Prototype 8.4.C in Revision 5.x
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Review of the engagement and development process

To ensure the FOV’s evolution truly addressed the needs and concerns identified in its
early iterations, we initiated a second evaluation of the latest version (Revision 5.x) by re-
engaging with stakeholders from the initial three phases of the study as illustrated in Figure 18.
This re-engagement was crucial — not only as a method of validating the enhancements made to
the FOV but also as a reaffirmation of our commitment to a collaborative design approach. By
doing so, we aimed to solidify the foundation for the FOV’s future acceptance and utility across
a wider range of agricultural contexts.

A targeted follow-up survey, designated as Phase 4, was launched specifically to gather
feedback from those who had participated in earlier phases. This approach ensured the feedback
loop remained closed, with every round of input directly informing the subsequent design
revisions. The focus of this phase was to assess how effectively the recent design modifications
had addressed previously identified challenges and to identify any remaining areas for

improvement.
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Phase 4 of the FOV design

In the fourth phase of our study, a three-question survey was sent to the 36 previous
participants from Phases 1 to 3. Out of these, 22 responded between 4 December 2023 and 8
January 2024, yielding a response rate of 61%. Analysis of the survey data revealed the
following insights into the new FOV design:

e The revised FOV design was perceived as offering substantial additional insights over
traditional methods, with respondent ratings spanning from 3 to 5, with a majority
favoring a 4-rating.

o Interms of effectiveness, as scored on a 1-5 scale, the new design achieved high average
ratings in three crucial areas: it scored 3.94 for its clarity in representing cropping
systems, 4.00 for its ability to communicate time-sensitivity; and scored 3.89 in
conveying leeway and identifying potential conflicts.

The distribution of ratings for additional insight provided by the new FOV, depicted in
Figure 19, emphasizes a skewed perception towards higher utility. The concentration of
responses at the upper end of the scale (rating of 4) indicates a significant acknowledgement of
the FOV’s enhanced capabilities in comparison to traditional methods. This skewness may also
suggest the respondents who benefit the most from the FOV are those who perhaps have a deeper
understanding of its applications in their field or for crop production.

Figure 20 demonstrates the new FOV design is rated consistently above average across
all three examined aspects. Notably, the ‘Clarity in Cropping Systems’ and ‘Conveying Time-
Sensitivity’ aspects are rated very closely (3.94 and 4.00 respectively), which may indicate that
users find the FOV equally useful for immediate and strategic decision-making processes. The

effectiveness of the FOV in these aspects is particularly valuable for regenerative agriculture,
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where timing can significantly impact yield and resource utilization. The slightly lower score (in
comparison with the others) for ‘Conveyance of Leeway/Conflict’ (3.89) could suggest that
while the FOV design is adequate in illustrating areas where there is operational flexibility or
potential for conflict, there is room for improvement. The operational flexibility could refer to
the range of choices available to the farmer, such as varying planting or harvesting times, and
conflict might pertain to overlapping resources or competing interests among different
agricultural operations. Given the high ratings across all aspects, the FOV design is well-received
overall. However, to address the slightly lower rating in conveying leeway and conflict, we
considered incorporating additional visual cues or interactive elements that can help to highlight
and explain areas of flexibility and potential conflict more clearly.

The feedback regarding the design showcased a spectrum of user experiences and
suggestions. Some participants advocated for a simpler design to aid comprehension, while
others were comfortable with the current complexity. A few responses included requests for
guides to better understand the FOV, pointing to some challenges in interpretation. However, a
portion of the user base expressed complete satisfaction with the existing design, appreciating its
practicality in managing farming operations. This range of feedback implies a diverse user base

with varying levels of comfort and understanding of the FOV design.
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Distribution of Ratings for Additional Insight Provided by New FOV
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Figure 2-19 Distribution of participant ratings for additional insights provided by the revised
FOV Design
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Figure 2-20 Comparative ratings for key aspects of the new FOV design - evaluating clarity,
time-sensitivity, and operational flexibility
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Conclusions and Next Step

This study presents a design layout for the Field Operations Visualizer (FOV), an
initiative aimed at improving the communication of operational schedules and timing
requirements essential for efficient crop production. Focusing on the design and visual
components, we have established a foundation for an interactive tool that facilitates the
interpretation of complex agricultural schedules. Feedback from stakeholders was positive,
indicating the potential impact of the FOV. However, preferences for the FOV’s design varied
across different operational phases, suggesting the need for adaptable designs to meet diverse
user requirements.

Moving forward, the next phase involves the development and implementation of the
FOV as a practical, interactive web application for crop production. Initial testing phases,
including alpha and beta tests, will be conducted with farmers in the Midwest to gather critical
feedback and ensure the tool’s effectiveness and usability. Following these tests, the application
and its source code will be made publicly available under an open-source license, allowing for

widespread access and the opportunity for continuous improvement by the user community.
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Appendix B. FOV Survey Instrument - Phase 1 and 2

Q1 Device Recommendation, Background, Consent, Policies, and Instructions

Device Recommendation: Please take this on a desktop large-screen device such as a laptop or
tablet. (The survey "works" on a phone, but zooming to see the pictures is very hard).

Background: By way of background, the FOV (Farming Operations Visualizer) is a tool that
receives, in raw form, tabular data about a farming system, including the field operation name,
target midpoint date for deploying that operation, duration (i.e., window size) of operation, and
type of operation. Our vision is that these tabular raw data can be placed in Excel, eventually by
any person(s) developing a farming system. In general, the FOV will display up to 40 operations,
and for one full calendar year, but it can be adjusted to up to four years.

In this survey, we have used the FOV to visualize a "base case" of operations in a fairly
conventional farming system for the upper Midwest. Please do not focus on the specific
operations per se, rather, we are interested in your insight regarding different styles of visualizing
data.

Consent: Your responses are anonymous, and your participation in this survey is completely
voluntary and you may choose to not participate, or to discontinue your participation, at any
time. The information you provide about your background (e.g., years farming if at all) will be
kept confidential and anonymous. Your responses will be used for research purposes —
specifically to improve the FOV. By participating in this survey, you consent to us using your
responses for research purposes.

Policies: We take the protection of your personal information seriously and have implemented
appropriate measures to safeguard your privacy. Your responses will be stored securely, and only
authorized personnel will have access to this data. Your information will not be used for any
other purpose than what is stated in this consent form.

Instructions: The questionnaire has a variety of question formats, from open-ended inquiries to
ranking questions. You will have to respond to roughly nine questions, which you can finish in
10 to 15 minutes. When you choose the forward arrow button, you will go on to the next set of
questions, with each question serving as a follow-up to the one before it.

Thank you! Your input is valuable and will help us improve the design of the FOV. We
appreciate your feedback and look forward to getting your insights regarding the prototype
FOVs.
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Q14 Please rank the FOVs above in order of preference to you - #1 is best, and so on

Image:1B.png (2)
Image:2B.png (3)
Image:3C.png (4)
Image:4A.png (5)
Image:5B.png (7)
Image:Circular fov (8)

Q15 Please select the option that best conveys time-sensitivity
Image:1B- CO(i).png (1)

Image:1B- CO(ii).png (2)

Q16 Please select the option that best conveys time-sensitivity
Image:2B- CO(i).png (1)
Image:2B- CO(ii).png (2)

Image:2B- CO(iii).png (3)

Q17 Please select the option that best conveys time-sensitivity
Image:3C- CO(i).png (1)

Image:3C- CO(ii).png (2)
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Q18 Please select the option that best conveys time-sensitivity

Image:4A- CO(i).png (1)

Image:4A- CO(ii).png (2)

Q20 Please select the option that best conveys time-sensitivity

Image:5B- CO(i).png (1)

Image:5B- CO(ii).png (2)

Q21 Please select the option that best conveys time-sensitivity
Image:Circular fov i1 (1)

Image:Circular fov i (2)

Q6 What two or three qualities of your top choice made it the
best?${Q14/ChoiceGroup/ChoiceWithLowestValue}

Q7 Considering your top choice — what features or elements should we add to improve it?
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Q09 Are there any other comments or feedback you have about the FOV?

Q4 Please select all that apply in relation to your agriculturally relevant background

Farmer (or grew up on farm) (1)

Ag researcher (public, private, NGO, etc.) (2)

Ag extension service provider (3)

Ag outreach/education but not Extension (e.g., coop, other industry) (4)

Others (write in) (5)
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Q5 Please indicate how long you have been working as a farmer (or were on the farm)

0-5years (1)

6 - 10 years (2)

11 - 15 years (3)

16 - 20 years (4)

20+ years (5)
Q10 Thank you for making it this far — we have one last short group of questions for you. The
FOV you evaluated earlier was designed based upon a set of Criteria and Constraints developed
by our team, based on our perceived needs to communicate with other agricultural practitioners
and researchers, as well as the general public. We would like in this section to get your insight on
how, if at all, these criteria and constraints should be modified. To do so, we list below each

criterion and constraint, and ask you to evaluate its importance (Low, Med, High). We also ask
for suggested additional C&C.
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Q11 Referring to the list of xx criteria and constraints below, please rate the importance of each
to you, as a potential FOV viewer/user.

Low (1) Medium (2) High (3)

Clearly conveys
sequencing of
operations (1)

Clearly conveys
duration of operations

()

Clearly conveys
leeway of operations

(3)

Stand-alone (i.e.,
minimal (or zero)
cross-referencing to
legends, explanations,
etc.) (4)

Easily used in
multiple formats
(e.g., worksina

paper, on a website,
on a poster, as a
slide) (5)

Has a way to convey
time-sensitivity
somehow (6)

Q13 What additional criteria or constraints should we be considering?
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Q26
Clicking the next button from here completes or ends the survey, and you will be unable to go
back to make changes.
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CHAPTER 3. GENERAL CONCLUSIONS

This study has investigated the vital role of visualization in enhancing communication in
multiple domains and a focus on field operations in crop production, therefore proposing the
design and assessment of the Field Operations Visualizer (FOV). The necessity for approaches to
communicate timing and resource requirement is underscored by the challenges faced in the
adoption of conservation agriculture practices. Through a comprehensive literature review, the
research identified a significant gap in existing tools and methods for effectively communicating
the intricacies of agricultural field operations, particularly in the context of novel cropping
systems.

The design of the FOV was guided by a user-centered design approach, emphasizing the
importance of stakeholder engagement and feedback in creating effective and usable visualize
formats. The FOV aims to facilitate the planning and execution of field operations by providing
clear, intuitive visual representations of operational sequences, overlaps, durations, and timings.
This may have the potential to significantly aid users — farmers and extension personnel, by
offering additional and clearer operational insights, thereby supporting the adoption and efficient
management of sustainable agricultural practices.

The research findings suggest the use of visualization formats like the FOV can play a
critical role in overcoming the challenges associated with communicating and implementing
novel cropping systems. By providing a standardized method for representing field operations
visually, the FOV contributes to a better understanding and evaluation of the requirements for
both existing and emerging farming practices. This, in turn, can lead to improved productivity
and environmental sustainability in crop production.

Looking ahead, several avenues for future work emerge from this research. First, the

development of a web application based on the FOV design, making it a tool accessible to
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farmers and other stakeholders. This web application should allow users input the various
parameters required for the crop schedule or upload a spreadsheet with the data to visualize the
information. Also, due to the changing weather conditions, we will need to rely for predictions
based on data not older than the last 5 — 10 years for days suitable for fieldwork.

The second is further development and refinement of the FOV to enhance its
functionality and user experience based on feedback from early adopters, this may include
incorporating more detailed visual cues. Additionally, expanding the FOV’s capability to
simulate different cropping systems not used in the U.S. Midwest. Finally, exploring the
integration of the FOV with existing agricultural decision support systems and tools could

further enhance its value.
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