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Bring Precision Irrigation to Resource-Constrained Farmers. In Proceedings of the ASME International
International Design Engineering Technical Conferences, Boston, MA, USA, 20-23 August 2023.

Abstract: As freshwater supplies decrease, adopting sustainable practices like water- and energy-
efficient irrigation is crucial, particularly in resource-constrained regions. Here, farmers often cannot
purchase precision irrigation equipment, which achieves high water and energy efficiencies via full
automation. Currently, no irrigation methods exist that combine automatic scheduling of events
with manual operation of valves, familiar hardware on low-income farms. This work synthesizes
functional requirements for a tool that could address efficiency needs while integrating into current
manual practices. Then, a design concept for an automatic scheduling and manual operation (AS-MO)
human-machine interaction (HMI) that meets these requirements is proposed. Two design stages
of the AS-MO HMI were evaluated by farmers and market stakeholders in three countries. Results
show that farmers in Kenya and Jordan valued the proposed AS-MO HMI because they could
increase efficiency on their farms without the cost or complexity of automatic valves. In Morocco, a
possible market was found, but a majority of participants preferred full automation. Interviewees
provided feedback on how to improve the tool’s design in future iterations. If adopted at scale,
the proposed AS-MO tool could increase efficiency on farms that otherwise cannot afford current
precision irrigation technology, improving sustainable agriculture worldwide.

Keywords: sustainable design; water efficiency; energy efficiency; human-machine interaction;
human-machine information transfer; user interaction; user experience; irrigation; agriculture;
automation; precision irrigation; decision support systems

1. Introduction

The United Nations’ second Sustainable Development Goal (SDG 2) calls for food secu-
rity by 2030 [1], an aim particularly imperative in low- and middle-income regions like East
Africa (EA) and the Middle East and North Africa (MENA). Here, over 33% and 10% of the
population, respectively, is projected to be undernourished in 2030 [2]. Numerous studies
have shown that increasing irrigation access is an effective path towards food security [3-5].
However, irrigation is water- and energy-intensive, countering the second aim of SDG 2:
sustainable agriculture. The high water use of irrigation is especially concerning in the
arid and semi-arid regions, like MENA and EA. Here, there are growing numbers of small
and medium farms. In EA, medium-scale farms, generally sized 5-15 acres, rely on hired

Sustainability 2024, 16, 8402. https:/ /doi.org/10.3390/su16198402

https:/ /www.mdpi.com/journal/sustainability


https://doi.org/10.3390/su16198402
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0003-2667-1593
https://orcid.org/0000-0002-0629-4164
https://orcid.org/0000-0002-8037-1690
https://orcid.org/0000-0002-4151-0889
https://doi.org/10.3390/su16198402
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su16198402?type=check_update&version=1

Sustainability 2024, 16, 8402

2 0f 22

manual labor to feed growing city centers [6]. In MENA, farm sizes are country-dependent,
with small farms ranging 5-25 acres and medium farms ranging 50-120 acres [7]. Both
small and medium farms typically rely on hired manual labor, but medium farms may also
have specialized workers, like managers or agronomists. Due to their prevalence, these
small- to medium-scale farms have the promise to increase food security, but doing so
sustainably remains challenging [8,9].

Solar-powered drip irrigation (SPDI) has been proposed for EA and MENA as a means
to increase yields while reducing water and fossil fuel use [10-12]. Drip irrigation uses a
network of pipes and emitters to deliver water directly to crops, saving up to 50% of water
compared to commonly-used flood irrigation [13]. Solar power is especially applicable
in rural EA where access to grid electricity can be uncommon [14] and in arid regions,
like MENA, that have high solar irradiance [15,16]. However, solar systems have high
investment costs, posing a significant barrier to farmer adoption [6]. System energy use is
critical in off-grid irrigation because it dictates solar array and energy-storage costs.

Prior work suggests that water- and energy-saving technologies could particularly
benefit medium-scale farms in EA and small- to medium-scale farms in MENA, many of
which have access to capital to pay for some of this technology [6,7]. However, irrigation
systems can only conserve resources when they are properly operated by farmers. Research
shows that farmers do not necessarily practice ideal irrigation, partly due to insufficient
technical training and partly due to farmers, understandably, prioritizing risk mitigation
over introducing sustainability measures [17,18].

The 2022 State of Food and Agriculture (SOFA) report from the United Nations Food
and Agriculture Organization (FAO) focuses on the potential of precision agriculture
technology to improve sustainability and resilience to climate change [19]. However, the
report emphasizes that these benefits can only be realized if precision technologies are
designed to be inclusive of small-scale producers, particularly in low- and middle-income
countries (LMICs). Precision irrigation (PI), the practice of calculating and delivering
the correct amount of water to crops at the correct time, could help resource-constrained
farmers realize the water and energy savings of SPDI [20,21]. PI technologies measure farm
and weather conditions and calculate ideal irrigation schedules, often using automated
valves to carry out these schedules [22]. Despite its benefits, PI technologies are not widely
adopted by small- and medium-scale farmers in LMICs because existing technologies are
not designed to meet the specific needs of this target user group [19].

Existing PI solutions are largely inaccessible to small- and medium-scale farmers
in EA and MENA due to their costs and complexities. Many existing precision irri-
gation controllers use sensor arrays, solenoid valves, and proprietary hardware and
software [20,21,23-26], which cost up to USD 10,000 to equip a medium-scale EA farm [27].
Instead, farmers in the target user group often employ local laborers to both monitor and
carry out irrigation tasks using manual valves [6]. These laborers use inexpensive but
time-consuming and often imprecise manual methods for determining when to irrigate,
like “stick” tests [27]. In this test, a laborer inserts a stick 10 cm into the soil. If it comes
out with dirt attached, the soil is moist enough. The irrigation experience of hired laborers
varies widely, so farmers cannot rely on these binary tests to deliver the most water- and
energy-efficient irrigation. While human laborers can observe current weather and crop
conditions, their forecasts are less accurate than PI forecasts. Forecasting becomes only
more difficult for humans as climate change worsens [28].

Some existing products attempt to bridge the gap between fully automated PI and
fully manual methods [29]. However, these timer-based products fall short of delivering
the efficiency and prediction benefits of PI. For example, the Pro-C irrigation controller
(Hunter Industries, California) and the SST12000UT irrigation timer (Rain Bird Corpora-
tion, California) are low-cost products—in the USD 100-300 range—that control several
solenoid valves to carry out irrigation schedules entered by the user. While these products
are affordable, they still rely on humans to determine the irrigation schedule. Even for
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experienced farmers, it is challenging to determine an irrigation schedule that concurrently
optimizes water and energy use.

Precision irrigation control for SPDI systems is an active area of research. Previous
studies have proposed ways to adjust irrigation in real-time [30,31], optimize irrigation
schedules for minimal water use [32], and match the irrigation power requirement to
the available solar power profile as a way to reduce power system size and cost [24,25].
Although these studies demonstrate increased operational efficiency and cost reduction, the
proposed PI solutions are tailored to individual cases, and the studies do not address farm
heterogeneity or solution scalability. As such, the practical implementation and feasibility
of these PI solutions for the target user group is yet to be explored.

A technology’s potential impact relies on its adoption among target users, and
adoption of irrigation technologies is historically challenging in resource-constrained re-
gions [19,33-35]. Farmers’ desire to adopt a PI tool is unknown but critical to its potential
impact. Therefore, there is a need to understand the functional requirements (FRs) of a PI
tool for resource-constrained farmers and to understand an associated human—-machine
interaction (HMI) that would satisfy farmers’ needs. In this case, farmers would be the
primary humans interacting with the technology, and we define the machine as any physi-
cal equipment or digital tool that is part of the engineering system aiding the farmer and
their irrigation efforts. This work aims to propose and evaluate a means of bringing the
sustainability benefits of precision irrigation to resource-constrained farms without the
high costs and complexities of existing methods. We do this by assessing the potential
viability of a PI tool in EA and MENA and understanding how farmers might value and
interact with such a tool in practice. Specifically, we:

1.  Define the FRs and design specifications of a PI tool for SPDI systems in resource-
constrained markets that integrates with the current practices and capabilities of
target farms;

2. Characterize a human—-machine interaction (HMI) that meets these FRs;

3. Substantiate the value of the HMI among lead users and early adopters, assess these
potential users’ desires to adopt such a tool, and iterate the HMI concept based
on findings;

4. And assess target farmers’ satisfaction with the proposed PI tool and HMI and identify
avenues for improvement.

These four research objectives were met through a multi-stage design process in
which two iterations of a PI tool concept were conducted. Section 2 synthesizes findings
from the literature into a set of FRs. These FRs are then revisited and formed into design
specifications using findings from the two design iterations (Section 5.3.4). Articulating the
tool’s FRs and design specifications demonstrates the potential of PI tools—and precision
agriculture tools at large—in historically underserved markets. Section 3 proposes an
AS-MO tool and HMI concept that could meet the FRs, addressing the second research
objective. To improve this initial concept and address the third research objective, two
design iterations were conducted and are detailed in Sections 4 and 5, respectively. The
results from the first iteration are presented in Sections 4.2.1 and 4.2.2. Findings from this
first design iteration were incorporated into a second, the results of which are presented
in Section 5.3. The second design iteration was also used to assess farmer satisfaction
with the tool, addressing the fourth objective. Finally, Section 6 discusses the study’s
limitations and potential implications on the fields of precision irrigation, sustainable
agriculture, and beyond. The validation of the utility, ease of use, and value proposition
of the HMI in this work facilitates the creation of tools that bring the benefits of PI to
resource-constrained farms.

2. Functional Requirements of a PI Tool in Target Markets

Functional requirements (FRs) describe the functions a device or system must be able
to perform to produce a desired outcome [36]. FRs are gathered during the preliminary
design stage and refined through interactions with potential users, stakeholders, and
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expert professionals. Like in all new product development processes, identifying FRs is an
essential step in developing a PI tool that meets the needs of resource-constrained farmers
in LMICs. For this study, the FRs are primarily gathered from the literature and previously
published stakeholder interviews [6]. The corresponding design specifications for the
tool are refined from the interviews and focus groups presented in subsequent sections.
Together, the FRs and design specifications provide guidelines for designers to create PI
tools for the target user group, whose needs remain unmet by existing technologies.

The 2022 SOFA report articulates how to expand the adoption of precision agriculture
technologies to meet the SDGs. The report finds that the primary barriers to adoption in
LMICs are a lack of digital literacy and technology extension services in rural areas, limited
internet connectivity and access to electricity, and the high cost of existing products [19].
As described in the Introduction, existing and proposed PI technologies often require
technical expertise to operate. These solutions assume that network connectivity, sensing
and electronics hardware, and computing power are all accessible to the farmer, which
is not always the case in resource-constrained contexts. Although the literature provides
numerous ways to design irrigation control schemes, the underlying assumption is that
instrumentation complexity and cost are minor constraints to the end user. Conversely, in
resource-constrained markets, complexity and cost become key constraints [6].

Table 1 lists the functional requirements (FRs) for the proposed PI tool. To meet the
needs of target users, the tool must deliver similar performance to existing PI technologies
designed for resource-plentiful markets (FR1); this includes at least partial automation of the
irrigation decision-making process by creating an irrigation schedule for the user (FR3). As
specified by the 2022 SOFA report, the technology must be scale-neutral (FR2), meaning it
works for any farm scale, accessible to users with a range of technical knowledge and access
to training (FR3), easily adaptable to the local context to account for farm heterogeneity
(FR2, FR5), and affordable to the target user group (FR6) [19]. As small- and medium-
scale farmers tend to be highly risk averse [6], the tool must also consistently compute an
accurate irrigation amount and operate reliably in any given context (FR4, FR5). Currently,
there is not a widely available PI technology that meets all of these requirements.

Table 1. FRs for a PI tool that meets the needs of small- and medium-scale farmers in resource-
constrained markets.

No. Requirement Justification

Deliver similar performance as existing PI

FR1 Improve system efficienc
p y y tools, conserve resources, reduce costs

Account for case-specific parameters
FR2 Case-specific (heterogeneity) on farms and varying levels
of user agronomy experience

Eliminate the need for expert technical

Create irrigation schedule and knowledge, while building user proficiency
FR3 . . . . R
communicate with user by keeping them in the irrigation
control loop
FR4  Accurate irrigation amount Mitigate risk to crop yield

Mitigate risk to crop yield, make tool easy
FR5 Reliable operation to maintain, promote adoption by building
users’ trust

Make tool financially and locally accessible

FR6  Affordable to facilitate adoption

FR3, which specifies creating an irrigation schedule and communicating it to the farmer,
is a critical feature that could determine the tool’s success among resource-constrained
farmers. This study primarily focuses on characterizing an HMI that enables FR3, with a
particular focus on advancing transferring information between the machine and the user.
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FR3 is a departure from the design ideologies of existing PI technologies, which aim to fully
automate the decision-making and execution steps of irrigation using a suite of sensors and
actuators. In resource-constrained markets, however, it is beneficial to keep the user in the
control loop due to large variations in user technical experience and farm heterogeneity [19].
Keeping the user in the loop may trade greater precision for less technical complexity, but
this design decision allows the tool to leverage users’ agricultural expertise and real-time
human observation, as well as build users’ trust in the technology.

3. Characterization of a Proposed AS-MO Tool and HMI

A PI tool for EA and MENA farms was conceptualized to meet FR3 and the other
FRs described in Section 2. Figure 1 characterizes the two critical actions of irrigation
system control. First is determining a schedule of irrigation events (i.e., “Scheduling”). The
second is operating valves in a hydraulic network (i.e., “Operation”). Each action can be
done either manually by a farmer or automatically by the system, resulting in four distinct
design spaces. Fully manual methods, like stick tests paired with manual valves, are in the
upper left. Fully automated PI solutions are in the lower right quadrant. Existing irrigation
timers fall into the manual scheduling and automatic operation quadrant. To the authors’
knowledge, no commercial technologies exist that deliver the automatic scheduling benefits
of PI while primarily relying on manual operation, a practice common on EA and MENA
farms. The lower left quadrant of Figure 1 highlights this gap. We hypothesize that a
technology in the automatic scheduling and manual operation (AS-MO) design space is
well-suited for the small- and medium-scale farms found in EA and MENA.

Operation
Manual Automatic

©

>

C

©

= | —
o g | Irrigation timers:
£ USD 100-300 + high
g automatic valve costs
9] Fully automated flower
S . farms: USD 10,000s
@, Irrigation control | s X -

*g methods do not :

£ yet exist in this

<  design space

Figure 1. Visualization of the design spaces of irrigation system control methods with regard to two
key actions: scheduling and operating. Existing methods fill three of the four spaces. This work
proposes a tool within the automatic scheduling and manual operation space and evaluates this
concept’s fitness for medium-scale farmers in EA and MENA.

To facilitate automatic scheduling, this tool could incorporate many of the proposed
techniques from the literature that improve energy use efficiency, reduce water use, increase
crop production, or minimize irrigation system costs. While many existing and under-
development solutions can automatically generate irrigation schedules, the proposed tool
incorporates one that was developed in parallel with the HMI solution explored in this
study [37]. This theory is particularly well-suited for this context because it addresses
several of the identified FRs outlined in Table 1. It targets optimal water and energy use
efficiency in SPDI systems (FR1) and takes in site-specific details for calibration (FR2). Cloud
computing and predictive modeling ensure that the tool reliably delivers the appropriate
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water volume (FR4, FR5). Leveraging computation to minimize the number of on-field
sensors ensures that the hardware is affordable and easy to maintain, and implementing
solar profile-matching schedules enables smaller, less expensive power systems (FR6).

However, this scheduling theory alone, as well as many others, does not address FR3,
which is necessary to ensure a feasible, adoptable solution for resource-constrained farmers.
The right of Figure 2 shows how the AS-MO tool’s HMI communicates an easy-to-follow
schedule. In this initial conceptualization, it sends Short Message Service (SMS) reminders
throughout the day to farmers’ cell phones, products which are increasingly more common
in low-resource countries [38]. SMS-based instructions, which could address FR3, have
proven successful in resource-constrained medical interventions [39,40], so that model
was adopted for irrigation instruction. At the beginning of each day, the tool sends the
redetermined irrigation schedule to the farmer. The farmer can accept or slightly modify
this preliminary schedule. Once the accepted schedule begins, the tool sends messages
to the farmer’s phone, reminding them to manually open or close valves (lower right of
Figure 2). The farmer would then manually open or close valves as directed, sending
an SMS to confirm completed actions. Because farmers might not open or close valves
on time, a confirmation allows the tool to measure how long each irrigation event was
in practice without needing to use sensors throughout the field. This measurement is
important, so the scheduling theory’s algorithm can accurately calculate the duration of
future irrigation events. This interaction process is repeated throughout the day, according
to the predetermined irrigation schedule.

By utilizing existing scheduling theory, leveraging farmer expertise, and integrat-
ing into existing labor practices, this proposed AS-MO HMI is designed specifically for
target farmers.

Cloud

Predicted solar

o power available
% 3|5 Daily schedule,
L% Energy to irrigate notifications
one block
112 | 4 6\ Via SMS
- <
Automated schedule Time Ope.n/(;lo.sed
confirmations
Weather sensor &
panel readings
System component &
farm details Farmer &
cell phone
Farm é —— - —_—
é "
Open I
? Block 1 .
Reply “1” .
] Manual valve when done. \é\llate:;lg
. OC
operation e
remain
@ Block 1 e

Figure 2. Depiction of the proposed AS-MO tool and HMI. On the left, details about the farm and
irrigation system are fed into an algorithm that leverages cloud computing and predictive modeling
to automatically generate efficient irrigation schedules. On the right, this schedule is communicated
to farmers for manual operation via SMS messages at the beginning of the day and at the start and
end of each irrigation event. These messages instruct farmers to carry out the generated schedule
by manually operating valves. When farmers confirm completed actions, they inform the algorithm
how closely the schedule was followed so the next day’s schedule can be generated accordingly.
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4. First Design Iteration of the AS-MO HMI: Storyboard-Based Assessment in Kenya

To assess the proposed AS-MO tool and HMI, an approach originally introduced
in prior work [27] and inspired by Lean Startup methodologies [41] was followed. In
particular, the early steps of the Lean Design for Developing World (LDW) Method [42]
served as an example for this work, as they have for other design engineers working in
LMICs [43,44]. This method recognizes the unique challenges—like access to users and
logistics of travel—and pitfalls facing those who engage in engineering for global develop-
ment [45]. In the LDW method, designers first conduct market and field research, develop
an initial product concept, and create a hypothesis regarding the product’s potential value.
The previous sections of this paper summarize these efforts. The LDW method continues
with designers aggregating customer needs, generating engineering specifications, and
creating a minimum viable product. The LDW method assumes an existing customer base,
so modifications to these steps were made to assess the initial concept with potential users
and market stakeholders. Sections 4 and 5 detail these efforts in two design iterations.

4.1. Materials and Methods for Storyboard-Based Interviews and Focus Groups

To understand how medium-scale EA farmers might value the proposed AS-MO
HM]I, tours of 11 medium-scale farms were conducted in Kenya in October 2021. Tours,
given by managers or employees, included observations of existing SPDI systems and crop
production techniques. Accompanying the tours, 35 individual interviews and small focus
groups were held with farm owners, managers, employees, and key market stakehold-
ers, all of whom provided different perspectives on the AS-MO HMI. These interviews
were facilitated using storyboards, tools that help engineers elicit user feedback on early-
stage concepts [46]. The low-fidelity nature of storyboards is appropriate for early design
stages when the concept can change easily [47]. The four storyboards used in this study
visually depicted:

1.  How the proposed AS-MO tool might integrate into standard SPDI system:s;

2. The anticipated value the tool might deliver farmers, including energy, water, and
cost savings;

3. How the tool integrates weather and agronomy details to build a schedule;

4. How farmers interact with the tool on a daily basis.

The storyboards were shown in the above order, introducing more detail about the
tool’s features and potential benefits as the interview progressed. Visuals of the storyboards
are provided in Supplemental Information (SI).

The storyboards were used alongside open-ended questions, also provided in SI,
designed to understand the key benefits and costs the tool might have to the participant.
Participants were asked to give both positive and negative feedback on the concept. It was
stated that the tool and HMI features had not been solidified, stressing that the participants’
honest feedback would be critical to designing the most beneficial tool and HMI. To learn if
farmers might adopt this technology, they were asked if they would consider installing it
on their farm, and why or why not. If they answered “no,” participants were asked if they
would recommend the tool to a neighbor who was installing a new SPDI system, and why
or why not. To continue developing the AS-MO concept, farmers were asked if they had
ideas for improving the tool or HMI.

Interviews were conducted with 16 farm owners, managers, and employees, all se-
lected for the study because they were early adopters of SPDI or potential lead users for the
AS-MO tool. While lead users and early adopters may represent a small number of users,
they often provide valuable insights on novel technology [48].

To complement farmers’ responses and to learn if the proposed tool and HMI could
become a viable product in the region, 19 market stakeholders were also interviewed.
Stakeholders were broadly familiar with irrigation in EA and represented professional
viewpoints of different sectors of EA agriculture markets. These individuals have collec-
tively helped thousands of farmers improve their farms, so they could provide perspectives
on a large population of farmers in ways that individual farmers could not. Stakeholders
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with diverse perspectives of the irrigation market were recruited. Their roles, affiliations,
and rationales for selecting these individuals are given in SL

Questions asked of stakeholder interviewees were designed to address the following
topics: design changes necessary to develop the proposed AS-MO tool into a commercial
product, and whether their price range expectations met what the research team estimated
to be possible. An estimated range of USD 300-500 was based on the price point of
products in the manual scheduling-automatic operation design space [49,50]. The cost
of the proposed tool is expected to be slightly higher because several weather sensors,
expected to be USD 100-200 [51], are also needed for the tool to function. Like the farmers,
the stakeholders were also encouraged to ask questions about and suggest changes to the
tool and HMI.

4.2. Results of the Storyboard-Based Assessment

This section is separated into two subsections, which both address the third research
objective. Findings from these two sections inform the second design iteration.

4.2.1. Substantiation and Elucidation of Value and Adoption Desire in Kenya

Fourteen of 16 interviewed farmers claimed they would be willing to adopt the
proposed AS-MO tool, signaling a high value might be placed on the proposed HMI.
They valued it for three key reasons: it could increase the reliability of their irrigation,
increase their confidence while making irrigation decisions, and enable more energy-
efficient irrigation. These values are elucidated further in the following three paragraphs.

First, managers, owners, and employees claimed that an automatic scheduling tool
could increase the reliability of their irrigation. Thirteen farmers reported challenges
scheduling irrigation events during unpredictable weather conditions, like cloudy periods.
During these days, farmers said their systems had trouble pumping at desired rates. A
majority of participants decided when to schedule irrigation events based on experience
and observations at single points in time, not accounting for future events. A majority
of participants were interested in the proposed tool’s ability to predict the available solar
power and water demand, claiming this feature could distribute and store water in ways to
reduce the risk to crops.

The second reason participants valued the proposed AS-MO tool is that they claimed
an automatic scheduling tool could increase their confidence while making irrigation
decisions, saving them time and effort. Multiple farmers demonstrated manual tests, like
the stick test, that they currently use to plan irrigation events. Multiple farmers noted
these methods were cumbersome because they needed to check multiple places in each
irrigation block to assess water demand. Further, an agronomist noted these binary tests
cannot account for the variation of soil textures and crop water requirements commonly
seen between farms. This stakeholder claimed the proposed tool could increase users’
confidence in their irrigation schedules because it accounts for these variations. Several
farmers noted they hire an agronomist to visit their farm biweekly to provide irrigation
scheduling advice. They claimed the tool could provide more frequent irrigation direction,
further increasing their confidence.

The third value farmers saw in the proposed AS-MO tool and HMI was that it could en-
able more energy-efficient irrigation for a small investment and minimal hardware change.
During eight of 11 farm tours, energy inefficiencies in system operations were observed or
noted by the farmers (e.g., a solar pump not running despite high solar irradiance). Farm
owners recognized that pumping downtime either meant their solar system was oversized
or that they were not irrigating to the farm’s full potential, introducing costly inefficiencies.
Participants claimed that automatically-generated schedules could avoid these losses, and a
majority preferred to realize this benefit while continuing to use manual valves. Managers
and employees claimed they wanted to continue visually checking blocks at the end of
irrigation events, suggesting a distrust in full automation. They also wanted to continue
using the familiar hardware they currently use. Owners wanted to minimize the additional
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investment needed on the farm to gain several key benefits of automatic scheduling, so
they preferred the less expensive option: manual valves.

Farm owners and key stakeholders claimed the proposed price point was appropriate
for the anticipated efficiency benefits, suggesting market viability in Kenya. Owners said
the estimated USD 300-500 price point for the AS-MO tool matched their expectations.
Several reported paying an agronomist approximately USD 14 /visit for biweekly farm
evaluations, further suggesting farmers” willingness to invest in irrigation advice. In all
stakeholder interviews with equipment distributors, the price estimate for the tool matched
expectations. The interviewed stakeholders expressed their support for the AS-MO tool
concept to become a product in the EA market. At Davis & Shirtliff, an irrigation equipment
distribution company serving EA, all eight interviewed engineers and managers believed
it was viable. A former director of this company said he was “convinced [this concept] is
feasible and can be implemented”. At Xylem, Inc., a global water solutions company, all
three interviewed managers agreed. They further claimed this tool and HMI could provide
value to many of the resource-constrained regions they serve.

All other stakeholders expressed belief in the AS-MO tool’s value to their customer
base, further substantiating its potential value. Government officials mentioned that
the demand for SPDI is expanding and an AS-MO tool could help farmers adopt good
irrigation practices with their new systems. A borehole driller said a tool that monitors
irrigation events could help him advise clients who are expanding irrigation on their farms.
These preliminary results show that farmers in Kenya and stakeholders in EA value the
combination of automatic scheduling with manual operation in the proposed tool and HMI.

4.2.2. Improvements Based on Findings from First Design Iteration

Interviews with farmers and stakeholders highlighted two key design changes to the
proposed AS-MO concept:

1.  The updated tool should send messages using data rather than SMS. Several partic-
ipants claimed SMS rates were higher than data rates in Kenya, so it was preferred
that the tool use data. The second iteration of this concept used data-based messag-
ing instead.

2. The updated HMI should include the ability for farmers to slightly adjust the irrigation
schedule during the day. Farmers claimed they would trust the tool to automatically
calculate the correct amount of water most of the time, but not in all cases. For
example, if they recently installed the tool, they would want to monitor how it differs
from their typical schedules for a few weeks. This response highlights the importance
of keeping the user in the control loop to build trust and promote adoption. Farmers
may also want to skip irrigation events if they were harvesting earlier than expected
or if the system needed maintenance. In these cases, participants said they would like
to adjust the schedule as desired after visual inspections at the end of irrigation events.
In the second iteration of this concept, farmers were given the ability to skip irrigation
events or to add time to irrigation events if they observed insufficient water delivery.
The order and duration of irrigation events were still automatically scheduled and
communicated to farmers to enable manual valve operation.

5. Second Design Iteration of the AS-MO HMI: Prototype-Based Assessment in Kenya,
Jordan, and Morocco

5.1. Materials for Prototype-Based Interviews and Focus Groups: Design of a Physical
HMI Prototype

The design improvements listed in Section 4.2.2 were incorporated into a physical
prototype of the AS-MO tool and HMI that simulated a farmer’s daily interaction [52].
The LDW-inspired approach introduced in Section 4.1 was continued with this prototype
serving as a minimum viable product. Prototypes increase the quality of feedback given
by interview participants because they allow a potential user to imagine interacting with
the proposed device [53]. This mechanism was used to evaluate how farmers and stake-
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holders respond to the basic elements of the AS-MO HMI. The prototype consisted of
three components: a mobile phone, a control box, and a weather station (Figure 3).

12:44
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Figure 3. The three components of the physical prototype used to facilitate interviews. The phone
(A) was equipped with a Telegram bot that stepped farmers through a set of key interactions. The
control box (B) displayed the status of these interactions and directed farmers to interact on the phone.
The low-cost weather station (C) showed farmers what data the tool might collect.

The phone was equipped with Telegram, a data-based messaging app (Telegram
FZ-LLC, Dubai, United Arab Emirates, 2023). Telegram users can have conversations with
bots that deliver preprogrammed messages and can ask users short answer questions to
determine the messaging path. For this study, a Telegram bot was built to walk participants
through the following set of simulated AS-MO HMI interactions:

—  Provide farmers with a daily irrigation schedule, simulating the first message received
each morning;

—  Ask farmers if they approved that initial schedule;

—  Send a message prompting farmers to manually open or close valves when irrigation
events start or end, respectively;

—  Allow farmers to add 10 min when an irrigation block is scheduled to end; and

—  Enable farmers to skip events before they begin.

These interactions aimed to bring farmers the scheduling flexibility that was shown as
valuable in Section 4.2.2.

The prototype control box consisted of an e-Ink (Adafruit, New York, NY, USA) screen
mounted on a box of similar proportions to the anticipated design. Inside the box was a
Raspberry Pi microprocessor (Raspberry Pi, Cambridge, UK) that executed the Telegram
bot’s script. The box did not have any physical modes of interaction (e.g., buttons or dials),
but it was designed to:

—  Display the open/closed status of irrigation blocks based on confirmations partici-
pants made in Telegram;

- Display a countdown telling the user when the next irrigation event was scheduled;

—  Demonstrate to participants the anticipated size of a permanently-mounted con-
trol box.

The prototype weather station included the type of weather sensors that would be
required to generate optimized irrigation schedules: wind speed, wind direction, ambient
light, solar irradiance, precipitation, temperature, and humidity. This allowed the research
team to elicit feedback on the weather information participants found valuable.
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5.2. Methods for Prototype-Based Interviews and Focus Groups

The physical prototype was designed to help participants describe what would be
valuable or frustrating about the HMI. Interviews and small focus groups were conducted
with potential users and market stakeholders in Kenya, Jordan, and Morocco, expanding
coverage into two MENA countries. Participants were first introduced to the updated tool
concept with a set of storyboards using the protocol described in Section 4.1. This set of
storyboards reflected the two design improvements described in Section 4.2.2.

Participants were then given the physical prototype and guided to answer questions
relating to the value and daily use of the proposed HMI. Semi-structured interview ques-
tions targeted three broader research questions: (1) What is the most useful information
the tool could provide? (2) How would farmers use or not use the tool daily? (3) What
drawbacks would farmers encounter with the tool’s HMI?

As the prototype was intended to assess user interactions rather than the water and
energy savings one could realize with automatic schedule determination, a mock irrigation
schedule was presented to the user. The durations of irrigation events were also shortened
for the study, and participants were advised of these adjustments.

The research goals sought to understand farmers’ general satisfaction with the pro-
posed HMI, so several less common interactions were not simulated:

—  Significantly changing irrigation schedules (e.g., shortening or canceling irrigation
events, or lengthening irrigation events before they began);

—  Inputting farm details into the tool for calibration (e.g., field layout, crop types, and
growth stages of crops);

- Providing farmers with forecasts greater than one day out.

In total, 22 prototype-based interviews and focus groups with farmers were conducted
(seven in Kenya, five in Morocco, and 10 in Jordan), involving a total of 36 farmers (13 in
Kenya, 11 in Morocco, and 12 in Jordan). Farmers were associated with 22 farms, ranging
from 3-10 acres in Kenya, 5-120 acres in Morocco, and 4-120 acres in Jordan. Farm sizes
were representative of the ranges in their respective countries for which SPDI is most
feasible [6,7]. Due to travel complications, three interviews in Morocco were conducted
without the prototype. These protocols involved only the storyboards.

Prototype-based interviews were also conducted with 21 market stakeholders (seven
in Kenya, four in Jordan, and 10 in Morocco) whose backgrounds are summarized in SI.
Interviews with stakeholders followed a similar protocol as interviews with farmers and
sought to assess the tool’s potential as a viable product in respective markets. On larger
farms, particularly in Jordan and Morocco, the anticipated price point range was increased
from USD 300-500 to USD 700-1000 because large farms often experience microclimates, so
they may need several weather stations to provide accurate forecasts. All interviews took
place in March 2022.

5.3. Results of the Prototype-Based Assessment

This section is separated into four subsections. Section 5.3.1 addresses the third
research objective. Section 5.3.2 addresses the fourth research objective. Findings from those
two sections are synthesized into a set of further design changes in Section 5.3.3. Finally,
given all prior findings, the FRs are revisited and translated into design specifications in
Section 5.3.4.

5.3.1. Further Substantiation of the HMI’s Value

In 23 of 36 interviews (nine in Kenya, seven in Morocco, and seven in Jordan), farmers
asserted the AS-MO tool would likely be adopted by farmers in the target user group. This
result is consistent with preliminary results and suggests the tool and HMI may be valuable
to MENA farmers as well as EA farmers.

The most valuable benefits of the tool according to participants were alleviating water
scarcity concerns and preventing over-irrigation. Farmers and stakeholders alike noted
climate change has made seasonal rains unpredictable. Farmers can no longer reliably
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anticipate water availability based on historical trends. Participants claimed an automatic
scheduling tool could help them plan irrigation events. The AS-MO tool would act as
an interactive dashboard that simplifies farmers’ decision making for a complex system.
As one Jordanian engineer explained, “If you provide a tool that will enable farmers to
regulate the way they apply water the same way you regulate your car acceleration, you
will get really impressive results”.

Farmers in particular noted the tool could save them effort, money, and time, echoing
results in Section 4. MENA farmers who used grid-based systems frequently cited high
electricity costs, observing that by reducing power system costs, the tool could allow them
to adopt SPDI. Professionals in this region also claimed the tool could reduce system
energy consumption and cost by encouraging farmers to reduce over-watering and over-
pressurizing the system. This is why, as multiple stakeholders observed, a key aspect of the
tool’s value proposition is that it accounts for both water and energy use concurrently.

In 11 interviews, farm owners and stakeholders agreed that the estimated price points
were reasonable for the target users. No other participants asserted that the proposed price
point was too high, suggesting that there may be promising markets in both EA and MENA
for the proposed AS-MO tool.

5.3.2. Participants” Adoption Desires and Preferences for Scheduling and Operation

Figure 4 summarizes the scheduling and operation preferences noted from the 36 farmer
and stakeholder interviews. These preferences indicate that an AS-MO HMI may be most
likely to be adopted in EA and certain MENA submarkets.

Scheduling preferences
36 interviews/focus groups (all three countries)

No comment (20) Automatic (16)

Operation preferences
12 Kenyan interviews/focus groups

Manual (6) Auto. (2)

11 Jordanian interviews/focus groups

Manual (3) Automatic (4)

13 Moroccan interviews/focus groups

Man. (2) Automatic (6)

Figure 4. A summary of both farmer and stakeholder preferences for scheduling and operation.
Automatic scheduling was preferred over manual scheduling by all participants who had a preference.
Preference for manual operation over automatic operation differed by country. Not all participants
indicated a preference, so they are visualized with white space.

In 13 of 22 farmer interviews, participants noted they appreciated the automatic
scheduling aspect of the AS-MO HMI. This result, consistent with Section 4, suggests this
is an important feature for Jordanian and Moroccan farmers in addition to Kenyan farmers.
Participants noted an automatically-determined schedule specific to their farm and weather
conditions could improve yields.

There was disagreement among farmers on their preferences for manual versus auto-
matic valves. In 12 interviews (two in Kenya, four in Jordan, and six in Morocco), farmer or
stakeholder participants preferred automatic valves, while in 11 interviews (six in Kenya,
three in Jordan, and two in Morocco), manual valves were preferred. The preference for au-
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tomatic operation was particularly driven by MENA participants who operated or worked
on larger farms. On larger farms, participants claimed automatic operation was worth the
investment because laborers would otherwise walk long distances to manually operate
valves, potentially increasing labor costs. Several of these farms had already installed
solenoid valves and asked if the tool could also operate those valves.

Kenyan farmers in particular favored manual valve operation over automatic opera-
tion, with only two of seven farmers claiming an automatic valve preference. Consistent
with preliminary results reported in Section 4, manual valves were heavily preferred due to
low costs. Study participants also noted the reliability and familiarity with manual valves
in the region could benefit Kenyan farmers more than solenoid valves. Several participants
in Jordan also had a preference for manual valves, suggesting that an AS-MO HMI could
have promise in these markets.

5.3.3. Improvements Based on Findings from Second Design Iteration

The two design changes and updates to the AS-MO tool and HMI described in
Section 4.2.2 were valued by participants in all three countries. The majority of farm-
ers interviewed liked the ability to add time or skip irrigation events. This suggests that
farmers value a degree of manual control, a finding consistent with Figure 4. Farmers also
liked that the prototype used data rather than SMS because local SMS rates were higher
than local data rates.

In this design iteration, study participants suggested two key features to add to future
iterations of the AS-MO tool and HMI:

1.  While most farmers preferred for the main interaction to be through their phones,
11 participants suggested that farmers should have the ability to interact with the
control box without a phone. Numerous reasons were cited as to why a phone might
not be available. For example, the phone could be broken, the battery could be dead,
someone else could be using the phone, or the cellular service could be poor. This
result suggests that critical interactions with the AS-MO HMI should be integrated
into a control box design, so that farmers who need it have consistent access.

2. Farmers and stakeholders alike expressed a preference for a custom app as opposed
to using a messaging app like Telegram. Participants claimed a custom app would
increase functionality, citing three key benefits and one potential drawback:

(@) Participants noted inputting the farm details needed for automatic scheduling
could be easier with a custom app. Farmers and agronomists agreed that they
would happily update farm details when they change crops, as long as it were
an easy process. This suggests that particular consideration should be put into
this interface for the tool. A custom app would allow for the greatest flexibility
when inputting these details.

(b) A custom app would allow different users to visualize their farm data in
different ways, reflecting differences in the types of information that various
participants reported finding the most valuable. Managers and employees
reported that detailed data on crop irrigation needs and weather forecasts
would be most valuable. Owners said they were less concerned with daily
operations and more concerned with the overall status (e.g., if their system was
working well or the crops were healthy). These results demonstrate a variety
of interfaces highlighting different information might be needed to account for
a diversity of users. A custom app could provide this flexibility.

(c) Several participants were concerned a messaging-based interaction could be
difficult for illiterate laborers to use. An app enables the use of more symbols
or voiced instructions, increasing the tool’s accessibility.

(d)  While a custom app was strongly suggested by a majority of study participants,
it was also noted that a custom app could not be used by farmers who have
feature phones. However, studies have projected that by 2025, 84% and 61% of
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all cellular connections in MENA and Sub-Saharan Africa, respectively, will be
smartphone connections [54,55].

5.3.4. Target Specifications to Meet When Designing an AS-MO Tool and HMI

The findings of the two design iterations were synthesized into specifications for
a PI tool that could address the needs of farmers in EA and MENA. Table 2 lists the
design features and target specifications that align with the FRs first defined in Table 1,
showing how to design a high-performance, low-cost AS-MO tool and HMI for resource-
constrained markets.

Table 2. Key features and design specifications with target values for a PI tool that meets the needs of
small- and medium-scale farmers in resource-constrained markets.

No. Requirement Elements Design Specification or Proposed Feature
FR1 Improve system Increase water use efficiency 10-50% water savinés, comparable to
efficiency Increase energy efficiency (solar) sensor-based methods [56]
10% increase in energy efficiency
(solar profile-matching) [25]
20% power system cost reduction [6]
FR2 Case-specific Scalable calibration procedure Input crop type, soil composition, field layout, GPS
Easy-to-use data entry interface Characterize hydraulic system operation on-site
FR3  Create irrigation Intuitive user interface Keep user in the control loop with AS-MO
schedule and Non-disruptive communication Update irrigation schedule daily
communicate frequency Allow user to adjust or skip events
with user Compatible with local operating system App-based interface, using data (not SMS)
iOS and Andriod compatible
FR4 Accurate Accurate soil moisture estimation +10% water demand accuracy, according to
irrigation amount  Accurate weather data/forecast interviewed stakeholders
Daily, site-specific weather forecast
Real-time weather and hydraulic measurements
FR5 Reliable operation = Reliable on-site connectivity WiFi or local network (e.g., LoRa)
Robust energy management/storage Power always available for scheduled irrigation
Robust calibration One-time calibration, accurate throughout season
Simple maintenance Locally-available or standard hardware
Weatherproof IP68 enclosure (weatherproof)
FR6 Affordable Low-cost compared to existing tools USD 300-500 (EA)

Minimal specialized hardware

USD 500-700 (MENA)
Locally-available or standard hardware
Cloud-based computation

Similar to existing PI technologies, the tool must improve the water and energy
use efficiency of an irrigation system (FR1). Numerical targets for water and energy
savings were identified from the literature on existing PI tools [56] and scheduling with
solar-powered irrigation [25]. Previous stakeholder interviews were used to identify the
associated power system cost savings that would be valuable to the target users [6]. For
the remaining FRs, the key elements and their respective specification(s) or features were
distilled from the storyboard- and prototype-based interviews and focus groups conducted
in this study. Conversations with farmers and irrigation engineers provided insight on
the inputs and calibration methods that could make the tool case-specific (FR2) as well as
technically accessible to the user (FR3). Prototype feedback from potential users and PI
industry professionals informed the specifications for irrigation accuracy (FR4), reliability
in the farm environment (FR5), and the tool’s price and maintenance (FR6). Together, the
design specifications and features proposed for the AS-MO tool can serve as a guide for
designing PI technologies that could meet the needs of a broader population of users.
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6. Discussion

This work demonstrated that the proposed AS-MO tool and HMI has the potential to
bring the efficiency benefits of PI to medium-scale farms in Kenya and small- and medium-
scale farms in Jordan and Morocco. It could do this by bridging the gap between existing,
expensive PI technologies and affordable, easy-to-adopt irrigation methods.

Data from the study validated the assumptions made in Section 3 about the potential
benefits of an AS-MO irrigation control method over the other methods in Figure 1. First,
compared to both manual scheduling methods (top half of Figure 1), an AS-MO HMI was
hypothesized to address problems that are hard for humans to solve alone, such as creating
efficient, reliable irrigation schedules. Discussions with farmers confirmed that doing so
was difficult, time-consuming, and sometimes not possible without the use of sensors and
calculations. The increase in efficiency and reliability provided by automatic scheduling
was found valuable by most farmers, confirming initial hypotheses.

Second, compared to full automation (lower right of Figure 1), an AS-MO tool was
predicted to be more familiar and affordable to farmers. Some participants preferred
manual valves over automatic ones because they were concerned about the reliability of
solenoid valves, a technology with which they had little familiarity. Several farmers also
valued the ability to continue visually inspecting each block after each irrigation event.
Farmers’ preferences to continue these current practices suggest equipment familiarity is a
priority. Farmers, particularly owners, expressed interest in the AS-MO tool because it was
lower cost than a fully-automated system, confirming that affordability is also a priority for
the targeted farms.

Results from Kenya, Jordan, and Morocco are anticipated to be applicable to the larger
regions of EA and MENA, so differences seen between the three countries could predict
differences in the two regions. One key difference between the regions was that it appeared
that several interviewed Jordanian and Moroccan participants were more familiar with
current PI techniques than Kenyan farmers. Perhaps MENA participants were more excited
about fully-automated systems because they already trusted solenoid valves while Kenyan
participants more frequently expressed skepticism about automated valves. This could
explain the mixed preferences for manual valve operation over automatic in Jordan and
Morocco compared to strong preferences for manual operation in Kenya. While there was
a slight preference for full automation in the Jordanian and Moroccan markets, this does
not necessarily mean that an AS-MO tool could not provide value in the MENA region.
There was strong interest in manual valves among the smaller farms in Jordan and Morocco
which appeared to have less access to capital than medium-scale farms. This suggests
there is likely a MENA market sector that would find an AS-MO tool valuable, similar to
Kenyan farmers. Future exploration of the EA and MENA markets could confirm if the
differences seen in Kenya, Jordan, and Morocco reflect the differences between EA and
MENA as whole regions.

This study revealed insights about which features farmers prioritize when interacting
with an AS-MO HMI, notably flexibility and low operating costs. Design updates to the
proposed HMI allowed farmers to slightly adjust auto-generated schedules, a feature valued
by participants in all countries. This suggests farmers who do not already use automation
may not trust full automation. If so, it is important to put final control in farmers” hands,
giving them the flexibility to take as much or as little automated advice as they like. A
second design update was the choice to use lower-cost, data-based messages over SMS to
communicate with users. The strong preference for data-based messages demonstrates that
users are sensitive to operational costs in addition to capital costs. Future design decisions
should consider this user need and address any other ways lower operating costs.

The proposed AS-MO tool and HMI could potentially be a segue product for farmers
who are transitioning from fully manual to fully automated. Several study participants
pointed out that it would be beneficial for the tool to be adapted to include automatic valve
operation, especially on larger or wealthier farms. This result suggests the participants saw
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the potential for the AS-MO tool to be “upgraded” from a semi-manual/semi-automatic
tool to a fully automatic tool according to users’ needs.

The FRs and design specifications identified in this study outline how designers
could proceed in creating this technology. The lack of existing technologies in the design
space where automatic scheduling combines with manual operation for low-cost precision
irrigation control (lower left of Figure 1). This gap implies that practitioners have not yet
identified this space as a viable place for design innovation. Documenting the FRs and
participants’ responses to critical design features is valuable for engineers who design
technologies for farmers in resource-constrained contexts.

Participants in all countries commented on the importance of demonstrating the
tool and HMI to farmers before they would be likely to adopt the technology, a result
consistent with the literature [17,57]. Nine farmers claimed they would need to closely
monitor the tool for a period of time before trusting the automatic schedules were sufficient.
Farmers and professionals expressed concern about the accuracy of the crop water demand
estimation; engineers from Hunter Industries noted that the accuracy of this estimation
would have to be within at least 10%, based on their experience designing irrigation
controllers, to avoid negatively impacting crop yield. These results stress the importance of
demonstrating the tool and HMI before farmers can realize its full benefits.

The results suggest that an AS-MO HMI could enable the implementation of various
PI scheduling algorithms on resource-constrained farms, extending beyond the specific
algorithm used in this study [37]. Many scheduling algorithms, including those mentioned
in the Introduction [20,21,23-26,30-32], often rely on complex, expensive equipment to
execute optimized irrigation schedules. They do so by relying on inputs and outputs from
sensors and actuators installed throughout a field. The results from this study imply that the
necessary hardware components—and not the scheduling algorithms themselves—drive
the high adoption barrier to PI solutions documented in the literature [19]. This work
suggests that existing Pl algorithms and how they are realized on farms could be redesigned
to meet the specifications outlined in Table 2. For example, instead of relying on soil
moisture sensors and solenoid valves, PI solutions could use farmers as their primary
sensors and actuators, as is described in the AS-MO HMI. With the primary barriers
removed, resource-constrained farmers could have improved access to many more PI
innovations and the sustainability benefits they bring.

The strategy of pairing automated actions with manual actions could open new areas
for innovation in precision agriculture and sustainable development to serve a broader
range of users. This work demonstrates the successful use of a design process in which the
research team identified opportunities to automate complex tasks while designing ways for
users to complete these tasks in simpler, manual ways. This approach allows a technology
to realize certain benefits of automation while also incorporating the benefits of manual
actions. The potential impact is overall lower product costs and higher user satisfaction.
Interviewees suggested this semi-automatic/semi-manual product architecture could be
valuable if applied to fertigation, suggesting that this approach could have implications past
the specific example of irrigation in the MENA and EA markets. Additional opportunities
could include fertigation, harvesting, or other agricultural challenges outlined by the
2022 SOFA report [19]. Further opportunities exist beyond agriculture. To apply a semi-
automatic/semi-manual architecture to a new area, the framework in Figure 1 can be
referenced. When doing so, researchers and designers should break down a problem into
the necessary actions (e.g., scheduling and operation, in the case of irrigation). They can
then understand which actions are simpler to perform manually and which would be
more difficult. For the difficult actions only, researchers and designers would then identify
ways in which technology could improve those actions. New technology may need to be
invented to communicate complex operations to users who are carrying out manual actions.
This strategy is particularly appropriate for resource-constrained contexts. In these settings,
the value of a product can be increased by selectively introducing automation while costs
are minimized by continuing manual labor otherwise.
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Several limitations existed in this study. The small number of farmer interviews does
not necessarily give a generalized opinion of all potential users in EA and MENA. To
attempt to mitigate this limitation, lead users, early adopters, and market stakeholders
were recruited for the study. To address this gap, future work could conduct a full market
assessment of the proposed AS-MO tool and HMI to estimate the adoption potential within
the EA and MENA markets.

A second limitation is that users did not interact with a fully functioning prototype for
an extended period. The prototype performed basic interactions, not infrequent interactions
like inputting details of a farm or managing a failure in the system. These interactions
might be tedious or particularly valuable to farmers, but without simulating them, it
remains unknown.

The LDW-inspired approach taken has limitations in that potential users were not
involved in the co-development of the initial AS-MO concept, only its evaluation. To
mitigate this limitation, the concept development relied extensively on findings from prior
market and field research that actively sought open-ended perspectives from farmers
and market stakeholders. Further, this approach carried the risk that participants may
have limited their negative feedback to not offend the research team. To mitigate this,
participants were shown low-fidelity representations of the concept, and the research team
communicated that participants’ feedback was crucial in developing the next iteration
of the concept. The interview protocol was designed to elicit both positive and negative
feedback, and the majority of participants did provide both. This validates that the study
successfully prompted at least a degree of critical response from participants.

Finally, this work aims to assess the human-centered value of the proposed AS-MO
HMI but does not detail the technical feasibility of the concept. Work conducted in parallel
to this study addressed this aspect [37]. Preliminary results on technical feasibility informed
how the concept was presented to participants in this study. Both human-centered and
technical perspectives were developed concurrently to ensure that the AS-MO tool is
valuable and tractable to farmers.

Despite these limitations, the assessment methods used serve as a model for other
researchers of how designers can approach interdisciplinary research in global, resource-
constrained settings. The process taken allowed the research team to discern user prefer-
ences about detailed features of the AS-MO concept without investing in a fully functional
prototype. Such a prototype is not always feasible or possible for design teams, especially
those working under lean startup conditions or in resource-constrained settings. After
participating in this study, one stakeholder interviewee who was designing a payment
service for farmers mentioned he would like to follow a similar process to evaluate his
concepts. The storyboard- and prototype-based assessment described here is a case study
of how he and others might approach concept evaluation in global markets.

Both EA and MENA farmers claimed full demonstrations were important for them to
evaluate their trust in a device. We believe the prototype fidelity was sufficient given the
early design stage, but they did give interviewees limited amounts of information about the
AS-MO tool and HMI. As the concept develops, further testing should include long-term
use of a working prototype.

7. Conclusions

The work aimed to propose and evaluate a potential means of bringing the sustainable
water and energy efficiency benefits of PI to resource-constrained, small- to medium-scale
farmers in EA and MENA. This was accomplished by pursuing four research objectives
and two design iterations of an initial tool concept.

Research objective 1: Define the FRs and design specifications of a PI tool for SPDI systems in
resource-constrained markets that integrates with the current practices and capabilities of target
farms. Before a concept was proposed, an initial set of FRs was synthesized using findings
from the literature. These FRs guided an initial concept of a tool, and feedback about this
concept was solicited from potential users and market stakeholders. Their feedback was
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used to translate the FRs into design specifications, which can aid engineers, designers, and
researchers who aim to serve the farmers studied in this work.

Research objective 2: Characterize a human—machine interaction (HMI) that meets these FRs.
An initial concept for an AS-MO tool and HMI that could communicate complex, but
efficient irrigation schedules to farmers was characterized. This concept merged the water-
and energy-efficiency benefits of auto-generated irrigation schedules with the manually-
operated equipment familiar to the studied population of farmers.

Research objective 3: Substantiate the value of the HMI among lead users and early adopters,
assess these potential users’ desires to adopt such a tool, and iterate the HMI concept based on
findings. To evaluate the value of the proposed AS-MO concept, a two-part development
process was implemented. First, storyboards of the concept were shown to Kenyan farmers
and market stakeholders to elicit feedback that was used to update the concept. Second, a
physical prototype of the tool’s HMI was used in Kenya, Jordan, and Morocco to facilitate
further interviews and focus groups with farmers and stakeholders. The results demon-
strated that the proposed AS-MO tool has the potential to enable target farmers to realize
the energy- and water-saving benefits of PI with lower-cost infrastructure. The majority of
all interviewed farmers were interested in the automatic scheduling aspect of the AS-MO
tool, recognizing it could save them time, effort, and money. Kenyan farmers and small-
scale farmers in Jordan and Morocco liked the manual valve operation that an AS-MO
HMI affords, citing preferences to adopt inexpensive, familiar hardware like manual valves
over solenoid valves. These results indicate a potential market for PI technology designed
specifically for resource-constrained farmers.

Research objective 4: Assess target farmers’ satisfaction with the proposed PI tool and HMI
and identify avenues for improvement. Interviews with farmers and stakeholders provided
insights on how farmers might best interact with the AS-MO HMI. Results suggested that
a smartphone app should be designed to enable user interactions with the tool. A data-
based solution, like an app, would have lower operating costs than an SMS-based solution.
Results showed farmers appreciated the flexibility to slightly change the predetermined
schedule by adding time to the end of irrigation events or skipping the event if needed.
Phones may occasionally be unavailable, so the permanently mounted control box should
enable a limited set of critical interactions. A status screen and several buttons could
meet this requirement. Stakeholders and farm owners suggested the tool has the potential
to become a viable commercial product in the studied countries. All participants who
commented on the estimated price of the tool claimed it would be affordable to target users.

To bring the AS-MO tool concept to fruition and realize its potential for increasing
the adoption of sustainable agriculture, further research is needed to learn how farmers
interact with a functioning AS-MO tool for an extended period of time. This study only
addressed the core interactions of the proposed AS-MO HMI. Other interactions—like
allowing farmers or agronomists to input farm details—need to be prototyped and tested.
It is also necessary to study the AS-MO HMI over the course of a season to understand
how to improve it for future users. Farmers in both regions claimed they would need
to see the AS-MO tool installed and functioning on a farm to fully evaluate its potential
benefit to them. This tool must be demonstrated under these conditions to gain further
user feedback. The study also assumed that the perspectives of Kenyan farmers and
Jordanian and Moroccan farmers would represent the perspectives of EA and MENA
farmers, respectively. Future work should expand regional coverage to confirm or deny
this assumption. If denied, learnings from other countries should be integrated into the
tool to increase the likelihood of its adoption throughout the regions. Finally, a full market
assessment should be conducted to estimate the tool’s adoption potential in EA and MENA
markets. With these next steps, future development on an AS-MO tool and HMI could help
bring water- and energy-efficient irrigation to resource-constrained regions like EA and
MENA, increasing sustainable agriculture worldwide.
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8. Patents

The work described in this paper, along with other related efforts, has led to an
international patent application (International Application No. PCT/US2023/072178), filed
on 14 August 2023.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/su16198402/s1, Figure S1: The first storyboard shown to partic-
ipants in EA depicts what a solar-powered drip irrigation system with an AS-MO tool might look
like on a farm. Systems could have a pump that feeds from a water source. Water can be stored
in a raised tank and drained to a network of pipes and drip lines, or it can pump directly to the
drip network. Drip lines have emitters that deliver water directly to the root zones of crops. Solar
panels could power the system, and energy could be stored in batteries and/or the raised tank.
The scheduling tool could be mounted somewhere central, like under the panels. Sensors are also
mounted centrally, and they record weather data. This storyboard was important to show farmers
so they could imagine using the tool on their farms. Figure S2: An alternate version of Figure S1
that was shown to participants in MENA. This version depicts a reservoir as the water source and
storage, which is most common in the MENA region. Figure S3: The second storyboard shown to
farmers gives an overview of the predicted value that the scheduling tool could bring to farmers,
comparing a system without the tool (top row) to one with it (bottom row). While maintaining water
used, the tool allows for smaller power system sizes, less energy storage, and an increase in crop
production. These savings manifest in an estimated 20% profit. A similar storyboard was shown to
farmers who needed to save water. This alternate storyboard instead showed that the scheduling
tool could grow the same amount of crops with a reduced volume of water and a smaller power
system. This visual was important to show to farmers because it allowed them to see what might
change if they used the AS-MO tool. Figure S4: The third storyboard shown to farmers provides an
overview of how the scheduling tool works. It takes in sensed and historical weather information,
such as precipitation and solar irradiance, to calculate evapotranspiration. The tool also factors in key
farm details—including the crops that are grown on the field and the drip irrigation layout—that are
input by the farmer. With these inputs, the scheduling tool can make short term weather predictions
and can calculate the soil water balance to determine the optimal irrigation schedule from agronomy
and system energy management standpoints. This schedule can instruct farmers how to operate
their pump and manage the available power. Showing this storyboard gave farmers a sense of how
the tool worked could allow them to trust the automatic scheduling determination or say if a key
input was missing. Figure S5: The fourth storyboard provides a depiction of how farmers might
interact with the proposed AS-MO tool using SMS reminders. At the beginning of the day, the tool
tells the farmer their irrigation schedule. The farmer has the option to accept the schedule or make
modifications. Once the approved schedule starts, the tool sends an SMS to the farmer’s cell phone
with the first instruction (e.g., “Open Block 1. Reply ‘1" when done”). The farmer follows these
instructions, confirming when they have completed the task(s). After the appropriate amount of
irrigation time, another SMS is sent to the farmer, telling them the next direction (e.g., “Close Block 1.
Reply ‘1" when done. Open Blocks 2 & 3. Reply ‘23" when done”). This interaction cycle continues
throughout the day until the irrigation schedule is finished. Table S1: Roles and affiliations of the 19
market stakeholders interviewed in the initial portion of this study, as described in Section 4; Table S2:
Roles and affiliations of the 21 market stakeholders interviewed in the second portion of this study,
as described in Section 5.
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AS-MO  Automatic scheduling-manual operation

EA East Africa

FAO Food and Agriculture Organization
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HMI Human-machine interaction

LDW Lean design for developing world
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