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Executive Summary
SWAMP aimed at developing and testing IoT-based solutions to tackle water-related challenges in
agriculture. In particular, SWAMP was completed achieving its goals of improving precision irrigation
techniques and water management by monitoring weather forecast, crop and soil condition, adjusting the
irrigation according to water availability. The project focussed on four pilots: two in Europe and two in Brazil.
Those pilots were characterized by completely different conditions, in regards to climatic and environmental
contexts, crop and soil characteristics, agricultural and irrigation infrastructures, as well as irrigation practices
and cultivated crops. Such variability inevitably posed several challenges to the project (differences entail
multiple and different needs from one pilot to another that had to be tackled), however, it also represented
a strength of the project itself. In fact, the SWAMP’s working team succeeded in achieving the goals of the
project by developing a number of IoT-based services, entities and applications that support the irrigation
practice and management in all the pilots, and that are being able to deal with multiple and variable working
conditions. In particular, the SWAMP platform developed during the project enables the exploitation of
multiple sensors, tools and services that, although may be different from one pilot to another, can be used
together to create a coherent corpus of information thanks to which, it can enhance the irrigation practice.
The multitude of approaches and methodologies developed within the project are the results of pilot
peculiarities. Thus, the SWAMP platform appears to be a flexible tool that can deal with different
requirements and scopes.

The project faced a series of challenges, some technical, and some that would have been impossible to be
aware of beforehand.  It is evident that, among those, the sanitarian crisis due to COVID-19, and the related
limitations, have critically affected the project during its last year.  Nevertheless, we succeed in proving the
benefit of IoT solutions when applied to the agricultural context, ensuring better irrigation management, as
well as water and energy saving.

This document represents the final output of WP5 (Pilots), whose aims were to specify, design, instantiate,
execute, assess, evaluate and analyse the four pilots of the project. Specifically, this document follows D5.4
(Pilot requirement assessment and recommendation), which provided an assessment and evaluation
framework for the project performance, and D5.5 (Pilot infrastructure assessment and evaluation report,
M18), which provided an intermediate evaluation of the implementation status of the project. Following the
framework established in the two previous reports, this document affords a final evaluation of the SWAMP
impacts and performance against its initial objectives.

In the light of the relevance and sensitivity of this information, this deliverable is confidential.
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1. Introduction
 This deliverable focuses on the evaluation of project’s impact and provides a self-assessment of pilot
execution and results. The evaluation and self-assessments are based on plans reported in deliverable D5.4
that was created in the beginning of the project. Thus, those plans reflect expectations and objectives settled
on the basis of research team’s knowledge of the topic and pilots before the project start. As it may occur in
any research project, technical and environmental constrains encountered during the research activity may
affect the initial plan and enforce changes and the adoption of alternative solutions. This also happened in
SWAMP, as explained in D5.2 Final Pilot Execution report. As a consequence, the evaluation and assessment
plans have been adjusted to reflect those changes. However, for the sake of clarity and transparency, in this
document we have also kept the initial targets in order to show what was the attempt in the beginning.

The SWAMP project faced several challenges. Most of these risks were identified during the project planning
and execution. However, other unexpected events, such as the working and mobility restrictions consequent
to COVID-19, severely affected the project development and the pilot implementation. The characteristics
and development status of each pilot at the time of the imposed COVID-19 restrictions, combined with
logistics and requirements of the different Countries involved in the project resulted in disparate impacts on
each pilot. Those specific impacts of COVID-19 in each pilot are summarized in Table 1.

Table 1. COVID-19 impacts in each pilot site

Italian pilot The total lockdown, starting from March 2020, and the following
restrictions to people mobility, lasted until summer 2020, nearly totally
preventing the access to the Italian pilot. Only few and limited visits to the
pilot were possible at the beginning of the summer. This drastically
changed the development and testing initially planned for the last
irrigation season monitored by the project. The impossibility to access the
pilot impacted the development phases under several perspectives:

1. due to the impossibility to provide a continuous support to the
farmers who intended to apply the irrigation advices provided by
SWAMP,  it was not possible to carry out a real test of the solution
developed during the project for the estimation of water needs.
This situation entailed that it was not possible to fully overcome
farmers' hesitation towards the proposed irrigation strategy. Thus,
none of the farmers involved in the project followed SWAMP’s
suggestions during the last irrigation season.

2. Maintenance and replacement of some sensors previously
installed in the field and damaged by farming machineries were
delayed in time and finally executed during summer. The
installation of additional sensors (e.g., water flowmeters for the
precise monitoring of the irrigations) was first postponed and then
cancelled. This limited the monitoring activity of the last irrigation
season.

3. The impossibility to perform a real test of the optimal scheduling
and support the work of the gatekeeper (as initially planned; see
D3.3) prevented the recording of additional information and data
(e.g., record of gate operations in the district, precise irrigations
timing and duration, etc.), which are  required for a more precise
and accurate evaluation of optimal scheduling impact.
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Countermeasures and solutions put in place by the research team to
overcome such difficulties are described in the following and in Appendix
1 (Chapter 7.1).

Cartagena pilot The pilot season in Cartagena started in February 2020 and was supposed
to last until end of April 2020. The lockdown in Spain and travel restrictions
from Finland to abroad started early March preventing the technical
support during the last weeks of first crop and installations of data
collection and automated irrigation systems during the planned second
crop. The drone operations had to be cancelled due to the flight
restrictions imposed by flight authorities.

We were able to collect the soil moisture and weather data from the first
crop period. The second crop period data collection and planned precision
irrigation had to be cancelled as there was no access to the pilot site.

The automated irrigation system valve operation was tested in Finland
during summer 2020. Pump system test was cancelled as the pump was at
Cartagena.

We decided to implement impact evaluation based on simulation. The
simulations were implemented and executed during the remaining project
time as described in Appendix 2 (Chapter 7.2).

MATOPIBA pilot The restrictions to people mobility in Brazil started in March 2020 and
remains up to this document elaboration date, December 2020. The
technical support to the MATOPIBA pilot during this period was achieved
by hiring an in loco automation engineer and by the use of remote access
tools. This combined solution allowed to keep the LoRaWan infrastructure
and the soil probes data collection working. However, the installation of
the planned water and energy meters and the VRI Kit was postponed to
the project extension period approved in Brazil.

The pandemic time was an opportunity to the development of a new
version of the soil probe electronics based on the ESP32 ARM processor
that is ready to be used during the project extension period.

Guaspari pilot No technical support was provided for the Guaspari pilot from March to
June 2020. After that the pilot was cancelled by the earlier announced
farmer will, and the LoRaWAN infrastructure was completely removed
from the farm. There is no consistent data from Guaspari pilot in that
period.

In addition to COVID-19 impacts, other specific factors and challenges that occurred during the project are
described in the present report, together with the consequences, solutions and countermeasures
implemented to pursue the final pilots’ goals.

In Guaspari pilot, the farm has changed owners and the new owner decided to stop the pilot from May 2020
on. The LoRaWAN infrastructure was finally removed in June 2020. This report describes the results and
impacts achieved before closing.

Difficulties apart, the SWAMP’s research team has achieved significant results and has paved the road
towards the application of IoT-based tools for rational and efficient water use in agriculture. To prove and
sustain such achievements, the document structure reflects the aim of providing 1) a comprehensive
evaluation of the project from the initial perspective and 2) highlighting deviations, solutions and lessons
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learnt from the piloting of the cases studies. Although this report is structured and conceived as a stand-
alone document, in some circumstances, for the sake of brevity, it reports a synthetic self-assessment of the
achievements, sending to specific deliverables for all technical details.

The document is organized as follows:

- Chapter 2: it provides a self-assessment of the status of the pilot infrastructures, focussing in
particular on the final status of the SWAMP platform.

- Chapter 3: it analyses the impact of the project under different perspectives. The evaluation starts
from the initial assessment plan and add on additional/different impacts and evaluation strategies
defined during the project development.

- Chapter 4: it summarizes the achievements concerning the developed equipment, discussing the
technological performance indicators previously identified in D5.4.

- Chapter 5 and 6: they discuss and recap, respectively, the overall strengths and weaknesses emerged
during the project development, highlighting the potential, as well as limitations, of the SWAMP
project.  

- Appendixes: pilot specific, these documents provide all the details concerning the methodological
frameworks and tools developed and adopted in each pilot to obtain the final outcomes and bring to
KPIs estimation.
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2. Assessment of pilot infrastructures
Preliminary deployments of subsets of the SWAMP systems at the pilot sites were firstly evaluated at M18
(D5.5). PIs, EI and ARD were evaluated in relation to the progress of each pilot and in relation to its specific
characteristics and activity planning.

As stated in D5.4, the evaluation metrics previously evaluated at M18 (D5.5) are re-evaluated at this final
stage in order to provide a comprehensive and overarching evaluation of the pilot infrastructures
development. The focus in this section will be on the SWAMP platform, while assessment of pilot equipment
is summarised in the following sections. Details regarding data collection and storage layer components of
the platform (e.g., IoT services, virtual entities, etc.) are presented in D2.4 (Final Data Collection and Storage
Services).

Evaluation target Self-assessment of the status at the end of the project

The readiness of the SWAMP platform resources

Cloud Servers SWAMP cloud has been instantiated at UFABC. Virtual machine support
exists. Access for all partners exists for instantiation of pilot specific
SWAMP runtime systems. Also, partners have their own local
infrastructure for experimentation and tests.

Fog Nodes Fog computing infrastructures are deployed and used in the Brazilian
Pilots. In both cases, simple desktop computers play the role of a fog node.
MATOPIBA is based on a heavyweight fog, where communication and data
management components are deployed (ChirpStack LoRaWAN Server and
FIWARE Orion and related General Enablers) to allow local processing
capabilities, which is necessary due to the frequent disconnections from
the Internet. The fog nodes are installed in the farm office and use Wi-Fi as
local connectivity technology among mist (LoRa Gateway) and fog, as well
as existing Internet connections. The existence of fog nodes guarantees
that the entire solution - consisting of sensors, solar panels and gateways -
is permanently on the farm and transmits data constantly. In Guaspari, a
lightweight fog was initially deployed (using ChirpStack only) and since the
beginning of 2020 (before the pandemic) the fog infrastructure was
removed and the communications goes directly from the mist in the LoRa
Gateway in the field to the ChirpStack installed in the cloud. The Guaspari
pilot has been shut down based on a unilateral decision from the
management of the winery.

The distribution package
of SWAMP platform
software

The distribution package of SWAMP services and components is available
in the GitLab installation provided by RNP (git.rnp.br), as well as the
SWAMP information model. Both the code and the information model
have been continuously evolving and will evolve as far as there would be
SWAMP members using them. The code will be available as open source
after all deliverables are accepted.

The readiness of the SWAMP platform and its components
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IoT communication
system

The communication system is part of the IoT Platform that is a component
of the SWAMP Platform, reported by deliverable D1.4. IoT communication
technologies are ready and extensively tested since the beginning of the
project in all four pilots.

Context broker system The FIWARE Orion Context Broker is an integral part of the IoT component
of the SWAMP Platform. Since it is the heart of the IoT Platform, it has
been extensively tested and works well. The SEPA Broker is used in the
CBEC pilot in Italy and it has been proven to work well.

Time-series storage
system

Different time-series databases have been tested, such as InfluxDB and
CrateDB. Finally, the FIWARE Quantum Leap Generic Enabler has been
defined as the key software component for time series storage, based on
CrateDB, which has been extensively tested. In the third year, when the
time series of pilot data have been extensively used by the water need
estimation models, it became clear that FIWARE Quantum Leap is not a
scalable solution and a different implementation should be used. However,
at this point in the project, this finding becomes an important lesson
learned and thus a recommendation for future projects.

SEPA solution Collection and distribution of Linked Data are up and running since several
months. Collected data include soil moisture, irrigation requests, weather
forecasts and canal levels. The CRITERIA-1D crop-based water need
estimation model is fed with the collected weather forecasts, and its
output is stored back as Linked Data. Real-time and historical data can be
visualized online through the SEPA View interface. SEPA security and
access control list have been implemented and will be exploited by SEPA
based applications.

SEPA-FIWARE interface The interface has not been implemented for two main reasons: 1) the lack
of stable solutions to convert JSON-LD to RDF and the other way around;
2) the FIWARE Orion Context Broker used to implement the SWAMP
platform is based on the NGSI interface and not on the NGSI-LD interface.

Data models The SWAMP data (or information) model continuously evolved since it has
been initially specified in Deliverable D2.1. The efforts in developing Water
Need Estimation models based on pilot data revealed that data entities
needed to be improved in relation to what is available in the literature. We
associate this finding to the generation of new knowledge that the SWAMP
project is developing in the area of irrigation planning. We are using a mix
of existing physical models and novel data-driven models based on deep
learning techniques. An ontology available on SWAMP GitLab has also
been developed.

Weather forecast
interface

The Weather Forecast Interface is implemented and has been running for
some time obtaining weather forecast data from different online services,
such as AccuWeather, OpenWeather, ClimaTempo, and other services for
the four pilots. For the Italian pilot, the weather forecast data are also
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provided by ARPAE Emilia Romagna (the regional weather agency of the
Emilia Romagna Region) and data are embedded into the SWAMP
platform.

Soil-based water need
estimation

The soil-based Water Need Estimation model, described in deliverable
D3.1, is based on a combination of physical models for evapotranspiration
(FAO 56) and data-oriented machine learning models. During the third year
of the project, the final implementation of soil-based water need
estimation model has been integrated to the SWAMP Platform and now it
is fully functional.

Crop based water need
estimation

The model CRITERIA-1D, chosen for the SWAMP water-balance-based
approach, is already implemented in the platform. The boundary
conditions of the model (water table, soil and crop parameters) for the
three farms of the Italian pilot have been gathered and have been
configured into the model.

Irrigation planning Plans are being generated for the MATOPIBA pilot using the model
described in D3.2. The models for the other pilots are implemented but
not fully integrated into the platform. Plan feasibility is being evaluated.
Evaluation of plan optimality will require more data from pilots and more
testing. Nonetheless, improvements in the optimization model are
proceeding in parallel to the implementation.

Irrigation control The irrigation control software has been designed for Cartagena pilot;
unfortunately, its implementation and test in the pilot was prevented due
to COVID-19 restrictions.

In MATOPIBA, the challenge has been that the central-pivot provider was
not committed to the project and did not implement the variable-rate
irrigation. A possible solution would be to import a VRI Kit and rush up its
adaptation to obtain a single evaluation for the last project months.

In Guaspari, the irrigation control was fully automated, and it was planned
and implemented by Netafim, the irrigation system supplier. An initial
discussion with the company suggests that Netafim still does not have an
API for directly accessing the services and configuring the irrigation
schedule. In that case, the irrigation plan generated by SWAMP must be
configured manually to the Netafim control system, unless they manage to
release a cloud-based API in time.

Drone system The SWAMP Drone, with the needed payload for the task, as well as
mobile gateways and autonomous flight planner were implemented and
tested for the Cartagena pilot, but not on site, due to flight restrictions
imposed by COVID-19. The drone was controlled through the SWAMP
cloud.

Several autonomous missions were carried out on the three farms of the
Italian pilot. Acquisitions were made with the Red-Edge multispectral
camera. The flight experience allowed determining the optimal flight
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parameters (height, speed, time) to obtain the NDVI measurements with a
resolution of up to 5 centimetres. Moreover, the parameters to obtain 3D
images have been determined too.

Multispectral camera
data

In the Italian pilot we used the MicaSense RedEdge Multispectral Camera
for Precision Agriculture with the following specifications:

- 168 grams (with irradiance sensor)

- 8 cm/pixel and GSD at 400 ft.

- Built-in Wi-Fi, serial Ethernet, and PWM.

- Five narrow bands for custom algorithms.

- 12-bit sensors

- Open APIs for advanced integration.

The post-processing of Red-Edge data (image, location and drone attitude)
was performed with the Pix4d-Field commercial software, with which both
the NDVI (with a resolution of up to 5 centimetres) and the 3D
reconstruction of crops were obtained. A 3D-printed adapter was designed
to carry the camera on-board.

VTT implemented a prototype of NDVI camera that can send image data
directly from the drone to cloud for processing. The camera was tested,
and data was collected to the cloud, but actual pilot image analysis has not
been done as flying was not possible.

Management support
system

The SWAMP Management System was initially described in deliverable
D1.3 and was reviewed for Deliverable D1.4. The need for an IoT
Management Platform was a fundamental finding of the SWAMP project,
as during the deployment, test and operation of the SWAMP Platform in
the pilots, it was understood that an IoT end-to-end data flow requires a
management solution to facilitate and streamline the identification and
fixing of problems.

SWAMP applications

Farmer application A functional version of the App is implemented and working. It provides
monitoring capabilities (soil moisture, water needs, etc.), also allowing
visualizing, modifying and applying the irrigation plan generated by the
platform. The App also shows general farm information (fields,
management zones, etc.) in an aerial (map) view. Basic drone capabilities
are present as well: requesting Drone flights over fields and showing latest
flight path in the map. The App was demonstrated to pilot partners with
positive feedback on its interface and functionalities. Proper hand on
evaluation at pilot site is planned during the continuation phase by
Brazilian partners.

Gatekeeper application A functional version of the App is implemented and working. This is a
mobile application for Android to be used by gatekeepers to manage the
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irrigation requests.  The application allows to list the scheduled irrigations,
change the status of a request, provide feedback on the actuation on the
gates and show the water level sensors output  in real time. The
application is described in Deliverable D4.3.

Water distribution
application

This is a web application developed on top of the SEPA component of the
SWAMP platform. The application provides the real-time monitoring and
historical visualization of all the data collected (e.g., soil sensor, water level
sensors, water table sensors, pluviometers, weather data, weather
forecasts, CRITERIA outputs, irrigation requests). The application is
described in Deliverable D4.3.

3. Evaluation of expected impact

3.1. Evaluation according to initial plan
This section reports the final evaluation of SWAMP achievements as monitored at M36, the end of project.
The table summarizes data, indicators and statistics regarding the use of the IoT platform and the benefits
ensured by its application to support precise irrigation techniques.

The table follows the structure planned in D5.4 (M18) and contains all targets, PIs, KPIs, EI and initially plans
to evaluate the project impact. Changes and variations to initial plans occurred on some occasions due to
external circumstances, changes on project trajectories and targets, lack of required data or instruments, and
unforeseeable circumstances experienced during the project. Impacts on the evaluation plan are cited in the
table. Changes on the evaluation criteria are listed in section 3.2.

For the sake of brevity, the following table reports, for each target, the main findings, KPIs, etc. Additional
details regarding the procedure, assumptions made, and validity of the evaluation phase are reported in
appendixes dedicated to each specific pilot. Readers are also directed to D5.4 for details regarding the
evaluation criteria.

Evaluation of
expected impact at
M36

Evaluation

Reduce water
consumption

The water saving is evaluated from the viewpoints of different stakeholders:
farmer (water used in the field by farmers) and water manager (water
produced and managed).

Farmer:

Comparison of amount of water used, or suggested for irrigation for a given
crop, adopting the SWAMP’s solution or following the traditional approach.
The evaluation is made adopting different approaches in relation to pilot
specificity, implementation status and test performed at the end of the
project.

KPI: amount of water saved using SWAMP system.

Italian pilot:
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Due to COVID-19 restrictions (see Table 1), the quantification of the water
saving that the farmers could have in case they follow the SWAMP irrigation
advices was made by comparing the water need suggested by the model
CRITERIA and the water volume used by the farmers. Specifically, the
average annual water saving, considering the short period of the two
irrigation seasons (2019 and 2020), is on average equal to 80% for the pear
orchard. In both vineyards (1 and 2), during 2020 irrigation season the
farmers adopted a traditional approach irrigating the vineyards from 3 to 6
times, while CRITERIA did not suggest any irrigations (that is a 100% of water
saving in case of following SWAMP approach). In 2019 CRITERIA confirmed
the farmer irrigation practice in vineyard 1, while an opposite situation was
observed in vineyard 2, where the farmer did not irrigate, while the model
suggested irrigating once. Further explanations are reported in the Appendix
1 (Chapter 7.1).

Cartagena pilot:

In Cartagena pilot the irrigation water saving is achieved by controlling the
root zone soil water content (i.e., soil moisture) within optimal range more
accurately. This can be achieved by controlling the irrigation water amount
per irrigation, so that used water remains in root zone, and irrigation time,
so that soil at root zone is let to dry close to wilting point before irrigation.

Irrigation is constrained by characteristics of the irrigation system and
possible needs to share the irrigation resource with other management
zones. The first affects minimum water amounts, and the second available
irrigation times.

The available water saving potential was analysed using the simulation
described in Appendix 2 (Chapter 7.2). The estimated water saving potential
varied from 18-38% depending on the amount of initial water needed for
preparation of the field. Typical saving of 25% was possible with acceptable
root zone soil moistures throughout the growing period.

MATOPIBA pilot:

In MATOPIBA pilot water consumption is planned to be reduced by means of
variable rate irrigation. During the regular project time there was no
opportunity to compare conventional and VRI irrigation. This activity is
planned for the project extension time up to April 2021 by the Brazilian
institutions.

Guaspari pilot:

The pilot was finished upon request from the farm owner before any
possibility to evaluate the impact of SWAMP on water consumption. It was
not the main issue for the Guaspari pilot.

Water manager

Italian pilot:

Efficiency of the water allocation system is expressed as the ratio between
the overall water volume distributed to the field (i.e., pumped by the
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farmers for the irrigation) and the volume allocated to the district by CBEC
during the irrigation season. Real efficiency is compared with the one
obtained supposing to drive the digital twin of the irrigation district
following the distribution scheduling retrieved from the SWAMP platform.

Referring to a reference period of the last irrigation season (see Appendix 1,
Chapter 7.1) the ratio of distributed and allocated volume as recorded from
CBEC was around 39%. The same ratio goes up to 57% adopting the
optimized scheduling for the same period. This enables a water saving of
nearly 31% of the overall volume allocated to the district during the
reference period. Deviations from original evaluation plan are discussed in
Section 3.2, while methodological details are in Appendix 1.

Reduce energy
consumption in the
irrigation process

The evaluation is carried out considering farmer and water manager
perspective. The evaluation is performed in terms of total amount of energy
(e.g., KWh) needed for water withdrawing, pumping, etc., in relation to pilot
specificity and stakeholder functions.

KPI: energy saving in irrigation using SWAMP system.

Farmer:

Italian pilot:

The energy consumption for pumping the irrigation water is directly related
to the amount of water used during the season. Consequently, the reduction
of energy consumption is proportional to the water saving that farmers
would have had if they would have followed the irrigation advice provided
by CRITERIA (see performances previously reported for the KPI "reduce
water consumption”). Its quantitative estimation eventually depends also on
irrigation method and system adopted at each farm.

Cartagena pilot:

Power consumption is directly related to the time needed for pumping the
water to the field. The power consumption of additional devices can be
ignored. As water consumption is expected to be 18-38% less, the power
saving would be at the same level.

MATOPIBA pilot:

In MATOPIBA pilot energy consumption is also planned to be reduced by
means of variable rate irrigation. During the regular project time there was
no opportunity to compare conventional and VRI irrigation. This activity is
planned for the project extension time up to April 2021 by the Brazilian
institutions.

Guaspari pilot:

The pilot was finished upon request from the farm owner before any
possibility to evaluate the impact of SWAMP on energy consumption. This
was also not the main issue for the Guaspari pilot.

Water manager
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Italian pilot:

Energy consumption reduction at the district level is evaluated as a function
of the reduction of the water volume distributed within the district (see
"reduce water consumption”). Energy saving is estimated based on the
energy cost of the hydraulic infrastructures (e.g., pumping stations) adopted
by CBEC. Referring to the irrigation period adopted as reference (see
Appendix 1), the reduction of the overall volume allocated to the district
results in an energy saving that can be assumed around 31% of the energy
(KWh) currently used. In particular, considering the overall 2020 irrigation
season and assuming the same saving, the energy reduction for the district
of interest  is estimated in 31000 KWh, with a cost saving of nearly 10000 €.
See Chapter 7.1 (Appendix 1) for additional details.

Verify the impacts of
irrigation strategy in
crop quality and
harvested quantity.

Evaluation of crop quality and harvest for a given crop (ton/ha for a given
crop) in case of adopting, or not, the SWAMP platform.

KPIs: crop quality, harvested yield.

Italian pilot:

Difficulties already mentioned prevented a real evaluation of such KPI.
However, CRITERIA suggest irrigating when the soil moisture is below a
prescribed threshold to avoid stress for the plant. This means that plants
reach at most tolerable water-stress conditions, therefore it is reasonable
not to expect any reductions in terms of quality and quantity of crop yield.

Cartagena pilot:

Circumstances prevented to make the planned comparison. The simulations
were made using the weather data from the growing period of Feb. 1st to
Feb. 28th, 2020. The soil moisture of different root zone levels was compared
to actually measured root zone soil moistures in order to understand the
quality of simulated irrigations. The simulations showed that soil moisture
values of real growing period can be achieved in most simulated cases.
Therefore, we can safely assume that precision irrigation at least does not
reduce the crop yield or quality.  Whether it could improve the yield or
quality cannot be said without actual farming experiments.

MATOPIBA pilot:

In MATOPIBA pilot, harvested quantity is planned to be kept the same or
increased by means of variable rate irrigation. During the regular project
time there was no opportunity to compare conventional and VRI irrigation.
This activity is planned for the project extension time up to April 2021 by the
Brazilian institutions.

Guaspari pilot:

The pilot was finished upon request from the farm owner before any
possibility to evaluate the impact of SWAMP on crop quality, even despite
this was the main issue for the Guaspari pilot.
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Reduce costs of
irrigation

The cost of irrigation is mainly a sum of energy, labour, and maintenance
costs. Energy consumption depends directly from the amount of water
pumped to the field, but its cost depends on the price of energy at given
moment as energy price varies depending on the production-consumption
situation. For example, the electricity is typically cheaper at the night.
Labour costs relate to number of persons needed for the execution of
irrigation. Irrigation system maintenance is most difficult to estimate as it
depends on the faults and wearing of the system.

Cartagena pilot:

It is impossible to estimate cost issues with current data of this pilot. The
irrigation plans used in the simulations increased the irrigation times from 4
to values between 7 and 29 depending on the minimum time between
irrigations parameter and defined range of root zone water content
variation. In principle, the irrigation system could be made fully automatic
and thus reducing the work costs. Secondly, even to most frequent irrigation
schedule considered, saved water and energy costs. Installation and use of
precision irrigation system takes more effort and requires trained personnel.
If the system itself were made autonomous, it would require higher quality
of traditional irrigation system components as well.

Italian, MATOPIBA and Guaspari pilots:

Not planned for Italian, MATOPIBA and Guaspari pilots.

Irrigation and water distribution impacts

Estimation of the
impact of the system
when integrated in
the preliminary
release of the
SWAMP framework.

Benefits are expressed in terms of higher flexibility on the management of
the water distribution system, human activities reductions, etc. (ARD).

Italian pilot:

Benefits of the optimization of the irrigation scheduling has been evaluated
referring to a digital twin of the irrigation district based on a hydraulic model
(see Section 3.2 and Appendix 1).

ARD and KPIs:

efficiency of the water allocation: improved efficiency and flexibility of the
irrigation network due to automatic gate regulating the discharge at the
district entrance. Water level meters dislocated along the channels enable
higher degree of knowledge of the network condition, increasing security
and management efficiency*.

water losses due to infiltration: the implementation of the optimization
module for the irrigation scheduling provides a contraction of the overall
water volume infiltrated through the hydraulic network. In case of optimal
scheduling, the water infiltration counts for 20-25% of the overall volume
input to the district. Although these infiltration rates are not significantly
different from current performances (see KPI below), the reduction of the
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overall volume used for the district ensures an overall reduction of the
infiltrated volume. See Appendix 1 for more details.

delay on water allocation: although a detailed quantification of the benefits
achieved by the optimization module is not possible**, all farmers requests
were satisfied by the application of the optimization module. The reduction
of the delay with which water is allocated to the farmers since the day of
their requests is part of the optimization function (see D3.3). This provides
reasonable confidence on the value of the provided irrigation scheduling.

 * This evaluation, difficult to be performed in a quantitative manner, was
supposed to be carried out referring to feedbacks of users and stakeholders
that tested the SWAMP infrastructures and web apps.

** accurate evaluation is prevented by operation simplifications adopted by
gatekeepers, who always attribute the irrigation occurrence at a given time
of the day (typically 7 a.m.), independently of the real irrigation time (see
Section 3 and Appendix 1).

Cartagena, MATOPIBA and Guaspari:

Not foreseen for Cartagena, MATOPIBA and Guaspari pilots.

Increased knowledge
of the current
irrigation practices.

The installation of sensors and other technological instruments enables the
acquisition of a greater knowledge about the traditional irrigation activities.
The impact of increased awareness was done by consulting the data and
interviewing farmers and other stakeholders (e.g., gatekeepers).

Italian pilot:

Increased knowledge (ARD) regarding the amount of water usage,
manpower required, etc:

- flow meters installed at the target farms to measure the water
withdrawn for irrigation: the use of flow meters as IoT sensor has
been widely tested in the lab enabling the integration of such
instruments to the platform. Tests carried out proved the
acquisition of the data regarding the flowing discharge. However,
the installation of water meters and related infrastructures in the
field in time for the last irrigation season (summer 2020), was
prevented by the lockdown.

- automatic gate installed at the entrance of the irrigation district
enabled the monitoring of discharge in time during the overall
project. Data acquired significantly improves the overall knowledge
of the water flowing into the district (ARD).

- water level within the irrigation channels: 11 sensors have been
installed and enabled a continuous monitoring of the water level
within the district (ARD). Data are available on the SWAMP platform
(see D2.4) and are suitable for a better estimation of water
infiltration, flowing discharge and hydraulic network monitoring (see
also Appendix 1).
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Cartagena pilot:

Understanding how irrigation affects to water distribution in the field and
inside the soil is breakthrough in understanding how crops should irrigated.
This knowledge allows farmers to control the root zone characteristics more
accurately and to optimise the water usage.

MATOPIBA and Guaspari pilots:

Increased knowledge of irrigation infrastructure and equipment, and their
contrasts with the degree of automation.

Measurements of
human efforts.

It considers human involvements in activities related to the irrigation and
agricultural practices (e.g., manual irrigation, spreading of agrochemicals,
early or late harvest) as well as for the management of the water
distribution network (e.g., number of field operations on sluice, gates, etc.,
to ensure water availability). KPI, EI: improved and easier interaction
between the gatekeeper and farmers for the planning and management of
the irrigation phases; n° of operations on hydraulic structures.

Italian Pilot:

Human effort was supposed to be evaluated in terms of gatekeeper efforts
during the irrigation season (number of field operations on sluice and gates
dislocated in the district). The evaluation was planned to be carried out by
comparing the number of real operations performed in the pilot by the
gatekeeper and those required by applying the SWAMP platform. However,
the impossibility of recording such activities in the last irrigation season and
the limitation and inconsistency on data recorded by WDM prevented a
more accurate evaluation (see Section 3.2 for specific details).

Nonetheless, the project can list the following positive impacts:

- automatic discharge regulation of the main gate thanks to the
installation of the automatic gate. Gate opening, water fluxes and
levels are visible through the platform. The availability of such
information and control capacity is expected to reduce  the work of
the gatekeeper. Perhaps, there is no need to manually operate at
the district entrance.

- water level sensors: gatekeeper can monitor filling and spilling
conditions of the network remotely. Ideally, no need to field survey
for monitoring purposes.

- platform and farmer apps have the potential to improve and
simplify farmers and gatekeeper interactions.

Cartagena pilot:

Automated irrigation system was not used at the pilot field and we could
not measure the needed KPIs.

MATOPIBA pilot:
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The current irrigation system is manually operated and happens mostly at
night-time periods. Labour efforts and costs in case of automation will be
significantly reduced.

Guaspari pilot:

There is already an automated system for irrigation planning and execution.
Human efforts are effectively reduced by automated collection of data for
irrigation plan refinements.

Water losses due to
infiltration for the
water distribution
network

Water losses due to infiltration is expressed as m3 of water infiltrated during
the irrigation operations. This amount is estimated by monitoring the water
level in time along main channels by means of water level meters installed in
the district.

ARD: details on hydrological balance of the irrigation network.

KPI: water infiltration

Italian pilot:

By reproducing the irrigation phases and canal usage during the reference
period by means of the digital twin and level meters, we were able to
acquire a greater consciousness on infiltration along the hydraulic
infrastructures. In particular, infiltration can be reasonably estimated as 30%
of the inlet volume (measured by the automatic gate), with uncertainty on
such estimate (10%) due to the assumption on the adopted estimation
criteria.  See Appendix 1 for methodological details.

3.2. Additions and changes to evaluation plan

3.2.1. Italian pilot
Additions and changes to the initial implementation and evaluation plans are due to a series of critical
circumstances and difficulties especially experienced in the last phases of the projects. Apart for few
development delays and technical problems related to sensor reliability and data collection, relevant
obstacles to fully achieve the planned objectives were due to the COVID-19 and related restrictions.
Nevertheless, the research team have carried out all possible measures and put in place the required effort
to reach the target of evaluating the potential impact of SWAMP’s solutions on the Italian pilot. Hereafter,
we summarize main deviations from original plans, their impact and the solutions adopted for the final
evaluation.

Regarding the water need estimation aspect, a complete evaluation of the impact of the SWAMP strategy in
terms of the KPI initially proposed was not completely feasible, given the encountered problems. However,
alternative strategies have been gradually adopted, involving also farmers in the discussion of the results,
and showing them the potential benefits in case they decide to follow SWAMP advices.

 The difficulties encountered during the project led to few deviations from the initial plans, which can be
summarized as follows:

- Some delays on drone setting, as well as the adverse weather conditions encountered in the field
(clouds or wind) did not allow an amount of flights with the drone equipped with the multispectral
camera large enough to evaluate  the LAI curve from the NDVI measures along the overall growing
phase of the crop. In fact, the NDVI maps showed a saturation of the index, probably due to the fact
that the measurements were carried out in the advanced growth phase of the plants, i.e., when the
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LAI curve was at the second stage of linear growth or ripeness stage. However, crop parameters have
been improved in the model, to bring it back to the real field conditions, by modifying the LAI max
and min values obtained from the measurements performed with the ceptometer.

- The farmers, even if enthusiastic about the SWAMP project, were unable to follow the irrigation
advices provided by CRITERIA. Consequently, the water saving was estimated by comparing the
amount of mm of irrigation suggested by the model with those actually applied by farmers
throughout the irrigation season. Moreover, to represent the real conditions of the field, namely to
reproduce the soil moisture trend following the irrigations performed by the farmers,  and to
demonstrate the model potential in reproducing the soil water conditions, two different  but  parallel
configurations  were implemented on  the  platform. The first, CRITERIA ON mode, which shows the
irrigation recommendations of the model, with respect to the water balance; the second, CRITERIA
OFF mode, which shows the real context, i.e., it reproduces the trend of the soil water content
according to the actual irrigation done by the farmer. More details about these deviations can be
found in the Appendix 1.

Concerning the water distribution aspect, a full evaluation of the impact of the optimal scheduling framework
in terms of sustainability, efficiency and flexibility of the overall irrigation system (e.g., efforts of the
gatekeeper, improvement on farmers and gatekeeper interactions thanks to the use of the App) was not
possible. Nevertheless, water distribution managers and gatekeeper were involved in the implementation
and discussion of the findings provided by digital tests, showing positive expectations from a real application
of the tools developed.

A further deviation from the original evaluation plan of the water distribution module was due to the lack of
information gathered from the water distribution manager (WDM) and gatekeeper concerning the irrigations
performed during the last season (summer 2020). On many occasions, data were missing or misleading.
Hereafter the most relevant inconsistencies and problems:

- Limited and simplified data on irrigations performed in the field: to simplify the administrative
procedure, the gatekeeper attributes all the irrigation performed, or planned, during a given day to
the same time (generally at 7 a.m.). No sub-daily information on the irrigation scheduling is available.
The lack of data prevented us from being able to evaluate the difference in terms of time of water
delivery to the farmers (i.e., the quantitative estimation of the KPI referring to the potential
contraction of the delay with which water is allocated to farmers was not possible).

- Gatekeeper does not take notes of operations carried out on the hydraulic gates. This information is
key to evaluate the reduction of the manpower (the reduction of gatekeeper operation was specified
as one of the possible impact indicator) potentially ensured by the implementation of the scheduling
optimization. Unfortunately, it was not possible to retrace some specific information due to the
annulment of the trial test. Although a numerical evaluation of such KPI (reduction of gatekeeper
operations) was not possible, a positive impact is expected from  the optimal scheduling, from  the
data provided by the overall set of sensors and by the automatic gate provided by SWAMP.
Advantages can be listed in terms of automatic regulation of the main gate of the district (located at
the network entrance) and availability of water level meters to remotely monitor the filling
conditions of the canals. In addition, the reduction of gatekeeper operation is one of the objectives
considered in the mathematical formulation of the optimization process (see D3.3), which ensures
the contraction of human effort.

- Irrigation data inconsistencies: in some cases, irrigation data recorded by WDM are not realistic.
Examples are irrigation lasting for many hours, up to 60-70 hours. This is due to simplification on data
collection in cases of water requests associated to drip irrigation system. That is, the WDM considers
a unique, long lasting, irrigation for the farmer instead of a series of sequential daily irrigations. In
other occasions, the date of the irrigation requests recorded within the WDM’s system are after the
ones of the real irrigations. This happens in case of direct interaction among gatekeeper and farmers,
who agree on affording specific needs acting on the canals in real-time (so that the irrigation request
is filed after the irrigation happened).
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To overtake most of the mentioned limitations, detailed information was supposed to be collected during
the trial test. Unfortunately, this did not happen due to the COVID-19 restrictions.

Referring to the original performance assessment plan conceived on D3.3 (see section “6 – Performance
Assessment Plan”), we were supposed to replicate by means of a digital twin (i.e., hydraulic model) the real
operations performed during a reference period of the last irrigation season, in order to assess the
performance of the network under past real conditions. This was intended to estimate all hydraulic variables
that cannot be measured in the field (e.g., water losses due to infiltrations) or that were not collected during
the irrigation season (e.g., overall water volume versus the time within the canals, etc.). However,
considering the missing and misleading information (see above comments), this reconstruction was not
possible.

In order to go beyond such limitations and to enable the performance assessment of the pilot, the variables,
that were supposed to be estimated and calculated with the digital twin, were estimated by referring to real
measures gathered from the field. In particular, series of water level measurements gathered from the
sensors dislocated across the irrigation district were used to reconstruct the filling and spilling of the canals,
and thus the estimation of the water infiltration. The investigation has been carried out referring to a given
reference period for which data were collected from the SWAMP platform. See Appendix 1 for details.

3.2.2. Cartagena pilot
Cartagena pilot faced several problems during almost all farming cycles. The reliability problems of soil
probes, changes needed because of communication issues, denial of drone flights, various weather-related
issues, and delays in SWAMP platform and application development created a lot of pressure to have
successful final farming period in the spring 2020. Then we had COVID-19 and lockdown.

As it became impossible to evaluate the planned impacts using real data from farm, we decided to focus on
how to demonstrate the value of our work in Cartagena. We decided to implement a simulation for analysing
what kind of impacts to water consumption we could have using precision irrigation approach envisioned in
the SWAMP in Cartagena.

The simulation follows the main principles of both SWAMP soil moisture-based approach and CRITERIA-1D.
They both try to estimate vertical soil water flows across soil layers using the model of the soil, the status of
the crop (root size, plat size, leaf area index), and evapotranspiration calculated from weather data. We had
to develop our own model because SWAMP soil-based approach and CRITERIA 1-D were not applicable.
SWAMP soil model is embedded into neural network and it is created using machine learning. We did not
have enough data for the model training. CRITERIA 1-D is based on physical characteristics of the soil that
used together with two-year weather data for calibration of equations that calculate eventually the water
movements and irrigation needs. That data was not available for Cartagena and CRITERIA 1-D is meant for
different types of crops.

The simulation principle and its details are presented in Appendix 2 (Chapter 7.1).

The simulation focuses on studying the potential of precision irrigation in Cartagena. It does not include the
irrigation planning and irrigation optimisation features of SWAMP platform, as we did not have time and
resources to integrate it into it. Therefore, it also ignores the limitations of irrigation system that could play
significant role in real use.

The soil model was created based on soil moisture measurements in Cartagena. The weather data was
collected in Cartagena pilot in February-March 2020 during the actual farming period that was used as a
reference. Crop growth was modelled based on typical baby-leaf spinach growth.

In the simulation, irrigation events can be given manually, or using parameters for irrigation trigger, i.e.  soil
moisture, minimum time between irrigation events, target amount of irrigation, and amount of initial
irrigation before the seeding and growing season. The feasibility of irrigation was verified by monitoring the
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simulated root zone soil moisture. We calculated the average, minimum and maximum soil moistures at the
root zone. The irrigation was considered feasible if the values were between wilting point and field capacity.

We created 50+ different irrigation scenarios. We simulated the real irrigation done by Intercrop and
compared our results to it. It became very clear that understanding of the water distribution inside the soil
improves farmer capability to decide when and how to irrigate and it has a big impact to overall water
consumption. In our simulation, the water saving between 18-38% was achieved. The simulation accuracy
was compared to measured soil moistures. Details of simulations and accuracy are in Appendix 2.

3.2.3. Brazilian pilots
The COVID-19 pandemic prevented researchers from visiting pilots in the last year of the SWAMP project,
which represented a serious obstacle for the achievement of the expected results from the farmer point of
view. Also, other setbacks negatively affected both Brazilian pilots. For example, at the beginning of 2020 the
Guaspari Winery went under a major business transformation and as a result it announced its intention to
leave the SWAMP project from May 2020 on. With the pandemic, their plans were delayed, and the SWAMP
equipment was allowed to stay longer in the farm. However, since we do not have access to it anymore, no
reliable data has been generated in the last months.  As for MATOPIBA, it continues as a SWAMP pilot.
However, this pilot was affected by the sudden turn in the business of the Fockink company, the centre pivot
irrigation system vendor, in the beginning of 2019, where they decided to not partner with Embrapa and
SWAMP anymore. As a result, the Variable Rate Irrigation (VRI) system was not built and thus not installed in
the centre pivot located in the MATOPIBA farm. Also, the 100 sensor probes have also not been built by
Fockink, as initially expected. Therefore, even though the SWAMP Platform can generate an irrigation
prescription map considering a variety of different irrigation zones where water spray must be made at
different rates, as of October 2020 we could not test it in the pilot setting.

However, we have some good news that compensate the setbacks. The first good news is that the Brazilian
side of the SWAMP project will be extended up to April 2021, a time period considered adequate for
obtaining new results. As a matter of fact, another VRI system is been procured right now by Embrapa and is
expected to be installed in MATOPIBA in the beginning of 2021 so that there will be time to test it
appropriately.  Also, Embrapa finished a public bid to build the 100 sensor probes and the winner was Fockink,
again on board of SWAMP. Therefore, we expect to conduct a large-scale measurement and analysis of the
soil properties (moisture and temperature) in the beginning of 2021 and to test the VRI irrigation system.

The second good news is that we finished the development of a first end-to-end implementation of the
SWAMP Platform using the soil-based Water Need Estimation approach, which understands the complexity
of the MATOPIBA multi management and irrigation zone environment. Here, we understand end-to-end as
the sensor to App direction, i.e., from the farm data collection system to the Farmer App. This
implementation is reported in Deliverable D1.4 (Final SWAMP Platform) and has been already demonstrated
for the SWAMP Partners. It is comprised of different software components running as microservices and
generates the irrigation prescription map in the end, as expected. Currently, we are waiting for the precise
specifications of the VRI system to be installed, so that we can interface with it.

The third good news is that we are developing a crop simulator aimed at replacing the farm and simulating
the growing of crops and the soil moisture characteristics over time. The simulator is based on PCSE (The
Python Crop Simulation Environment - pcse.readthedocs.io) and, in addition to providing input data for the
SWAMP Platform, it uses the irrigation prescription map as a feedback information for updating the soil
moisture parameters at every irrigation cycle (days or hours). The preliminary version of the simulator
already works together with the SWAMP Platform and is expected to be fully functional by April 2021. The
SWAMP Crop Simulator is described in Appendix 7.3.

Finally, the fourth good news is that we are developing an irrigation system simulator for showing the
prescribed irrigation being applied in a parcel irrigated by a centre pivot in MATOPIBA. The simulator uses
JavaScript technology (Angular and Node.js) and the p5.js (p5js.org) a client-side library for creating
interactive visualizations. Using both crop and irrigation simulators, we aim at being able to demonstrate and
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evaluate the internal working of the SWAMP Platform, independently of a real farm. The SWAMP Irrigation
Simulator is also described in Appendix 7.3.

4. Evaluation of SWAMP technological achievements
The following table reports the technological performance indicators identified at M18 (D5.4) to understand
how the SWAMP achievements cover the needs of the domain, and what are the limitations of technology
in these applications at the end of the project.

SWAMP technological performance indicators from initial plan

New types of Virtual
Entities

SWAMP Deliverable D2.1 (Communication and Storage Substrate) and
D2.7 (Virtual Entity Extensions for Smart Water Management) defined an
initial set of entities for the SWAMP information model, the latter by
defining abstract entities and the former by transforming them into the
JSON NGSI standard. Altogether, 28 entities have been defined in this first
round of modelling, trying to explore the data and its relationships in this
new world of IoT-based smart irrigation, comprised entities to represent
crop, soil, weather, and equipment.

As the development of the SWAMP Platform progressed, new entities have
been created and now there are about 50 entities defined in the SWAMP
Gitlab repository provided by RNP (git.rnp.br/swamp-essentials/swamp-
information-model/swamp-entities). When instantiated for a SWAMP
pilot, e.g., MATOPIBA, the number of real entities can be as large as 150,
which may be observed by visiting the SWAMP IoT Entity Editor
(iotee.swamp-project.org/entities).

New smart water
management services

The particular services involved in a real deployment of the SWAMP
Platform involve the three constituent sub-platforms, namely, IoT
Platform, Management Platform, and Application Platform (Deliverable
D1.4). Each platform uses different services taken from existing platforms
or exclusively developed for SWAMP. These services have been used in the
SWAMP pilots.

The SWAMP IoT Platform uses both FIWARE and SEPA as the main IoT
providing platforms, each one using a variety of services. Both platforms
use the ChirpStack LoRaWAN server, composed of various services, such as
MQTT Broker, Redis and PostgreSQL databases, as well as specific
LoRaWAN services (network and application). FIWARE uses the IoT Agent,
Orion and Quantum Leap GEs, as well as MongoDB and CrateDB
databases. SEPA uses the SEPA broker, as well as SEPA IoT Agent.

The SWAMP Application Platform also has two variations, namely, the Soil-
based and the Water-balance Water Need Estimation Approaches. The
Soil-based approach uses different services, specially developed for
SWAMP. SWAMP Data Fusion for aggregating data into multiple intervals
(day, hour). SWAMP Root Size Estimation, for estimating the depth of the
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root so that amount of water to be sprayed into the soil only needs to
consider the depth where the root system is. SWAMP Soil Moisture
Forecast uses the LSTM deep learning technique for forecasting the future
soil moisture in different management zones. SWAMP Water Need
Calculation that transforms soil moisture forecasts into amount of water.
SWAMP Irrigation Optimization that considers the water needs and
generates the irrigation prescription maps considering different
constraints. The SWAMP Water Balance approach and irrigation suggestion
provided by CRITERIA-1D has been integrated within the platform. The
configuration of CRITERIA-1D for what concerns the soil and crop models is
done by acting on the CRITERIA-1D DB through a SQL interface. The
innovation introduced by SWAMP consisted in fuelling the model with
daily weather forecast and water table measurement and exposing the
CRITERIA-1D outputs as interoperable Linked Data.

The SWAMP Management Platform was especially developed for the
needs of SWAMP, since no other IoT management platform has been
found. It is composed of IoT (Management) Agents for monitoring
infrastructure and applications, an IoT Manager that provides
management functions for the four layers of the IoT Management
Architecture (developed for SWAMP), an Entity Observer, composed of
Entity Visualizer (dashboard) and Entity Editor, and an IoT Sensor Setup for
offline sensor configuration.

Number of end-user
applications

The project developed three mobile applications. In addition, several web
interface-based visualisations of system data were developed and used.
Deliverable D4.2 describes the Farmer Application, while the Water
Distribution application is described in Deliverable D4.3.

Reliability of pilot
deployments

Cartagena pilot implemented soil probes, data collection system,
configured the SWAMP cloud instance for the pilot, the precision irrigation
system extensions for sprinkler system used in the pilot, and solar power
system for field devices. The SWAMP cloud operated rather reliably, but
100% uptime was not achieved. With other devices, we had several
reliability problems especially in earlier growing seasons. The root causes
of failures varied from design flaws to extreme weather conditions.  The
overall assessment was that such pilot should have been done with well-
tested and mature systems. Such devices were unfortunately not available
at the start of the project.

Italian pilot implemented soil probes (including LoraWan soil probes),
water level sensors, interface with the CBEC database to collect irrigation
requests and other sensor data, integration of the CRITERIA-1D model,
compatibility with the optimal scheduling module. Data collection started
on 06/06/2019 with the EMBRAPA soil probe and continued all along the
entire duration of the project. One multi sensor probe was physically
damaged in 2020 by farming machineries. From the software point of
view, SEPA has been proven to be quite reliable. The service has been
stopped for maintenance few times. At the time of writing, SEPA is up and
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running since 20/07/2020. Since that date the following requests have
been processed: Updates 3.838.474, Queries 192.642, Subscribes 6.268. All
the data (and many others) can be retrieved through the JMX interface
offered by SEPA.

The Guaspari and MATOPIBA pilots were implemented with soil probes,
weather station, solar power system for field devices and LoRaWAN based
data collection systems. Both pilots were configured in the SWAMP cloud
instance for the pilots. Data collection started at Guaspari pilot with
Arduino version probes in October 2018 and those probes were replaced
by the UGA-Embrapa multi-depth version in March 2019. MATOPIBA pilot
data collection started in October 2019 straight with the UGA-Embrapa
multi-depth probes. The Guaspari pilot was continuously functional up to
June 2020. The MATOPIBA pilot operated on three crop cycles as the
probes being installed in the beginning and removed at the end of each
cycle. In both pilots the probes were damaged by machinery operations
despite signalling flags were placed above the crop canopy to be seen by
workers. Besides those eventual physical damages, most reliability
problems occurred due to the probe electronics malfunctions and
connectivity failures. The overall assessment was that the pilots could have
been installed with well-tested and mature systems as suggested for
Cartagena as well. However, the development of cost-effective soil probes
was considered particularly important as part of an IoT based irrigation
solution for the Brazilian market. One of these sensors was installed on the
Italian pilot in mid 2019, and it transmits its data every hour since then (no battery
changes, no failures so far).

Generic applicability of
these architectures,
platforms and
standards, identifying
missing standards or
needs of evolvement.

IoT and FIWARE based SWAMP platform is applicable to the given task.
The precision irrigation services are mostly based on FAO
recommendations that are state-of-the-art in agriculture. However, they
do not exploit the monitoring potential of the IoT or the capability for
complex decision making of AI.

The FIWARE is developing towards Linked Data and semantic data models.
The SEPA extensions already use semantic data capabilities with data
interoperability and flexibility. We see this as the right development, but
the result has to preserve the needs for system maintenance.

Monitoring of sensor
functionality.
Achievement of
expected performances
in terms of sensor
communication.

The project did not develop new communication solutions. We used
mainly LoRaWAN that turned out to be reliable, but sensitive to line-of-
sight. In the case of farming, this is a serious issue as sensors are placed on
the ground, and antennas are typically covered by plants. All pilots
suffered from communication problems.

In Italy SWAMP contributed to push the development of a regional
LoraWAn network  (Public Admin IoT) which  is currently increasing its
coverage in the pilot area, up to the point that the plan is now to remove
the Lora Gateways installed by the partners in the pilot farms.
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Economic sustainability
of the platform.

General economic sustainability is impossible to evaluate as farms are
different. When precision irrigation and water saving is needed, it cannot
be done without sensors and automated monitoring solutions. The cost of
storing and analysing the data in the cloud should be relatively small per
farm as the solutions are very scalable. In case of irrigation systems, there
are more variability. In fixed systems, such as central-pivot system,
additional effort is needed in creating the interfaces to the platform.
Compared to the total cost of such a system, the expected cost is
negligible. In systems like that in Cartagena, the actuators must be IoT
compatible. With the current cost of electronics, this should not be the
main factor. The main issue is the reliability of the irrigation system, as
results will be not be reached unless it can be used without human
supervision.

The complexity of the hydraulic network and the variability of irrigation
practices in cases similar to the Italian pilot make difficult to draw a
general conclusion on the economic sustainability of the platform.
Whereas costs related to sensor installation and data collection appear
sustainable, the management of the water distribution network represents
a critical aspect. The high costs of an automatic gate, combined with the
complexity of the networks and therefore the considerable number of
actuators needed, make a complete automation of the system unlikely
today. In addition, in open countryside no direct power supply is usually
available, thus the use of solar panels increases the overall cost of the
system.

Applicability of drone
system for precision
irrigation.

The drone system was not used on pilot site due to flight restrictions in
Cartagena. Other tests showed that the drone was capable of doing the
task intended to, but the level of autonomy should be increased.

In Italy, we did experiments with camera and LAI and root size estimation.
The detection of the irrigation system operation was also developed. An
autonomous drone is capable of doing such tasks easily, but feasibility in
farms depend on drone cost and robustness. Currently system set-up with
calibration of compass is too complex.

5. Pilot discussion
SWAMP was a three-year project with ambitious targets. During the beginning of the project, it became
apparent that some of the assumptions taken during the planning phase were wrong. IoT had been a hype
for some years when we started, but IoT capable devices are not so common. When they are found, it most
often turns out that there are vendor lock-ins to manufacturers own cloud environments. SWAMP’s intension
was to develop open-source platform for precision irrigation. There had been earlier projects with similar
type of goals in Europe and FIWARE marketed itself as an IoT platform that can be extended to include
application services and that is developing to support LinkedData. It turned out that we had to start the
development of SWAMP platform from scratch. The learning curve of FIWARE is high. The documentation
and development support is not exactly on commercial platform level. The maturity of FIWARE enablers
supporting JSON-LD in the beginning of project was such that we decided to stay with stable versions.  The
integration of SEPA and FIWARE LD-version would have been much easier than with original FIWARE.
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There were a couple of other issues affecting the start and execution of the project that could have gone
better, such the finding of a new drone partner, delay in Brazil project start, problems with central-pivot
system provider, and COVID-19 of course.

We managed to work both on the platform and pilots in parallel despite of all challenges. Even though this is
a  report about our pilots, they cannot be discussed without referring to the SWAMP platform. Platform has
been an essential part of all pilots. In the following Sections we give first our overall impressions about the
pilots, discuss the positive achievements, lockdown effects, and lessons learnt.

5.1. Overall impressions on the pilots
This section gives the overall impression of project from the end-users and participating companies point of
view.

Intercrop Iberica:

By taking into account history and experience of Intercrop in salad crop production, we were interested in
working in a project through which we could achieve our objectives regarding precision irrigation and related
advanced technology.

By including precision irrigation and its management, SWAMP provides us with saving water in dry conditions,
saving costs, saving labour and staff discipline. In addition to those, use of the latest technology of the market,
IoT, drones in agriculture and so on, could give us the extra motivation.

During 3 years of project, we have had a few difficulties for which we have been able to find the solution and
we have put into practice all of our knowledge and measures to achieve the goal.

Along the way, we have encountered problems outside the project such as Covid-19 and rejection of local
authorities to the use of drones in Cartagena pilot that left us without what we would like to do at the end.
However, we have seen very good results. We have learnt a lot from SWAMP that we can use to improve our
working system on daily basis, and they will help us in future projects.

We would like to manage automatically our irrigation system in the near future and see how a drone can be
used to detect our crop needs on water, nutrients and so on. This will provide us with better crop quality and
yield which is always our big objective in the business.

Quaternium comments:

Quaternium team developed a custom drone to carry out the identified tasks from the pilots regarding aerial
imaging, sensor reading and data transfer among the drone itself, the ground and the cloud. Initially, it was
intended to have autonomous operations with the drone taking-off from a “nest” located on the field. This
option was later discarded due to its technical complexity and security reasons, replacing it by semi-
automatic operations managed by a drone pilot. This solution is less efficient, but at the same time it enables
a much better control.

Regarding the functionality of the aerial platform at the pilots, its size, payload capacity and overall design
proved ideal for the task, making it really easy to transport to the pilot site and set up, while keeping a very
affordable cost. The high flexibility and versatility of the multirotor platform was demonstrated during the
pilots.

One way to take more advantage of the drone part within the SWAMP project is to unify it with other
precision-farming projects, using the same drone for all the aerial imaging tasks, not just the ones related to
water management, but also situational awareness and crop treatments. In that context, the added value of
the water management functionality is really high. And the same drone service providers that manage the
other operations would be able to offer this extra service.

It would not be that accessible if the farmers need to use the drone themselves. It is feasible, but there is an
entry barrier regarding regulation and learning curve that can be easily overcome if we target service
providers instead.
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Our overall impression is therefore very positive, considering the SWAMP project as a whole, but also in a
modular way, taking just some parts/functionalities and even mixing them with other related functionalities
required by the farmers. The drone developed within the project is able to provide the required information
regarding the health of the crop, and then different actions can be taken depending on the cause of the issues
(poor water management, plague, etc). The same thing works for the other parts of the project, such as the
apps, actuators, etc. They worked well together, but also in an independent way, increasing the future
options for exploitation.

CBEC and farmers’ comments:

Since the beginning of the project and the selection of the case studies, the farmers involved in the district
were enthusiastic to be part of the SWAMP project. Beyond some inevitable difficulties and initial mistrust
related to their inexperience with smart water precision irrigation techniques and sensors, their involvement
in the project has always been characterized by an active interest and a collaborative spirit. The
communication with farmers was quite good despite some difficulties regarding the organization of field
campaigns concurrently with pruning, harvesting and irrigations.

Following are some farmer’s considerations emerged during their involvement within project activities.

- Sensors are perceived as useful tools to improve the knowledge of field and crop conditions, but
sometimes they are too invasive and represent an obstacle for agricultural practices as soil tillage,
harvesting and pruning. In this context, the spreading of a public LoRaWAN, provided in Emilia
Romagna by LEPIDA (https://www.lepida.net/en/strategic-special-projects/iot-network), is essential
to reduce installation costs and enable low power and unobtrusive sensing in rural zones.

- Drone surveys could be helpful to have a general field overview, but its use appears narrowed by
technical and regulations restrictions: it requires a drive licence, high performance computer for
images post processing, and background knowledge that are often missing.

- Specific field surveys, such as the ones with the ceptometer, are considered too time consuming and
not capable to provide a general idea of the crop wellness.

- General positive opinion about the SWAMP idea, with the strong belief that the integration of
farmer’s experience into the research is fundamental.

The perplexities highlighted by farmers are in some cases supported by evidences emerged during the pilot
development, and they highlight some limits in IoT agricultural application. In order to add value to IoT
solutions and further promote their involvement in the agricultural field these limitations need to be
considered. We argue that such perplexities may also due to the fact that farmers did not get the chance to
experience the SWAMP results.

From the water management point of view (WDM), technical solutions (gate, water meters, etc.) and
management services (app, optimal scheduling) implemented during the project, although not fully tested,
have been received with favour and perceived as fundamental to move forwards to the optimal use of the
water. The adoption of such tools in the common operational activity of operators and gatekeepers will
probably pose some challenges, however, these are expected to be faced with the willingness and dedication
of people and stakeholders involved.

The functionalities offered by the platform in terms of data interoperability and visualization improve the
management and analysis capabilities. The Water Distribution Application provides a holistic view over the
managed water district, which allows to monitor the heterogenous aspects involved in the process like the
geographical distribution of irrigation requests, the measure of legacy sensors like pluviometers, the
correlation between rain falls and soil water content, the amount of water in the canals and the validation
of the water needs prescribed by the soil water balance model.

Brazil: LeverTech comment

The Pilots that were implemented by the SWAMP Project are of great value to demonstrate the adoption of
technology, allowing real visibility of the main aspects of its implementation.
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Starting from the powerful meaning of demonstrating in real life all the concepts behind the technology in
this Project, that takes us to the conclusion that “seeing is believing”, the pilots bring the opportunity to
evaluate all the impacts of the technology in the business perspective.

Levertech plans to use the SWAMP technology to help to improve the activities of mainly two different
sectors of Agriculture. The one related to Cooperatives, where our company has established important
connections, and the sector associated with large irrigation perimeters, that is the case of institutions like
CODEVASF (Companhia de Desenvolvimento do Vale do São Francisco), DNOCS (Departamento Nacional de
Obras contra as Secas), and even the Project of Transposition of waters from the São Francisco River.

In this regard, the Pilots have a very special importance, as they allow the “Proof-of-Concept”, of the
knowledge that has been accumulated in the Project.

Based on the planned usage of technology to help our partners, two Pilots among the others are especially
important: the Pilot from MATOPIBA, and the Pilot from CBEC.

The MATOPIBA Pilot: The Pilot implemented in the MATOPIBA region is extremely important for our goal of
taking the technology to the Cooperatives. Its implementation in a huge centre pivot mainly dedicated to
producing soya beans, corn and cotton, represents the typical activity of the producers associated with the
cooperatives. The farmer that hosts the pilot himself is a member of these cooperatives.

This pilot is also very well positioned geographically, in an area that concentrates a large number of similar
producers, all sharing the same values, problems, knowledge and business practices.

The pilot is an extremely important reference when it comes to showcasing the agriculture concepts, and the
production system associated with irrigation technology being used to produce the crops that are the local
tradition.

The CBEC Pilot: The CBEC Pilot is located in the Emilia Centrale region in Italy and represents an Irrigation
Consortium responsible to provide the water to more than 5 Thousand farms. This pilot is dedicated to an
extremely important task of providing the necessary and sufficient water supply to the farms. The Pilot allows
a demonstration of how to manage the water offer, directly associated with the demand, as it, beside
planning and allowing the execution of the water dispatch, does it based on the information that is acquired
from the farmer's side. For Levertech, this Pilot is especially important to demonstrate the possibility to
balance well the water offer against the farmers demands, creating the possibility for the implementation of
a real “Intelligent Water Supply” system for Irrigation Perimeters. On the other hand, the layer of intelligence
that can be assured by this Pilot can always be enriched with the combination of the results provided by the
irrigation itself, that are the outcome of the other Pilots of the SWAMP Project.

MATOPIBA:

The decision on having the MATOPIBA pilot in Rio de Pedras farm was made at the time we wrote the SWAMP
proposal. We visited three farms in MATOPIBA region and Rio de Pedras caused an exceptionally good first
impression. The choice was made on a set of facilitation factors. Just to mention some: road access with
relatively short non pavemented way; available 4G connectivity at the farm office surroundings; the proximity
of the central pivot to the farm buildings; relatively stable power service; and a full weather station already
working in the farm. However, the decisive additional factor was the farmer receptivity to new technologies
and excitement about the project results. At the end of a meeting to present the project he just said: "When
do we start?".

We did not have further comments from himself. What we have had is the support from the farm manager
to proceed with the pilot deployment. For instance, the farm manager provided us with an electrical
conductivity map and the delineated management zones for variable rate seeding that was also chosen to
be the pilot MZ. We have also had some minor help from the farm staff. The long distance from Embrapa to
the pilot site makes frequent technical visits difficult. We must count on them to reboot the server machine,
to make sure a service is running, to check on cable connections and so on. We know that there are positive
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expectation from the project results, and we are working hard to make it happen during the project extension
for this Brazilian pilot.

5.2. SWAMP Highlights
In this section we attempt to highlights most relevant outcomes and insights from the project, considering it
from a general and pilot-specific perspective.

Project highlights:

- Diversity of pilots gave us an excellent overview and opportunity to study IoT in the precision
irrigation context so that different environments, practices and needs were considered.

- SWAMP platform is open-source architecture and implementation that can be exploited further in
future research and development projects.

- Precise water-need estimation and optimal irrigation management (irrigation practice and water
allocation) proved to play a significant role in tackling water related challenges in agriculture,
enabling consistent water and energy saving. Although addition developments and improvement are
needed, results of the project demonstrate the potential benefit related to the implementation of
IoT solutions within the farming activity.

Cartagena highlights:

- We created in depth understanding on IoT possibilities in precision irrigation and agriculture. The
developed multi-layer monitoring infrastructure increases the situational awareness of the fields and
creates new possibilities for better decision making.

- We demonstrated that a drone can be connected to cloud, and it could execute autonomous tasks
and return results to cloud for further processing. This a step towards autonomous agriculture drone
that interacts with data spaces.

Italian highlights:

- Irrigation management in lowland areas, such as the one managed by CBEC and considered in the
Italian pilot, presents high level of complexity, with concurrent and multiple interests of the several
subjects and stakeholders involved (i.e., multiple farmers and crops, different irrigation practice,
water availability constrain, etc.). Optimal water management must adopt the best compromise
among those interests, in the light of technical and operational constrains. Both optimal water-need
estimation and scheduling optimization have shown to bring relevant benefits for water and energy
saving.

- IoT-based solution and platform need to guarantee the required flexibility to account for the above-
mentioned complexity and ensure the wider application possible, since level of completeness and
extent may vary in time and from one specific irrigation district to another.

- Semantic technologies play a significant role in the development of an IoT solution, enabling the
integration of heterogeneous data and systems. At the same time, a Linked Open Data interface
enables sharing of interoperable data, which can be a high value service in particular for public bodies
and authorities.

Brazilian highlights:

- The SWAMP Project was a success in Brazil due to the significant role that agriculture plays in the
country's economy. Farmers from all over the country and several types of specialized media wanted
to obtain fresh news from the project during the three years. The repercussion of SWAMP in the
Brazilian media is reported in Deliverable D6.4 Final Dissemination and Communication Activity
Report.

- The SWAMP Platform is fully operational and has been tested for real data, which represents a major
achievement of the whole project, given the complexity of the enterprise.
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- The Fockink company is back onboard the SWAMP project, recognizing it is important for its future
business portfolio. Fockink was in charge of building the Variable Rate Irrigation system and 100
sensor probes in the beginning of the project but gave up in January 2019 due to a sudden business
change. Now, restructured, it is again investing in IoT-based smart irrigation and identifies SWAMP
(and specially Embrapa) as an important partner for technology transfer.

5.3. Lessons learnt from SWAMP pilots
Research and innovation projects should always involve risks and uncertainties, and the execution of the
project should give, in addition to results, also insight to the problem domain and a possibility to learn new
and to make new discoveries. SWAMP project was such a project. We created a lot of results and experience
that will be useful and usable in the future. We also learnt lots of things that we try to list in this chapter.
Critical thinking is the nature of science and new innovations, but the purpose is to identify what could be
done better next time. We have divided these main observations into ones that deal with the whole project
and with each individual pilot.

Lessons from the whole project:

- More holistic view on farming should have been taken.  The project scope was already a bit wide
considering the budget and the timeframe, but we have learnt that irrigation and water consumption
should not be studied separately from farming process in general. Spreading water to fields have
additional roles in spreading fertilisers or pesticides and even in preventing frosts. The role of
irrigation systems and requirements of precision irrigation to them should have been included as
well.

- Given the time scale that agriculture works, three years is a too short period to gather representative
data (e.g., hard to characterize a crop cycle using data based in one or two seasons). Also, the pilots
with apparently similar goals are more nuanced when we look at them closer, making it hard to
generalize the models and optimization strategies.

- An early goal of the project was to reuse software platforms from other EU projects, inducing a
bottom-up development approach, when the platform building should have been started top-down.
We should have first created a framework of the whole system and fill it with prototype
implementations that would be then refined into final implementations during the project. This
would have forced us to define interfaces properly in the beginning and we would have had at least
some kind of complete system in use most of the time in the pilots. As it was, the pilots could not
use the complete platform and applications.

- We learned by working together and we now share the same vision and approach to smart water
management in agriculture. We discovered that ending up with two somehow competing platforms,
rather than one, was an additional, important value generated by the project. Working on a single
platform would have led to a less debated and more acritical solution, as well as to a lower level of
consciousness among the partners, a less valuable research experience.

- Data availability and reliability is a big issue. IoT platforms targeted to challenging environments,
such as agriculture, should be built from the ground up well aware that missing/unreliable data occur
and that there is the primary need to compensate for that (e.g., internal simulation).

- Data modelling took too long as we aimed at an implementation model instead of a more abstract
model. The FIWARE and platform service implementations guided the modelling too much.

- We should have had a product manager in the project to focus on the construction of the platform
only, with the authority to make platform related decisions without the need to consult everyone. In
a research project, this is a real challenge.

Italian pilot:

- Implementing ICT solution for agricultural application is possible and it might bring multiple benefits,
perhaps in terms of management efficiency, water and cost saving, etc. However, the complexity of
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the overall irrigation system (from both technical and social point of view) makes such achievements
very challenging.

- Multidisciplinary (ICT, hydraulic, agrarian, etc.) skills gained, together with approaches that benefit
from multiple data type (drone surveys, weather forecast, sensor data), offer promising solutions to
improve the usage of the water in agriculture. In particular, the adoption of precise water needs
estimation and optimal irrigation scheduling techniques (even considered separately) have proven
to have the potential of ensuring significant water and energy saving.

- The use of agro-hydrological models, such as CRITERIA, to estimate the water need in drought-
resistant plants, like vineyards, even if it might guarantee water saving, is however limited as the
volumes used for irrigation are small a priori.

- Flexibility of the proposed solutions is fundamental. Flexibility and modularity are necessary to deal
with multiple technical requirements, which are case specific (i.e., sensor installation and
communication issue, different irrigation practices, etc.) and multiple needs of the several
stakeholders involved in the system (i.e., water distribution manager, gatekeepers, independent
farmers).

- The pursuing of detailed crop- and site-specific estimation of water need is feasible, however a
compromise among the accuracy and the sustainability of the proposed solution is needed. Soil
heterogeneity, together with the natural and stochasticvariability of the other acting factors (e.g.,
rainfall spatial variability; water table level, etc.) impose the need to look for a compromise among
the number and spatial distribution of the sensors and the complexity and sustainability of the overall
system that should guide the farmers towards a more efficient water use.

- Farmers community interest in such applications is very high, although they are still cautious in their
practical implementation. Additional demonstrations and evidences are required to overtake their
reasonable worries since it comes to their business activity.

Cartagena pilot:

- Soil water distribution is an interesting and challenging problem area that has huge potential in
agriculture. The Cartagena pilot was lacking some theoretical expertise of the domain and we had to
spend time to acquire it.

- Remote monitoring and control are challenging. Pilot would have benefitted from  ICT experts on
site. We also should have prepared better on sudden changes also from resource point of view.

- Real environment effects should not be underestimated. We should have used commercial and
tested devices more. We spent too much time on testing the prototypes and fixing them with respect
to rather short farming periods. Do it yourself approach is very flexible and agile but making industry
quality devices is almost impossible.

- Weather caused risks are hard to estimate and it is very difficult in a short project do counter
measures for avoiding them.

- Check that drone flying is allowed beforehand. This never occurred to us when planning the project.

Brazil pilots:

- The variable rate irrigation for large properties like the 100ha MATOPIBA pilot can benefit a lot from
IoT technology. It depends on many soil probes spread over several management zones as proposed
by the SWAMP project. Therefore, these soil probe devices must be cost-effective, and this is not the
situation in the Brazilian market. Not adopting off-the-shelf soil probes may have delayed the pilot
deployment, however it was considered crucial to keep developing our own solution and contribute
to making the VRI cost attractive for the country.

- Hiring an ICT expert to the MATOPIBA pilot maintenance was of significant help, making reliability of
a remote site comparable to a near one, as the Guaspari pilot.

- Having private company partners could be a better experience with cooperation agreements signed
before things go wrong. Signing such agreements could have avoided what happened with  the
Fockink Industries and Guaspari farm.
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- The above-mentioned holistic view of farming would have helped, among other things, to improve
devices' compatibility with farming machinery to avoid damages like the ones that happened to the
soil probes.

6. Conclusions
SWAMP was initially conceived as an IoT Pilot-based project; however, the plan to use FIWARE and multi-
level soil moisture measurements and the resulting lack of suitable devices for the approach taken
required a lot of effort to be directed to platform and components development (such as wireless multi-
sensor nodes, for example). During the development work, it became obvious that the challenges taken
were difficult to overcome. The Italian pilot suffered less from such problems as it could exploit mostly
commercial sensors and devices, and the pilot sites were relatively close to the University and technical
support. In Cartagena and MATOPIBA, the combination of prototype devices and challenging conditions
caused significant problems. Both Brazil pilots suffered from lack of commitment of external bodies, i.e.,
farmer in Guaspari and VRI supplier in MATOPIBA.

The present report has documented all the achievements, impacts and potentials of the solutions, tools
and services developed and implemented during the SWAMP project. From this self-assessment, it stands
out that the project succeeded in developing the SWAMP platform for smart water management in
agriculture. As a matter of fact, we were able to implement and collect the data from fields and water
distribution systems. We managed to feed the data to databases and application services and to visualise
it for actual users. SWAMP platform and the experience gained are assets that can be used in further
research.

Outdoor agriculture is always sensitive and affected by many conditions and factors (e.g., weather,
infrastructures, water availability, market needs, etc.). This was experienced also in the pilots.
Nonetheless, we were capable to face most of the difficulties encountered during these three years, as
described in the report. Unfortunately, the COVID-19 and the lockdowns prevented the full completion
of the work and the measurement of the impact of IoT on farming. Assessment plans based on real tests
were replaced with virtual ones thanks to the use of digital twins, while additional applications on the
pilots are expected in the coming months in the Brazilian pilots. We were able to prove, however, that
IoT has a great potential in making farming more sustainable in facing the expected impact of climate
changes.

There is still much work to be done in IoT and data processing domains too. The IoT has to mature to
more efficient devices to feed the agriculture data spaces that are coming. The data spaces must learn
to exploit the data to machine learning and data analytics, so that more complete situation awareness
and better automated decisions can be done. That is the path for solving global food production
challenge.
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7. Appendixes

7.1. Appendix 1: Italian pilot methodological reference

7.1.1. Introduction
The objective of the Italian pilot was the development and test of IoT solutions to sustain precise irrigation
demand techniques and optimal irrigation management to improve irrigation efficiency, reducing water
usage and energy costs related to the management of the overall irrigation district. Appendix 1 focuses on
the Italian pilot and presents the methodological framework developed for the pilot, summarizing the
investigations and the analysis performed to evaluate the effectiveness of tools and services developed
during the project. This Appendix is built on D5.4 and D5.6 contents and provides all methodological and
numerical details relative to the pilot assessment.

7.1.2. Water need estimation
The aim of the section is to explain how KPIs and final outcomes related to the precision irrigation system
were obtained, also considering the changes to the evaluation plan. The improvements and settings of
CRITERIA model are also discussed by referring to the deliverable 3.1. Specifically, the followings are some
considerations about the changes to the initial plan concerning the reduction of water and energy
consumption resulting from the adoption of the SWAMP strategy.

Assessing farmers management

A comparison between the water requirements suggested by  CRITERIA model and the water volume used
by the farmers was performed, to quantify the potential amount of irrigation water saving by using the
SWAMP platform. As an example, precipitations and total irrigation water volume for the pear orchard are
shown for 2019 in Figure 1a. The orange area and the blue area represent the cumulative irrigation water
requirement simulated by CRITERIA and the cumulative water volume used by the farmer, respectively. The
total amount of water saved following the SWAMP approach during 2019 irrigation season is 205 mm.
Concerning 2020 irrigation season, as is shown in Figure 1b, the total amount of water saved is higher (385
mm). These different results can be also explained considering that precipitation during 2019 season was
higher than in 2020. Moreover, figures 1a and 1b show that the farmer began the irrigation practice two or
three months earlier than that suggested by SWAMP management, depending on the considered year.
Overall, the total saved water by using SWAMP platform is estimated to be on average equal to 80 % without
having any yield loss.

FIGURE 1: PRECIPITATION (MM) AND CUMULATIVE IRRIGATION VOLUME (MM) PREDICTED BY CRITERIA AND USED BY THE FARMER IN
2019 (A) AND 2020 (B) IRRIGATION SEASON.
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Concerning the two vineyards, in table 1, it is possible to see that in 2020 the total amount of water saving is
equal to 90 mm, that corresponds to the volume used by the farmers. This volume was applied in three and
six irrigation events respectively for vineyard 2 and 1. Consequently, for 2020 irrigation season, the irrigation
advice provided by CRITERIA would have saved 100% of the water volume used by farmers. In 2019, in
vineyard 1 the model confirmed the farmer irrigation practice (no irrigation predicted and/or performed). In
vineyard 2 instead there was no water saving because the farmer did not perform the irrigation, but CRITERIA
suggested irrigating one time. This result can be explained considering that 2019 was a very rainy year, so
the irrigation water requirements were very low and for this reason the model may not reproduce well the
real context.

TABLE 1: TOTAL AMOUNT OF IRRIGATION VOLUME (MM) FOLLOWING FARMERS MANAGEMENT AND CRITERIA ADVICE AND WATER
SAVING (MM) FOR BOTH IRRIGATION SEASONS CONSIDERED.

Starting from the shown results, it is possible to estimate the KPI about the energy saving, being the energy
consumption proportional to the amount of pumped water. Consequently, since it has been shown that there
would be considerable water saving if farmers followed the SWAMP advice, the same proportional saving
would also have been obtained for the energy consumption.

Assessing crop growth

As specified in deliverable 3.1, the initial plan within the project was to use a drone equipped with a
multispectral camera to collect NDVI images to take into account the real conditions of the crops and
consequently to estimate the right amount of water need. The multispectral data obtained by drone surveys
should have been used in two ways. The first envisaged the tuning of the parameters “a” and “b” of Criteria’s
LAI equation. The second way aimed to directly estimate the crop factor kc according to the NDVI without
the need of computing the LAI. Once these changes were made, in 2020 irrigation season it would have been
possible to dynamically update the model with NDVI values. However the number of flights with the drone
were not fully sufficient to make the LAI curve explicit with the NDVI measures along the overall growing
phase of the crop, due to some delays incurred in 2019 season, the mobility restrictions in 2020 as well as
the adverse weather conditions encountered at the field. For these reasons, it was not possible to follow the
initial plan.

The following alternative plan was performed. NDVI data were used to make a comparison, at different
spatial scales, with the LAI values collected with an AccuPAR ceptometer (see D5.2). LAImin and LAImax

parameters (see LAI equation on D3.1) measured with this instrument were integrated into CRITERIA to make
the simulations more representative of the real conditions of the three fields. Several scenarios have been
compared and some of these results have been presented and discussed by Ricchi et al. (2020). In this study,
in pear orchard two scenarios were settled considering a simulation period of four years (2017-2019). The
reference scenario used literature LAImin (0 m2/m2) and LAImax (3 m2/m2) values; the modified one used
measured LAImin (0 m2/m2) and LAImax (1.7 m2/m2) values. For both cases a 0.5 LAI was added to consider soil
cover (grass). The results showed a similar LAI curve trend, but with the lower growth phase curve of the
modified scenario (SLAI) in comparison to the reference scenario (Sref) (Figure 2). Among the different effects
of the LAI to the model behaviour, we identified the decreasing of the potential transpiration. Specifically, a
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similar trend but with a much lower plant water demand is detected in the case of the modified scenario
(SLAI) in comparison to the reference scenario (Sref).

FIGURE 2: TIME SERIES OF THE LAI AND POTENTIAL TRANSPIRATION (T) FOR BOTH REFERENCE (SREF) AND MODIFIED SCENARIO (SLAI) IN
PEAR ORCHARD.

On average, the differences between the four years have been quantified in a range from 52 to 59 mm/year,
with a standard deviation of 35 mm. This lower plant water demand corresponds to a lower irrigation water
volume computed by the model, as it is shown in Figure 3. Overall, these results confirm the sensitivity of the
irrigation water requirement model output to the LAI values. Therefore, this study underlines how important
it is to consider measured LAI data to improve the model performance.

FIGURE 3: COMPARISON OF TOTAL IRRIGATION WATER REQUIREMENTS BASED ON THE REFERENCE SCENARIO (SREF) AND THE MODIFIED
SCENARIO (SLAI) IN PEAR ORCHARD.

Platform Output visualization

As specified in D3.1 (section 8.2.2), CRITERIA ON and OFF modes were settled to highlight the farmer
irrigation management and to visualize the irrigation water volume used by the farmer and suggested by the
SWAMP platform. The platform user can choose which output within the two modes to visualize, thus
appreciating the differences between the two irrigation managements (Figure 4).

FIGURE 4: CRITERIA ON AND OFF MODE SETTLED ON THE SWAMP PLATFORM
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Once selected the CRITERIA mode, the platform can show the history of the selected output in a graph for a
desired period, as shown in figure 5. Results can be further exported for advanced analysis.

FIGURE 5: VISUALITATION ON THE SWAMP PLATFORM OF THE WATER CONTENT OUTPUT COMPUTED BY “CRITERIA ON” MODE FROM
FIRST APRIL TO 30 SEPTEMBER 2020.

As already presented in D3.1, figure 6 shows, for the pear orchard, a visualization of three outputs of the
model for both settings: the soil water content, the deficit profile and the stress threshold. As it is possible
to see, in the case of farmer management (CRITERIA OFF), the soil water content (green line) never goes
below the stress threshold (red line). Instead, following the SWAMP advice (CRITERIA ON), the value is just
above the stress threshold and in some cases just below it. This happens because every type of crop has its
own sensitivity to the water stress that can be settled into the model. In fact, CRITERIA suggests to irrigate
the crop when it is very close to its stress condition, allowing thus to save water compared to the
management based exclusively on the farmer’s experience.

FIGURE 6: SOIL WATER CONTENT, DEFICIT PROFILE AND STRESS THRESHOLD OUTPUTS IN PEAR ORCHARD FOR BOTH CRITERIA ON AND
OFF MODE.

A different situation is shown looking at these outputs concerning the two vineyards (Figure 7). As it is
possible to see, the irrigation management of the two farmers based on their experience, reproduced here
by the model in OFF mode, is more similar to that computed by the model taking into account the water
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balance (CRITERIA ON mode). Specifically, at the two vineyards the farmer's management ensures that the
trend of soil water content is closer to the water stress threshold than the farmer who manages the pear
orchard. This can probably be attributed to the fact that the farmer knows that the vine is a more stress
tolerance plant than pear tree and therefore tends to irrigate less. However, even in this case, the adoption
of SWAMP advice saves water with the exception of 2019 where in vineyard 2 it suggests irrigating once but
the farmer's management does not provide for it. In conclusion, the use of Agro-hydrological models, such
as CRITERIA, to estimate the water need in drought-resistant plants, like vineyards, even if it guarantees
water saving, is however limited as the volumes used are small a priori.

FIGURE 7: SOIL WATER CONTENT, DEFICIT PROFILE AND STRESS THRESHOLD OUTPUTS IN VINEYARD 1 AND 2 SIMULATED BY CRITERIA
MODEL IN ON AND OFF SETTINGS.

7.1.3. Water distribution
This section summarizes the activities performed in the context of task 3.3 that focussed on the optimization
of the water distribution among multiple farmers and crops served by a common irrigation network and
typically managed by an external water distribution manager (WDM). Starting from the methodological
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framework described in D3.3 and the assessment plan indicated in D5.4, hereafter we present the
investigations carried out for the evaluation of the project impact for what concern the optimal irrigation
scheduling. The reader should refer to D3.3 for additional details on the optimization model. Results of such
numerical investigations are collected and summarized in the previous sections of D5.6.

Model validation

In the light of uniqueness of the Italian pilot and its peculiarities (see D3.3, section 6, for more details), the
assessment of the scheduling optimization can only be achieved by referring to a digital twin of the irrigation
network. The hydraulic behaviour of the irrigation district in case of adopting an optimal management
practice is mimicked by means of a model (namely, digital twin) developed with SWMM (Storm Water
Management Model; open-access and open-source hydraulic model). Figure 8 shows the irrigation
infrastructures as modelled within the numerical scheme.

FIGURE 8: CANAL NETWORK OF THE ITALIAN PILOT AS DESCRIBED IN THE HYDRAULIC MODEL (LEFT) AND AS CONCEIVED BY MILP
(RIGHT), WHERE NUMBERS IDENTIFY THE NODE, WHILE EACH CANAL IS DEPICTED WITH A DIFFERENT COLOUR.

The optimal scheduling is identified adopting a mixed integer linear programming solution (MILP; see D3.3
for details). Considering the numerical and conceptual simplifications introduced (e.g., water dynamics in the
canals is reproduced adopting a volumetric balance), before MILP can be applied in the field, it must be
validated to verify its feasibility and conformity to the reality. Thus, we evaluated the results obtained from
the application of the optimization model verifying the realistic dynamics of the water in the canals by
assuming that they were managed by the gatekeeper as suggested by the MILP.

To this scope, we identified a three-day period (from 20 to 22 of July 2020) during which there was a
consistent number of irrigation requests by farmers in order to test the module under stress conditions.
During these three days CBEC (the WDM) received 19 irrigation requests from different crops and from farms
adopting distinct irrigation practices and instruments (Figure 9). Results returned by the optimization model
are: time frame during which the irrigations should be carried out, the flows entering in each canal (resulting
from the volumetric balance of the optimization model), the time and the actuator on which the gatekeeper
should operate to adjust the gate and execute the scheduling.
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FIGURE 9. TYPE AND LOCATION OF THE CROPS IRRIGATED DURING THE VALIDATION PERIOD (20-22 JULY 2020): IN RED THE VINEYARD,
IN GREEN AND ORANGE PEAR ORCHARDS, IN YELLOW FOXTAIL MILLET. BLACK LINES IDENTIFY THE MAIN CANALS, WHILE GREY ONES
THE MINOR SYSTEM USED TO REACH SPECIFIC FIELDS.

The validation consisted in reproducing the operations suggested by the optimization algorithm (MILP) within
the hydraulic model (digital twin) to check their validity and the expected behaviour of the irrigation district.
Outcomes were positive and some of them are summarized in the following graphs (Figures 10-12). Figure
10 shows the flows entering the district (gate 1) as recommended by MILP, which is perfectly reproduced as
input in the hydraulic model (blue and orange lines are overlapped). Some differences appear after gate 3,
where the unsteady dynamic of the system introduces some deviation from the optimal setting provided by
the optimization model.

FIGURE 10: COMPARISON BETWEEN FLOWS ESTIMATED BY THE MILP (BLUE) AND THOSE REPRODUCED WITH THE HYDRAULIC MODEL
(ORANGE) (REFER TO FIGURE 8 FOR THE LOCATION OF THE GATE).
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FIGURE 11: COMPARISON BETWEEN FLOWS ESTIMATED BY THE MILP (BLUE) AND THOSE REPRODUCED WITH THE HYDRAULIC MODEL
(ORANGE) (REFER TO FIGURE 8 FOR THE LOCATION OF THE GATE).

Those differences appear more evident at gate 5 due to the effect of multiple interactions with gates and
water withdrawal by farmers (Figure 12). Gatekeeper operations in time and space are limited and a
continuous regulation of the hydraulic infrastructures is not possible.

FIGURE 12: COMPARISON BETWEEN FLOWS ESTIMATED BY THE MILP (BLUE) AND THOSE REPRODUCED WITH THE HYDRAULIC MODEL
(ORANGE) (REFER TO FIGURE 8 FOR THE LOCATION OF THE GATE).

Table 2 provides a general comparison of the overall water volume flowing in the pilot as foreseen by the
MILP and the one distributed within the pilot when reproducing the gate operations with the hydraulic
model. As expected, in the light of the increasing complexity of the system moving towards minor canals and
the mutual interaction among gate operation and irrigation withdrawals, the differences are still modest,
with an average value of nearly 9% of the overall volume.

Nevertheless, the overall dynamic of the network is not significantly different from the one simulated with
the optimization model. In particular, no over- and under-flow conditions were observed. Thus, despite
mentioned assumptions and simplifications (see D3.3), MILP can be considered suitable to provide
indications for canals regulation.
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TABLE 2: WATER VOLUME FLOWING THROUGH THE GATES AS INDICATED BY THE MILP AND BY THE HYDRAULIC MODEL DURING THE
VALIDATION PERIOD.

Gate Volume - MILP

[m3]

Volume - Hydraulic
model [m3]

Δ= Hydraulic - MILP

[%]

1 21482 21482 0

3 13670 14255 + 4.2

5 9563 10125 + 5.8

6 7628 8908 + 16.7

Table 3 summarizes the operations required to the gatekeeper in order to actuate the irrigation scheduling
as suggested by the optimal model. In particular, considering each day per time, the table reports the n° of
operations and their timing during the day (into brackets). Empty lines indicate gates that are not operated
(-), while “n.m.” is used to specify that the gate is not modified from the previous configuration. Referring to
the three-day period, all the irrigations are ensured by acting in total 9 times on the district gates. Operation
sequence and its timing represent part of the outputs produced by the MILP that are provided to the
gatekeeper through the dedicated app.

TABLE 3: GATE OPERATION AND TIMING (INTO BRACKETS) AS SUGGESTED BY THE MILP TO APPLY THE IRRIGATION SCHEDULING; “- “
INDICATES NO OPERATION, “N.M.” STANDS FOR NOT MODIFIED CONDITION SINCE LAST CONFIGURATION.

Gate Day 1

20/07/2020

Day 2

21/07/2020

Day 3

22/07/2020

Gate 1 1 (6:00) 1 (15:00) 2 (8:00; 18:00)

Gate 2 - - -

Gate 3 1 (9:00) n.m. n.m.

Gate 4 - - -

Gate 5 2 (11:00; 19:00) n.m. 1 (20:00)

Gate 6 1 (12:00) n.m. n.m.

Gate 7 - - -

Extensive model application

After the validation of the model, we referred to a longer period (15 days) during the last irrigation season
(2020) to evaluate the impact of the optimization model in terms of water saving.

Specifically, we tested the model considering the most intensive irrigation period in order to evaluate the
optimal scheduling functionality during the period characterized by the higher number of irrigation requests.
This choice appears justified assuming that in such conditions the potential impact of an optimal irrigation
scheduling is expected to be higher than in period with few irrigation requests. The chosen period goes from
the 8th to the 22nd of July 2020, during which the total amount of water requested by the farmers located
within the pilot was 56.923 m3. Figure 13 shows crop types and locations of the farms irrigated during the
reference period. Figure 7 reports the overall daily volume requested from the pilot.
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FIGURE 13: LOCATIONS AND TYPES OF THE FIELDS IRRIGATED IN THE PERIOD 8-22 JULY 2020 (VINEYARD ARE SHOWN IN RED, PEAR
ORCHARD IN GREEN AND ORANGE, ALFAALFA MILLET ARE SHOWN IN BLUE AND YELLOW, RESPECTIVELY).

 FIGURE 14: OVERALL WATER VOLUME REQUESTED IN THE DISTRICT PER DAY DURING THE REFERENCE PERIOD.

The MILP has been applied with model setting reproducing the district characteristics, as previously tested
and validated. Farmers’ irrigation requests collected daily by the WDM (CBEC) were used as input to the
optimization model, which were run following the implementation framework planned for the real test (see
D3.3 for more details). As previously discussed, data and records collected from the gatekeeper do not enable
a precise reconstruction of the real irrigation scheduling (all requests managed during a given day are
recorded as occurring at a 7.00 am), thus it was not possible to provide a comparison in terms of real and
optimal scheduling. Nevertheless, the significant impacts in terms of water saving of the optimal scheduling
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can be inferred looking at the results of Figure 15. The grey line shows the overall volume requested at the
fields, while the blue curve reports the overall volume entering the district (as recorded by the automatic
gate installed at the district inlet) and used to satisfy the irrigation needs. The difference among these two is
considered being representative of the district efficiency in satisfying the irrigation requests, which is close
to 39% for the considered period. The water volume not irrigated is assumed to be disperse due to infiltration
and water release downstream consequent to filling and spilling phases of the irrigation canals. It is worth
highlighting that the district efficiency observed in this period (39%) is reasonable and also higher than values
typically observed during the overall season: estimates based on data of previous years (i.e., 2016-2019)
shown efficiency that varies in the range 20-25%.

Finally, the orange curve in Figure 15 reports the overall volume that would have been required by the
district, during the same period, in case the irrigation scheduling would have been settled following the
optimal scheduling suggested by the MILP. While blue and grey curves refer to measured (gate) or collected
(from farmers’ requests) data, the water volume shown in orange is the outcomes of the optimization model,
thus it could be affected by potential uncertainties due the assumptions adopted in the numerical model.
Despite the proper cautions, the efficiency of the system appears much higher (nearly 57%) than the one
associated to real management. For clarity, such values are also summarized in Tables 4 and 5.

FIGURE 15: CUMULATIVE VOLUME FOR THE REFERENCE PERIOD: IN GREY THE CUMULATIVE VOLUME REQUIRED BY FARMERS, IN BLUE
THE INFLOW VOLUME RECORDED BY THE AUTOMATIC GATE AT THE DISTRICT ENTRANCE, IN ORANGE THE SAME VOLUME AS
ESTIMATED IN CASE OF ADOPTING THE OPTIMAL SCHEDULING.

The efficiency improvement results in a 32% reduction of the overall inflow volume required by the district
during the reference period, with a reduction estimated in nearly 45887 m3. This estimate of the water saving
might be affected by uncertainties and potential inaccuracies due to the simplifications and assumptions of
the optimization model. Perhaps, the model might neglect some peculiarities of the hydraulic dynamics of
the network (e.g., imprecise gate operations, sudden variations on the requests, singularities of the system
that cannot be reproduced within the MILP) and overestimate the water saving. That said, it is evident that
the margin of improvement that can be associated to a more rational and physically based organization of
the irrigation scheduling is significant.
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TABLE 4: IRRIGATION EFFICIENCY (RATIO AMONG REQUESTED AND ENTERED VOLUME) OF THE DISTRICT AS ESTIMATED BASED ON
RECORDED AND SIMULATED DATA.

Real irrigation practice Optimal scheduling

Irrigation efficiency (%) 39 57

TABLE 5: RESULTS OF THE OPTIMAL SCHEDULING ON THE IRRIGATION VOLUME.

Recorded inflow
volume
  (m3)

Optimal inflow
volume

(m3)

Volume saved (m3) Volume saved
(%)

Pilot records in the
period 8-22 July,

2020

145 271 99 384 45 887 32

The optimal water allocation within the district is also mutually correlated to the water infiltration through
the canals. The lower the amount of time the canals remain full, the lower the expected water losses due to
infiltration thought the earthen canals (we assumed pipelines and concrete canals free from cracks and water
losses). Due to the lack of precise information concerning the sequence and details of gatekeeper operations
in the network (the lack of data was not overtaken since the continuous postponement of the trial test, as a
consequence of COVID-19 restrictions), the water infiltration during the reference period was estimated
taking advantage of the 11 water level meters installed in the pilot. In particular, knowing the water level
values in time it was possible to reconstruct the filling volume in the network, thus the expected infiltration
in relation to the network geometry and findings of previous studies carried on the infiltration rate in the
same area (infiltration rate equal to 14 mm/h; value retrieved from experimental investigation carried out in
the area, which is also in line with the technical literature; Giovanardi and Marinelli, 2017; Dhillon, 1967).
The same infiltration rate was used in the hydraulic model in order to estimate the water infiltration of the
system in case of the optimal irrigation scheduling. Table 6 reports infiltration estimates in the current and
optimal configuration, both in terms of water volume (m3) and percentage of the real and optimal volume
entering the district.  The volume range indicated for the real infiltration is due to the assumptions made
while reproducing the water volume filling the canals starting from water level measures, but it can
reasonably be considered as 21% of the overall water volume required in the district.

TABLE 6: COMPARISON OF THE SEEPAGE IN THE DISTRICT IN CASE OF CURRENT WATER ALLOCATION PRACTICE AND OPTIMAL
SCHEDULING.

Current irrigation scheduling
m3 (%)

Optimal scheduling
m3 (%)

Seepage in the district 29054 - 58108 (20 – 40 %) 20877 (21%)

The impact of the water saving in terms of energy reduction is estimated considering an energy usage by the
pumping station of 0.085 kWh/m3. This amount of energy is the average value indicated by CBEC for their
stations in the period 2015-2019. Considering that the pilot is located quite far from water intakes (Po river)
and has a considerable elevation difference from the pumping station, CBEC suggested to multiply the energy
usage by a factor of 1.75 (ReqPro LIFE Project 11 ENV /IT70015; Deliverable 8). In the light of such estimate,
the energy saving expected from the optimal irrigation scheduling during the reference period is equal to
6853 kWh.
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Table 7 summarizes the impact in the energy usage by highlighting also a cost reduction of nearly 2300 Euro
(in the 15-day period), assuming the average energy cost of 0.336 euro/kWh.

TABLE 7: ENERGY SAVING DUE TO OPTIMAL SCHEDULING.

Volume saved
(m3)

Energy usage by
pumping station

(kWh/ m3)

Unitary energy
cost

(Euro/kWh)

Energy saved
(kWh)

Economic benefit
(Euro)

45 887 0.149 0.336 6 853 2 300

Adopting those reference values and assuming constant efficiencies of the system during the overall 2020
irrigation season (efficiency of 39% and 57% in case of current and optimal management, respectively; see
Table 4) we can estimate the overall impact of the optimal scheduling. The analysis starts from the overall
farmers’ requests received during the season, which sum up to more than 256 000 m3. The allocation of such
water implies the inflow of higher volumes, different in case of applying the current management strategy
or the optimal one. This difference results in a water saving of nearly 208 000 m3, with a cost saving for the
energy, referring exclusively to the considered district, of more than 10 000 Euro in the overall season. Results
are summarized in Table 8.

Those achievements are clearly affected by uncertainties due to the assumptions made in the calculation
process. However, the results are reasonable, and they prove the potential benefits expected from the
application of the optimal scheduling.

 TABLE 8: PROJECTION OF OPTIMAL SCHEDULING IMPACT FOR THE 2020 IRRIGATION SEASON WITHIN THE PILOT.

Irrigation
volume

(m3)

Irrigation
efficiency
calculated
from 8 to
22 July)

(%)

Irrigation
efficiency

(optimization
model)

(%)

Volume
calculated

with
irrigation
efficiency

of July
(m3)

Optimized
volume

(m3)

Volume
saved (m3)

Energy
saved
(kWh)

Economic
benefit
(euro)

256 948 39 57 658.842 450 787 208 054 31 000 10 416

7.1.4. MILP integration with SWAMP platform
The optimization code is integrated into the SWAMP platform in order to give information on the daily
schedule on the network (see also D2.4 for details and link to the code). In this section, we briefly present
the structure of the code and of its subroutines, and how it has been written and integrated into the platform.
Additional details are in D3.3.

Input/output iteration between the platform and the code

To generate the optimization problem for the irrigation scheduling the optimization code needs information
on (see Figure 9):

- The structure of the network (number of channels, water travelling time for each channel, etc.).
- The considered horizon time (number of time intervals, time interval duration, number of

operations, etc.).
- The water requests (preferred start time, volume requested, etc.).
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The first two sets of information are generally fixed in our application, and the information is stored in a text
file that is read by the code, and that can be modified if some changes occur on the network. The information
on the requests is passed on a request file that changes every time a new scheduling is produced.

Once the optimization is carried out, the information on the schedule is obtained by the platform (accordingly
to D3.3, section 3.2). Variables  and  are used to create the schedule as they determine when an
irrigation starts and when it is active. The information on both the water entering the channels and the
operations, stored in  and  respectively, are used by the Gatekeeper to perform his tasks on the field,
while also taking into account the real-time state of the network.

FIGURE 9: STRUCTURE OF THE OPTIMIZATION ALGORITHM. ALL THE PARAMETERS REPORTED IN THE FIGURE ARE EXPLAINED IN DETAIL
IN D3.3.

Code structure and routines

The code is composed by three main sections:

- The subroutine that generates the initial solution.
- The subroutine that generates the optimization problem.
- The section that solves the optimization problem.

It is convenient, from a computational time point of view, to supply an initial mixed-integer feasible point to
the solver. As a matter of facts, many heuristics are implemented in CPLEX to improve the initial mixed integer
point. Consequently, even if the initial point is not particularly efficient, it is possible to quickly improve on
it. Furthermore, the objective function value of the incumbent solution cuts many branches of the
enumeration tree, speeding up the branch and bound phase of the algorithm. The considered subroutine
called initial_solution() fills the channels with as much water as possible in order to be sure to satisfy the
minimum water requirements for the water requests. It can happen that some irrigations are not allocated
by this subroutine. However, CPLEX could introduce the irrigations that are left out by the initial point during
the optimization. In the case some requests are not carried out in the final solution returned by CPLEX, they
are moved with higher priority in the irrigation schedule for the following days.

The subroutine that generates the optimization problem is called get_MILP() and generates the matrices
and vectors of the mixed integer optimization problem as reported in Section 3 of D3.3. This subroutine is
divided in different parts, each dedicated to the generation of one of the submatrices that compose matrices

 and  (See Section 3.4 of D3.3 for more details). At the end of this routine, the submatrices are combined
together to return  and  as needed by the solver.

The last part of the code sets up the desired options for the solver and then calls the CPLEX to perform the
optimization and returns the optimal solution.
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Code implementation and integration into SWAMP platform

The writing of the code started after the formulation of the MILP problem as reported in D3.3. The task of
the code is to create the matrices and the vectors that compose the formulated MILP, pass these objects to
CPLEX, launch the solver and return the results. Given the complexity of creating matrices that involve
thousands of variables and constraints, and the difficulty associated with checking if such matrices
correspond to what intended in the formulation, we chose Matlab for writing the software prototype, as it
is a language specialized for matrix manipulation. Furthermore, CPLEX has a Matlab interface.

Once the MILP generation code is written and checked for consistency with the mathematical formulation,
the generated objects are given in input to CPLEX for solving the optimization problem. The solution is then
examined to assure that the returned values can be used to create an irrigation schedule and a path for the
gate-keeper. After achieving the consistency between the desired theoretical output and the solution
returned by the solver, we focused on improving the quality of such solution by giving the solver a starting
point. The prototype of the initial_solution() function is also written in Matlab in order to test it.

Once the software worked as intended in Matlab, the integration with the main SWAMP application was
carried out. As the application is written in the programming language C, we converted the Matlab code in
C. This was done in order to guarantee the integration of the optimization module into the platform without
any problems related to software license and accessibility. Although Matlab is appropriate and suitable for
the technical purposes, its licensing policy might represent an obstacle to the integration of the optimization
module within the SWAMP platform and thus, to its future application.

The C code for the initial_solution() subroutine is written from scratch, while an automatic Matlab to C code
converter is used for the subroutine get_MILP(). For what regards launching the solver for the optimization,
CPLEX also has an application function interface (API) compatible with C, and the effort was focused on
adapting the output of get_MILP() to be used by the CPLEX API for C. Finally, we launched both the C and
the Matlab codes with the same values of the parameters in input, to check if they generated exactly the
same optimization problem.

7.1.5. References
Giovanardi and Marinelli, 2017, "Adeguamento della rete di distribuzione consortile e dei relativi sistemi
irrigui", Technical Report (in Italian).

Dhillon, G.S., 1967, “Estimation of Seepage Losses from Lined Canals”.
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7.2. Appendix 2: Cartagena simulation experiment

7.2.1. Introduction
The objective of Cartagena pilot was to test how IoT could be used for making irrigation more efficient in
semi-arid environment and with very short growing season crops. The crop used was baby-leaf spinach. The
main idea for achieving the efficiency targets were to create very accurate understanding of the water
content at the plants root zone and to build an irrigation system that can implement precision irrigation in
terms of time, space and irrigation volume. Both the water content measurements and irrigation system
components were meant to be IoT devices that can be controlled automatically through SWAMP platform.

The implementation of both data collection and irrigation system were supposed to be tested during the
growing seasons of Cartagena pilot. We had four seasons planned as described in D5.2. Part of the growing
season tests was to collect data from soil-water behaviour for AI based water need estimation service. As the
spread of Corona virus created a global pandemic and prevented the complete execution of pilot in Cartagena
field, we were not able to measure the impact of the proposed method. We decided two actions to be taken
during the remaining time of the project.

1. Create a simulation model of Cartagena soil-water behaviour and simulate planned irrigation
scenarios. The objective was to estimate the expected impact of planned system.

2. Testing of designed irrigation system elements together with SWAMP platform instance. The
objective was to demonstrate to functionality of the precision irrigation system designed with IoT
system principles meaning the control of the system nodes through Internet.

7.2.2. Simulation model
The objective of simulation model was to simulate the soil water content changes of Cartagena field with
given weather conditions and irrigation scenarios. Initial plan was to use SWAMP platform with simulated
sensor values, but the quality of the data collected from the pilot was not enough for training of AI based
water need estimator developed in the project. The modification of the platform to work with simulated time
also turned to be too complex. Due to these reasons we decided to build a separate simulation environment,
but in such way, that we use real data collected from the pilot site as much as possible.

The simulation system is presented in Figure 1.  The main components of the system are soil moisture
simulator, Crop evapotranspiration (ETc) calculator, and irrigation simulator. Soil moisture simulator
simulates the soil moistures at 50 mm layers from surface to 50 cm. ETc calculator calculates reference
evapotranspiration ET0 using FAO 56 recommendation for hourly evapotranspiration and multiplies it with
crop coefficient. The needed input consists of weather and location data that defines the amount of solar
energy received by the field. The crop coefficient is dependent on plant type and growth phase. We have
used the values for baby leaf spinach from FAO recommendations.  Irrigation simulator creates irrigation
events that are calculated from soil moistures, wetting point (target soil moisture when need to irrigate),
target soil moisture at root depth, crop growth stage, and minimum duration between irrigation events.

The basic principle in the simulation is to model the vertical water flow in the soil. We omit horizontal flows,
as Cartagena field is flat. As the water table is deep in the soil, i.e., several meters, therefore we ignore its
effect too. In this case, the only source of water from surface is rain or irrigation and the evapotranspiration
defines water movement from soil to air.  The vertical water flows are calculated using the soil model.
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FIGURE 1. SWAMP SIMULATION SYSTEM.

The simulator was implemented using Python3 and Sqlite3. Results were written into SQL database file and
csv-files. Graphs were created using DB Browser for SQLite version 3.11.2.

7.2.3. Soil model
The soil model (S) is a 3D-space (or surface) were x-axis and y-axis are the soil water contents (W) of upper
and lower soil layers and the z-axis defines water flow (F) between the layers as millimetres in an hour, i.e.

=  , ,

Our soil model table had values from 0-45% with 0,1% steps. The dimensions of final table were 450x450x1.
The soil moisture values above 45,0% were omitted as they are above field capacity and obsolete from the
farming point of view.

7.2.4. Water contents of soil layers
Water flow upwards is caused by capillary rise and flow downwards by gravity. The soil model is used only in
estimating the flows in drying conditions.

The water content values are calculated based on soil moisture measurements (SM) done at Cartagena. Soil
moistures were measured on three layers 5cm, 10cm, and 15cm (sl). Measurements were taken by 5-minute
intervals and hourly average values were calculated.  This resulted to n samples:

=  , , , , , , … , ( , , )

Soil moistures were converted to water contents (WC) as millimetres in respective layers.

= ∗ ∗ ℎ

where FC is field capacity and h is height of the current layer.

7.2.5. Water flow between soil layers
Weather parameters were recorded by Libellium weather station and respective reference
evapotranspiration (ET0) were calculated using Penman-Monteith method and final evapotranspiration by
multiplying ET0 with crop coefficients (Ccrop )(see the definition of crop coefficient from following chapter).
We ended up with n samples of ET values.

=  { , … , }

The resulting water flow between two layers was then easy to calculate starting from top to bottom using
water balance equation that is

+ + + ∆ = 0
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where R is rain, I is irrigation ET is evapotranspiration and ∆  is water content change in time step t. The
water flow f between air and the top layer can be calculated as:

, = − + +

The flow between layers l, l+1 below at timestep t can be then calculated as:

, =  ( − ) + ,

that simply means that flow downwards is the change of water amount in the layer plus water coming from
upwards.

The final flow values put into our soil model were averages of sets of calculated values.

As we had many challenges in the soil moisture measurements, we decided to convert all the layer data into
a single model even though it may cause errors, as soil layers are not necessarily identical. We had gaps in
the model due to missing data and because all possible combinations of possible field states were not in our
samples. Therefore, we completed the soil model with interpolations and extrapolations.

We also had discontinuities in weather data collection, so small parts of evapotranspiration data had to be
interpolated and extrapolated. However, the weather data looks typical Cartagena weather data by the time
of pilots.

Crop growth cycle

Baby leaf spinach has a very short growth cycle. Typical farming cycle also experienced in our test cycle has
following phases:

1. Preparation of the field and initial irrigation at day 1
2. Seeding and irrigation of field surface at day 6 (soil has to settle down after first heavier irrigation)
3. Germination between days 7-10
4. Growth period between days 11-24
5. Harvesting after day 26-27

Crop coefficient and root depth was estimated by the FAO recommendations as mentioned before. We used
following crop efficiency functions and linear increase of root depth from 0 cm to 15 cm between days 10-24

FIGURE 2. CROP COEFFICIENT USED IN SIMULATIONS

7.2.6. Soil moisture estimation
We divided the simulation in two parts: drying soil and wetting soil.

In drying phase, the soil moisture estimation for time period t1… tn was done as follows:
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Inputs for the estimation were estimated ETcrop, series, soil moistures at starting point (SMl), soil model, and
layer depths (Hl).  For each time step t, we read the soil flow values (fl) for each soil layer pairs starting from
the top from the soil model table, e.g.

, = ( , )

where g is simple reading of the table value function.

In the drying phase, the amounts of rain and irrigation are zeros, so the only water movement at the surface
is evapotranspiration. Then the soil water content change in the first layer becomes:

∆ =  − + ,

In lower layers the formula simply becomes

∆ = − , + ,

The new water content estimate is then

( ) = ( − 1) + ∆ ( )

If new water content estimate exceeds field capacity, the estimate is replaced by field capacity value and
excess water is added to water flow downwards.

The wetting soil occurs when there is a rain or irrigation event on going. Unfortunately, our sensors in
Cartagena covered only the first 150mm of the soil. We were not able to detect the speed of water absorption
in our measurement range. The soil got immediately wet in all cases. Probably because irrigation amounts
were large, and a lot of water came into the soil wetting it very rapidly.

We decided to use a simple model. When there is a rain or irrigation ongoing, the simulator calculates how
much each layer can contain water from upwards to deeper layers and divides the water to layers based on
maximum amount the soil can hold, i.e., field capacity. Therefore, each layer is loaded with water until field
capacity is reached and remaining water is moved to layer below until all the water is consumed.

After water contents have been calculated the results were transformed to soil moistures.

7.2.7. Deep percolation and capillary effects
The observations in Cartagena show that water does not stay forever even deeper. The water table there is
very deep and after dry seasons, the soil is very dry below root zone. It is also well-known that when soil is
wetted from one spot it does not stay there but spreads evenly into the soil. In order to model these gravity
and capillary forces, we decided to add them into the simulation model. We added two parameters
presenting percolation as mm per hour and capillary rise also in mm per hour. We used very small values 0,1
micrometers per hour for capillary force and 8 micrometers per hour to percolation. The values were based
on the few samples that we had in measurements, but the real scientific bases of the exact values does not
exist. They do not have effect on irrigation simulations we performed, but when system was tested, their
effect is shown in soil moisture behaviour of deep layers.

7.2.8. Model validation
The simulation model should be validated against real monitored soil moisture values and with recorded
weather data.  Unfortunately, the COVID-19 pandemic prevented us to execute such data collection during
the SWAMP project and the measurement before the lockdown were not perfect either.

The only data that was available from Cartagena field was the growth period from 1.2.2020 until 1.3.2020.
The pilot field was prepared with initial irrigation on February 1st. After about a week of settling time, the
spinach was seeded (Feb. 6th). The spinach was grown until the Feb. 27th, when harvesting started. After
seeding, the SWAMP IoT nodes were installed to the field and data was collected. We managed to collect the
soil moistures and weather data with the exception of two larger gaps due to the battery and communication
system problems. Soil moisture data are presented in Figure 3.
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FIGURE 3. MEASURED SOIL MOISTURES FROM CARTAGENA DURING 06-02-2020 – 03-03-2020. LH1 – LH3 ARE SOIL MOISTURE VALUES
AT 50MM, 100MM, AND 150MM DEPTHS.

From the measured data, we can make three main observations. First, the expected general behaviour of
soil-water system is shown in the diagram. Soil surface dries more quickly due to the evapotranspiration and
the variation of soil moisture follows the evapotranspiration curve with small delay (ET is not shown in the
figure though). Secondly, we see that there is a problem with either sensor calibration, sensor interference,
or sensor system stability. The irrigation events in this cycle were relatively large. All the first irrigation events
were big, i.e., 142mm, 38mm, and 64mm. As the field capacity was 0.35 it means that none of the layers
should exceed this soil moisture. It also means that after these irrigations, all the top layers should be at the
35% level right after the irrigation.

Then we simulated the same growth period. Missing data gaps were interpolated and missing first day
weather and reference evapotranspiration ware estimated. The simulation was started with dry soil (as it
typically is in Cartagena) and the soil moistures were calculated using collected ET0, our Cartagena soil model,
and recorded irrigation events. The resulting soil moisture behaviour is in Figure 4. We simulated 10 layers,
but only top three are shown.

FIGURE 4. SIMULATION OF REAL IRRIGATION SCENARIO AT CARTAGENA. SOIL MOISTURE OF THREE LAYERS ARE SHOWN: SM1 IS TOP
50MM, SM2 IS FROM 50MM TO 100MM, AND SM3 IS FROM 100MM TO 150MM.

From the comparison of graphs, we can see similar kind of behaviour in both figures. There are some
differences too. The variation of soil moisture is bigger in measurements than in simulations. The simulation
uses 35% as a field capacity that is the upper limit of soil moisture. The pace in which soil dries has two factors
that may have an effect. Firstly, we have assumed that all soil layers are similar and that have similar
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characteristics and behaviour. The soil is however denser in deeper layers; that likely affects  soil water flows.
Secondly, the deep percolation was not measured in our measurements. It has been added based on our
best understanding of the effect.

An in depth analysis of the accuracy of our simulator is impossible to do, as we have too little data. However,
we tried to correct the measurement problems by doing simple level shifting of measured data after two
major irrigations so that all three layers had 35% soil moisture after irrigation on February 6th and February
12th. In addition, we calculated the soil moisture that should have been at LH1 layer after 7.5mm irrigation
on February 25th. All the measurements were adjusted with same corrections. We then compared the
average error between adjusted measurements and simulated soil moistures. The average error during first
24 hours after reference point (=irrigation) was about 1,1% units. For the days it cumulated to 1,9%, 2,3%,
2,7%, 3,2%, ... The total average error of all samples was 3,8 % units. These numbers are not absolute truths,
but they give some indication of where we are.

Even though the absolute accuracy of the approach cannot be said based on these simple tests, the
simulation behaves as the real field at Cartagena. It can be used in comparisons of different irrigation
strategies and on how much the use of water differs in these cases.

7.2.9. Simulations
The purpose of the simulations is to analyse how much precision irrigation can affect to water consumption.
When compared to traditional manual irrigation precision irrigation has three benefits:

1. Irrigation event time can be adjusted on more precise understanding of soil status.
2. Irrigation events can occur more frequently due to automated irrigation systems.
3. Different management zones can have different irrigation plans and events. This affects to water

consumption as well, as worst-case strategies do not need to be followed.

With our simulation we can study the first two cases.

The baseline for these studies is the real baby-leaf spinach growth cycle from Feb.1st to March 1st, 2020. The
total irrigation water consumption of this reference cycle was 252 mm and there were 4 irrigation events:
142 mm at Feb. 1st, 38mm Feb 6th, 64 mm Feb 12th, and 8 mm Feb 25th.

In the simulations, we used following assumption:

- Weather data was the same period as in real case.
- Initial soil moisture in all cases was 0% (the soil was considered totally dry until 50 cm depth).
- Crop growth was considered fixed, so the crop coefficient function used was the same in all

simulations. Crop coefficient function is based on FAO recommendations and presented in Figure
2Error! Reference source not found..

- Field capacity was fixed to 35%. This is based on literature describing typical field capacities of
different soil types.

- Irrigation efficiency was set to 80% meaning that 80% of the irrigation water enter to the field. The
20% is lost to outside of the field or otherwise.

First step was to simulate the real irrigation scenario that was also used in model validation in Figure 4. Based
on the results, we decided that the suitable wilting point is around 20-21%. The simulated cycle should not
go below that value. We decided to put the irrigation trigger level to 26% in order to give some space for soil
to go below that due to irrigation scheduling constraint.

We decided to search optimal irrigation by varying three parameters: amount of initial irrigation, minimum
time between irrigations and the soil moisture variation in the root zone.  From the simulations, we collected
the soil moisture time series, amount of water used in irrigation, number and times of irrigation events,
average, minimum and maximum soil moistures at the root zone.



SWAMP - 777112 16/12/2020

D5.6 Pilot Evaluation Report 58 of 77

We started the simulations by having the initial irrigation at 142mm and varied the minimum time between
irrigations and target soil moisture level between 35 to 28%.  We got following results in Table 1: Results
from 142mm initial irrigation. . All the simulated irrigations kept the root zone soil moisture within the
acceptable limits during the growing period. The average water saving in this case was around 15% with the
cost of much more frequent irrigations. We also must note that average irrigation volume was very small on
some cases. It is questionable whether sprinkler irrigation system can spread the water evenly in those cases.

TABLE 1: RESULTS FROM 142MM INITIAL IRRIGATION.

ID Target
irrigation

cycle time [h]

Total amount of
water used in

irrigations [mm]

Number of
Irrigations

Average
irrigation

[mm]

Water
saving

[%]

Reference.db NA 252 4 37
Test32x4.db (35%) 48 258 7 19 -2 %
Test32x3.db (35%) 36 251 7 18 0 %
Test29x2.db (35%) 24 225 8 12 11 %
Test21.db (35%) 12 208 10 7 17 %
Test22.db (35%) 6 215 13 6 15 %
Test23.db (35%) 3 215 13 6 15 %
Test24.db (35%) 1 226 15 6 11 %
Test25.db(30%) 12 210 17 4 17 %
Test26.db (30%) 6 214 23 3 15 %
Test27.db (30%) 3 213 24 3 15 %
Test28.db (30%) 1 220 29 3 13 %
Test32x1.db (28%) 1 215 46 2 14%

In Figure 5 we see the soil moistures of all 10 50mm layers simulated (SM1-SM10) in Test21.db case. This
example was one of the best cases with respect to water saving and very typical result.  We see how the soil
moisture decreases from Feb 1st to Feb 6th when we have the seeding, and how system starts irrigations when
root zone soil moisture goes below 26% that was given parameter. The minimum times between irrigations
was 12h in this simulation.

FIGURE 5. SOIL MOISTURE DEVELOPMENT IN TEST21.DB CASE WITH 142MM INITIAL IRRIGATION.

We can see from the results initial irrigation wetted the soil more the 30cm deep and that the soil kept the
water until seeding. We also see that water amount increases under the root zone during the whole season
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indicating that significant amount of water is eventually wasted. Therefore, the reducing of amount of initial
irrigation was considered next.

TABLE 2. RESULTS FOR IRRIGATIONS WITH DIFFERENT INITIAL IRRIGATION VOLUME.

ID Amount of water in
initial irrigation
[mm]

Total amount of
irrigation water

Number of
irrigations

Average
irrigation in
[mm]

Water saving
compared to
reference

Reference.db 142 252 4 28 0 %
Test21.db 142 208 10 7 17 %
Test0.db 100 192 13 7 24 %
Test36x1.db 80 185 14 8 26 %
Test8.db 50 178 14 9 29 %
Test12.db 30 168 21 7 34 %
Test16.db 0 158 19 8 37 %

In Table 2 we have results when the amount of initial irrigations was varied from 142mm to 0mm. The
minimum irrigation cycle in all simulations was 12h and target soil moisture at root zone after irrigation same
as field capacity. The effect of initial irrigation that occurs 6 days before seeding is clear and obvious. Initial
water does not directly benefit the growth of crop, because if the amount of water exceeds the field capacity
of the root zone it absorbs below to the root zone and is mostly not recovered.  In Figure 6 and Figure 7 we
show soil moisture simulations with 80mm and 0mm initial irrigations. They clearly show the differences in
soil water content development and increase of irrigation events in case soil is dry in the beginning.

FIGURE 6. IRRIGATION SIMULATION WITH 80MM INITIAL IRRIGATION, 12H MINIMUM TIME BETWEEN IRRIGATION AND 35% TARGET
SOIL MOISTURE AFTER IRRIGATION.
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FIGURE 7. SOIL MOISTURE SIMULATION WITH NO INITIAL IRRIGATION, 12H MINIMUM TIME BETWEEN IRRIGATION AND 35% TARGET
SOIL MOISTURE AFTER IRRIGATION.

The alternatives above lead to rather many irrigations during the growth period. We wanted to see if similar
savings could be reached with fewer irrigations. The irrigations were triggered when soil moisture at root
zone went below trigger parameter value. In the following scenarios, we increased the amount of irrigation
water in each irrigation. The idea was that putting additional water into the soil would delay the next
irrigation as it takes longer for the soil to dry. The set of simulations is presented in following table.

TABLE 3. EFFECT OF INCREASING AMOUNT OF WATER IN INDIVIDUAL IRRIGATION.

ID Initial
amount of
irrigation
mm

Number of
irrigations

Total irrigation
water [mm]

Water
adding
ratio

Average
amount of
irrigation
[mm]

Water saving

Test32x4.db 142 7 259 4 17 -3 %
Test33x4.db 100 8 241 4 18 4 %
Test34x4.db 50 8 217 4 21 14 %
Test32x3.db 142 7 251 3 16 0 %
Test33x3.db 100 8 204 3 13 19 %
Test34x3.db 50 9 198 3 16 22 %
Test29x2.db 142 8 225 2 10 11 %
Test30x2.db 100 9 225 2 14 11 %
Test31x2.db 50 11 190 2 13 25 %
Test21.db 142 10 208 1 7 17 %
Test0.db 100 13 192 1 7 24 %
Test36x1.db 80 14 186 1 8 26 %
Test8.db 50 14 178 1 9 29 %
Test12.db 30 21 168 1 7 34 %
Test16.db 0 19 158 1 8 37 %
Reference.db 142 4 252 NA 28 0 %

We can see from the above table that adding individual irrigation amount also reduces irrigation events, but
it also reduces water saving. Whether it is feasible, depends on the initial irrigation. If initial irrigation is small
(50mm or below) this may be a solution. For example, in case of 50mm initial irrigation the irrigation events
go from 14, 11, 9, 8 while water saving increases by 29%, 25%, 22%, and 14%. Optimal solution depends on
irrigation event overheads.
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7.2.10. Discussion and conclusions
The developed simulation and described simulations show the potential of precision irrigation in Cartagena,
showing potential impacts of the IoT based soil moisture monitoring on irrigation planning and execution.
They also show that the best results can only be achieved when farms are equipped with automated irrigation
systems capable to execute irrigations autonomously. Biggest water savings can be achieved, when variation
of soil moisture is minimised with frequent and smaller irrigations.

There are a couple of concerns regarding these results. The simulation scenarios do not take into account the
constraints of irrigation systems, as we assume in the Water Need Estimation and Irrigation Optimization
models presented in deliverables D3.1 and D3.2. In some results, the amount of water put to the field in
individual irrigation was 2-3mm. It is questionable if sprinkler irrigation can deliver such quantities evenly
onto the soil. The smallest irrigation monitored in the field was 7-8mm, and thus we expected that most of
our simulations can be applied by irrigation systems.

The analytical results generated by our simulator work as planned, even though we were not able to prove
them into the fields, due to physical limitations imposed by the 2020 COVID-19 pandemic. An in-depth
validation of the model could not be produced as of now due, to the lack of data. Given the size of the dataset
obtained from the field, the validation, the model validation leaves behind important opportunities for
improvement. We also think that the method could be improved by making the soil model more complex by
simply adding parameters as new dimensions in the model.

The best use of this kind of simulation is to integrate into a soil moisture forecasting system as what have
been developed in SWAMP project. It would be doable with relatively small effort. The biggest challenge
would be the automation of soil model creation and maintenance and making of the approach suitable for
other types of soils, crops, and climate.



SWAMP - 777112 16/12/2020

D5.6 Pilot Evaluation Report 62 of 77

7.3. Appendix 3: Brazilian pilots
In the Brazilian pilots we started the development of a simulation approach for making the SWAMP
Application Platform independent of the real settings, i.e., a simulated environment for replacing the data
acquisition (sensors) and actuation (irrigation systems) devices and equipment. This environment, called
SWAMP Irrigation Shell, is composed of two simulators, namely the SWAMP Crop Simulator and the SWAMP
Irrigation Simulator. Figure 1 SWAMP Irrigation shell.depicts the SWAMP Irrigation Shell, based on the known
input-process-output (IPO) model of system development composed of IoT Input System (sensing), IoT
Process System (Platform), and IoT Output System (Irrigation) [1][2]. These three stages are represented by
the Crop Simulator, Water Need Estimation (part of the SWAMP Application Platform), and Irrigation
Simulator.

FIGURE 1 SWAMP IRRIGATION SHELL.

The SWAMP Application Platform is finished and running in the SWAMP Cloud, as described in Deliverable
D1.4 [2]. One key function is to carry on the Water Need Estimation process that results in the irrigation
prescription recommendations and maps. D1.4 describes the Entity Flow Diagram (EFD) illustrates the flow
of entities through the SWAMP Platform, representing the input and output of services comprising the Soil-
based Water Need Estimation approach (Figure 2). We summarize it here for the sake of completeness, so
that the simulation approach can be better understood. The EFD abstracts the IoT Platform because SWAMP
services always exchange entities in the JSON NGSI via the Orion Context Broker, not represented in the
picture. Relevant information from Figure 2 is:

- The Weather Station Collector, Soil Probe Collector, and Weather Forecast Collector services
represent each one a service (or a set of services) that collects, transmits, and stores data in Orion,
from where data is further stored in Quantum Leap for making it available later on as a time series
database. They collect raw data and convert it into the SWAMP entities Soil Probe , Weather
Station , and Weather Forecast  in JSON NGSI format.

- Soil moisture may come into different formats and not calibrated for particular soil types. In other
words, data coming from sensors frequently cannot be used as is, but require to be calibrated, which
is performed by the Probe Data Calibration service that inputs entity  and outputs entity  Soil
Probe Calibrated.

- The Data Fusion service inputs entities , , and , and outputs aggregations for selected time
frames (currently hourly and daily) for each management zone. For soil moisture data (entity ) it
averages data from all sensors installed in each management zone. For weather forecast (entity ),
it chooses the last forecast of the time frame, which is considered the most accurate one. The output
entities are Soil Probe DataFusion , Weather Station DataFusion , and Weather Station
DataFusion .

- The Soil Moisture Forecast is based on the LSTM RNN technique and is divided into two phases,
training and execution. The training phase is not shown in the EFD, which highlights the application
of the model based on a recent window of input entities, namely, soil moisture (entity ), weather
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(entity ) and weather forecast (entity ) data. It outputs the soil moisture forecast for some days
and all management zones, entity Soil Moisture Forecast .

- The Root Size Estimation service uses the PCSE simulator1 to estimate the root depth of the crop,
using as input weather data (entity ), Crop Type (entity ), Soil (entity ), Crop Instance (entity

), and Management Zone (entity ). It outputs the same crop instance entity , storing the
current root depth into the Root Size attribute.

- The Water Need Calculation service inputs soil moisture forecast (entity ) and root size (from entity
), as well as the Wilting Point and Field Capacity from each management zone (entity ). It outputs

a Water Need Forecast (entity ), which contains matrix with a series of water blades for every day
(e.g. five days).

- Finally, the Irrigation Optimization service inputs the Water Need Forecast (entity ), but also
Management Zone (entity ), Irrigation System Features (entity ), Water Supply Constraints
(entity ), and Financial Constraints (entity ). It outputs an Irrigation Recommendation (entity  )
for each management zone that is available to the farmer via the farmer app.

FIGURE 2: ENTITY DATAFLOW FOR WATER NEED ESTIMATION IN THE SWAMP PLATFORM

Figure 3 depicts the EFD for Water Need Estimation, adapted for the SWAMP Irrigation Shell, where the Crop
Simulator replaces the Collectors in a full deployment of the SWAMP Platform (Figure 2), as well as the Data
Fusion and Root Size Estimation services. Also, it assumes that the irrigation prescription map generated by
the Irrigation Optimization service is what actually is sprayed on the crop by the irrigation system and uses it
as the new input of soil moisture for the next cycle (e.g., day). Also, in the end the Irrigation Simulator uses
the Irrigation Recommendation (that may be changed by the Farmer after it is generated by the Irrigation
Optimization service) to simulate the operation of a centre pivot irrigation system, used in the MATOPIBA
pilot.

1 pcse.readthedocs.io
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FIGURE 3: ENTITY DATAFLOW FOR WATER NEED ESTIMATION IN THE SWAMP IRRIGATION SHELL

7.3.1. SWAMP Crop Simulator
We are currently developing and testing the SWAMP Crop Simulator, aimed at replacing the farm and
simulating the growing of crops and the soil moisture characteristics over time. The simulator is based on
PCSE (The Python Crop Simulation Environment - pcse.readthedocs.io) and, in addition to providing input
data for the SWAMP Platform, it uses the irrigation prescription map as a feedback information for updating
the soil moisture parameters at every irrigation cycle (days or hours). The preliminary version of the simulator
already works together with the SWAMP Platform and is expected to be fully functional by April 2021.

As we have a lack of data from previous seasons, to establish baselines for evaluating the MATOPIBA pilot,
the Digital Crop Simulator is based on the PCSE simulator to simulate the farming of soybeans in five years
(2015 to 2019), using weather data collected from NASA power project2 for the coordinates of the MATOPIBA
pilot farm. For each year, we consider two crop seasons, which are generally adopted in the region:

- Spring season (from September to December), generally a dry period, with low rain volumes
- Summer season (from January to April), generally a wet period, with a larger volume or rain than the

spring season

Regarding the crop, we consider six soybean varieties with parameters available in the WOFOST crop
parameter3, named Soybean_901, Soybean_902, Soybean_903, Soybean_904, Soybean_905, Soybean_906.
The parameters for each variety specify how it responds to weather and farming conditions, including
irrigation. We consider three soil types, which apart from other soil hydraulic properties, can be characterized
as:

- Coarse-grained soil (EC1), with a low wilting point (0.040) and field capacity (0.110).
- Medium-grained soil (EC2), with an average wilting point (0.099) and field capacity (0.272).
- Medium-fine grained (EC3), with a larger wilting point (0.104) and field capacity (0.300) than the

others.

Regarding the irrigation plan, we implemented in the PCSE two different irrigation models:

- Evapotranspiration based approach, where the cumulated calculated evapotranspiration is used to
compute the volume of water to be irrigated, whenever it surpasses a given threshold. In the
experiments, the threshold was set to 5mm, so we trigger irrigation whenever the cumulated
evapotranspiration is above 5mm.

2 https://power.larc.nasa.gov/

3 https://github.com/ajwdewit/WOFOST_crop_parameters/
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- Soil Moisture based approach, where we trigger irrigation whenever the soil moisture content
reaches the average between the wilting point and field capacity (i.e., we are aiming to keep the soil
moisture inside the wilting point and field capacity). In the experiments, to be consistent with the
evapotranspiration approach, we irrigate 5mm whenever the soil moisture reaches this average
value.

Furthermore, we also consider the scenario where no irrigation is applied to the CROP.

Figure 4, Figure 5. Figure 6 show the results of the simulation. Figure 4 depicts the average Maximum Leaf
Area Index (LAIMAX) across the different soils, varieties, season, and irrigation model. Figure 5 shows the
average yield, given by the average Total Weight of Storage Organs (TWSO). Finally, Figure 6 shows the
average total mass, given by the Total Above Ground Production (TAGP). Analysing the figures, we note the
medium-grained (EC2) and medium-fine grained (EC3) soils have similar behaviour. In general, for the
summer season (which is the wettest), the three irrigation models are similar. Furthermore, for the spring
season, we can observe a slightly higher production for the soil moisture irrigation trigger when compared
to the evapotranspiration approach, and both irrigation methods are better than no irrigation. Considering
the coarse-grained soil, the soil moisture trigger is much better than the evapotranspiration and no irrigation
in both seasons. The lack of irrigation in the spring season produced no outcomes with this soil type.
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FIGURE 4: AVERAGE MAXIMUM LEAF AREA INDEX (LAIMAX) CONSIDERING DIFFERENT SOIL, VARIETIES, IRRIGATION MODEL, AND
SEASONS
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FIGURE 5: AVERAGE YIELD (TWSO) CONSIDERING DIFFERENT SOIL, VARIETIES, IRRIGATION MODEL, AND SEASONS.
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FIGURE 6: AVERAGE TOTAL BIOMASS AT MATURITY (TAGP) CONSIDERING DIFFERENT SOIL, VARIETIES, IRRIGATION MODEL, AND
SEASONS.
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We also evaluated the average total water used in irrigation. Figure 7: Average Total Water Irrigation
(TOTIRR) considering different soil, varieties, irrigation model, and seasons., Figure 8: Average total amount
of water lost to deeper soil (LOSST) considering different soil, varieties, irrigation model, and seasons., and
Figure 9: Average total surface runoff (TSR) considering different soil, varieties, irrigation model, and seasons.
show the average total amount of effective irrigation (TOTIRR), the average total amount of water lost to
deeper soil (LOSST), and total surface runoff (TSR), respectively. Figure 7: Average Total Water Irrigation
(TOTIRR) considering different soil, varieties, irrigation model, and seasons. indicates that less water is used
for irrigation for EC2 and EC3 soils (medium-grained and medium-fine grained) using the soil moisture trigger,
whereas more water is used for this approach in EC1 soil (coarse-grained soil). We can also observe a lower
loss to deeper soil in EC2 and EC3 soils, considering the soil moisture irrigation trigger, as shown in Figure 8:
Average total amount of water lost to deeper soil (LOSST) considering different soil, varieties, irrigation
model, and seasons. However, there is a larger loss in EC1 for this irrigation method, particularly in the spring
season. Finally, Figure 9: Average total surface runoff (TSR) considering different soil, varieties, irrigation
model, and seasons. shows that the evapotranspiration trigger tends to favour a larger surface runoff for all
three types of soil.
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FIGURE 7: AVERAGE TOTAL WATER IRRIGATION (TOTIRR) CONSIDERING DIFFERENT SOIL, VARIETIES, IRRIGATION MODEL, AND
SEASONS.
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FIGURE 8: AVERAGE TOTAL AMOUNT OF WATER LOST TO DEEPER SOIL (LOSST) CONSIDERING DIFFERENT SOIL, VARIETIES, IRRIGATION
MODEL, AND SEASONS.
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FIGURE 9: AVERAGE TOTAL SURFACE RUNOFF (TSR) CONSIDERING DIFFERENT SOIL, VARIETIES, IRRIGATION MODEL, AND SEASONS.
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Figure 10: Soil Moisture Evolution for the Spring season and Figure 11: Soil Moisture Evolution for the
Summer season show the soil moisture evolution for the springer and summer seasons, respectively. The
spikes in these plots correspond to irrigation events.
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FIGURE 10: SOIL MOISTURE EVOLUTION FOR THE SPRING SEASON
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FIGURE 11: SOIL MOISTURE EVOLUTION FOR THE SUMMER SEASON
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The results obtained with our simulator show that PCSE is correctly working and provides faithful data as
input for the SWAMP Application Platform, particularly for the Water Need Estimation services.

7.3.2. SWAMP Irrigation Simulator
The SWAMP Irrigation Simulator has three main objectives:

- Provide a virtual environment where different Water Need Estimation approaches can be
implemented, tested and evaluated.

- Detach the operation of the main part of the SWAMP Platform from a real agricultural setting
(sensors, irrigation system), because using the simulator the unaffected platform services that
operate are unaware that the input and output systems are simulated.

- Provide a means to demonstrate that the SWAMP Platform may allow the simulation of a much
different variety of parameters affecting irrigation, such as crop, season, soil types, and weather.

The SWAMP Irrigation Simulator is in an early stage of development and expected to be operational by April
2021, i.e., for the end of the extension from the Brazilian side of the SWAMP consortium. The simulator uses
JavaScript technology (Angular and Node.js) and the p5.js (p5js.org) a client-side library for creating and
interactive visualizations.

Figure 12 depicts a preliminary version of the simulator user interface, presenting the animation of an
irrigation episode by a centre pivot. The simulator uses the concept of irrigation zones, which may differ from
the management zones that indicate different soil types. The center pivot obeys a variable rate Irritation
Prescription, where each irrigation zone can receive a different amount of water, depending on the water
need of that soil segment. When the pivot passes over a certain segment of the parcel, a blue trail
representing the sprayed water is left behind, that fades away in some seconds. The intensity of the color
(dark blue vs. light blue) indicates the amount of water prescribed for each irrigation zone.

The simulator has two modes of operation: manual and automatic. In the manual mode, the pivot advances
by a configurable number of degrees whenever the play button is pressed. In the automatic mode, the pivot
advances following a speed that can be adjusted by a slider.
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FIGURE 12: IRRIGATION SIMULATOR
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